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PREFACE

Hannover 18.03.2021

Computational Modeling in Clay Mineralogy is the third volume in the AIPEA Educational 
Series (AES), the first one dealing with the Interstratified Clay Minerals and the second one 
with Magnesian Clays.

As for the two former issues, it was prepared in conjunction with the ASYS, the AIPEA 
School for Young Scientists. ASYS was successful convened on the University of Granada, 
(Spain) on July 15 and 16, 2017, under the supervision of Dr. Claro Ignacio Sainz Díaz (An-
dalusian Institute of Earth Sciences, CSIC-UGR, Granada, Spain). Young and not so-young 
clay scientists actively participated in the ASYS providing a fertile cultural substratum for 
discussing Computational Modeling in Clay Mineralogy. 

The organization of the chapters in this book follows the didactic approach of the 3rd ASYS. 
The didactic material, accompanied by an extensive literature, has been  collected to form 8 
chapters authored by Ignacio Sainz-Díaz (Spain), Andrey Kalinichev (USA), Triq Jamil (Pa-
kistan) and Hendrik Heinz (USA), Alfonso Hernández-Laguna (Spain), Pauline Simonnin, 
Duo Song, Vitali Alexandrov, Eric J. Bylaska and Kevin Rosso (USA), Sergey V. Churakov 
and René Schliemann (Switzerland), Edgar Galicia-Andrés, Peter Grančič, Martin. H. Ger-
zabek, Chris Oostenbrink and Daniel Tunega (Austria), and Ana Borrego-Sánchez and C. 
Ignacio Sainz-Díaz (both Spain). 

It is my certitude that this book will highlight very relevant developments in the fast growing 
application of Computational Modeling in Clay Mineralogy.

It covers aspects dealing with Introduction into Computational Mineralogy in Clays (Chap-
ter 1) and Atomistic Modeling of Clays and Related Nanoporous Materials with ClayFF 
force field (Chapter 2). Chapter 3 introduces Simulations of Clay Minerals with IFF All 
Atom Models: Advantages, Validation, and Applications and Chapter 4 Fundamentals of Ab 
Initio calculations. Chapter 5 details Modeling Electron Transfer in Iron-Bearing Phyllosi-
licate Minerals and Chapter 6 discusses on Ab initio simulations of clay minerals reactivity 
and thermodynamics. And finally, Chapters 7 and 8 focus on Modeling of interactions in 
natural and synthetic organoclays as well as on Absorption of Pharmaceutical drugs onto 
clay minerals surfaces. These book chapters are milestones in a tradition of presenting status 
reports about Computational Modeling in Clay Mineralogy, the first one I remember was given 
by Kubicki and Bleam as Editors of a CMS workshop about Molecular Modeling of Clays 
(CMS 1998, Cleveland, Ohio). These chapters should be considered as an opportunity for 
continuing studies in clay science. Editorial responsibility for this volume was taken by C. 
Ignacio Sainz-Díaz, Saverio Fiore (Italy) took care as AES Series Editor. 

We are proud as AIPEA to now have a third volume of the AIPEA Educational Series. I per-
sonally, and on behalf of AIPEA, heartily thank the Authors, the Editors and the Reviewers 
for their efforts to support clay science. 

Reiner Dohrmann 
AIPEA President
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1Introduction. 
Computational mineralogy in clay minerals

C. Ignacio Sainz-Díaz
Instituto Andaluz de Ciencias de la Tierra 

(Consejo Superior de Investigaciones Científicas - Universidad de Granada) 
Granada, Spain

1. Introduction

Following the tradition of the Educational Series of AIPEA, this book comes from 
the ASYS, the AIPEA School for Young Scientists celebrated at Granada in July 
2017. This International Summer School was dedicated to Computational Modeling 
techniques applied to the Clay Mineralogy and the chapters of this book are mainly 
from the lectures of the School. Through these chapters, we will explore different 
approaches for studying the clay minerals from atomic to nano-scales, from classic 
mechanics to quantum mechanics methods and calculation levels for their possible 
applications. This book tries to update the state-of-art of this science in clay minerals 
and, at the same time, to introduce the fundamentals of the different methods used 
for opening the mind of researchers from different disciplines for exploring applica-
tions of these methods. After this introductory chapter, two chapters describe meth-
ods based on empirical interatomic potentials and their applications to clay science, 
later three chapters explain the fundamentals of the Quantum Mechanics methods 
and their applications to the Mineralogy of clays and finally additional chapters de-
scribe examples of the research in clay minerals applying different methods explained 
in the previous chapters. I hope that this volume will be interesting for those who 
are searching a better understanding of this field or are considering the use of these 
methods in their research, or to apply their results to an investigation related with 
these minerals.

The whole book is based on the following hypothesis: any phenomenon observed 
in nature is a complex compendium of many interactions originated at atomic and 
molecular level. Although strictly speaking ‘Computational Mineralogy’ can bring 
together any study of minerals, which requires calculations with computers, we con-
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sider this science as the study of minerals considering atoms as the main essential 
components of the matter. The Computational Mineralogy is a multidisciplinary 
science where different aspects of Computing Science, Physics, Chemistry, Geol-
ogy, and Mathematics meet together in an interdisciplinary form. The vertiginous 
development of computing power and the creation of new codes for intensive cal-
culations have allowed applying the use of theoretical methods to complex systems 
like these minerals. This science can interpret and reproduce behaviours observed in 
nature and experiments. Besides, these methods allow exploring minerals in extreme 
conditions of pressure and temperature, such as, deep ocean conditions, stratosphere 
and interplanetary conditions, geological periods, where experimental works would 
require high economic efforts.

Clay minerals are ubiquitous along the Universe. They are present in terrestrial and 
extra-terrestrial systems; they can be suspended in the atmosphere, deposited in the 
deep sea-beds and soils. They have a grate absorption and swelling capacity and 
can act as inorganic membranes providing confined nanospaces for the preliminary 
prebiotic chemical reactions necessary for the origin of the Life. These minerals have 
been extensively studied during centuries, however their small particle sizes, their 
high variability in chemical compositions, and the high disorder grade make dif-
ficult to know their behaviour at atomic scale. In the last decades, the analytical 
instruments have increased exponentially their resolution power until reaching na-
noscale levels. However, we need the Computational Mineralogy approach to reach 
the atomic level of these minerals. Several excellent comprehensive reviews of Com-
putational Mineralogy methods applied for clays has been reported (Kubicki, 2016; 
Cygan et al., 2009; Cygan and Kubicki, 2001; Kubicki and Bleam, 2003).

2. Empirical methods

Some experimental data describe properties that are directly related with the atoms 
of any sample. In order to extract and interpret this information, we need to use 
atomic models. A model of any mineral can be created with a structure based on at-
oms applying periodical boundary conditions for generating periodical systems. This 
model can be related with one experimental property applying some mathematical 
functions, in such a way that a determined value of this property should correspond 
to one configuration of this model. The procedure consists of finding a configuration 
that reproduces the experimental data starting from an initial hypothetical model. 
This strategy is performed applying probabilistic methods based on Monte Carlo 
methods. This technique allows sampling randomly many available configurations of 
any material. A function named ‘energy’ (E) can be defined as the difference between 
the value of a certain property (h) for one theoretical hypothetical configuration, 
hcalc, and the experimental value, hexp: E = f(hexp – hcalc). So, the value of this function 
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should be minimized from an initial random configuration searching new configura-
tions that yield a value of this property closer to experimental value. When a new 
configuration is generated randomly, this is compared with the experimental and 
if E decreases it is accepted if not it is rejected. Using the Metropoli-Monte Carlo 
method, this configuration of higher energy can be accepted with a certain probabil-
ity that if a function of ΔE, P = exp(-ΔE). This method improves the minimization 
process avoiding disparities. To avoid local minima, this method can be completed 
performing a simulated annealing, including an additional parameter, that we can 
name ‘temperature’, in the probability function P = exp(-ΔE/kT). This selection pro-
cedure is replicated many times until reaching the configuration of minimal energy, 
that is, a configuration closer to the experimental one. 

These methods are used in the interpretation of many instrumental analyses, such 
as, spectroscopy, electron diffraction, x-ray diffraction and neutron diffraction. They 
have been used in minerals (Tucker et al., 2007) and clay minerals for nuclear mag-
netic resonance (NMR) analysis (Dove, 1997; Herrero and Sanz, 1991; Sanz et al., 
2003), x-ray diffraction (Viani et al., 2002), and infrared spectroscopy (Cuadros et 
al., 1999). For example, there are many isomorphous cation substitutions in phyl-
losilicates, but it is difficult to know how are distributed along the octahedral and 
tetrahedral sheets. Schroeder and Pruet (1996) found in kaolinites by NMR that the 
octahedral Fe cations was not randomly distributed but segregated from Al3+ cations. 
Slonimskaya et al., (1986) found in celadonites by infrared spectroscopy (IR) that 
divalent and trivalent cations alternated in the octahedral sheet, whereas Besson et 
al. (1987) found a tendency of octahedral Al and Fe cations to segregate. Drits et al. 
(1997) found a certain short-range order in the octahedral cations in phyllosilicates. 
Therefore, it is difficult to extract a definitive conclusion about the cation distribu-
tion from these different results of these experimental works. The application of 
computational modelling methods can be a useful tool for experimentalist to in-
terpret the experiments. The paramagnetic effect of Fe can alter the intensity of the 
27Al NMR signal, inhibiting the contribution of the octahedral Al cations, which are 
surrounding each Fe cation. When the Fe cations are clustered, this inhibition effect 
will be lower than when the Fe cations are dispersed along the octahedral sheet. This 
phenomenon can show a certain information about the cation distribution of the oc-
tahedral sheet. On the other hand, the IR frequency of the OH vibration bands can 
be different with the nature of cations, which are joined with. An analysis of these IR 
bands can provide an approximate relative proportion of these species along the octa-
hedral sheet but not the actual cation distribution. Nevertheless, these results coming 
from two different techniques are both related with cation ordering in the octahedral 
sheet of phyllosilicates. Then, we can find cation configurations, which reproduce 
these experimental data by using atomic models and Monte Carlo-simulated anneal-
ing methods. Hence, there are cation arrangements that reproduce the experimental 
relative intensities of the OH groups IR bands (Figure 1a) and even the results com-
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ing simultaneously from two different techniques IR and NMR (Figure 1b) (Sainz-
Díaz et al., 2001a). In a octahedral sheet with Al, Fe, and Mg cations, a short range 
cation ordering is observed for Fe cations forming small clusters, while Mg cations 
are dispersed. This approach can be a very useful procedure for visualizing the most 
probable cation arrangements of these phyllosilicates and other minerals. 

Figure 1. Cation arrangements of the octahedral sheet of phyllosilicates that reproduce the experimen-
tal results of IR and NMR. Small dots, black balls and green balls, respectively, represent the Al, Fe, 
and Mg cations.

3. Methods based on Classic Mechanics

One approach to build atomic models is to consider the atoms as balls with cer-
tain charges and forming a geometrical structure (molecule, amorphous, crystal) 
according to experimental information. Some interactions between these balls can 
be stablished defining a series of effective interatomic potentials. These interactions 
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depend on the distance and orientation between atoms and the charges assigned to 
these atoms. These potentials are fitting to certain functions to avoid that these balls 
approach too much or go away too far. These functions can describe non-bonding 
interactions, such as, coulombic electrostatic one (between the charges assigned to 
the balls), van der Waals with Lennard-Jones, or Buckingham functions, and bond-
ing interactions describing bonds, 3-body, or 4-body interactions with more or less 
complex harmonic functions. Hence, the total energy of one model is the sum of 
all these interactions of each atom with all the vicinal atoms. These functions are 
characterized by a series of parameters that depend on the nature of the atoms and 
empirical potentials. These parameters can be extracted from fitting processes of 
functions to empirical properties or quantum mechanics calculations. The set of all 
these parameters and functions form a force field (FF). A good force field should be 
accurate, robust with a high transferability to a wide sort of systems, reproducing 
properties of different systems without losing accuracy (Dove, 2008). These FF allow 
the calculation of an energy of any atomic system, such as, molecules, polymers, pro-
teins and solvated systems. Periodical boundary conditions can be applied allowing 
the calculations of periodical systems like liquids or crystals. The geometry of these 
systems can be optimized minimizing the energy with respect to the geometry and 
comparing with experimental structures, using one of the well known codes, such 
as, GROMACS, LAMMPS, GULP, COSMOS, Discover, Forcite, DL_POLY, etc. 
Besides, an additional dimension, the time, can be introduced for molecular dynam-
ics simulations. More details of this classic mechanics approach and examples of 
application in clays are presented in the next chapters of this book.

Many FF have been developed for organics, biomacromolecules and other FF used 
for inorganic solids and minerals, but it is difficult to find a FF that can be applied 
accurately to both organic and inorganic systems simultaneously. We can remark the 
most known FF used for organics, such as, MM4 (Allinger et al., 1996), AMBER 
(Pearlman et al., 1995), CHARMM (MacKerell et al., 1998), and OPLS (Jorgensen 
et al., 1996); for inorganic and organic systems including minerals, such as, Univer-
sal FF (Rappe et al., 1992), DREIDING FF (Mayo et al., 1990), CVFF (Dauber-
Osguthorpe et al., 1988), and COMPASS (Sun et al., 1998). Some FF have been 
parameterized for clay minerals crystallographic properties (Sainz-Díaz et al., 2001b) 
and surface interactions with water and organics, such as, CLAYFF (Cygan et al., 
2004), INTERFACE (Heinz et al., 2005; 2013).

In next chapters, you can find many examples and applications of FF on the studies 
related with clay minerals. These methods allow exploring interactions of complex 
systems with a great deal of atoms. For example, in the cation ordering studies in 
phyllosilicates and other minerals, we need to calculate the energy of many cation 
arrangements with these FF in order to obtain cation exchange potentials (Sainz-
Díaz et al., 2003a; 2003b) with significant statistical value (Bosenick et al., 2001) for 
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further Monte Carlo simulations (Warren et al., 2001) to find ordering phase tran-
sitions (Palin and Dove, 2004; Palin et al., 2003; 2014). We can explore diffusion 
phenomena in clays (Bourg et al., 2007) and simulate the adsorption of methane 
hydrates in the interlayer of phyllosilicates (Figure 2) (Li et al., 2020; Martos-Villa et 
al., 2014a; 2014b; Titiloye and Skipper, 2005), crystal polymorphism trans-vacant/
cis-vacant in phyllosilicates (Figure 3) (Sainz-Díaz et al., 2001c), edge surfaces of 
clays (Kraevsky et al., 2020) interaction of peptides from human viruses like Hepati-
tis C with clay surfaces (Figure 4) (Awad et al., 2020), pharmaceutical drugs (see one 
chapter of this book), etc.

Figure 2. Methane hydrate clathrate intercalated in the interlayer of montmorillonite (modified from 
Martos-Villa et al., 2014a)

Figure 3. Crystal structure of trans-vacant (a) / cis-vacant (b) polymorphs of smectites.
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Figure 4. Peptide of Hepatitis-C virus adsorbed on a kaolinite surface with water (modified from Awad 
et al., 2020).

4. Quantum Mechanics Methods

The atomic models can be also studied considering real atoms, with their electrons 
and nuclei. Electrons are responsible of most of the chemical reactions, especially 
in the formation and breaking bonds, and in phenomena of electron transport, like 
redox reactions, photochemistry, conductivity and semi-conductivity of materials. 
However, these systems are much more complex than the above approach using FF 
with fictitious balls. Then, we need to use the Quantum Mechanics (QM) instead 
of the Classic Mechanics. Fortunately, this QM science has been developed satisfac-
torily in last century. This methodology requires much more computational effort 
than using FF and has been used extensively for small molecules. Nevertheless, the 
enormous development of computing systems in last decades have allowed the ap-
plication of these methods to the study of large molecules and crystal structures as 
minerals with a minimal empirical influence. 

Many quantum mechanical methods, also named ‘ab initio’ or ‘First Principles’ 
methods, have been developed, such as, Hartree-Fock and post Hartree-Fock meth-



8

C. Ignacio Sainz-Díaz

ods, Density Functional Theory methods, and hybrid methods using different ap-
proximations. In addition, semi-empirical methods have been developed using a cer-
tain empirical information for solving quantum mechanical equations demanding 
lower computational effort. Besides, these methods can be mixed in systems where 
different zones are calculated with different approximation levels, like the QM/MM 
methods. This QM methodology and its applications on clay minerals are described 
and explained in next chapters of this book.

To overcome the high computational effort required by these methods, some strate-
gies have been followed either applying additional approximations to the theory 
level, or simplifying the atomic system. This last strategy has become very popular, 
and it consists in reducing a periodical crystal lattice to a small molecular cluster 
model. This can be useful when the property or phenomenon that is studied de-
pends mainly from the local environment of the zone of mineral. Then, a piece of 
the crystal structure of a solid or mineral is cut and separated from the crystal. The 
procedure cuts bonds that should be completed with additional atoms, mainly H 
atoms in order to maintain the charge neutrality of the model (Kubicki and Apitz, 
1998). The smaller size of these models allows using calculations at higher theory 
levels. Then, codes used often for molecules can be applied to these molecular cluster 
models, such as, GAUSSIAN, GAMESS, DMOL, NEWCHEM, HONDO, Spar-
tan, HyperCHEM, etc.

In clay minerals, these models can be selected depending on the phenomenon or 
properties to be studied, such as, one unit of silicic, disilicic, or trisilicic acid (Iuga 
et al., 2008; Zhanpeisov et al., 1999), or a ring of SiO2 tetrahedra for representing 
the tetrahedral sheet (Kubicki and Apitz, 1998); or several joined octahedral of cati-
ons (Al3+, Mg2+, Fe3+, etc.) including the OH groups for representing the octahedral 
sheet (Bylaska et al., 2020; Kubicki et al., 1999); or rings of SiO2 tetrahedra joined 
with octahedra representing both sheets of phyllosilicates (Figure 5) (Pérez-Conesa 
et al., 2017; Táborosi and Szilagyi, 2015). So, using this strategy some properties 
have been studied for clay minerals, such as, dissolution of silicates (Criscenti et al., 
2006), crystallographic and spectroscopic properties (Chatterjee et al., 2000; Timón 
et al., 2003), reactivity of phyllosilicates (Molina-Montes et al., 2008a), free radical 
reactions in organics onto silicate surfaces (Iuga et al., 2010), adsorption of organics 
on clay surfaces (Muñoz-Santiburcio et al., 2009; Tunega et al., 2002), etc.
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Figure 5. Generation of molecular cluster models from the crystal lattice of clay minerals.

Another strategy is to use periodical models applying boundary periodical conditions 
for models of crystal lattice structures. These models are more realistic but require 
higher computational resources. This approach has been applied to clay minerals in 
the study of cation ordering (Ortega-Castro et al., 2010a), crystallographic properties 
(Ortega-Castro et al., 2008), infrared spectroscopical properties (Balan et al., 2001; 
2005; Ortega-Castro et al., 2009), chemical transformations as surface dissolution 
(Pelmenschikov et al. 2000; Schliemann and Churakov, 2021) or dehydroxylation 
reactions (Figure 6) (Molina-Montes et al., 2008b; 2008c; 2010; Sainz-Díaz et al., 
2004; Stackhouse et al., 2004), dynamics of water on clay surfaces (Churakov, 2006; 
2007; Liu et al., 2014), adsorption of cations (Churakov and Daehn, 2012; Kéri et 
al., 2019) and organics on clay minerals surfaces (Escamilla-Roa et al. 2017; Ramos 
et al., 2015), pressure effect and elastic constants of phyllosilicates (Mookherjee and 
Stixrude, 2009; Ortega-Castro et al., 2010b).
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Figure 6. Steps of the dehydroxylation reaction of pyrophyllite

5. Perspectives

The computational hardware, software and theoretical methodology are increasing 
extraordinarily in last years and larger models with thousands of atoms and simula-
tion times of nanoseconds can be able to explore satisfactorily. However, most of the 
methods mentioned above are atomic level simulations. We need to relate the infor-
mation obtained with these atomic calculations with macroscopic thermodynamics 
properties. Molecular dynamics simulations can yield certain thermodynamic prop-
erties. However, a macroscopic state is associated to a countless number of micro-
scopic atomic states. Then, we need introduce statistical physical approaches with 
larger systems. However, the size and time scale of many experimental phenomena 
related with clay minerals require methodologies that go beyond the atomic model-
ling calculations, which are limited to nanometers sizes and nanoseconds simulation 
times. Coarse-Grained methods allow increasing size scale of systems and the simu-
lation time, clustering the atoms in particles, reducing the number of interactions 
maintaining the physical behaviour of the mineral system (Ruehle et al., 2009; Brini 
et al., 2013). Groups of atoms can be clustering in one particle reducing the degree 
of freedom of the system, such as, the three atoms of a water molecule can be con-
sidered as only one particle, or some moieties of an organic molecule, or a monomer 
of a polymer, or a layer of clay minerals (Ebrahimi et al., 2014; 2016; Suter et al., 
2009). However, it is difficult to find transferable effective potentials to describe the 
interactions between particles for general use, especially in clay minerals (Kang et al., 
2020; Underwood and Bourg, 2020). Nevertheless, many efforts are dedicating to 
build coarse-grained force fields from atomistic calculations (Khan and Goel, 2019a; 
2019b; Sjoblom, 2016).
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On the other hand, these modelling simulations cannot be only isolated theoretical 
exercises. Many instrumental analytical equipment are reaching higher resolution at 
nanoscale level for characterizing for microcrystalline and poorly crystalline miner-
als, amorphous solids and interphase phenomena on mineral surface. Therefore, an 
interdisciplinary research between experimentalists and multiscale simulators should 
increase for a better convergence and understanding of the nanomineralogy of clays.
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1. Introduction

Clay minerals present a specific challenge for understanding their structure and 
properties from an atomistic perspective. Typical micron-scale size of clay crystals in 
combination with the stacking disorder of their individual platelets pose technical 
limits to our ability to fully evaluate atomic positions and crystal structures of these 
materials. Unless relatively large and perfectly ordered single crystals are available, 
standard X-ray diffraction techniques are not usually capable of providing full atomic 
details of clay minerals. Low crystal symmetry of clays, their greatly diverse chemical 
compositions, atomic defects and isomorphic substitutions, layer stacking disorder, 
variable water content and interlayer ionic composition – all these and many other 
related issues significantly complicate atomic scale characterization and understand-
ing of clays and their aqueous interfaces (e.g., Bergaya et al., 2006). At the same time, 
the methods of atomistic computational modeling of materials have already become 
mature enough to serve as a powerful complementary tool for quantitative evalua-
tion of the structure and properties of clays and other clay-related materials.
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The methods of computational atomistic modeling of materials had been initially 
developed in the mid-1950s and for a long time remained a research area for purely 
theoretical chemical physics and physical chemistry dealing with rather abstract and 
very simplified models of solids and liquids (Allen and Tildesley, 2017; Frenkel and 
Smit, 2002). Because of the very limited computational power available at the time, 
it took almost twenty years before these approaches were first applied to realistic 
molecular systems, even as simple as water (Berensen et al., 1981, 1987; Kalinichev, 
2001). And it took another twenty years of computer hardware and software ad-
vances before these methods were started to be cautiously applied for the modeling 
of complex materials with more realistic atomic structure and composition, impor-
tant for practical applications, such as clays (Delville, 1991; Skipper et al., 1991, 
1995a, 1995b). 

However, over the last twenty years the clay-minerals community is gradually ap-
preciating the value of the quantitative insights provided by atomistic computational 
modeling approaches. These techniques not only help to develop and test crystal-
lographic models of clay structures, but also provide critical insights into under-
standing the fundamental mechanisms that control many physical and chemical 
properties of clay minerals and clay-related thermodynamic, kinetic, and reactive 
processes. Atomistic computer simulations can now help in the detailed quantitative 
interpretation of the data obtained by various experimental techniques – IR, Raman, 
NMR, Brillouin spectroscopies, X-ray and neutron diffraction, mass spectrometry, 
etc. (Ferrage et al., 2011; Kirkpatrick et al., 2015; Marry and Rotenberg, 2015; 
Kalinichev et al., 2016; Szczerba et al., 2016a,b; Kraevsky et al., 2020). In turn, this 
new experimental knowledge provides a valuable feedback for building better and 
more accurate atomistic models of clay-related materials and processes.

To a significant extent, this progress was stimulated by the development of a simple 
and robust ClayFF force field (Cygan et al., 2004) – a specific set of parameters that 
empirically describes interatomic interactions within the clay mineral structure and 
with various molecules and ions at their aqueous or non-aqueous interfaces. This 
Chapter provides a brief introduction to the theoretical concepts on which the tech-
niques of atomistic computer simulations of materials are based in general, describes 
the functionality of ClayFF, and then illustrates the application of ClayFF in the 
atomistic simulations of several clay-related problems. 
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2. Basic approaches to classical atomistic modeling of materials 

The so-called classical methods of atomistic simulations can be roughly sub-divided 
into two groups: deterministic and stochastic. These are, respectively, the methods 
of molecular dynamics (MD) and Monte Carlo (MC). In both cases the simulations 
are typically performed for a relatively small number of interacting particles (atoms, 
ions, and/or molecules; 1,000 < N < 1,000,000) confined in a box with periodic 
boundaries also called the simulation cell. An example of such simulation cells for 
modeling a swelling clay structure and a clay-water interface are schematically shown 
in Figure 1. Atomistic simulations generate a large number of instantaneous atomic 
configurations, and this microscopic information on the positions and velocities of 
all atoms of the simulated system over certain period of time can be directly trans-
formed into many useful thermodynamic, structural, and transport properties of 
this system with the help of rigorous relationships of statistical mechanics (McQuar-
rie, 2000; Frenkel and Smit, 2002; Allen and Tildesley, 2017). In most cases, the 
principal requirement for the validity of the statistical-mechanical formalism is the 
assurance that our system is in the state of thermodynamic equilibrium in the mac-
roscopic sense, even though in the microscopic sense all atoms in the system are in 
permanent thermal motion.

Figure 1. Left: A periodic model of a smectite structure. Right: General scheme of a typical simulation 
cell for atomistic modeling of clay interfaces with aqueous solutions.
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2.1 Molecular dynamics simulations

In MD simulations, the classical Newtonian equations of motion are numerically in-
tegrated for all N interacting particles in the simulation box. The size of the time step 
for integration depends on a number of factors, including temperature and density, 
masses of the particles and the nature of the interparticle potential, and the general 
numeric stability of the integration algorithm. In the MD simulations of aqueous 
systems, the time step is typically of the order of femtoseconds (10–15 s), and the 
dynamic trajectories of the molecules are usually followed (after a thermodynamic 
pre-equilibration) for 105 to 107 steps, depending on the properties of interest and 
the size of the system. 

The resulting knowledge of the dynamic trajectories for each of the particles (i.e. par-
ticle positions, velocities, as well as orientations and angular velocities if molecules 
are involved) means a complete description of the system in a classical mechanical 
sense. The thermodynamic properties of the system can then be calculated from the 
corresponding time averages along the equilibrium MD trajectory. For example, the 
temperature is related to the average value of the kinetic energy of all molecules in 
the system:

 
T = 2

3NkB

miv i
2

2i=1

N

∑
 (1)

where kB is the Boltzmann constant, mi and vi are the masses and the velocities of 
the particles in the system, respectively, and the angular brackets denote the time-
averaging along the equilibrium dynamic trajectory of the system.

Pressure can be calculated from the virial theorem (McQuarrie, 2000):
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NkBT
V
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3V
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N

∑
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where V is the volume of the simulation box and (ri·Fi) means the scalar product of 
the position and the force vectors of particle i. 

The heat capacity of the system can be calculated from temperature fluctuations:
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where R is the gas constant. In the Equations (1)-(3), the angular brackets denote time-
averaging along the dynamic trajectory of the system.
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Molecular dynamics simulations may be performed under a variety of conditions 
and constraints, corresponding to different ensembles in statistical mechanics. Most 
commonly the microcanonical (NVE) ensemble is used, i.e., the number of particles, 
the volume, and the total energy of the system remain constant during the simula-
tion. The relationships (1)-(3) are valid for this case. There are several modifications 
of the MD algorithm, allowing one to carry out simulations in the canonical (NVT) 
or isothermal-isobaric (NPT) ensembles. Relationships similar to Equations (1)-(3) 
and many others can be systematically derived for these ensembles, as well (Frenkel 
and Smit, 2002; Allen and Tildesley, 2017).

2.2 Monte Carlo simulations

In MC simulations, a large number of particle configurations are generated on a 
computer using a random number generator by the following scheme, assuring that 
all of them belong to the same thermodynamic equilibrium state of the model sys-
tem. Starting from a given (almost arbitrary) configuration, a trial move of a ran-
domly chosen particle to a new position is attempted. The potential energy dif-
ference, ΔU, associated with this move is then calculated, and if ΔU < 0, the new 
configuration is unconditionally accepted. However, if ΔU > 0, the new configura-
tion is not automatically rejected. Instead, the Boltzmann factor exp(-ΔU/kBT) is 
calculated and compared with a randomly chosen number between 0.0 and 1.0. The 
new configuration is accepted if the Boltzmann factor is larger than this number, 
and rejected otherwise. In other words, the trial configuration is accepted with the 
following probability: 

 

p =
1, ΔU ≤ 0;

exp −ΔU
kBT

⎛

⎝⎜
⎞

⎠⎟
, ΔU > 0.

⎧

⎨
⎪⎪

⎩
⎪
⎪  (4)

Reiteration of such a procedure gives a Markov chain of molecular configurations 
distributed in the phase space of the system, with the probability density propor-
tional to the Boltzmann weight factor corresponding to the canonical NVT statistical 
ensemble (Frenkel and Smit, 2002; Allen and Tildesley, 2017).

Typically, many millions of configurations are generated after some pre-equilibration 
stage of about the same length. The thermodynamic properties of the system can 
then be calculated as the averages over the ensemble of configurations. The equiva-
lence of ensemble-averages and time-averages, the so-called ergodic hypothesis, consti-
tutes the basis of statistical mechanics (e.g., McQuarrie, 2020).

The advantage of the MC method is that it can be more readily adapted to the cal-
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culations of averages in any statistical ensemble (Frenkel and Smit, 2002; Allen and 
Tildesley, 2017). Thus, to perform simulations in the NPT ensemble, one can intro-
duce volume-changing moves. All intermolecular distances are then scaled to a new 
box size. The acceptance criterion is then also changed accordingly. Instead of the 
energy difference ΔU in Equation (4), one should now use the enthalpy difference: 

 
ΔH = ΔU + PΔV – kBT ln 1+

ΔV
V

⎛
⎝⎜

⎞
⎠⎟

N

 (5)

where P is the pressure (which is kept as a constant parameter the same way as tem-
perature) and V is the volume of the system.

In the NPT ensemble, besides the trivial averages for configurational (i.e. due to the 
intermolecular interactions) enthalpy:

 
Hconf  = U  + P V

 (6)

and particle density:

 
ρ = N

V
 (7)

one can easily calculate such useful thermodynamic properties as isobaric heat capac-
ity CP, isothermal compressibility κ, and thermal expansivity α can be easily calcu-
lated from the corresponding fluctuation relationships (McQuarrie, 2000; Frenkel 
and Smit, 2002; Allen and Tildesley, 2017):
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The grand canonical (μVT) statistical ensemble, in which the chemical potential of 
the particles is fixed and the number of particles may fluctuate, is particularly attrac-
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tive for simulations of clay systems where hydration and swelling is usually one of 
the important processes. Within the MC method, the algorithm of GCMC involves 
additional random moves to insert of remove particles into our system (e.g., H2O 
molecules in the interlayers of a smectite clay, Ferrage et al., 2011). GCMC method 
can be directly applied to the calculation of thermodynamic adsorption and swelling 
isotherms, a challenge for traditional MD methods. However, various versions of the 
MD simulations in the grand canonical statistical ensemble have also been recently 
introduced (e.g., Loganathan et al., 2018, 2020). 

2.3 Periodic boundary conditions

One of the most obvious difficulties of both atomistic simulation methods is the 
relatively small system size, always much smaller than the Avogadro number, NA, 
characteristic for a truly macroscopic system. Therefore, the simulations are usually 
performed by applying so-called periodic boundary conditions to the simulation box 
in order to minimize surface effects and to mimic more closely its bulk macroscopic 
properties. This means that the basic simulation box (see, e.g., Figure 1) is assumed 
to be surrounded by identical images of the box in all three dimensions infinitely. 
Thus, if during the simulation a particle leaves the box through one side, its image 
simultaneously enters the box through the opposite side, because of the identity of 
the boxes. In this way, the problem of surfaces is circumvented at the expense of 
introducing a larger scale periodicity to the entire system.

How well the simulated properties of a small infinitely periodic system can represent 
the properties of a macroscopic system depends on the range of the intermolecu-
lar potential and the property under investigation. This is especially important for 
the interactions involving long-range electrostatic forces (or Coulomb interactions), 
which is always the case with materials like clays and aqueous salt solutions. Several 
methods to treat these long-range electrostatic interactions are commonly used (see, 
e.g., Allen and Tildesley, 2017), of which the Ewald summation is usually considered 
as the most satisfactory one. 

With the widespread availability of free and ready-to-use software packages for atom-
istic simulations, the implementation of a particular statistical ensemble in MC or 
MD simulations or various algorithms to accurately account for long-range intera-
tomic interactions has become routine even for an end user without deep knowledge 
of statistical mechanics, such as most of the clay researchers. However, both MC and 
MD methods rely heavily on the accurate description of the interactions among all 
atoms of the model system, which are usually represented by a set of interatomic 
potentials, and it is generally assumed that the total potential energy of the system 
can be described as a sum of these interactions. In classical molecular simulations, 
the interaction potentials are often based on empirical fits to available experimen-
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tal data for thermodynamic and structural properties of materials or use the results 
of corresponding quantum chemical calculations (Allen and Tildesley, 2017). The 
practical success of any set of potential energy functions—referred to collectively as 
a force field—ultimately depends on the quality and accuracy of the energy expres-
sion in reproducing experimental chemical structures, physical properties, and spec-
troscopic observations. There are several successful force fields designed specifically 
for modeling clay minerals and clay-related environmental processes (Skipper et al., 
1995a; Teppen et al., 1997; Smith, 1998; Sainz-Diaz et al., 2001; Cygan et al., 2004; 
Heinz et al., 2013; Tesson et al., 2018). The following sections describe and discuss 
the formalism of the ClayFF force field (Cygan et al., 2004), its later modifications 
(Zeitler et al., 2014; Pouvreau et al, 2017, 2019), and its application to the atomistic 
modeling of various clay-related materials and processes.

3. ClayFF construction and parametrization

The ClayFF parametrization was originally developed in response to a strong need 
for a robust and flexible force field suitable for atomistic simulations of mineral/
water interfaces, most particularly – clays and clay-related phases, including metal 
(oxy)hydroxides, layered double hydroxides (LDHs), etc. (Cygan et al., 2004). At-
omistic computational modeling of such interfaces is especially challenging, because 
their solid mineral substrate is often incompletely or poorly characterized both in 
terms of their crystal structure and in terms of their composition. They typically have 
large unit cells, low crystal symmetry, and greatly variable composition. They also 
frequently occur as only micron to sub-micron size particles. 

Earlier simulations of such systems relied, almost exclusively, on the empirical para-
metrizations using the basic assumption that all atoms in the clay structure are rigidly 
fixed to their crystallographic positions (e.g., Skipper et al., 1995a, 1995b; Smith, 
1998; Marry et al., 2008; Botan et al., 2013). This posed limitations on the accurate 
description of all structural and dynamics aspects of interactions between the solid 
substrate and the interfacial fluid, while still allowing the degrees of freedom associ-
ated with swelling and lateral displacement of each individual clay layer as a whole.

There are two principal ways to overcome this limitation and introduce realistically 
necessary atomic mobility and flexibility of such complex hydrated solid substrates. 
One can, of course, introduce a set of interaction parameters explicitly describing 
all covalent bonds in the structure in addition to commonly used so called “non-
bonded” terms of the force field accounting for electrostatic and dispersive (van-der-
Waals, VDW) interatomic interactions. In this approach, all covalent bonds must 
be identified and evaluated for each possible local interatomic coordination (e.g., 
Teppen et al., 1997, Sainz-Díaz et al., 2001; Heinz et al., 2013). However, the ap-
plication of this approach to systems with complex and often ill-defined bond struc-
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tures can be problematic due to the lack of reliable experimental data to constrain all 
the parameters necessary for a full description of all bonded interactions. For such 
complex situations, force field parameters must be readily transferable among diverse 
models and simulations, and it is strongly preferable that the overall functional form 
of the force field is preserved simple enough to allow modeling of highly disordered 
systems containing large numbers of particles and to effectively capture their com-
plex and often cooperative behavior. 

With this argumentation in mind, the development of ClayFF was based on an alter-
native approach: to treat the majority of bonded interactions in the crystals as “quasi-
ionic” (i.e., formally non-bonded), and require that the proper crystal structures 
and local atomic coordinations are maintained solely by a careful balance between 
interatomic electrostatic attractions and VDW repulsion terms of the force field. 
This greatly simplified approach requires a dramatically smaller number of force field 
parameters for its implementation, and allows for molecular simulations of even 
highly disordered and complex systems containing large numbers of atoms. 

Thus, the total potential energy in ClayFF is represented as the sum of the contribu-
tions from the Coulombic (ECoul) and van der Waals (EVDW) interactions of all atomic 
pairs, while the explicit bond stretch and angle bend interaction terms are only pre-
served for molecular entities, such as H2O, polyatomic ions, organic molecules, but 
also for the OH groups in the clay structure (Cygan et al., 2004; 2009): 

 
U = ECoul + EVDW + EBond  Stretch + EAngle  Bend   (11) 

where
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In Eq. (12)-(13) qi and qj are the partial charges on the interacting atoms, e is the 
elementary charge, and εo is the dielectric permittivity of vacuum (8.85419 × 10-12 
F/m). The VDW term combines the short-range interatomic repulsions (positive 
term) as two atoms closely approach each other and the dispersive attraction (nega-
tive term) in the functional form of a (12-6) Lennard-Jones potential, where D0,ij 
and R0,ij are empirical parameters derived from the fitting of the model to observed 
structural and physical property data. D0,ij and R0,ij, and the partial atomic charges 
are the key parameters in ClayFF. The VDW parameters between the unlike atoms 
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are calculated according to the so-called Lorentz-Berthelot combining rules – the 
arithmetic mean for the distance parameter, R0, and the geometric mean for the 
energetic parameter, D0:

 
R0,ij =

R0,i + R0, j
2  (14) 

 
D0, ij = D0, iD0, j  (15)

Explicit bonded interactions (the last two terms in Eq.(11)) are only used to describe 
the O-H bonding in H2O molecules, structural -O-H groups, and the covalent 
bonding in polyatomic dissolved species such as sulfate (Kalinichev and Kirkpatrick, 
2002), ammonium (Loganathan and Kalinichev, 2013) or uranyl (Teich-McGoldrick 
et al., 2014). In these cases, the Coulombic and VDW interactions are excluded for 
the explicitly bonded atoms, while the bond stretching (e.g., -O-H) and bond angle 
bending (e.g., H-O-H) interactions are simplified to include only harmonic terms:

 
EBond Stretch ij = k1 rij − ro( )2  (16)

 
EAngle Bend ijk = k2 θ ijk −θo( )2  (17)

where k1 and k2 are the harmonic force constants, and r0 ,q0 – equilibrium values of 
the bond length and bond angle, respectively. 

For water molecules, the flexible version of the simple point charge (SPC) poten-
tial was originally used (Berendsen et al., 1981, Teleman et al., 1987), although its 
slightly modified version SPC/E (Berendsen et al., 1987) was also later successfully 
used (e.g., Ferrage et al., 2011; Holmboe and Bourg, 2014). More complex inhar-
monic terms can also be used to describe the bond bending and stretching terms in 
Eq. (11) (e.g., Greathouse et al., 2009; Zeitler et al., 2014; Szczerba et al., 2016a). 
In all cases, the force field parameters for aqueous cations and anions are largely in-
corporated from published intermolecular functions compatible with the respective 
molecular model of H2O. 

Another very important general simplification of the ClayFF parametrization is the 
assumption that the VDW terms centered on all types of O atoms in crystal struc-
tures are the same as those OH2O of the SPC water oxygens, while those centered on 
the H atoms of structural O-H groups were ignored (Cygan et al., 2004). However, 
the charges on the O and H atoms can vary depending on their occurrence in H2O 
molecules, hydroxyl groups, and bridging sites. 
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Figure 2. Schematic representation of a montmorillonite unit cell fragment with tetrahedral and oc-
tahedral substitutions and different atomic charge distributions according to the ClayFF force field 
(Table 1). ob (bridging oxygen), obts (bridging oxygen with tetrahedral substitution), obos (bridging 
oxygen with octahedral substitution), oh (hydroxyl oxygen), ohs (hydroxyl oxygen next to octahedral 
substitution), at (Al in tetrahedral coordination), ao (Al in octahedral coordination), mgo (Mg in octa-
hedral coordination), st (Si in tetrahedral coordination).

The empirical parameters in ClayFF (Table 1) were originally optimized with the 
objective to accurately reproduce the experimentally known crystal structures of a 
small number of simple and well-characterized oxides, hydroxides, and oxyhydrox-
ides, such as brucite, portlandite, quartz, kaolinite (Cygan et al., 2004). In this ap-
proach, the individual atoms do not have their full formal charges, but rather carry 
so-called partial charges which empirically account for electron transfer in actual 
covalent bonds. Oxygen atoms, for instance, typically have partial charges of -0.8 
to -1.1, rather than their formal value of -2.0. These partial atomic charges were 
derived from periodic density functional theory (DFT) quantum chemical calcula-
tions. Together with the VDW parameters, they were empirically optimized based 
on the experimental crystal structure refinements of the above model phases. The 
partial atomic charges also vary next to various cation substitution sites in the crystal 
structures. Thus, ClayFF empirically accounts for charge delocalization due to cation 
substitution in the clay structure (e.g., Al for Si, or Mg for Al) such that charge is 
partially shifted from the cationic center to neighboring oxygens depending on the 
local O-environment (Figure 2).

It is worth noting that very similar compositional and structural complications are 
also typical to other clay-related materials, such as layered double hydroxides (LDH), 
zeolites, various mineral phases of cement. Therefore, it is not surprising that ClayFF 
was almost immediately used in atomistic simulations of such phases as well (e.g., 
Kalinichev and Kirkpatrick, 2002; Kirkpatrick et al., 2005b; Wang et al., 2004, 
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2005a, 2006; Kalinichev et al., 2007, 2014; Kumar et al., 2007; Narasimhan et al., 
2009; Bushuev and Sastre, 2010; Kalinichev et al., 2010; O’Brien et al., 2016; Mut-
isya et al., 2017; Androniuk et al., 2017, 2020). 

Thus, over the last 15 years, ClayFF has been successfully tested in numerous mo-
lecular simulations of a wide range of systems, showing good promise to further 
evolve into an adaptable and broadly effective force field for molecular simulations 
of clays, cement phases and other aluminosilicate materials and their interfaces with 
aqueous solutions. The following sections illustrate ClayFF application in atomistic 
simulations of several representative materials. 

Table 1. “Non-bonded” parameters for the ClayFF force field (Cygan et al., 2004).

Species Symbol Charge(|e|) Do(kcal/mol) Ro(Å) 

Water hydrogen h* 0.4100 — —

Hydroxyl hydrogen ho 0.4250 — —

Water oxygen o* -0.8200 0.1554 3.5532

Hydroxyl oxygen oh -0.9500 0.1554 3.5532

Bridging oxygen ob -1.0500 0.1554 3.5532

Bridging oxygen next to 
octahedral substitution obos -1.1808 0.1554 3.5532

Bridging oxygen next to 
tetrahedral substitution obts -1.1688 0.1554 3.5532

Bridging oxygen next to double 
substitution obss -1.2996 0.1554 3.5532

Hydroxyl oxygen next to 
substitution ohs -1.0808 0.1554 3.5532

Tetrahedral silicon st 2.1000 1.8405 x 10-6 3.7064

Octahedral aluminum ao 1.5750 1.3298 x 10-6 4.7943

Tetrahedral aluminum at 1.5750 1.3298 x 10-6 3.7064

Octahedral magnesium mgo 1.3600 9.0298 x 10-7 5.9090

Hydroxide magnesium mgh 1.0500 9.0298 x 10-7 5.9090

Octahedral calcium cao 1.3600 5.0298 x 10-6 6.2484

Hydroxide calcium cah 1.0500 5.0298 x 10-6 6.2484

Octahedral iron feo 1.5750 9.0298 x 10-7 5.5070

Octahedral lithium lio 0.5250 9.0298 x 10-7 4.7257
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4. Atomistic modeling of clay hydrous interlayers and interfaces

4.1. Hydration and swelling of clay minerals

For clay minerals and other similar materials capable of hydration and swelling, it is 
important to be able to assess quantitatively various thermodynamic characteristics 
of these processes. 

The basal spacing as a function of water content essentially shows how the volume 
of the system changes with increasing (or decreasing) hydration. For an orthogonal 
simulation cell, from the results of NPT-ensemble MD simulation, the basal spacing 
(d) can be calculated as follows:

 
d =

a b c
2 a b

=
c
2

 (18)

where a , b , and c  are the statistically averaged dimensions of the simulation 
supercell (see Figure 1a).

The hydration energy (ΔU) can be used to evaluate the gain (or cost) of potential 
energy associated with water uptake by the dry clay, and can be calculated using the 
generic formula (e.g., Smith, 1998; Ngouana-Wakou and Kalinichev, 2014):

 
ΔU =

U N( ) − U 0( )
N  (19)

where N is the number of interlayer H2O molecules for a given hydration level, while 

ΔU =
U N( ) − U 0( )

N
 and 

ΔU =
U N( ) − U 0( )

N
 are the average potential energies of the hydrated clay (with N 

water molecules), and dry clay (N = 0), respectively.

The immersion energy (Q) is the energy consumed or released when the clay system 
at a given hydration level is brought to another hydration level by adding water to 
the system (Smith, 1998): 

 
Q = U N( ) − U N0( )− N − N0( )U bulk  (20)

where N0, and 
ΔU =

U N( ) − U 0( )
N
 are the number of H2O molecules and the average potential 

energy of a reference hydration level. Ubulk is the potential energy of bulk liquid water 
(per one H2O molecule) under the same T-P conditions in thermodynamic equilib-
rium with the clay.

Similarly, considering clay at a certain hydration level, the isosteric heat of water ad-
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sorption can be calculated as a measure of energy released or consumed by the system 
when a small amount of water is added or removed from the system (Smith, 1998):

 

qst = RT −
U N( ) − U N '( )

N ' − N( )  (21)

where N, and N’ are two consecutives hydration levels, R is the ideal gas constant and 
T is the temperature. The factor of RT is needed for conversion between the internal 
energy and enthalpy.

Figure 3a illustrates the variation of basal layer spacing d in hydrated Cs-montmoril-
lonite, Cs+

0.75(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4·nH2O, as a function of water content 
from the MD simulations with three models of montmorillonite that differ only by 
the degree of randomness in the distribution of octahedral and tetrahedral substi-
tutions in their structure (Ngouana-Wakou and Kalinichev, 2014). The results for 
the three models, labelled Uni, RanO, and RanTO, are shown by filled circles with 
different degree of gray shading, while experimental data from several sources are 
shown by other symbols. No observable differences on the calculated layer spac-
ing between the three clay models with different distribution of substitutions was 
observed. For all three clay models, a plateau corresponding to the formation of a 
stable monolayer hydrate is clearly observable at ~12.6 Å, in good agreement with 
the range of 12.3 – 12.6 Å reported from experiments. In these simulations, the 
monolayer hydrate corresponds to n = 4.5 H2O molecules per formula unit, which 
is in the range of 4.0 – 5.5 observed in other simulation studies (Ngouana-Wakou 
and Kalinichev, 2014).
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Figure 3. Top plot: Swelling curves of Cs-montmorillonite simulated with ClayFF (circles) compared 
with available experimental data (squares). The error bars for the simulated values, calculated with a 
95% confidence interval, are within the size of the symbols. Middle and bottom plot show the hydra-
tion energy (Eq. 19) and immersion energy (Eq. 20) calculated from the same series of MD simulations 
(after Ngouana-Wakou and Kalinichev, 2014).
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Beyond n = 4.5 (or 100 mgwater/gclay in Figure 3) experimental data indicate invariable 
layer spacings unlike the simulation swelling curves that increase. One has to remem-
ber, however, that the experimentally measured water contents include contributions 
not only from the H2O molecules in clay interlayers, but also from the ones adsorbed 
on the external surfaces of clay particles and from the inter-particle pore-space, while 
the atomistic simulations using the periodic boundary conditions typically model 
infinite clay layers without any edges. 

The hydration energies (Figure 3b) of the Cs-montmorillonite models are present-
ed in Figure 3b together with the results of two other simulations (Smith, 1998; 
Liu et al., 2008). All results exhibit two minima for water contents of n = 4.5 
(~100 mgwater/gclay) and n = 10.0 (~220 mgwater/gclay). As expected, the hydration ener-
gies tend to approach the value of internal energy of bulk liquid water as the water 
content increases (horizontal solid line in Fig. 3b). The small differences between the 
results of three simulations can be attributed to the slightly different model struc-
tures used, but also to the different force fields employed in the simulations (see 
Ngouana-Wakou and Kalinichev (2014) for more details).

Further analysis of the swelling energetics based on the calculation of the immersion 
energy (Figure 3c) provides additional information for the clear identification of the 
water contents corresponding of the stable 1W and 2W hydration states. Apart from 
the completely dry state corresponding to the first points on the plots, the immer-
sion energies calculated at all other water contents are very similar between the three 
clay models. Thus, Figure 3b allows us to better distinguish the previously observed 
monolayer and bilayer hydrates through the local minima for n = 4.5 (~100 mgwater/
gclay) and n = 10.0 (~220 mgwater/gclay) for all simulation data presented. 

Layered double hydroxides (LDHs), also known as anionic clays, represent another 
important class of swelling materials. Their lamellar structure is based on brucite-like 
Mg(OH)2 layers and allows for a high degree of compositional variability via partial 
substitution of the divalent metal ions by trivalent metal ions leading to the perma-
nent positive layer charge (e.g., Rives, 2001). The general chemical formula for many 
LDHs may be written as

 
M 1− y( )

II M y
III OH( )2⎡

⎣
⎤
⎦
y+ y
m
Am– × nH2O

 (22)

where MII and MIII are, respectively, the divalent and trivalent metal cations, y is the 
fraction of trivalent cations in the formula unit, and m is the charge of the anion. 
Typical MII cations are Mg2+, Ni2+, Fe2+, Mn2+, and Zn2+, and typical MIII cations are 
Al3+, Cr3+, Fe3+ and Co3+. The cations are octahedrally coordinated by the hydroxyl 
groups, forming two-dimensional sheets of edge-shared metal hydroxide octahedra. 
The charge balancing anions, Am–, occur in the interlayer space and on particle sur-
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faces, usually together with water molecules. The –O-H groups in the LDH struc-
ture are all oriented towards the interlayer or surface and can donate strong hydrogen 
bonds to the anions and H2O molecules. As in clays, the hydration state, n (water 
content per formula unit), can be broadly variable depending on many factors, such 
as the chemical nature of the anion (Am–), method of preparation, relative humidity, 
and the sample history (e.g., Rives, 2001).

Figure 4 shows the hydration energy of several Mg/Al-LDHs intercalated by vari-
ous mono-, di-, and tri-valent organic anions simulated using the ClayFF force field 
(Kumar et al., 2007; Kalinichev et al., 2010). To make a relevant comparison be-
tween systems of various compositions, a uniform measure of the hydration state 
as the number of H2O molecules per number of structural hydroxide groups, xH2O, 
is used in Figure 4 independent of the formula unit, cationic/anionic composition, 
and charge of different LDHs. Unlike the montmorillonite swelling curves in Figure 
3b, the computed hydration energies of Mg/Al-LDHs do not show a distinct mini-
mum, but show instead the most negative values at low water contents, followed by 
relatively rapid change in the range 0.2 xH

2
O 0.5, and slower, gradual approach to the 

potential energy for bulk liquid water for xH
2
O >0.7 (dashed horizontal line in Figure 

4). However, these hydration energies are always noticeably lower in energy than that 
of the bulk liquid H2O (–44.1 kJ/mol for the SPC water model used) up to very high 
water contents, indicating the absence of specifically preferred hydration states for 
these LDHs and suggesting a tendency for the system to continuously adsorb water 
in water-rich environments, such as at high atmospheric relative humidity, and to 
eventually delaminate in aqueous suspensions. This is in distinct contrast with the 
swelling behavior and hydration energetics of similar LDHs intercalated by small 
inorganic anions, where experiments and atomistic simulations indicate the presence 
of restricted hydration ranges (Kirkpatrick et al., 2005a, 2015).
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Figure 4. Hydration energy (Eq. 19) of Mg/Al-LDHs intercalated by mono- and di-valent glutamate 
anions as a function water content in the interlayer. Similar curves for Mg/Al-LDHs intercalated with 
other carboxylic acids (formate, acetate, propanoate, and citrate) are shown as thin lines without sym-
bols for comparison (after Kalinichev et al., 2010).

The swelling behavior of all the organo-intercalated Mg/Al-LDH phases in Figure 4 
is largely due to the affinity of the carboxylic –COO– groups for hydrogen bonds do-
nated by H2O molecules, which can better solvate them in a well integrated interlay-
er H-bonding network than the fixed –OH sites of the hydroxide layers. Compared 
to the LDHs intercalated with monocarboxylic anions (Kumar et al., 2007), the 
superior swelling behavior (more negative hydration energies) of LDHs intercalated 
with higher-charge anions (like citrate3– or Glu2–) is due to a combination of factors 
including greater incommensurability of the larger anions with the hydroxide layers, 
their ability to form stronger and more compact hydration shells due to their higher 
charge, and the resulting slower basal expansion under hydration. Taken together, 
these results show a stronger affinity for water for the Mg,Al-LDHs intercalated with 
higher-charge carboxylic anions. The trends for the monocarboxylic systems all ap-
proach the bulk water value at lower water contents than citrate3– or Glu2– LDHs. 

4.2 Structural properties of fluids and hydrogen bonding at clay-water 
interfaces

The structure of fluids is usually quantitatively analyzed in atomistic simulations via 
so-called atom-atom radial distribution functions, gab (rab), that represent a normalized 
average probability of finding an atom of type a at a certain distance rab from an atom 
of type b in the simulated system (Frenkel and Smit, 2002; Allen and Tildesley, 2017): 



AES 3 - 2. Atomistic modeling of clays and related nanoporous materials with ClayFF force field

35

 
gαβ rαβ( ) = Nαβ

4πρβrαβ  (23)

where rαβ is the distance between atoms α and β, is the number density of atoms β, 
and 

gαβ rαβ( ) = Nαβ

4πρβrαβ

 the average number of atoms β found at the distance rαβ from atom α. 

The number of neighbors, coordinating the selected atom at a certain distance (so-
called running coordination number) can then be calculated as an integral of the 
radial distribution function: 

 
nαβ rαβ( ) = 4πρβ g(r)r 2 dr

0

rαβ

∫
 (24)

In bulk liquid water, the oxygen-oxygen, oxygen-hydrogen, and hydrogen-hydrogen 
radial distribution functions look like in Figure 5a. This figure also provides a com-
parison of the simulated results with available experimental X-ray neutron diffrac-
tion data demonstrating a very good agreement. The most important features of 
these distributions (marked by a star symbol in Fig.5a) are the prominent first peak 
of the gOH(r) function at ~1.9 Å and the distinct maximum of the gOO(r) function 
at ~4.5 Å. Both of these features indicate strong local tetrahedral ordering of the 
neighboring H2O molecules, with two molecules donating an H-bond (~1.9 Å long) 
to the selected molecule and two other molecules accepting similar H-bonds from 
the selected one. The H-bonds are indicated in Fig.5 as white dashed lines, while the 
edges of the tetrahedron (~4.5 Å long) are indicated by the black dashed lines (see, 
e.g., Kalinichev (2001, 2017) for further details).
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Figure 5. Atom-atom radial distribution functions of bulk liquid water illustrating the tetrahedral 
nearest-neighbor ordering of H2O molecules due to hydrogen bonding.

For anisotropic systems, such as hydrated clay interlayers or interfaces (Figure 1), it is 
more informative to determine the fluid structure in terms of atomic density profiles 
of various solution species as function of their distance from the surface. Such func-
tions can be calculated as the average number of atoms, 

ρα Z( ) = Nα z( )
V

, of certain type a in 
solution at distance z from the surface, normalized by the system volume, V: 

 
ρα Z( ) = Nα z( )

V  (23)

where it is assumed that the coordinate axis z is perpendicular to the layering of our 
clay model, while the x-y plane is parallel to the clay layering.

Another important quantitative structural characterization of the clay-solution in-
terface can be obtained in the form of surface atomic density distributions of solu-
tion species. Such two-dimensional distributions in the x-y plane within a layer of 
solution parallel to the surface are defined by the probability of finding an atom of 
type a at a position (x,y) above the surface within a range of distances Δz close to the 
surface, typically corresponding to a mono-molecular layer of fluid (~3-5 Å):

 
ρα ,Δz x, y( ) = Nα ,Δz x, y( )

V  (24)
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Figure 6. Atomic density profiles (left) and surface atomic density distributions (right) of Cs+ cations 
and H2O molecules of the surface of Cs-montmorillonite. Dark dashed contours – Ow, light solid 
contours – Hw, light grey spots Si or Al of the siloxane surface of montmorillonite, dark grey spots – 
bridging oxygens, Ob, between Si- and Al- tetrahedra on the surface, to which surface H2O molecules 
can donate one or two H-bonds (after Kalinichev et al., 2017). 

Such functions simulated for Cs+ ions in aqueous solution at the (001) surface of mont-
morillonite are shown in Figure 6. The time-averaged positions of the basal surface 
bridging oxygen atoms is taken here as a reference, z = 0. Cs+ ions are mostly adsorbed 
in the form of inner sphere complexes at distances ~2-3 Å away from the montmoril-
lonite surface (see Figure 6a). These Cs+ ions are located above the centers of di-trigonal 
cavities on the montmorillonite surface (Figure 6b). However, there is a visible atomic 
density of Cs+ at ~ 5-6 Å indicating some amount of outer-sphere surface complexes. 
The position of the first adsorbed water peak Ow is correlated with the plane of surface 
adsorbed Cs+ ions clearly depicting that these H2O molecules are strongly associated 
with the basal surface of muscovite and do not participate in the hydration of ions. 

It should be noted that there are two possible predominant orientations of H2O mol-
ecules at siloxane clay surfaces. They are schematically shown in Figure 7 as bidentate and 
monodentate orientations, respectively. In the bidentate configuration, the water molecule 
donates two weak H-bonds to the surface bridging oxygen atoms, Ob or Obts in ClayFF 
(see Table 1), while in the monodentate orientation it can donate only one such bond. 

Figure 7. Schematic view of the predominant orientations of H2O molecules on clay surfaces.
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From the relative integral intensities of the peaks of Ow and Hw nearest to the 
surface in Figure 6, it is clear that most of the H2O molecules are in monodentate 
orientation, and only a small fraction of water molecules correspond to the biden-
tate orientation. These are the ones that occupy the ditrigonal cavities next to the 
adsorbed Cs+ ions in Figure 6b. 

The computed atomic density profiles also provide important insight into the or-
dering of H2O molecules at hydroxylated surfaces, such as brucite, portlandite, or 
LDHs, but also many metal oxide surfaces that become easily hydroxylated at contact 
with water (e.g., Kalinichev and Kirpatrick, 2005; Machesky et al., 2008; Kroutil et 
al., 2020). On such a surface, two orientations of H2O molecules are energetically 
most favorable for the formation of stable H-bonds. In one of them, water molecules 
have one H-atom directed toward an O-atom of the surface hydroxyl, thus donating 
a hydrogen bond to the surface. This configuration is similar to the monodentate 
orientation in Figure 7. However, on a hydroxylated surface, H2O molecules can also 
accept H-bonds from the surface. Such accepting and donating H2O orientations for 
three different surfaces are schematically shown at the top of Figure 8.

At the surface of portlandite (Figure 8a), the presence of a strong peak at ~1.8 Å 
on the Hw density profile is due to the H2O molecules donating H-bonds to the 
surface. In this orientation, the second H-atom of water molecules contributes to 
the peak at ~3.2 Å. However, a stronger contribution to the 3.2 Å peak in the Hw 
distribution arises from the other favorable H2O orientation, in which Ow atoms 
of H2O molecules accept H-bonds donated by the surface hydroxyl groups. In this 
case, both hydrogens of the H2O molecule contribute to the density profile peak at 
3.2 Å. In both preferred orientations of H2O molecules, the O-atoms are located ap-
proximately the same distance from the surface, ~3.0 Å (Figure 8a). The ability of the 
surface H2O molecules to both donate and accept H-bonds to the solid surface cre-
ates a very well developed H-bonding network across the interface with the structure 
strongly resembling that of bulk liquid water. Radial distribution functions gOO and 
gOH of liquid water are shown as dashed lines in Figure 8 to illustrate this similarity. 
Both signatures of tetrahedrally ordered H-bonding arrangements are clearly visible 
in the atomic density profiles (marked by stars in Figures 5 and 8). The interfacial 
water seems to be even slightly more structured than bulk water under the same 
thermodynamic conditions, and this ordering of the H2O molecules is clearly visible 
even at distances up to 8 Å from the surface.
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The situation is qualitatively similar for the hydroxylated aqueous interface of quartz 
(Kalinichev and Kirkpatrick, 2005) as illustrated by Figure 8b. However, for the 
Ca/Al-LDH (Figure 8c) the computed near-surface solution structure is strikingly 
different. Due to the positive structural charge of this phase and the predominance of 
direct coordination the of surface Ca sites by H2O molecules (Kalinichev et al., 2000; 
Kalinichev and Kirkpatrick, 2002), the H-bond donation to the surface by water 
molecules becomes impossible, hence the well-interconnected H-bonding network 
is not formed in the interfacial region. This is clearly evident by the absence of both 
markers of tetrahedral nearest ordering of H2O molecules at the surface indicated by 
stars above the dashed lines in Figure 8c, representing gOO and gOH radial distribution 
functions of bulk liquid water.

4.3 Calculation of dynamic properties

Monte Carlo and molecular dynamics methods of atomistic computer simulations 
produce essentially equivalent results for the thermodynamic and structural proper-
ties of the modeled systems of interest. However, MD simulations have an advantage 
of providing also information about time-dependent dynamical phenomena and 
processes, such as molecular diffusion or the spectra of atomic motions. 

The self-diffusion coefficients of the particles in the simulated system can be deter-
mined from their time-averaged mean squared displacement (MSD) according to 
the Einstein relation (Frenkel and Smit, 2002; Allen and Tildesley, 2017):

 

1
N

ri t( )− ri t0( ) 2 = 2dDt
i=1

N

∑
 (25)

where N is the number of atoms of interest, ri(t) is the position of atom i at time t and 
the angular brackets indicate the averaging taken over all time origins t0 along the 
MD trajectory. D in eq. (25) is the diffusion coefficient, and d is the dimensional-
ity of the system, which is equal to 1, 2 or 3 for the calculation of one-dimensional, 
two-dimensional, or three-dimensional diffusion coefficients, respectively. For ani-
sotropic systems, such as clay interlayers and interfaces, it can be very informative 
to separately calculate the diffusion coefficients in the direction within the layering, 
DXY, and perpendicular to the layering, DZ, based on the respective projections of the 
atomic coordinates ri.

This approach is widely used in the MD simulations of hydrated clays (e.g., Marry 
et al., 2008, 2015; Churakov, 2013; Holmboe and Bourg, 2014; Ngouana-Wakou 
and Kalinichev, 2014) and related systems (e.g., Wang et al., 2006; Kalinichev et al., 
2007; Korb et al., 2007; Wu et al., 2009). 
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MD-simulated dynamic trajectories of atoms can also be used to calculate so-called 
velocity autocorrelation functions (VACF) of specific atoms in the model system: 

 
VACF ≡ Cvv t( ) = v 0( ) ⋅v t( ) = v 0( ) ⋅v t( )∫ dΓ

 (26)

where the integration is performed over the entire phase space of the simulated sys-
tem, G (e.g., McQuarrie, 2000).

Qualitatively, the VACF reflects a relative rate with which the system or its individual 
atoms lose “memory” of the velocities they had at a particular previous moment in 
time, indicated here as t = 0. Quantitatively, VACFs are calculated in MD simula-
tions for each atomic type as:

 
Cvv t( ) ≡ v 0( ) ⋅v t( ) = 1

Nτ N
v j ti( ) ⋅v j ti + t( )

j=1

N

∑
i=1

Nτ

∑
 (27)

where Nt is the number of time averages (using different independent time-origins as 
t = 0), N is the number of atoms, and vj(t) the velocity of atom j at time t (Allen and 
Tildesley, 2017). The total system VACF is calculated over all atoms in the system, 
while the VACFs of individual atom types are calculated for all atoms of a given type. 

Integration of VACF can be used as another way to determine atomic diffusion coef-
ficients from MD simulations with the help of the Green-Kubo relation (Allen and 
Tildesley, 2017):

 
D = lim

t→∞

1
3

v 0( ) ⋅v t '( ) dt '
0

t

∫
 (28)

Another very useful application of VACFs is for the calculation of so-called power 
spectra of atomic motions (vibrational density of states) via the Fourier transforma-
tion (Allen and Tildesley, 2017): 

 

P ω( ) = v 0( ) ⋅v t( )
v 0( )20

∞

∫ cos ω t( )dt
 (29)

P(w) characterizes the dynamics of all atomic motions in the simulated system as a 
function of frequency. With certain restrictions, these power spectra can be compared 
to the experimental vibrational spectra of the same systems (e.g., Arab et al., 2004; 
Kirkpatrick et al., 2005a; Bougeard and Smirnov, 2007; Szczerba et al., 2016a).

As with the diffusion coefficients, for anisotropic systems, such as clay interfaces and 
interlayers, it is also possible and very useful to calculate individual components of 
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the VACF tensor for a given atom type, and thus analyze the anisotropy of the mo-
tion. For layered materials, the three principal anisotropic contributions, XX, YY, 
and ZZ, are very informative and provide quantitative insight into x-, y-, and z- pro-
jections of the vectors of atomic velocities and therefore the dynamics of atomic mo-
tions along different crystallographic directions. This, in turn, can greatly enhance 
vibrational band assignment and spectral interpretation. Usually, the x- and y- com-
ponents of the atomic velocities are parallel to the layering, and the z-components 
are perpendicular to the layers. Thus, the XX and YY VACFs reflect the correlations 
of atomic motions within the plane parallel to the clay layers and the ZZ VACFs 
those perpendicular to the layers.

Figure 9 illustrates the application of this approach to the detailed quantitative un-
derstanding of the sharp high-frequency band of H2O stretching vibrations of wa-
ter molecules at the surface of montmorillonite (Szczerba et al., 2016a). This sharp 
high-frequency IR band originating from adsorbed water is a common feature for all 
hydrated smectites (Kuligiewicz et al., 2015). Its intensity does not depend much on 
the degree of clay hydration over a broad range of relative humidity, and its frequency 
has only a weak systematic decrease (red-shift) with increasing the total layer charge.

Thus, the sharp high-frequency IR band was attributed to a mechanism that must 
be common to all smectites at high hydration levels, regardless of interlayer cation. 

In order to provide a quantitative explanation for the aforementioned experimental phe-
nomenology, the power spectra for hydrogen atoms of the H2O molecules on the clay 
surfaces were calculated for different smectites and compared to the spectrum of pure 
bulk liquid water simulated with the same molecular model (Szczerba et al., 2016a).

Figure 9. Left: power spectra of Ow-Hw stretching vibrations calculated for each individual sub-set of 
H2O molecules on the surface of Na-montmorillonite: thin gray line – bidentate population, thick 
gray line – monodentate population, dashed line – water molecules away from the surface. Right: 
distributions of the shortest H-bonding distances of interfacial H2O molecules with basal oxygens 
(Ow-Hw···Ob) in the bidentate and monodentate orientations, compared to distribution of Ow-Hw···Ow 
distances in pure liquid water (after Szczerba et al., 2016a).
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For better quantitative understanding of the phenomenon, two distinct preferred sur-
face-oriented types of H2O molecules (Figure 7) were identified in each simulation. 
Their atomic density profiles indicated that the predominantly bidentate-oriented 
molecules were located closer to the surface at z ~ 2.0 Å (Figure 9b). A more strongly 
evident population of monodentate-oriented molecules population was located at 
somewhat larger distances of z ~ 2.8 Å (Figure 9b). The presence of monodentate 
H2O was ubiquitous. This sub-population was abundantly visible for all smectites, 
all cations, and all hydration levels. The bidentate H2O population was far less abun-
dant. It could be detected only in high charge smectites and was practically absent in 
their low charge analogs (Szczerba et al., 2016a). Further growth of the amount of 
bidentate molecules can be predicted with layer charge increasing beyond 1.0|e| per 
formula unit, which is consistent with its high contribution at charges approaching 
1.0|e| per formula unit, as observed in MD simulations of muscovite (Wang et al., 
2005b, 2009; Loganathan and Kalinichev, 2013; Teich-McGoldric et al., 2014). 

Calculations of the power spectra of specific sub-sets of interlayer and interfacial wa-
ter hydrogen atoms were performed in order to explain in more detail which part of 
the surface H2O population is responsible for the sharp high-frequency vibrational 
band observed in the experimental spectra (Kuligiewicz et al., 2015). Each sub-set of 
water molecules was defined by a common range of distances from the surface, z, and 
H2O dipole orientation angle, α, with respect to the surface normal (Szczerba et al., 
2016a). An H2O molecule belongs to a certain sub-set if it is found within the same 
(z, α) range in both the first and the last time-frame of the VACF calculation. In 
order to compare the contribution of each sub-set to the total spectrum, the spectral 
intensities calculated for montmorillonite are presented in Figure 9a are normalized 
to the number of H2O molecules identified in each sub-set (Szczerba et al., 2016a).

This analysis demonstrated that the interfacial H2O molecules in bidentate and 
monodentate orientation with respect to the siloxane surface are both contribut-
ing to the experimentally observed sharp high-frequency O-Hw stretching band of 
smectites (Kuligiewicz et al., 2015). However, the number of H2O molecules in the 
monodentate orientation greatly exceeds that in the bidentate orientation and is, 
thus, the predominant contributor to the high-frequency vibrational band. In addi-
tion, it was possible to quantify that in the bidentate orientation each H2O molecule 
donates two H-bonds to the surface: one relatively strong, and another much weaker, 
while in the monodentate orientation it donates only one relatively weak H-bond 
to the surface. Increasing total clay layer charge results in increasing the number of 
bidentate-oriented H2O molecules, but also in decreasing the Ow-H···Ob distances 
for both monodentate-oriented and bidentate-oriented H2O populations. Both of 
these factors are eventually responsible for the red-shift of the sharp high-frequency 
band in smectites upon increasing the layer charge (Szczerba et al., 2016a). The pres-
ence of the sharp high-frequency vibrational band in experimental and simulated 
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spectra can be considered as a strong evidence of intrinsic hydrophobicity of the 
siloxane surfaces of smectites, as has been recently demonstrated in another series of 
MD simulations (Szczerba et al., 2020). 

5. Atomistic modeling of other clay-related materials

Over the years, ClayFF has been also successfully applied to atomistic simulations of 
other nanoporous and nanostructured materials, such as zeolites (e.g., Narasimhan et 
al., 2009; Bushuev and Sastre, 2010). Mishra et al. (2017) have recently provided a 
detailed comparison of various force fields for atomistic simulations of cementitious 
materials. Despite its simplicity, ClayFF is able to quite accurately reproduce the 
crystallographic parameters of many cement-related phases (Kalinichev and Kirkpat-
rick, 2002; Mutisya et al., 2017). 

However, in addition to structural properties, ClayFF has shown to reproduce the 
energetics of swelling for a wide range of cement-related silicates and hydroxides 
(e.g., Kalinichev et al., 2007; Kirkpatrick et al., 2015). Thus, the MD-simulated en-
ergetics of water sorption in Na- and K- kanemite, [(Na,K)HSi2O5·nH2O], is found 
in very good agreement with the observed X-ray diffraction, water sorption, TGA/
DTA, and 29Si NMR data (Kirkpatrick et al., 2005b). Kanemite-like local struc-
tures represent a significant component of gels produced during the so-called alkali-
silica-reaction (ASR) in concrete that occurs primarily due to incorporation of H2O 
molecules between kanemite-like nano-particles, rather than within their interlayer 
galleries (Kirkpatrick et al., 2005b). 

ClayFF is also shown to well reproduce ion and water sorption and diffusional dy-
namics at the surfaces of several typical cementitious materials, including hydrous 
calcium aluminates and the C-S-H phase represented by a tobermorite model (Ka-
linichev and Kirkpatrick, 2002; Korb et al., 2007). 

Androniuk et al. (2017) have recently developed a series of realistic ClayFF-based 
models of calcium silicate hydrates (the C-S-H phase is the principal component of 
cement) with different Ca/Si ratios and different degrees of surface protonation, us-
ing experimental NMR data and accurate quantum chemical results as a guidance. 
The models were then successfully applied to simulate adsorption of uranyl and glu-
conate ions at the hydrated C-S-H surfaces as a function of Ca/Si ratio and solution 
pH, and to interpret on the molecular scale the experimentally observed behavior 
of these systems (Androniuk et al., 2017). The molecular level structural properties 
of the C-S-H interfaces were then investigated in classical MD simulations and lo-
cal adsorption environments were identified for a range of Ca/Si ratios from 0.83 
to 1.4. Several adsorption sites for uranyl cations on the C-S-H surfaces have been 
identified. Monodentate and bidentate complexes with respect to the surface can be 
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formed with deprotonated oxygens of the C-S-H phase. The same sites also adsorb 
Ca2+, and a competition for these sites with the uranyl cations should be expected. 
Gluconate sorbs on the C-S-H phase by forming cation bridging inner-sphere and 
outer-sphere surface complexes (Androniuk et al., 2017).

Figure 10. Typical coordination of hydrated inner-sphere surface complexes of uranyl, UO2
2+, adsorbed 

at C-S-H surfaces with low (left) and high (right) Ca/Si ratios as simulated by Androniuk et al. (2017) 
using ClayFF. Grey tetrahedra – Si, small grey balls – Ca. 10-Å scale bar is shown below the structures. 

In high-pH solutions typical of cement environment U(VI) exists in the form of 
uranyl cation UO2

2+ and is usually coordinated in the first hydration shell by 5 H2O 
molecules (some of which can be substituted by hydroxyl ions at high pH (An-
droniuk and Kalinichev, 2020). The calculated atomic density profiles reveal clear 
differences in the uranyl/C-S-H interaction at two Ca/Si ratios (Figure 10). All ad-
sorbed uranyl ions remain in the five-fold coordination with oxygens in the equato-
rial plane. Furthermore, the inner-sphere coordination of UO2

2+ appears to be the 
predominant type of interaction with the surface. There is also a preferential UO2

2+ 
coordination to the deprotonated sorption sites (more negatively charged). There-
fore, when the surface silanol groups are all deprotonated under high pH conditions, 
the bidentate adsorption configuration is strongly predominant to the monodentate 
configuration.

6. Conclusions and Outlook

Atomistic computer simulation of materials using classical empirical force fields, 
such as ClayFF, has become over the last 15-20 years an indispensable powerful tool 
to study many nano-scale properties and processes in clay mineralogy and geochem-
istry. These methods of modeling are clearly complementary to many other well 
established experimental physical and chemical methods that are already widely used 
to characterize clay structure and study their properties. ClayFF has emerged as a 
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very simple but surprisingly successful force field for modeling clay-related phases, 
and especially the structure and dynamics of their aqueous interfaces and interlayers.

Present day atomistic computer simulations can qualitatively, and very often – even 
quantitatively, reproduce and predict the structure and properties clay minerals, their 
hydration and swelling properties, the structure and dynamics of their aqueous in-
terfaces (Cygan et al., 2009; Kalinichev et al., 2016; Cygan and Myshakin, 2018). 
However, even if they are not competing with experimental methods in their accu-
racy, the most valuable feature of these techniques is their ability to greatly improve 
our physical understanding of the complex physical and chemical behavior of these 
systems and to unravel many important correlations between their structural, trans-
port, spectroscopic, and thermodynamic properties on a fundamental atomic- and 
molecular-scale within a single consistent modeling approach that is based on a solid 
statistical-mechanical foundation. These methods are sometimes called “computer 
experiments”, but being neither pure theory, nor pure experiment, they can greatly 
stimulate the development of both theoretical and experimental studies of clay/water 
interfaces by providing necessary atomic-scale interpretation of sophisticated experi-
mental data and thus leading to the construction of yet better models. 

We already have a very high degree of quantitative molecular scale understanding of 
the interfacial phenomena on the basal (001) surfaces of clay minerals (Underwood 
et al., 2016; Greathouse et al., 2017; Willemsen et al., 2019). The role of clay particle 
edges is also very important in many cases, but requires additional modeling efforts, 
which are also currently under way. In particular, a systematic work on improvement 
of the ClayFF parameterization is currently on-going along two directions important 
in view of their diverse range of applications: i) the development of additional metal-
O-H bending terms (-Si-O-H, -Al-O-H, Mg-O-H, etc.) which facilitate the accu-
rate description of the edges of clay particles (Pouvreau et al., 2017, 2019) and lead 
to a more realistic simulations of finite size clay nanoparticles and their aggregates 
(e.g., Ho et al., 2017, 2019; Lammers et al., 2017 ); ii) making ClayFF fully com-
patible with more complex and accurate H2O molecular models in order to improve 
the accuracy of description of the structural and dynamic behavior of substrate-water 
interfaces and make it compatible with common force field for organic substances 
(e.g., Szcherba et al., 2016a,b). 

One principal limitation of ClayFF, as well as any other “non-reactive” classical force 
field, is that it does not allow to model ligand exchange reactions such as making and 
breaking of O-H bonds, thus preventing modeling of proton exchange reactions in 
the aqueous phase or on the surface, which can be important for many clay-related 
and especially cement-related systems. This limitation requires the researcher to make 
an a priori decision about the surface protonation state of the model to simulate, for 
instance, the pH dependent behavior. More rigorous approach would require the 
application of computationally very expensive ab initio MD techniques, or, at least, 
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application of a so-called “reactive” force filed (e.g., Senftle et al., 2016). The second 
approach, still being approximately 100 times more expensive computationally than 
a classical force field approach, is prone to its own uncertainties associated with 
empirical description of chemical reactivity. At the same time, classical approaches, 
such as ClayFF, being incapable to model the process of chemical reaction itself, can 
still be successfully applied to simulate the systems at various equilibrium states, e.g., 
before and after the reaction (e.g., Androniuk and Kalinichev, 2020).

Current challenges to a more realistic atomistic computational modeling of the ad-
sorption and transport of fluids confined in clay-related materials include a better ac-
count of the true compositional and structural diversity and disorder of these materi-
als, effects of interstratification, effects of organics in clay-organic interactions, the 
role of nanoparticle edges and multiscale phenomena of their aggregation. Many of 
these challenges can be addressed by simply using more powerful supercomputers to 
model larger and more disordered clay structures and longer simulation times with 
available force field parameterizations, such as ClayFF (e.g., Fernandez-Martinez et 
al., 2020; Gonzalez et al., 2020). New more powerful supercomputing facilities are 
becoming extremely helpful in allowing to address the observed phenomena at much 
larger geochemically and environmentally relevant time- and length- scales (e.g., Sut-
er et al., 2009; 2015), but closer collaboration between experimental and atomistic 
modeling approaches is necessary to make methods really successful.
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1. Background

Clay minerals are used in many areas, including but not limited to medicine, cosmet-
ics, paints, drilling liquids, composites, biotechnology, and nanotechnology (Lagaly 
and Jasmund, 1992; Bailey, 1988; Bergaya and Lagaly, 2013). Clay minerals consist 
of layers of tetrahedral and octahedral layers that may contain substitutions of cati-
onic metal in a bonded network, e.g., commonly silicon by aluminum, aluminum 
by magnesium (Heinz, 2012). The substitutions result in the presence of cations in 
between the nanometer-thick layers and maintain overall charge neutrality. Subject 
to the type of cations and their area density, the minerals show drastically different 
hydration properties and cation exchange capacities (CECs). 

Understanding of nanoscale processes in experiments is often incomplete due to 
limits in resolution and fast events of femtoseconds to nanoseconds at the atomic 
scale. Molecular dynamics (MD) simulations are an essential tool to provide miss-
ing information in materials science, biochemistry, and computational chemistry by 
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acting like a microscope with high resolution. MD simulations find particularly ex-
tensive use in drug and formulations design (Vanommeslaeghe et al., 2010; Borrego-
Sánchez et al., 2020). The global molecular modeling market is expected to grow by 
15% a year and reach nearly $900 million by 2023, according to “Market Research 
Future” (MRFR, 2020). In the context of clay minerals, carefully chosen all-atom 
models, accurate parameters in the force field, and simulation protocols are suitable 
to explore the interaction of clay minerals with solvents, dissolved salts, surfactants, 
drugs, polymers, and combinations thereof in multiphase systems. 

Hereby, a force field is the collection of parameters that describe all the possible 
interactions among atoms or physical units (up to ~108 discrete particles). The ac-
curacy of the force field or energy model is the key to success for obtaining mean-
ingful results, and compatibility of the energy expression (Hamiltonian) supports 
broader applicability. Specifically, the Interface force field (IFF) covers a broad range 
of minerals including clay minerals and a database of surface models for simulations 
from atoms to the microscale. IFF is a new paradigm in materials modeling with 
a dependable representation of chemical bonding, including covalent versus polar 
contributions, as well as highly accurate surface energies in addition to lattice pa-
rameters, density, and mechanical properties (Emami et al., 2014; Heinz et al., 2003; 
2005; 2008; 2013; Mishra et al., 2013; 2014; Pustovgar et al., 2017). Since models 
for clay minerals were introduced in 2003 (then called phyllosilicate force field) 
(Heinz et al., 2003; 2005; Heinz and Suter, 2004) it has greatly expanded in coverage 
for other minerals, metals, 2D materials, polymers, and been renamed Interface force 
field in 2013 (Heinz et al., 2013). IFF is based on the thermodynamic consistency 
of the classical Hamiltonian for organic and inorganic components, assuming the 
same energy expression that has been widely used for biomolecules and biopoly-
mers. IFF has been thoroughly validated and can be combined with the force fields 
PCFF (Sun, 1994; 1995; Sun et al., 1994), COMPASS (Sun, 1998), CHARMM 
(Mackerell et al., 1998), AMBER (Wang et al., 2004), GROMACS (Hess et al., 
2008), and OPLS-AA (Jorgensen et al., 1996). Thereby, it provides a uniform clas-
sical simulation platform for inorganic compounds and bio/organic molecules from 
atoms to the 1000 nm scale (Heinz et al., 2013) with broad utility for clay, cement, 
biomolecules, polymers, energy-conversion materials, metals, graphene/CNT, and 
composite materials. Molecular simulations of this nature also connect different sci-
entific disciplines such as condensed matter physics, chemistry, geology, biology, and 
materials science. As an alternative, the ClayFF force-field by Cygan et al. (2004) 
was developed in 2004 and focuses specifically on clay minerals and aqueous inter-
faces. ClayFF assumes pseudo-ionic interactions, assuming no covalent bonds, in the 
bonded silicate and aluminate structures. The approach neglects chemical details, 
which reduces the number of parameters, and is widely used. The shortcomings in 
the representation of internal polarity and chemical bonding, however, do not al-
low meaningful simulations of related silicates such as silica, tricalcium silicate, and 
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aluminates (e.g., tricalcium aluminate in cement). Another possible force field is the 
MS-Q Force Field (Demiralp et al., 1999). 

2. Potential energy expression and derivation  
of force field parameters

IFF has been derived and validated for multiple potential energy functions including 
commonly used 12-6 and 9-6 Lennard-Jones parameters and includes a wide range 
of compounds. It uses the same functional form and mixing rules as typical host 
force fields (CHARMM, CVFF, AMBER, PCFF), allowing the simulation of com-
plex interfaces. The force field parameters are derived using a protocol that translates 
chemical and physical details in high fidelity (Figure 1) (Heinz et al., 2013; Mishra 
et al., 2017). Usually, x-ray data from experiments are employed to parameterize 
new solid compounds, and data on molecular structure and density for liquids. The 
reference state is 298 K and 101.3 kPa. For clay minerals, we used the structure 
by Rothbauer et al. as a base due to low errors in neutron diffraction (Heinz et 
al., 2005). The structure can be visualized using common graphical user interfaces 
(GUIs), for example, BIOVIA Materials Studio, Xenoview, VMD, and Ovito. The 
atoms are then given a force field ID (atom type) if they are not equivalent or similar 
to another group of atoms defined in the force field. Due to quite some complex-
ity of force field types to describe the specific bonding in the layered minerals, it is 
convenient to download structures from the IFF model database, which contain all 
atomic charges and force field types (atom types). These structures can be modified 
according to the desired size and chemical composition of the clay minerals, which is 
easier than manual assignments from scratch. It is important to maintain the atomic 
charges and not apply any non-IFF charges.

The parameters have a well-defined physical and chemical interpretation, including 
the contribution to internal polarity, surface energy, hydration energy, and compat-
ibility with other inorganic and organic compounds (Table 1). For example, the 
non-bonded parameters including atomic charges and Lennard-Jones parameters are 
critical to capture intermolecular forces and interfacial properties and provide good 
starting points to model local chemical reactions using QM/MD or other reactive 
simulations (Sainz-Díaz et al., 2002). Upon assignment of initial parameters, IFF 
parameters are tested in primary and secondary validation (Figure 1) (Heinz et al., 
2008; 2005; Pustovgar et al., 2017; Heinz and Suter, 2004; Lin and Heinz, 2016). 
The first checkpoint is the structure of the compounds in equilibrium (e.g. lattice pa-
rameters) over several nanoseconds at 298 K. The average root mean square displace-
ment of the atom from x-ray data is also monitored. IFF usually demands stringent 
criteria of ±0.5% or less deviation in average lattice parameters relative to experi-
mental data (X-ray or neutron diffraction) to proceed to the next step. In contrast, 
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some other force fields report lattice parameters based on geometry optimization at 
unrealistic temperatures of 0 K, which would involve thermal shrinkage, and the 
results are expected to differ from experimental reference values of lattice parameters 
at 298 K (Mishra et al., 2017). After the primary validations of lattice parameters 
and density, surface energies, interfacial, mechanical, and/or thermal properties are 
computed to establish the reliability further. The reproduction of the structure and 
the surface energy (cleavage energy) is usually sufficient, and other properties follow 
without further parameter adjustments. Capturing the structure and the energy is 
equal to capturing the key properties in a quantum mechanical Hamiltonian. IFF 
is valid for a wide range of properties including lattice parameters, density, cleav-
age/surface energy, solid-liquid interfacial energy and immersion energy, elastic con-
stants, and vibration spectra across a range of chemical composition and surface 
chemistry (Heinz et al., 2013, Mishra et al., 2013; 2014; Emami et al., 2014; Lin 
and Heinz, 2016). For clay minerals, the (001) plane is usually sufficient, however, it 
is also important to include hydration reactions and charge modifications to Si-OH 
and Al-OH groups at the edges of the layers if not using a structure with periodicity 
in the XY plane.

Figure 1. Parameterization protocol in the Interface Force Field as applied to clay minerals and other 
compounds. It is helpful to develop a clear rationale for the initial parameters, including atomic charges 
consistent with experimental reference data, the Extended Born model, and existing parameters of 
similar compounds. X-ray data help in assigning initial bonded parameters. Chemical analogies to 
similar compounds (nearby in the periodic table) are always helpful. The remaining iterative procedure 
then helps obtain and refine new parameters with thermodynamic consistency (adapted from Mishra 
et al., 2017).
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In short, the force field is a good representation because:

1. Chemical bonding is carefully expressed using atomic charges that reflect true 
internal dipole moments, which consistently represent the balance between 
covalent versus ionic bonding (Heinz and Suter, 2004). IFF protocol offers a 
reproducible and chemically consistent assignment of atomic charges. Atomic 
charges from DFT and other quantum methods are not employed due to enor-
mous scatter up to several 100%, lack of interpretability, and lack of correlation 
with internal dipole moments (measurable) in experiments. 

2. The parameters follow a clear evaluation and refinement protocol to reproduce 
structure (density, lattice parameters) and energies (surface energy), followed by 
secondary validation of other properties such as heat capacity and elastic con-
stants that are first and second derivatives of the energy, respectively. 

IFF contains a relatively low number of parameters each of which has a physical 
and theoretical explanation. We cover two representative and widely used types of 
potential energy functions. Equation (1) achieves compatibility with PCFF, COM-
PASS, and CFF (Class II force fields), whereas Equation (2) allows compatibility 
with CVFF (Dauber-Osguthorpe et al., 1988), CHARMM, OPLS-AA (in princi-
ple, with some approximation due to different 1-4 scaling), and AMBER (Class I 
force fields). The total potential energy contains several terms for bonded interac-
tions between atoms, namely bond (Ebonds), angle (Eangles), proper dihedral (Etorsions), 
and improper (Eout-of-plane) potentials (as well as cross-terms Ecross), respectively. The 
force field specifies the constants in the exponential and sinusoidal functions present 
in Equations (1) and (2). The last two terms mimic the electrostatic (ECoulomb) and van 
der Waals (EvdW) interactions, whereby electrostatic interactions are represented by 
the Coulomb energy between pairs of point charges on nonbonded atoms and van-
der-Waals interactions are represented by a Lennard-Jones potential between pairs of 
nonbonded atoms (excluding interactions between 1, 2 bonded, 1, 3 bonded, and 
typically also between 1, 4 bonded atoms). The parameters involved in the equa-
tion are equilibrium bond lengths (r0), equilibrium bond angles (θ0), vibrational 
constants (Kr, Kθ, Kχ ), torsion parameters (Vφn,ijkl, φ0n,ijkl), equilibrium non-bonded 
distance (σ) and equilibrium non-bonded energy (ε). Standard combination rules 
for mixing σij and εij are applied in the event of non-bonded interactions between 
atoms of different type i and j (Heinz et al., 2013). 
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Epot = Kr ,ij (rij − r0,ij )
2 +

ij bonded
∑ Kθ ,ijk (θ ijk −θ0,ijk )

2 +
ijk bonded
∑ Kφ ,ijkl[1+ cos(nφijkl −φ0.ijkl )]+

ijkl bonded
∑

Kχ ,ijkl[1+ cos(n ⋅χ − χ0.ijkl )]
ijkl bonded
( in plane)

∑ + 1
4πε0ε r

qiq j
rijij nonbonded

(1,2 and 1,3excl )

∑ + ε0,ij
σ 0,ij

rij

⎛

⎝
⎜

⎞

⎠
⎟

12

− 2
σ 0,ij

rij

⎛

⎝
⎜

⎞

⎠
⎟

6⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥ij nonbonded

(1,2 and 1,3excl )

∑

where ,

ε0,ij
σ 0,ij

rij

⎛

⎝
⎜

⎞

⎠
⎟

12

− 2
σ 0,ij

rij

⎛

⎝
⎜

⎞

⎠
⎟

6⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
= A
rij
12 −

B
rij
6

A = ε0,ijσ 0,ij
12 , B = 2ε0,ijσ 0,ij

6 , σ 0,ij =
2A
B

6

Understanding the force field parameters is helpful to correlate and tune them with 
the measurements (Table 1) (Heinz et al., 2005; 2013). The choice of the commonly 
applied harmonic bonded potentials for polymers (hydrocarbons, etc) and biomol-
ecules (protein, DNA, etc.) avoids problems of integrating Buckingham potentials 
for minerals or embedded atom potentials for metals, which is difficult and would se-
verely limit the scope of possible MD simulations. IFF establishes realistic potentials 
for minerals and metals that are fully compatible with existing potentials for organic 
molecules and those for other inorganic compounds. 

Table 1. Relation of the parameters in the energy expression to physical properties in MD simulations 
and experiments (adopted from Heinz et al., 2005; 2013).

Parameter Relation to properties in simulation and expts

Compatibility of parameters with existing force 
fields for (bio)organic compounds Scope of application

Atomic charges Chemical bonding, surface and interface proper-
ties, adsorption, conformation of polar molecules

Lennard-Jones well depth Surface and interface properties, adsorption, cohe-
sion, conformation of molecules

Surface chemistry 
(hydration, protonation, charge defects) Interfacial properties and dynamics

Torsion potential Molecular conformation, chain folding

Lennard-Jones diameter (knowledge-based) Density (atom size)

Vibration constants IR/Raman spectra, elastic properties

Bond and angle constants
 
(X-ray) Geometry of covalent bonds and angles

The most significant impact on simulations comes from the chosen atomic charges 
(Table 1). Deformation electron densities and data on dipole moments provide help-

(2)
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ful guidance when available (Figure 2). Furthermore, trends in electronegativity, or 
more precisely, in atomization energies (potential for covalent bonding) and ioniza-
tion energies/electron affinities (potential for ionic bonding) help provide good esti-
mates relative to other compounds. The consistent choice of atomic charges based on 
multiple convergent descriptors in IFF allows <10% deviation, which is an order of 
magnitude better than QM-based methods (>100% scatter). Justified atomic charges 
enable the accurate prediction of surface and interface properties, essential in ana-
lyzing adsorption, electrolyte interfaces, conformation, and dynamics of adsorbed 
molecules (Jamil et al., 2020). 

Figure 2. The assignment of atomic charges in IFF (adopted from Heinz et al., 2013).

To obtain such quantitative predictions the Lennard-Jones (LJ) parameters also play 
an equally important role. Nonbond diameters in the LJ potential scale with known 
crystallographic and van-der-Waals radii while the well depth is multi-factorial and 
needs to ultimately be fitted to surface energies or contact angles. Specifically, for clay 
minerals, the distribution of atomic charges in the sandwich-like layered structures 
shows the extent of polar covalent bonding (Figure 3). We find an atomic charge 
of +1.1±0.1e on Si atoms and -0.55e on O atoms in the tetrahedrally coordinated 
silica sheet. The charge on Al atoms in octahedral coordination atoms is +1.45±0.1e 
and correspondingly compensated on nearby O atoms. These charges are supported 
by electron deformation densities from X-ray diffraction, dipole moments measure-
ment for Si compounds in laboratory experiments, extended Born model, and pe-
riodic trends and relations to similar compounds of carbon, aluminum, boron, and 
phosphorus (Heinz, 2012). In the presence of defects, such as [AlO2

-]K+ replacing a 
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[SiO2] site or [MgO(OH)-]Na+ replacing a [AlO(OH)] site, the extra negative charge 
is divided over the surrounding O atoms and partially over the metal atom. The 
“defective” metal atoms Al or Mg, respectively, then carry a lower charge of +0.8e in 
defective Al compared to +1.1e in regular Si (Figure 3a) and +1.1e on defective Mg 
instead of +1.45e on regular Al atoms.

Tetrahedral
layer

Octahedral 
layer

Figure 3. Atomic charges in clay minerals. The assignments are physically supported and valid beyond 
specific use in IFF. (a) Atomic charges in the tetrahedral sheet, including the redistribution of electron 
density at a [SiO2] → [AlO2

-] K+ substitution site in mica (top view). The potassium ion prefers to be 
located in a superficial cavity. (b) Atomic charges in the octahedral sheet in units of the elementary 
charge, including the redistribution of electron density at a [AlO(OH)] → [MgO(OH)-] Na+ substitu-
tion site in montmorillonite (top view). The corresponding Na+ ion is located on top of the tetrahedral 
sheet and not shown here. (c, d) Top view onto the outer tetrahedral sheet and the inner octahedral 
sheet across a larger area (3.26 nm2). The spatial distribution of the anionic-cationic substitution sites 
is shown by large spheres in agreement with solid-state 29Si and 27Al NMR data. The distribution of 
tetrahedral defect sites (Al) in mica and of octahedral defect sites (Mg) in montmorillonite (CEC 91 
meq/100 g) is indicated. A certain local association of defects is preferred over a fully homogeneous 
distribution (adopted from Heinz, 2012).
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3. Validation

IFF reproduces a range of properties (Table 2). Other properties not shown in the 
list include the exact bonded structure of clay minerals, including bond lengths and 
angles, water density profiles at water interfaces, and some elastic properties. Al-
though muscovite mica and pyrophyllite have quite distinct chemistries, the set of 
clay parameters defined in IFF works well across all cation area densities and cation 
exchange capacities. IFF parameters can also be used for kaolinite and other clay 
minerals. Missing clay models can be developed and validated with relative ease be-
cause of the equivalency and similar chemical environment of atoms. Most notably, 
also silica, silanol groups at edges, and other silicates and aluminates are covered and 
yield excellent results. 

Table 2. Validation of clay mineral properties and properties of related minerals under standard condi-
tions using IFF and other force fields. (adopted from Heinz et al., 2013). 

The contact angle is an important property to characterize the interfaces with water. 
The investigation of contact can commence after obtaining models for the equilib-
rium cleavage surfaces. We have used a protocol for developing charge-neutral least 
energy cleaved surfaces using the accurate parameters and simulation protocol us-
ing annealing of the surface ions while keeping the surface atoms temporarily fixed 
(Heinz et al., 2006; Fu and Heinz, 2010). The replicated contact angle of water on 
montmorillonite surfaces is ~0o is in close agreement with the experimental measure-
ment and spontaneous swilling of the mineral (Figure 4). On the other hand, the 
pyrophyllite in which the mineral layers adhere because of van-der-Waals interactions 
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shows little affinity for water molecules. For a water droplet adsorbed on the surface 
of the mineral, the water tension through internal hydrogen bonds dominates and 
limits spreading over the surface. The contact angle is 80±5o in the simulations and 
79.2±7.4o in the experiment (here we use the updated IFF clays with non-bond pa-
rameters for silica (Emami et al., 2014) along with the initial clay parameters in Heinz 
et al., 2005). The IFF database also contains accurate models for silica with a range 
of possible pH options and surface chemistry pertaining SiOH groups area density 
and silicone species (Q3, Q4). The area density of silanol groups decreases from 4.7 
SiOH/nm2 to 0 SiOH/nm2 from left to right in Figure 4c, and consequently, the sur-
face shows lower affinity to water molecules in line with experimental observations. 

Figure 4. Computed contact angles for the validation of surface energies. Contact angles were obtained 
in simulations using the latest 100 snapshots over a simulation time of 5 ns in equilibrium. (a) Wa-
ter contact angle on montmorillonite and supporting experimental data (Schoonheydt and Johnston, 
2011). (b) Water contact angle on pyrophyllite and supporting experimental data (Giese et al., 1991)34.
(c) Contact angle on charge-neutral silica surfaces in a range of Q3 to Q4 environments (adopted from 
Emami et al., 2014).

4. Advantages using IFF

IFF has the following advantages in comparison to other force fields:

• IFF can be used for all-atom simulations from atoms to the 1000 nm scale in 
chemical accuracy including stoichiometry, surface chemistry, hydration, pH, 
polymers/multiphase materials

• It builds on chemically realistic atomic charges and van-der-Waals parameters, and 
well-defined validation of measured atomic-scale, surface, and mechanical properties
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• IFF reduces deviation in interfacial properties from the experiment up to 500% 
in earlier models to < 10%.

• It is compatible with other common force fields and enables simulations of mul-
tiple materials classes (inorganic, organic, biomolecules) using the same plat-
form.

• IFF is open source, has detailed documentation, and regular updates.

• The performance in surface and interfacial properties is often better than with 
density functional methods (DFT) and comparable in mechanical properties. 

• IFF includes accurate parameters for 50+ inorganic compounds, compatible 
with clay minerals. 

• It takes into account surface chemistry and pH-related related changes in surface 
chemistry, as shown for silica surfaces and applicable to clay edge sites (quantita-
tive inclusion of widely variable surface chemistry and silanol/aluminol acidity 
possible).

• It is extensible to and interconvertible with coarse-grain models, then reaching 
up to the ~10 mm scale.

• IFF is open to contributions by users and integration in community simulation 
software (CHARMM, GROMACS, BIOVIA/Materials Studio, LAMMPS, Tri-
pos, CHARMM-GUI).

Specifically, the IFF models for clay minerals have been incorporated into the Nano-
materials Modeler in the CHARMM-GUI input generator module, which facilitates 
model building within minutes and preserves all-important settings such as atomic 
charges and force field types. It is also possible to build interfaces with biopolymers 
such as proteins, lipids, and carbohydrates, and generate simulation input consist-
ent with several common MD programs within minutes, e.g., ready for use with 
CHARMM, LAMMPS, OpenMM, and GROMACS. These tasks are often difficult 
for novice users. 

In summary, molecular dynamics simulations with IFF can provide new insight in 
all-atom resolution up to the large nanometer scale and capture the dynamics for 
significant periods of time up to milliseconds. On the other hand, density functional 
theory (DFT) can add information on electron density on the local scale and some-
times perform more accurately for interfacial and mechanical properties. However, 
the computational cost of IFF is over ten million times lower than with DFT, and 
DFT sometimes also requires corrections based on experimental information. 
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5. Limitations of IFF

The bonding in clay minerals is, as noted earlier, partially covalent and partially 
ionic. While the balance is clearly shifted to polar covalent bonding for tetrahedral 
silicate sheets, and closer to half covalent/half ionic for the octahedral aluminate 
sheets, a “best” solution to represent such bonds relatively close to the midpoint on 
the covalent-ionic spectrum of chemical bonding remains challenging. The bonded 
approach in IFF is chemically more reasonable than an ionic nonbonded approach 
although the use of IFF (if manually preparing inputs such as atom typing and as-
signing justified charges) is more difficult. A solution is integrated platforms such as 
CHARMM-GUI and other community software that automates the work needed 
to perform model building and the generation of input files for simulations in the 
correct format.

Also, recent upgrades of the clay parameters in IFF were necessary, using nonbonded 
parameters as in silica, to best reproduce surface and interfacial properties. More re-
cent analyses and DFT calculations have shown that the layer cleavage energy of py-
rophyllite (also called interlayer bonding energy) is 80 mJ/m2 rather than the surface 
energy of 40 mJ/m2 as earlier assumed for pyrophyllite (Sakuma and Suehara, 2015). 
The reproduction of the cleavage energy of ~80 mJ/m2 requires larger well depths 
in the LJ potential, especially for O. The silica non-bond parameters (Emami et al., 
2014) reproduce these properties well and lead to high consistency of IFF among 
clays, silicates, cement minerals, and phosphates.

Related to the approximations of covalent versus ionic interactions in molecular mod-
els, the assumption of bonded terms plus charges can lead to overestimates in me-
chanical properties. In particular, the superposition of many bond and angle terms in 
octahedral geometry, plus enhancement by significant atomic charges, induces exces-
sive in-plane stiffness when all interactions are included. A possibility to avoid over-
estimates would be a representation of partial bonding, i.e., reducing the overall force 
constants or leaving some portion of force constants entirely at zero (unrestrained) 
(Liu et al., 2020). Here, an advantage of the nonbonded CLAYFF is using tunable 
charges, which misrepresent the true bond polarity, and can be fitted to reproduce 
elastic constants, but can induce major errors in interfacial interactions and are less 
recommended for quantitative adsorption properties and QM/MM combinations to 
study the initial stages of chemical reactions. 

The likely largest limitation is the modeling of chemical reactions involving clay min-
erals or clay surfaces, which requires chemical knowledge and good representations of 
solution conditions. Combined QM/MD and QM/MM simulations using IFF and 
DFT, or high-level quantum mechanics are likely the best available options today.
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General limitations of all-atom force fields, such as a maximum of the typical system 
size of millions of atoms (~100 nm) and typical times scales below microseconds, 
also apply to IFF.

6. Applications

IFF has been used to understand a variety of mineral/clay-organic interfaces, phase 
transitions of attached organic surfactants, and peptide recognition (Heinz et al., 
2003; 2006; 2007; 2008; Chen et al., 2013; Szczerba and Kalinichev, 2016; Heinz 
and Suter, 2004). Experimental data from x-ray diffraction, NMR and IR spectros-
copy, differential scanning calorimetry, and layer separation have been explained. 
Further studies have investigated interactions with solvents, water, surface recon-
struction, diffusion, and hydrogels for drug delivery (Jamil et al., 2019; Garley et 
al., 2019; Cheng et al., 2015; Xu et al., 2014). In addition, nanomechanical proper-
ties have been analyzed (Zartman, et al., 2010; Fu et al., 2011), as well as cleavage 
and dispersion (exfoliation) in clay/polymer nanocomposites (Fu and Heinz, 2010a; 
2010b). This extensive work has been previously reviewed (Heinz, 2012; Heinz and 
Ramezani-Dakhel, 2016; Heinz et al., 2017).

In the following, we describe an extension to veegum clay used in pharmaceutical 
formulations and the interaction with carbohydrate polyelectrolytes (Jamil et al., 
2019).

6.1. Atomistic models for veegum clay

The existing set of parameters in the database and openly available literature allow 
users to develop all-atom models of previously unstudied clay minerals and adjust 
the surface chemistry according to the pH value of the electrolyte. Moreover, it is 
possible to develop models of ideal, defect-controlled surfaces of clay minerals, as 
well as models with hypothetical compositions or/and atomic structures (Figure 5). 
Here we share an example of veegum clay, a magnesium-aluminum silicate (Magne-
sium, 2011) mineral variant that has long been used in pharmaceutical formulations 
for controlling viscosity and approved by the U. S. Food and Drug Administration 
(FDA) for medical use. The composition is related to montmorillonite (bentonite), 
containing interlayer sodium and calcium ions, however, veegum clay contains a 
much higher fraction of Mg and associated Al-defects in the octahedral sheet. Mod-
els of 3 clay variants with different compositions were developed including low Mg 
veegum (plain montmorillonite), regular veegum (Figure 5a), and a hypothetical 
veegum with high Mg content. The surface chemistry of the platelets of the clay min-
erals, corresponding to a given pH value in solution, was controlled by protonation 
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and deprotonation of silanol groups at the clay edges (Jamil et al., 2019; Lee, 1969). 
The models were developed using existing IFF atoms types, charges, and force field 
parameters (Heinz et al., 2005; 2013). The percent of protonation versus deprotona-
tion of silanol groups at the edges followed experimental data known from surface 
titration and other measurements as described in the IFF silica model database, i.e., 
pure Si-OH termination at the point of zero charge at pH 3 and deprotonation of up 
to 25% of Si-OH groups to Si-O- Na+ groups at pH 9 (Emami et al., 2014). 

Figure 5. All-atom models for veegum clay at two different pH values. Veegum clay is used in hydrogels to 
control the viscosity of drug suspensions in the pharmaceutical industry. (a) Model of a veegum clay 5 × 5 × 
1 nm3 nano-platelet with usual composition obtained from the elemental analysis. (b) The inner AlOOH/
MgOOH atomic arrangement forms a dioctahedral structure of the clay (inset from panel a), which could 
change to a trioctahedral structure for veegum because of high Mg content. (c) Ca2+ ions firmly interact with 
the surface of veegum clay. Due to smaller size some ions may locate within the inner wider spaces of the clay 
platelet as noticed in simulations (indicated with an arrow, inset from panel a). (d) At lower pH (~3.5), all 
silanol groups (Si–OH) present at the edge of the clay nanoparticle are protonated similar to silica surfaces. 
(e) At higher pH (~9), approximately one quarter of the silanol groups present at the edge of the clay nano-
particle are deprotonated and converted to siloxide groups (SiO−...Na+). Adapted from (Jamil et al., 2019).

6.2 Structure of polysaccharide/clay hydrogels for drug storage and release

Hydrogels formulated using a combination of clay platelets and long chain organic 
molecules are commonly used in pharmaceutical products for controlling the viscos-
ity and shelf life. Due to underlying multifaceted interactions, the formulation and 
optimization of hydrogels usually relies on trial-and-error based research. The assembly 
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mechanisms and the complex network at the molecular level can be explained using 
MD simulation and comparisons to experiments, here using simulations with IFF-
CHARMM36 to gain insights into the dynamics of carbohydrate hydrogels at the local 
scale (Jamil et al., 2019). Specifically, we investigated the interaction of gellan gum with 
platelets of veegum clay. Gellan gum is a common thickening agent in food and phar-
maceuticals, which consists of tetrasaccharide repeat units that are composed of two 
glucose rings, glucuronic acid, and rhamnose (Figure 6). We then investigated the inter-
actions of gellan gum with veegum platelets as a function of veegum composition, pH, 
and addition of electrolytes (salt) using a model with a chain length of 48 sugar rings.

Figure 6. Structure of gellan gum and changes in protonation state at different pH values, which affects 
the aggregation, solubility, and interactions with clay minerals. The CHARMM36-IFF force field was 
employed to assign force field parameters for gellan gum.

Gellan gum, with negatively charged carboxylate groups along the backbone, helps 
in moving the cationic “cloud” nearby the basal plane and edge of the clay platelets 
closer to the clay surface, triggered by its own cation density (Figure 7). Depending 
on the clay composition, the superficial cations dissociate to a customizable extent 
away from the clay surface (blue arrows). At very high charge density on the clay 
surface (high Mg veegum), however, the cations stay very close to the surface and 
diminish interactions with the polymer (Figure 7c). At the same time, the amount of 
cation dissociation increases at pH values higher than 3 due to contributions from 
silanol groups at the clay edges. This effect is particularly strong at pH values of 7 
to 9 (Figure 7d). The resulting electric triple layer formed in between the negatively 
charged clay surface, the cationic region, and the negatively charged polymer back-
bone results in a certain level of attraction of gellan gum to the clay surface and to 
the edges, which influences the network formation of clay and polymer upwards 
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from the local scale. The affinity of gellan gum to the clay surface further depends 
on its own charge state along the backbone, which is electroneutral at pH << 2, 
carries approximately one negative charge per 8 carbohydrate rings pH 3.5, and car-
ries one negative charges per 4 carbohydrate rings at pH >> 5 (Figure 6). A higher 
density of negative charge on the carbohydrate backbone leads to stronger attraction 
to the veegum surface through the associated cationic cloud from both clay and the 
carbohydrate. Therefore, strongest binding under conditions of a hydrogel occurs at 
slightly alkaline pH values of 9, when the clay mineral tends to be more ionic and the 
gellan gum is more ionic, forming a stronger electric triple layer overall (Figure 7c). 

Figure 7. Insight into the clay–water interfaces and binding of gellan gum (an anionic, long-chain car-
bohydrate). Stronger polymer adsorption is related to greater charge mobility in the electric triple layer 
formed in between the clay interface and the polymer. (a–c) The composition of clay platelets indicates 
the total negative charge of surface (shown in red color), the number of dissociated ions (shown in blue 
color), and subsequent attraction of polymer through ion pairs and nearby contacts (shown in orange 
arrows). The surface with higher negative charge adsorbs cations more tightly and produces denser 
hydration layers which hinder the adsorption of gellan gum. (d) At higher pH, a greater number of 
cations dissociates from the edges of the clay platelets and the gellan backbone possess more ionic sites 
that increase the affinity to the nanoplatelets, resulting in stronger and favorable binding. Reproduced 
with permission from (Jamil et al., 2019).

Details of the gellan-clay interactions can be seen in Figure 8. Interactions occur on 
the basal plane as well as along the clay edges (Figure 8a-g), and the general strength 
of interactions ranges from +4 to -6 kcal per mole of carbohydrate ring. Positive 
adsorption energies, equal to repulsion, are found for high Mg veegum (Figure 7c) 
while negative adsorption energies, equal to attraction, are found for regular veegum 
as well as montmorillonite (Figure 8h and Figure 7a). The balance depends therefore 
on the type of clay mineral, the acidity in solution, as well as to some some extent 
on the addition of salt (Figure 8h). The differences in attraction as a function of the 
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pH value are also indicated in AFM images, which show less binding and different 
polymer conformations at pH 3 compared to pH 8 (Figure 8 i,j).

Figure 8. Interaction of regular veegum clay with gellan gum in dilute aqueous solution at different pH 
and without and with electrolyte. The conditions include pH 3.5 and pH 9, as well as added ~10 mM 
sodium chloride electrolyte. (a-d) Characteristic snapshots. At lower pH, gellan gum shows more inter-
action with the edges of the nanoparticles and less interaction with the surface. At higher pH, the more 
ionic backbone shows better interactions with the basal plane. The stiffness of the polymer chains tends 
to be higher when away from the surface (longer average end-to-end distance ree) except in case (d) with 
greater ionic strength. Solvent molecules were included in the simulation and are not shown for clarity. 
(e) Hydrogen bonds formed between ≡Si-O-Si≡ bridges and silanol groups (≡SiOH) on the edges of 
clay nanoplatelets with various functional groups of gellan gum. Si-O-Si bridges (on the basal surface) 
and ≡SiO- groups (at the edges) at higher pH also form hydrogen bonds with the gellan gum (not shown 
here). (f ) Ion bridges formed between the ≡SiO- groups present on the edge of clay minerals, solvated 
ions, and carboxylate groups of gellan gum (at pH 9). Ion complexation also comprises uncharged groups 
(ROH and SiOH). (g) Substantial binding of negatively charged polymer to clay mineral occurs due to 
the formation of an electric triple layer between the negatively charged mineral nanoplatelets, positively 
charged dissociated cations, and the negatively charged backbone of gellan gum (-COO- groups). (h) The 
computed interaction energy with veegum clay is between 0 and -6 kcal/mol per carbohydrate ring of 
polymer (each chain contains 48 rings). (i, j) AFM images of clay-gellan interactions at different pH after 
solvent removal. Greater chains dispersion and more interactions with clay mineral are seen at higher pH. 
Scale bars are equal to 2000 nm. Reproduced with permission from (Jamil et al., 2019).
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The interactions of gellan gum with clay mineral platelets are therefore more sub-
stantial than gellan-gellan interactions in aqueous solution that were found to be 
only -0.4 kcal per mole of carbohydrate ring (Jamil et al., 2019). Besides electrostatic 
interactions in ionic triple layers and associated ion pairing, hydrogen bonds along 
the clay edges can also contribute to the binding energy (even though hydrogen 
bonds pre-exist in water when desorbed). Moreover, formation of salt bridges and 
ion pairing along ionic siloxide groups present on the edges of the clay platelets at 
higher pH values contributes to the binding of negatively charged gellan gum. In 
conclusion, for the strongest clay-gellan gum interactions, a Ca/Na bentonite clay 
with a surface charge somewhere between veegum and montmorillonite can be used 
at higher pH. These conditions leads to a wider interfacial region on the clay sur-
face with high Ca2+/Na+ ion concentration and stronger attraction of the negatively 
charged polymer backbone. 

7. Summary

IFF is a reliable and compatible force field for clay minerals that can be used to 
study electrolyte, polymer, and biological interfaces in chemical accuracy. It contains 
parameters for a variety of clay minerals and is extensible to new chemistries. The 
surface model database is open source and efforts are underway to build user-friendly 
graphical interfaces, file conversion tools, and long-term supported cyberinfrastruc-
ture, aiming at a modeling resource that is suitable for computationally trained re-
searchers as well as for non-expert, experimentally focused researchers.

The centerpiece is thoroughly validated atomic charges (uncertainties of ±0.1e or less 
than 10%) and interpretability of the parameters, along with validation of structures 
and surface energies, which enable wide compatibility. At the same time, it is impor-
tant to follow experimental developments in quantitative interface characterization, 
which can be helpful to refine models going forward. Interactions with surfactants, 
biopolymers, and mechanical properties of composites can be predicted with high 
accuracy. Limitations of the classical models include the difficulty to model chemi-
cal reactions. The modeling of specific reactions at clay surfaces can be approached 
using chemical knowledge and focusing on the simulation of reactants before bonds 
reform, and on the products after the reactions. Bond breaking can be approximated 
using Morse potentials (IFF-R), and bond formation and breaking in local detail can 
be captured using QM/MM and QM/MD approaches.
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1. Introduction

In general, the Mineralogy, Physics, Chemistry and Materials Sciences underwent a 
revolution when X-Ray diffraction broke out in the knowledge of crystal structure of 
the solids, which are characterized by two important features: i) its power diffraction 
pattern; and ii) the internal atomic structure in the crystal. From the discovery of the 
X-Rays the quartz was not only the crystal known by its physical properties, and SiO2 
formula, but also by its diffraction pattern, which is the digital clue of the mineral, the 
disposition of their atoms in its crystal cell, and its spatial group of symmetry. This new 
technique was a methodological step of capital importance, because crystal structure, 
physical and chemical behavior, properties and inferences can be addressed and inter-
preted as a function of the internal structure of crystalline compounds. From the very 
beginning, Mineralogy and many of the experimental sciences starting with an Aristote-
lian systematization, which, in the previous century, transmutes into a Galilean system-
atization (Harré, 1967), where all knowledge can be handled with Mathematic, Physics 
and Chemistry. Parallel to the X-Ray diffraction, Spectroscopy and Microscopy tech-
niques have interacted with Mineralogy for studying and searching in its knowledge.

Mathematics, Physics and Chemistry have evolved so much that most of the equa-
tions are known to resolve most of the problems, especially with the explosion of 
Quantum Mechanics that has an important incidence in Chemistry, in such a way 
that P. Dirac told:

“The fundamentals laws necessary for the mathematical treatment of a large part of phys-
ics and the whole of chemistry are completely known, and the difficulty lies only in the 
fact that application of these laws leads to equations that are too complex to be solved” 
(quotation taken from Cohen et al., 2011)
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Nowadays a new revolution has broken out in Science and Technology. Computer 
Science is one of the most important revolutions of the previous and present cen-
tury; in such a way, that it would be possible to say we are in the Informatics Era. 
The power of computers, the hardware and software have evolved in such a way that 
many of the man’s working activities are mediated by computers. How Mathematic, 
Physics, Chemistry, Mineralogy, and the rest of sciences would not go to be affected 
by computers? In effect, nowadays Computational Mathematics, Physics, Chem-
istry, Mineralogy etc. exist as branched sciences, which have developed particular 
methodologies, especial software and reached important achievements, in such a way 
that, it could be say, experimental sciences have their parallel computational scienc-
es, where quasi one-to-one correspondences exist between one experiment and one 
model of the systems calculated by the computational sciences. Although in singular 
and especial cases, computational sciences fail in their predictions. In these failed cas-
es, extreme conditions usually appear and computational methodologies need special 
and finer conditions to reproduce and account for their experimental pattern. How-
ever, these computational sciences have evolved from an interpretative science to a 
predictive science, in which new reactions, drugs, unknown minerals and materials 
can be envisioned. These predictive sciences have important implications not only 
in Science but in industry too, in such a way unknown compounds with hypothet-
ical structures, dangerous properties, astrophysical interest and unknown properties 
can be theoretically searched and proposed to be tried in the laboratory, where even 
a courage synthesis can be advanced. The computer and the ground Theory are a 
crucible where most of the envisioned experiments can be modeled and developed.

Mineralogy, Geophysics and other parts of Geology can profit of the new compu-
tational sciences. Minerals and rocks usually have complex compositions and the 
scientists need to know the structure and properties of minerals with model com-
positions; besides, the Earth’s internal crusts are not seen in any way, but the elastic 
waves of the seisms, the materials expelled by the volcanos, the minerals and rocks 
came out to the surfaces, and the geophysical studies yield information on the Earth’s 
internal crusts, but in these crusts, minerals undergo high pressures (up to 360 GPa) 
and high temperatures (up to 6,000K). In this way, computational sciences can be 
the most useful and cheapest technique to know the structure, properties, equation 
of states and phase transitions at these extreme conditions with great detail and at 
atomic level (Wentscovitch and Stixrude, 2010; Demichelis, 2018; 2019). 

Based on Classics, Quantum and Statistics Mechanics, and Mathematics, very com-
plex equations, software, with high level ideas and interpretations of the atomic, 
molecular and solid structure of matter are solved with many approaches in power-
ful computers. The importance of these approximations is shortly described in this 
chapter: the ab initio (from the beginning), semi-empirical, force field and mixed 
methods run with very complex software and graphic platforms in high performance 
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computers (HPC). Here one part of the ab initio methods will be only shown in this 
chapter: Hartree-Fock (HF) and Density Functional Theory (DFT) methods. These 
new methods could be one of the first choices for starting a scientific search.

Besides, these computational methods and tools do not only perform for us complex 
and difficult calculations, but they can be considered as real computational model 
experiments, creating new scientific knowledge in the same way that X-Ray diffrac-
tion and spectroscopies and the rest of techniques do. To get real scientific knowl-
edge, these methods have to be run by scientists with a deep knowledge in these new 
sciences. However, with the new software and graphic platforms many non-specialist 
scientists use these methods, and here we pretend to open part of the fundamentals 
of the theory to the non-initiated users. In the next sections, we will revise physical 
grounds of the ab initio methods. The most used ab initio methods are those based 
in the HF approximations and post-HF methods, where the wave function is the 
main aim to be determined, and the DFT, where the electron density is the main 
goal to be calculated. The physical fundamentals of both methods are accounted for 
in this chapter. There are other computational methods and theories for solving the 
electronic structure, but they are not included here. An example will be given in the 
next-to-last sections. Finally, a few useful today software will be mentioned in order 
to give the reader a guide where to address just in case they need more acknowledge 
of these methods.

2. Schrödinger’s equation

In short, the Schrödinger’s equation (SE) for a molecular system can be written as an 
eigenvalue equation:

 H Ψ = E Ψ  (1)

Where H is the Hamiltonian operator, H Ψ = E Ψ is the wave function, being the eigenfunc-
tion of the equation; and E is the energy of the system, being the eigenvalue of the 
equation. H Ψ = E Ψ , in short H Ψ = E Ψ , is a mathematical function depending on the coordinates 
of the space and spin of nuclei and electrons, such as:

 
Ψ Rα{ }, ri{ }( )  (2)

capital and small letters are the coordinates of the nuclei and electrons, respectively.

The Hamiltonian operator is written:
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This Hamiltonian is in atomic units (h/2π, mass, Bohr radius and charge of electron 
= 1), after the separation of the axes of the molecule from the axes of the laboratory. 
This Hamiltonian is non-relativistic (where the velocity of electrons of our system 
are much more below the light velocity), without any magnetic terms and without 
spin-orbit interactions. Where, the first and second terms of the second member are 
the operator of kinetic energy of nuclei and electrons, respectively; the third is the 
nucleus-nucleus repulsion operator; the forth term is the electron-electron repulsion 
operator, and finally, the last term, is the nucleus-electron attraction operator. Oper-
ators with negative sign will give stabilizing energy and those of positive sign will give 
un-stabilizing energy for the molecular system. Limit of the sums are the number of 
nuclei (N) and electrons (n) of the system. In order to that the interacting particles 
not are not taken into account twice in the double sum terms, in the second sums, 
the second index has to be larger than the first index.

The wave function does not have physical meaning by itself, instead the conjugate 
complex wave function times the wave function:

 
ψ *

!
R1!

"
RN ,
!r1!
"rn( )ψ !

R1!
"
RN ,
!r1!
"rn( )  (4-1)

has the physical meaning of the density of probability to find the nucleus 1 in the 
position R1, the 2 in the position R2, … the nucleus N in the position RN, and the 
same description is for the electron positions. Furthermore, Eq. (4-1) times the ele-
ments of volume

 
ψ
!
R1!

"
RN ,
!r1!
"rn( )ψ *

!
R1!

"
RN ,
!r1!
"rn( )d 3R1!d 3RN!d 3r1!d 3rn  (4-2)

gives the probability to find the particles in the volume between Ri and Ri+d3Ri, 
the same description is for the probability of the electrons. Where the element of 
volume is

 d 3R = dXdYdZ  (5)

but in many equations this element of volume will be shortly written either as dR 
or dr.
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2.1 Expectation values

Eq. (1) can be multiplied by the conjugated complex by the left, and integrate in 
all the space and we can get the expectation value of the eigenvalue, which, for the 
Hamiltonian, yields the expectation value of the energy:

 

E =
ψ *Hψ d 3R

0

∞

∫
ψ *ψ d 3R

0

∞

∫
=

Ψ H Ψ

Ψ Ψ
 (6)

3. Approximate solutions of the Schrödinger equation

The exact resolution of the Schrödinger equation is only possible for the hydrogen 
atom. For two-electron systems for atoms, and for molecules, the resolution of Eq. 
(1) needs approximations, which are the following:

1. Born-Oppenheimer’s approximation
2. Orbital and mono-configurational approximations. 
3. Hartree and Hartree-Fock approximations.
4. Algebric approximation and Roothan equations.
5. Configuration interactions

3.1 Born-Oppenheimer’s Approximation (BOA)

Eq. (1) has included two types of particles, nuclei and electrons, both of them have 
masses very different, in such a way that an observer situated in one nucleus would 
see the electrons travel at high speed, however, an observer located on an electron 
would see the nuclei practically without any motion. That is, the dynamic of nuclei 
and electrons can be separated. This is translated to the wave function, in such a way 
that, for a molecule, the wave function of Eq. (2) can be written by a product of one 
nuclear wave function depending on the nuclei, and another one depending on the 
electrons for a particular position of the nuclei, such as:

 
ψ R1…RN ,r1…rn( ) = Ψ R1…RN( )φ r1…rn ,R1…RN( )  (7)

ϕ depends on the coordinates of nuclei and electrons, however, the coordinates of 
the nuclei are got into ϕ as parameters. If Eq. (7) is taken into account, and the sep-
aration of the different operators in the Hamiltonian (3), the eigenvalues equation 
can be solved such as:



Alfonso Hernández-Laguna

80

 
TN R( )+Tn r( )+V R,r( )⎡⎣ ⎤⎦Ψ R( )φ r( ) = EΨ R( )φ r( )  (8)

where Ti are the kinetic energy operators, V is the potential energy operator. If Eq. 
(8) is multiplied by the left by the complex of electron wave function from Eq. (7) 
and integrate the electron coordinates, we can solve the electron equation for one 
specific position of the nuclei:

 φ |Te +V |φ = E ' φφ  (9)

Where E’=E(R), which is an effective potential energy function, which is resolved 
for each position of the nuclei, which can be introduced into the nuclear equation 
such as:

 TN + E ' R( )⎡⎣ ⎤⎦Ψ R( ) = EΨ R( )  (10)

Which can be solved independently and obtain the nuclei wave function and energy. 
E’ is the total energy, which is the electronic energy plus the nucleus-nucleus repul-
sion:

 E ' R( ) = Ee R( )+V R( )  (11)

Where V(R) is 

 

ZαZβe
2

Rαβα<β

N∑α

N∑
  (12)

the Coulomb repulsion of the nuclei. E’(R) in a system with two nuclear coordinates 
will be a potential energy curve, two nuclear coordinates will be a potential energy 
surface and a poly-nuclear system will be a potential energy hypersurface, in short 
potential energy surface (PES). 

One single example of this approximation can be the solution of the H2
+: we solve 

de electronic equation of the H2
+ for different bond distances (Fig.1). The different 

single point electronic energy calculations are represented in Fig. 1, which can be 
fitted to an analytical expression, such as a Morse potential.
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Figure 1. Electronic solution of Schrödinger’s equation of the H2
+ in the Born-Oppenheimer approxi-

mation. De is the energy of the system at a non-bonded distance.

Afterwards the nuclear equation is solved obtaining the eigenvalues and eigenvectors 
of the Eq. (10). The complete solution of this equation will give us the different levels 
of vibrations of the H2

+, and the different levels of rotations for each vibrational level.

If we would have been able to solve the SE exactly, the different eigenvalues will be 
obtained, however, from Eqs. (4-1) and (4-2) in each level we will get the density of 
probability and the probability to find the system in a particular position. However, 
with this approximation we have got the minimal position of the bond of the mol-
ecule by varying the interatomic distance to get a minimum in the potential energy 
curve (Fig. 1), which can be obtained from the forces on the nuclei − ∂E

∂R( ) and 
the equilibrium position in consequence. This equilibrium distance is obtained in 
the spectroscopic experiments. Nonetheless, the system is vibrating around the min-
imal nuclear position, in the most populated lowest vibrational level, and in the less 
populated excited vibrational levels, depending on the temperature. If we solve much 
more complex molecular systems with the BOA (by using, furthermore, the approx-
imations we will see in the next sections) such as two isomers, the minima coming 
from the electron equations will be the minima we find in experiments. 

So, the BOA is an approach in which the nuclear motions are on an effective PES, 
which is the addition of the electron energy plus the Coulomb nuclear repulsion as a 
function of the nuclear coordinates. The electron dynamics is modified without any 
time delay to the nuclear dynamics, and the wave function is continuous. A much 
more complete explanation of the BOA including the whole set of electronic states is 
also called the adiabatic approximation. All the systems described by these approxi-
mations their dynamics and reactivity are only associated to a single PES (for further 
reading of PES, see Wales, 2003).
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3.2 Orbital and mono-configurational approximations 

The electron wave function depends on the coordinates of electrons and paramet-
rically of the nuclear coordinates (which are removed from the wave function to 
abridge the notation) without any restriction on the electron coordinates: 

 φ r1!rn( )  (13)

However, a suitable form bases on the spectroscopic knowledge is that the wave 
function can be built from one-electron functions, that is, by independent functions 
depending on only one electron coordinate each, such as:

 φ r1!rn( ) = φ φ1 r1( )φ2 r2( )!φn rn( )⎡⎣ ⎤⎦  (14)

Each one-electron function is called orbital. This orbital describes the dynamics of 
one electron. What will be the mathematical expression of the wave function made 
of orbitals? In first, the most direct way would be the expansion in different orbital 
configurations, each of them is affected by one coefficient, which would yield the 
weight of each configuration in the function (14), such as:

 
φ φ1 r1( )!φn rn( )( ) = Ciφi φ1

i r1( )!φn
i rn( )⎡⎣ ⎤⎦i=1

∞∑  (15)

Each configuration or different combinations of orbitals could be a different physical 
electron situation. However, the most common approximation is to take only one 
configuration of the expansion, which describes the most probable physical system 
(in general, the ground state), and, besides, its weight should be the largest. This last 
approximation is called the one-configurational approximation.

3.3 Hartree and Hartree-Fock approximations

3.3.1 Hartree approximation

The electron Hamiltonian operator from Eq. (3) in the BOA presents two types of 
operators: one-electron operators and two-electron operators: 

 
H 1,2…,i,….n( ) = f Ti , 1riα

, 1
rij

⎛

⎝
⎜

⎞

⎠
⎟

 (16)

Eq. (9) is an integral-differential equation with these two types of operators. An 
approximation to transform this poly-electron Hamiltonian operator for solving 
Eq. (9) is to approach the two-electron operators to one-electron operators, such as: 
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H 1,2…,i,…..,n( ) ≈  h 1( )+ h 2( )+…+ h i( )…..+ h n( )  (17)

and solve the two-electron problem as a sum of one-electron problems much easier 
to manage. However, how can the two-electron operators, 1/rij, be transformed to an 
approximate one-electron operators? Hartree found the solution (Hartree, 1957) for 
atomic systems, by including in the two-electron operators the wave function solu-
tion of the total wave equation and integrate all electronic coordinates exception of 
one, that of the considered electron of h(i), Eq. (16, 17), such as:

 
G i( ) = ocup φ* 1,2! j!n( )φ 1,2! j!n( )

rij
dτ1!d∫

j≠i
∑ τ j(≠i)!dτ n

 (18)

and adding up throughout all occupied orbitals. By this integration the Hamiltonian 
operator can be finally separated in one-electron operators, each of them is depending 
on one electron. It is a poly-electron model of non-interacting electrons [there are no 
two-electron operators, each of them has to be transformed to mono-electron opera-
tors by Eq. (18)]; each electrons would be under the interaction of averaged potential 
of all other electrons (j≠i in the sum) with a spherical symmetry, in other words, the 
electron i would be inside a spherical cloud of all other electrons; and the operator 
G(i) is only depending on the coordinates of one electron i. dτj's are the elements of 
volume of the coordinates of electron j 's to produce the integration all over the space.

The poly-electron wave function was performed as a product of orbitals, such as:

 φ(1,2,...n) = φ1 1( )φ2 2( )!φn n( )  (19)

The orbitals are really spin-orbitals, which are products of one-electron space and 
spin wave functions:

 φi i( ) = φ 'i i( )α i( )  (20)

Where ϕ(i) are the wave functions depending on the space coordinates of the elec-
trons and the α(i) and β(i) are the spin up and down wave functions, and being 
both of them ortho-normals. Usually the spin up and spin down wave functions are 
noted by a no-barred and barred space wave function, respectively, so Eq. (20) can 
be written by a single ϕ(i), meanwhile a spin orbital with β(i) can be written as ϕ(i).

Therefore, from this approximation, the Hamiltonian is a sum of one-electron Ham-
iltonians. If the orbitals of Eqs. (19, 20) are ortho-normals, Eq. (18) becomes:
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G i( ) = φ j

* rj( )φ j rj( )
rij

∫j≠i∑ dτ j ;∀j ≠ i
 (21)

Note that these operators are slightly different each other because of the different 
orbitals they would have in the different sums of the different G(i)’s. However, if 
electron self-interaction is added up to Eq. (21), the sum can be applied to all elec-
trons and all G(i) operators will be the same: 

 
G i( ) = φ j

* rj( )φ j rj( )
rij

∫j

occup∑ dτ j ;∀j
 (22)

The kinetic energy will be calculated for applying the kinetic energy operator to the 
orbitals, and multiplying by the conjugated complex orbital and integrate:

 
EK = − 1

2
φi
*∫i=1

N∑ ri( )∇2φi ri( )dτ i  (23)

3.3.2 Hartree-Fock approximation

Hartree’s wave function had not fulfilled the anti-symmetry principle, which says 
the wave function of fermions has to be anti-symmetric. Fermions are elementary 
particles with half-integer spin quantum numbers ±1/2, as electrons. The anti-sym-
metry property of the wave function is related with its change of sign when two elec-
trons exchange their positions in a poly-electron system: Ψ(1,2…i,j…n)=-Ψ(1,2…
j,i,…n). The anti-symmetry principle is the mathematical expression of the Pauli’s 
exclusion principle, which states that no more than one electron can occupy one spin 
orbital. It is well known, that when two electrons are in the same orbital their spin 
wave functions have to be opposite. One suitable wave function is described by one 
determinant that, for a two-electron system, is written:

 

Ψ = 1
2

φ1 1( ) φ2 1( )
φ1 2( ) φ2 2( )

 (24)

It is evident that if we change two columns in a determinant, it changes its sign, 
and if two columns are identical, its value is null. 1

2  is a normalization factor. The 
name of this wave function is called Slater’s determinant. In a poly-electron system, 
the Slater’s determinant is:
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Ψ = 1
n!

φ1 1( ) … φn 1( )
! " !

φ1 n( ) ! φn n( )
 (25)

Where 
1
n!  is a normalization factor. If two Slater’s determinants are introduced at 

both side of the two-electron operator in the Hartree’s one-electron approximation, 
Eq. (18), being the left determinant the complex conjugate of the right determinant 
and the determinants are developed, complex conjugate n-orbitals products times 
n-orbitals products will appear at both sides of the operator. The orbitals are ortho-
normal, and the products with identical orbitals will be one and null with different 
orbitals, exception those ones include in the two-electron repulsion operator. If there 
are only one different pair of orbitals describing one electron out of those of the 
two-electron operator, the integral will be null. All these operations will give two-
electron integrals such as:

 
<Gi >= φi i( )φ j j( ) 1rij

φi i( )φ j j( )⎡

⎣
⎢
⎢j≠i

∑ − φi i( )φ j j( ) 1rij
φi j( )φ j i( )

⎤

⎦
⎥
⎥  (26)

In the square brackets there are two types of integrals, the first ones are the so-called 
Coulomb integrals, in which two electrons described by two orbitals repulsively in-
teracting, the sign in the Hamiltonian is positive as it corresponds to a Coulomb 
repulsion. However, the second integrals show negative sign (coming from the de-
terminant development), indicating a stabilization, and corresponds to an interac-
tion in which the orbitals at both side of the integrals are described by two different 
distributions, in which there are an exchange of the electrons and orbitals, for this 
reason these integrals are called exchange integrals. The effect and energy, which 
these last integrals represent, have no classical pattern, and come from the determi-
nant form of the wave function, in which all possible products of the orbitals are 
possible. Besides, the non-null exchange integrals come from the spin integration 
of the spin wave function of spin-orbitals with the same spin. These exchange terms 
are keeping away the same spin electrons, in such a way, that the probability to find 
two same spin orbitals with the same quantum numbers in the same state is null. 
When the electrons are keeping away it is said they are correlated, and have a hole, 
the correlation is called exchange correlation, and the hole is called the Fermi hole. 
The Fermi hole is rightly described by the HF approach. As it was said previously, the 
probability to find two electrons described by the same orbitals with equal quantum 
numbers and the same spin in the same state is null, however, if the spin is opposite a 
non-null probability appears and these electrons are not rightly correlated and do not 
have a hole, this hole is called the Coulomb hole. The HF approximation does not 
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describe the Coulomb hole. The stabilizing exchange terms are quantum-mechanical 
terms, innovative in physics and come from non-dynamics forces, as consequence of 
the wave function shape, without any partner in Classical Mechanics. The exchange 
energy is much larger than the energy coming from the Coulomb hole and stabilizes 
the electron system. Nonetheless, both of them are essential for a right description 
of the chemical bond. The existence of the Coulomb hole permits the electrons are 
apart and their Coulomb repulsions are lowered down. It can be said these effects are 
the glue that the atoms have to be bonded in molecules and solids. Therefore, much 
scientific and computational effort has been intended to describe rightly both effects. 

In this model we can add the self-interaction by adding up one self-interaction Cou-
lomb integral and one self-interaction, both of them are the same and one is with 
positive sign and the other negative, so in this approximation the self-interaction 
correction is included in a natural way. In this way, the average electron interaction 
is the same for all electrons, which can be written as one-electron-operator, given 
eigenvalue one-electron equations:

 
− 1
2
Δ i −

Z
ri
+Gi
!⎡

⎣
⎢

⎤

⎦
⎥φi i( ) = Fiφi i( ) = ε iφi i( )

 (27)

This operator is called the Fock operator, Fi , and εi is the energy of the spin-orbital 
ϕi(i).

3.4 Algebraic approximation and Roothaan equations

In the early days of computational chemistry, Eq. (27) was resolved by numerical 
methods, but the orbitals can be expanded as a function of a basis set, where the 
functions have known algebraic expression:

 
φp
' (i)= cpq

q

∞

∑ χq (i)
 (28)

{χq} has known mathematical formulae. In principle, the expansion has to include 
all the functions of the basis set, so the sum has to go to infinite, but we have to ap-
proximate it to a manageable number, m, of algebraic functions, such as:

 
φp
' (i)≅φp (i) = cpq

q

m

∑ χq (i); m≥
n
2  (29)

m has to be equal or larger than the half of electrons (for double occupation). This 
constraint is in order to the expansion has variational flexibility, and the equations 
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have a suitable convergence. The coefficients of the functions give the weights of each 
function in the orbital.

If our system is a molecule, a suitable basis set for the molecular orbitals could be 
the atomic orbitals of the atoms of the molecule, each one centered in one atom of 
the molecule. The H2 would be the simplest and suitable example, each molecular 
orbital would be formed by two 1s atomic orbitals, one centered on the A and the 
other on the B atom, in such a way the first and the second molecular orbitals of the 
H2 molecule would be 

 

ϕ1 = C1
A1SA +C1

B1SB
ϕ2 = C2

A1SA +C2
B1SB  (30)

All coefficients would have different values and would have the physical meaning 
of the weight of the atomic orbital in the molecular orbital. It is well known, that 
a suitable value is c1

A = c1
B = 1, describing the ground state of H2 with the bonding 

orbital ϕ1, and ϕ2 is the antibonding orbital with coefficients equal 1 and -1. This 
method to expand the orbitals is known as the linear combination of atomic orbitals 
(LCAO). However, another basis sets can be chosen, in the limit, one-centered basis 
sets can be used, which are suitable for some symmetric molecules. 

The Hartree-Fock equations written in terms of expansion (29) are known as 
Roothaan equations (Roothaan, 1951), where the orbitals can be written in terms of 
vectors and matrixes, such as:

 

φp = χ1 χ2!χm( )

c1p
c2 p
!

cmp

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

= χCp

 (31)

The matrix of coefficients for all orbitals can be written:

 

C =

c11!c1p!c1n
2

! !

cm1!cmp!cmn
2

⎛

⎝

⎜
⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟
⎟⎟

 (32)

Where the columns correspond to the coefficients of the atomic spin-orbitals of the 
molecular orbitals (second index) each of them is formed by m functions of the basis 
set. This matrix is made in the double occupation scheme, two electrons by orbital, 
each of them has different spin. 
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The equivalent equation to the HF equation [Eq. (27)] is

 
FCp = SC p

q
∑ ε pq

 (33)

Where the F matrix comes from the integrals of the basis set functions with the Fock 
operator, such as:

 
φp (i) Fi φq (i) = cpk χ k (i)

l
∑

k
∑ F(i) χ l (i) clq =C p

T FCq
 (34)

And S is the matrix of the overlap integrals between the basis set functions.

The coefficient of the orbitals are frequently written in a density matrix, whose ele-
ments are:

 
Ptv = 2CtpCvp

*
p

occ∑  (35)

The variational principle (Smeyers, 2002; Szabo and Ostlund, 1989; Lanczos, 1997) 
is applied to the Eq. (33) by minimization of the wave function coefficients by the 
Euler-Lagrange’s method, and considering the condition that the orbitals are ortho-
normals (the overlap matrix S = I) resulting the following equations: 

 
FC p

' =SCp
' εp  (36)

Where Cp’ is the matrix of the coefficients of the basis set functions for a molecular 
orbital, and εp is the eigenvalue, or the energy of the molecular orbital ϕp. For all 
molecular orbitals, and writing Eq. (36) in a secular determinant equation form, 
such as:

 
F−Sεp⎡⎣ ⎤⎦C

' =0
 (37)

Where C’ is a square matrix m×m, in which from the n/2 elements of Eq. (32) the 
matrix C has been increased to m. This equation in the double occupation schema is 
called Restricted Hartree-Fock (RHF). To solve this last equation, we have to know 
the wave function, which, taking into account the HF approach, is included inside 
the one-electron operator, G, in such a way we are in a dead-end street, the solution 
of our equation is the wave function along with the energy of the molecular orbitals, 
and we need to know the wave function. To solve this puzzle we have to do a guess 
of the wave function to get the first F matrix and solve the secular determinant equa-
tion, and obtain the first set of eigenvalues. With these latter values, we can obtain an 
improved C’; with this last one coefficient matrix an improved F matrix is obtained, 
and therefore one improved eigenvalues set, and so on up to get differences between 
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two iterations of the C’ less than certain low threshold. This procedure is called the 
self-consistent field (SCF), which has been schematized in Figure 2.

Figure 2. Self-consistent field scheme of the Hartree-Fock equation solution.

The total energy calculation for a RHF is 
 

E = 2 φi i( ) Hi
0 φi i( ) + φi i( ) 2Jij − Kij φi i( )

j
∑⎡

⎣
⎢

⎤

⎦
⎥

i

n
2

∑ =

 
φi i( ) Hi

0 φi i( ) + ε i⎡
⎣⎢

⎤
⎦⎥i=1

n
2

∑ = ε i
0 + ε i⎡⎣ ⎤⎦

i=1

n
2

∑
 (38)

Hi
0 is the one-electron operator of the Hamiltonian, where the kinetic energy and 

electron-nucleus attraction operators are included. The Coulomb and exchange inte-
grals have been transformed to operators, Ji

j and Ki
j, respectively. 

3.5 Basis sets

There are many basis sets, however, in this section only three are mentioned: 1) first 
of all, the hydrogen orbitals, which are the exact solution of the hydrogen atom solu-
tion, however, they do not yield good results for molecules, and are not used in the 
most popular software like Gaussian09 and others; 2) the Slater type orbitals (STO), 
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they have the most suitable behavior and yield the most reliable results, their math-
ematical expression is:

 STO = Nrn−1e−εrYlm θ ,ϕ( )  (39)

N is a normalization constant, n, l and m are the principal quantum numbers of 
the atom in the Periodic Table (PT), ε is the exponent of the orbital, r is the radial 
coordinate, and θ and ϕ are the angular coordinates, which describe the position of 
the electron in the orbital in spherical coordinates. Ylm(θ,ϕ) is the spherical harmonic 
functions, which define the angular part and symmetry or shape of the orbital; and 
3) the Gaussian orbitals (GO) are written such as:

 GO = Neαr
2

xt y pzq  (40)

N is a normalization constant, α is the exponent of the orbital, r is the radial coordi-
nate, x, y and z are the Cartesian coordinates, t, p and q do not mean any quantum 
number of the orbitals, but the sum of the three gives the level of the electron shell in 
the PT. If it is 0, the orbital is in the first line in the PT and 1s orbital, 1, the second 
line of PT and orbital p symmetry, etc.

STO orbitals show the best electron behavior, especially in atoms; however, they 
have important shortcomings in molecules, especially for calculating two-electron 
integrals at three and four centers, and computers spend much time to calculate 
them. GO’s do not have good radial electronic behavior, especially near the nucleus, 
STO show a pick shape at the nucleus meanwhile GO show a flat behavior; nonethe-
less, GO two-electron integrals at three and four centers are much easier than STO 
integrals to calculate. Therefore, we are in a crossroads to choose exactitude and slow 
calculations or rough results and speed in calculations. The solution to this problem 
is solved with the STO expansion in GO’s, in such a way, we approximate the STO 
with a certain number of GO, each one is multiplied by a weight coefficient, such as:

 
STO − nG1s = C1g exp1( )s +C2g exp2( )s +!n  (41)

Where STO-nG means one STO is expanded with n GO’s. The approximation is 
performed by maximizing the overlap of both orbitals, the exact and the expanded. 
The symmetry of the GO must be the same than the STO. Therefore, from the com-
putational point of view, to compute nGO-two-electron integrals is worthwhile, no 
matter the number of centers. The normal basis set are calculated with contracted 
Gaussian basis set, as it is called to Eq. (41).

The simplest basis set is the one uses the smallest number of functions by atom, 
defined by one orbital for each atomic orbital in the line of the PT. This basis sets 
is called minimal basis set. In effect, the H and He, the minimal basis set (MBS) is 
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defined by one single 1s function, but from the Li to F the MBS uses five orbitals: 
1s, 2s, 2px, 2py and 2pz. The Li and Be have only 1s and 2s atomic orbitals, but this 
MBS calculate the wave function with five functions. Each function is expanded in 
n GO. So, in the water molecule each electron of each hydrogen is defined by one 
STO(1s)-3G orbital, and the O by 1s, 2s, 2px, 2py and 2pz, that is, the molecule 
is defined by 7 orbitals, each of them is defined by a different Gaussian contraction 
with 3GO, and the system is in the schema of double occupation. However, this 
basis set does not give us very exact results, and more complete basis sets have to be 
used to increase the exactitude of results.

The MBS has small variational flexibility, so it is important to get a good convergence 
in the SCF and obtained good wave functions, energy and properties. Therefore, we 
need to split the minimal basis set in m different functions, which is called m-zeta 
(m-ζ) basis set, where, the 1s orbital of the H atom would be split in m different 
functions. The double-zeta and triple-zeta are very popular.

We have also to mention two extra functions, added to the m-ζ basis sets: polar-
izations and diffuse functions. The formers are functions with higher l quantum 
numbers that the atom has in the PT. So, it is added to the H one 2p function, in 
order to polarize the 1s orbital to the center of the bond, and increase the bonding 
properties. Diffuse functions are functions with small exponents, very spread in the 
space, generally with s symmetry, which are very useful to describe anions, lone pairs, 
Rydberg atoms, weak bonds, dipolar moments, etc..

We are going only to mention the Pople’s basis sets, being one of the most popular 
basis sets. This basis set could be synthetized with the following acronym: n-pq++G** 
for the split valence double-ζ basis set, if we have three integers after the hyphen it 
means triple-ζ basis set. In this case the split double-zeta procedure is only applied 
to the valence shell, and the internal shells are define by a n Gaussians contraction; 
if it is a double-ζ basis set, split in p and q contractions; the plus signs means diffuse 
functions, where the first plus sign means these functions are added to the atoms of 
the first line of the PT and the second plus sign to the second line atoms of the PT. 
Two start signs (*) after G have similar meaning with the polarization functions. 
One example of basis set could be 6-31+G* for C indicate the 1s orbital is expanded 
with 6 GO’s functions; the 2s is split into two shells, the more interne is expanded 
with 3 GO’s and the most external is described only by a single GO. The p orbitals 
are described in the same way. The s and p symmetry GO share the same exponents 
but they have different coefficients (Szabo and Ostlund, 1989; Hehre et al., 1986; 
Springborg, 2000; Leach, 2001).
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4. Electron correlation

As said previously, the HF approximation rightly described the Fermi hole, in other 
words, when two electrons have the same spin there is a null probability to occupy 
the same position. However, if two electrons have different spin they have a prob-
ability to find them in the same state, this effect is not described by the HF approach. 
This effect is also known as Coulomb correlation effect, Coulomb hole, or correla-
tion effect. In effect, the Coulomb repulsion puts the electrons apart from the region 
where the electron is located, correlating their motions, creating a hole around the 
electron, which goes with the electron in its trajectory around the mean field the HF 
approach. In this hole the probability of other electrons is depleted, reducing the 
Coulomb repulsion and decreasing the energy in consequence. Therefore, correla-
tion effect yields a correlation energy, which is defined by the difference of energy 
between the exact energy and the HF energy calculated at “infinite” basis set:

 Ecorrelation = ΔE = Eexact –  EHF  (42)

Correlation energy, like exchange energy, is negative, and they are essential for de-
scribing chemical bond and chemical reactions. The solution to calculate it is to 
expand the wave function in different determinants with a different electron con-
figuration each:

 ψ = c0ψ o + c1ψ 1 + c2ψ 2 + ....  (43)

Where ψ0 is the HF solution, ψi means the different electron configurations formed 
by different excited orbitals, and ci means the different weight that each configura-
tion has in the system. The method is generically called configurations interaction 
(CI) methods. The electron correlation can be sorted into two categories: i) dynam-
ical correlation; and ii) non-dynamical correlation. The former is the stabilization 
energy as a consequence of the relaxation between occupied orbitals and between 
virtual orbitals by means of the electron pairs relaxation; the latter comes from the 
stabilization from the interaction between quasi degenerate electron configurations.

 All methods coming from the correction of HF wave function with different electron 
configurations are called post Hartree-Fock methods. The correlation and exchange 
energies are calculated from orbitals (Figure 3). These methods are very expensive 
from the computational view, not only in CPU time but in hard disc memory and 
computer resources. These methods can be divided in two: i) those methods based 
on a single configuration (the HF configuration), adding the different electron exci-
tations from the HF configuration, forming the excited configurations; and ii) those 
methods based on different configurations (multi-configurational methods), whose 
wave functions are those of the chemical system. The latter are performed calculating 
at the same time coefficients of the orbitals and configurations. For single configura-
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tion methods, if all possible electron configurations are added to the wave function, 
the method is called full configurations interactions (Full-CI); if only the single ex-
citations are taken into account the acronym is SIC, if only the single and double 
electron excitation are taken into account the acronym is SDIC (Fig. 3), and so on.

Figure 3. Scheme of some post Hartree-Fock and ab Initio methods based on different electrons con-
figurations. The total energy and correlation energies are calculated from orbitals. CASSCF means 
complete active-space SCF. This schema is a brief view and does not pretend to be exhaustive. 

The SDIC methods used in chemical reactions or interactions problems are not size 
consistent. This new concept means that the energy of the whole and the parts of a 
molecular system does not scale linearly, in other words, the sum of the energy of 
two part of an interaction system at infinite distance is not the same than the sum of 
the two parts taken apart. In DIC method, the DIC wave function formed with the 
product of the DIC wave function of the small systems takes into account quadruple 
excitations produced in both parts of the system. However, the DIC wave function 
of the whole system does only get double excitation configuration. For this reason, 
there are methods correcting this defect. The most outstanding method is the Couple 
Cluster method, which nowadays is considered giving the most reliable results with 
wave function methods.
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It is important to mention the CASSCF (Complete Active Space SCF), which is 
inside the multi-configurational methods. The CASSCF method divided the orbital 
space in actives, no actives and externals. It is clear that the orbitals in active space are 
the most important in the chemical system, with these, different electron excitations 
are produced, fitting the coefficients of the determinant expansion and the orbitals 
at the same time.

Between the perturbative methods, Moeller-Plesset method (Moeller and Plesset, 
1934) deserves special mention, especially at second order perturbations. This meth-
od is a perturbative method based on the HF wave function. It was very spread in 
Quantum Chemistry calculations apply to molecular systems. 

There are much more methods, but the small space of this chapter makes difficult 
to mention all of them, so readers are addressed to the references at the end of the 
chapter (Fock, 1976; Daudel et al., 1983; Hehre et al., 1986; Szabo and Ostlund, 
1989; Schleyers, 1998; Jensen, 1999; Springborg, 2000; Leach, 2001; Young, 2001; 
Reimers, 2011; Tsuneda, 2014).

5. Density Functional Theory methods

Chemical reactions are based on the transfer of electrons from one part of the sys-
tem to another. To describe rightly chemical bonds and reactions, post HF meth-
ods are required; however, as it was said, they need a lot of CPU time even in the 
HPC machines, and even in chemical systems with relatively low number of elec-
trons. Solids, molecular clusters with high number of atoms, biological molecules, 
etc. need long CPU time to get suitable description of bands in crystal structures 
or orbitals in the molecular systems. Density Functional Theory (DFT) methods 
was firstly introduced to calculate solids, but when exchange and correlation ef-
fects were efficiently introduced in these methods an important breakout was pro-
duced in Computational Chemical Sciences since approximately five decades ago. 
DFT methods and programs based on this theory (Parr and Yang, 1989; Scheleyer, 
1998; Koch and Holthausen, 2000; Fiolhais et al., 2003; Tsuneda, 2014) have be-
come the most useful for calculations in molecules, clusters, crystals, surfaces, na-
no-structures, biological active systems, pharmacology, etc.. DFT methods rightly 
incorporate the exchange and correlation effects with CPU time equivalent to HF 
approach and even less. 

In this chapter, the fundamentals of independent of time and non-relativistic DFT 
of electron systems will be revised in short, treating to do an introduction to the 
DFT concepts understandable for non-familiarized users and beginners. Besides, a 
revision of the exchange and correlation functionals will be briefly introduced, treat-
ing the essential of the physics inside the functionals. In fact, an important research 
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in DFT is devoted to try to find out functionals as close as the exact functional which 
can describe all the electron physical effects in atoms molecules and solids; but many 
approximations and different methods have been performed, and most of them in 
the single particle model, similar to HF model. 

As said, DFT was firstly intended for the solid state physics, therefore, this theory is 
the most suitable for mineralogy (the main aim of this book), producing, joint with 
the rest of the ab initio methods, the so-called Computational Mineralogy, although 
the HF and post-HF are much less applied than the DFT methods to Computation-
al Mineralogy. Nonetheless, DFT has also been fully applied to atoms and molecules 
with the greatest success. Another chapter of this book, DFT will be also reviewed, 
presenting Molecular Dynamics methods and more examples. 

The wave function of N electrons is a function which depends on 4N coordinates 
(three coordinates of space and one of spin per electron, in the formulae either N 
or n will be used for the number of electrons), being difficult to manage for the HF 
calculations when the number of electrons is high, especially in the systems needing 
electron correlation effects. However, the electron density is a function only depend-
ing on three space coordinates.

In an electron system in a particular state, the electron density is the number of 
electrons per unit volume in the state. The electron density is defined from the wave 
function, such us:

 
ρ(!r )=N x2∫ … xN

|∫ Ψ(x1,x2!,xN ) |
2 ds1dx2!dxN  (44)

Where ds is the spin element of volume and dxi are the elements of volume with the 
spin included. An integration of all coordinates of all electrons exception of one, and 
in this last one the spin is integrated too. So, this function will depend on only three 
space coordinates. N is a constant to yield the right number of electrons of the system 
after integration. 

The properties of ρ(r) are the following: i) ρ(!r )>0  (if electrons are in the space 

their density has to be larger than 0); ii) ρ(!r →∞)=0  (at the infinity ρ(r) should 

be null); and iii) ρ(!r )d!r∫ =N .

ρ(r) can be calculated from the orbitals such as: 

 
ρ !r( )= φi

*
i=1

occp∑ !r( )φi !r( )  (45-1)
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In the double occupation scheme can be written:

 
ρ(!r )=2 φi

*

i=1( )

n/2

∑ (!r )φi(
!r )

 (45-2)

Finally, in a basis set ρ(r) , Eq. (29), is:

 
ρ !r( )=2 cµicνiν=1

nbf∑µ=1

nbf∑i=1

n/2∑ χµ
*χν = Pµνν=1

nbf∑µ=1

nbf∑ χµ
*χν  (45-3)

Where Pμν is the density matrix.

A functional is a mathematical operation in which for each function introduced in 
the functional a numerical value is obtained: a function of functions. A definite in-
tegral is considered a functional, where each function, defined between limits of the 
integral, yields a numerical value. Functions are the variables and they are noted be-
tween square brackets {F[f(x)]}. In DFT the energy is calculated from the functional 
of the electron density, E = J[ρ(r)]. In this way, the HF energy of a poly-electron 
system is calculated from the functional of the wave function, E = J’[ψ].

5.1 Hohenberg-Kohn’s theorems

The attraction between nuclei and electrons is called the external potential, Vext, in 
DFT terminology. Many DFT methods are based on the two Hohenberg-Kohn’s 
theorems (1964), the first one tells us that the electron density is a functional of the 
external potential and the external potential is also a unique functional of the den-
sity. Therefore, if the external potential determines the Hamiltonian, any observable 
can be exactly calculated, in principle, from the electron density of the ground-state 
of the electron system (for non-degenerated ground electron states and in absence 
of an electromagnetic field). Therefore, Vext,is determined by the density. Vext is giv-
en by the nucleus-electron attraction term in the Hamiltonian. So, if with Vext the 
Hamiltonian can be obtained, with this latter we can calculate the wave function, 
and with this last one, electron properties can be also calculated: ρ(r) → Vext → H 
→ ψ → electron properties. This induction way implicitly supposes a one-to-one 
correspondence between ρ and the wave function, which is not clearly proved, but in 
fact the Hohenberg-Kohn’s demonstration was made by reductio ad absurdum; which 
become a problem in DFT, which is the so-called problem of V-representability in 
Kohn-Sham method.

Taking into account the separation of the electron energy in terms of kinetic and 
potential terms in the wave function equations, it is rightly to suppose the functional 
of density of the energy can be also separated in these terms:
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E0[ρ0] = T[ρ0] + Eext[ρ0] + Eee[ρ0]. This expression can be written in a more explicit way: 

 
E0[ρ0]=T[ρ0] + ρ0(

!r )Vext dr + Eee[ρ0]∫  (46)

The subscript 0 in the electron density and energy means the ground-state elec-
tron density and energy, respectively. Kinetic energy plus electron-electron repulsion 
terms have the same form for all Hamiltonian systems, so they could be considered 
as universals, and, so, they are known as the Hohenberg-Kohn’s universal functional, 
FHK, such as: 

 FHK [ρ0] = T[ρ0] + Eee[ρ0]  (47)

Kinetic energy ρ(r) functional has not an explicit mathematical expression to be 
calculated, as view later. Electron-electron repulsion can be calculated throughout 
the classical repulsion, or Hartree repulsion, of two electron densities located into 
two different positions plus a non-classical term, where the correlation and exchange 
effects are included in, such as:

 
Eee =

1
2

ρ(!r1)ρ(
!r2 )

| r1− r2 |
∫∫ dr1dr2 + Encl[ρ] = J[ρ] + Encl[ρ]

 (48)

If we know the exact formula for calculating the FHK, the only term to particularize 
our system will be the external potential, and by minimizing the equation by the 
variational principle, the exact energy and density of the ground state of any system 
will be obtained. However, the form of the kinetic energy and the non-classical terms 
are unknown. 

The second Hohenberg-Kohn’s theorem asserts the energy functional of ρ(r) is vari-
ational (Hohenberg and Kohn, 1964; Lanczos, 1997), in other words, if we have a 
proof density ρ’(r), the energy obtained with this ρ’(r) will always be larger or equal 
to that obtained with the exact ρ0(r): E0[ρ0] ≤ E[ρ’]. This second theorem has the so-
called the N-representability problem. ρ is N-representable if it is fulfilled the three 
previous mentioned conditions, plus ∇ρ

1
2
2

 has a finite total sum. The N-reprensent-
ability problem has been overcome doing the wave function that represents ρ be a 
Slater determinant, which fulfills with these conditions.

These two Hohenberg-Kohn’s theorems tell us the ρ(r) is a reliable function to be 
used in the electron systems, and the exact ρ(r) will always give the most stable en-
ergy and the electron properties of the system. The problems associated to DFT are 
the kinetic energy and non-classical electron repulsion energy density functionals, 
which do not have clearly defined physical-mathematical expressions to calculate. 
This non-classical term is the exchange correlation energy.
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5.2 Fundamental equation

The fundamental equation of DFT corresponds to find the minimum of the func-
tional of the energy by using the Euler-Lagrange’s method (Krasnov et al., 1992), so 
the variation of the functional is:

 δ E ρ⎡⎣ ⎤⎦ = 0  (49)

and taking into account the following condition:

 
ρ r( )∫ dr = N

 (50)

results in the following variational equation:

 
δ E ρ !r( )⎡⎣ ⎤⎦ − µ ρ !r( )d!r∫ − N( ){ } = 0  (51)

μ is the Lagrange’s multiplier. Taking into account the rules of variation of function-
als, the last equation becomes to:

 

δ E ρ⎡⎣ ⎤⎦
δρ r( ) − µ

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
∫ δρ r( )dr = 0

 (52)

But the variation of the density is an arbitrary variation; so, the expression in curly 
brackets has to be null. Eqs. (46) and (47) are substituted in the previous equation: 

 
µ =

δ E ρ⎡⎣ ⎤⎦
δρ r( ) =

δ FHK ρ⎡⎣ ⎤⎦ + ρ r( )∫ Vexdr( )
δρ r( )  (53-1)

Resulting in 

 
µ =

δ FHK ρ⎡⎣ ⎤⎦
δρ r( ) +Vext

 (53-2)

The previous equation indicates the variation of the universal functional with respect 
to the variation of the electron density plus the external potential is a constant, 
known as the chemical potential (μ) of an electron cloud for their nuclei. Therefore, 
the energy of the ground state of the system is a minimum of the functional E[ρ] 
under the restriction that the integration of ρ in all the space have to yield the right 
number of electrons.
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5.3 Kohn-Sham method

All these formulae, theorems to calculate electron structure of atoms, molecules and 
solids prompt scientists to do a set of manageable poly-electron equations useful to 
be applied to electron systems in the same way as the HF and post HF methods do. 
The first obstacle to overcome is to look for a mathematical equation for the kinetic 
energy. Nonetheless, an expression of the kinetic energy was given by Thomas and 
Fermi (Thomas, 1927; Fermi, 1928): 

 
TTF =

3
10
3π 2( )23⎛

⎝⎜
⎞
⎠⎟

ρ 5
3 dr∫

 (54-1)

for the Uniform Electron Gas (UEG). Afterwards, this expression was corrected by 
Weizsäcker (Weizsäcker, 1935) by the addition of one term depending on the gradi-
ent of ρ that takes into account the inhomogeneity of the electron system:

 
TW = 1

8
∇ρ

2

ρ∫ dr
 (54-2)

Both equations can be added up for giving: TTFW=TTF+λTW, with λ=1 [λ was sub-
sequently taken different values (Parr and Yang, 1989)]. However, these equations 
yielded reliable results for atoms, but they did not give reliable results for molecules. 
With this aim, Kohn and Sham (KS, Kohn and Sham, 1965) performed a method in 
the same spirit as the HF method, by introducing an independent electrons model to 
obtain the approximations of kinetic energy and electron density in term of orbitals, 
and afterwards the exchange correlation term would be approximated too.

This approximation starts by doing the hypothesis that a poly-electron system is 
non-interacting, and it is described by a Slater’s determinant wave function, which, 
by construction, yields the exact electron density. 

 

ψ S =
1
n!

ϕ1 1( )ϕ1 1( )ϕ2 1( ) … ϕn 1( )
! " !

ϕ1 n( )ϕ1 n( )ϕ2 n( ) ! ϕn n( )
 (55)

The system has all electrons paired to simplify. The subscript S means Slater. The 
Hamiltonian of this system is:

 
HS = − 1

2
∇i
2

i=1

N∑ + VS i( )i=1

N∑
 (56)
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The solution of this system is described by a set of one-electron equations, such as:

 f̂ KSϕ i( ) = ε iϕ i( ); ∀i  (57)

f ‘s are the mono-electron operators, coming from the previous Hamiltonian. Orbit-
als are orthonormal orbitals:

 φ(i) φ( j) =δ (i, j) ∀ i, j  (58)

Electron density is written as:

 
ρ !r( ) = ϕ i

!r( )i=1

occp∑
2
; ρ !r( )is exact

 (59)

Therefore, in the KS method for the non-interacting system, kinetic energy (TS) was 
approximated by the HF term, being calculated with Eq. (23). This equation can be 
also considered as another approximate functional of the electron system, because it 
does not give the exact kinetic energy of the electrons, as they do not budge indepen-
dently, but between them their motion is correlated. Therefore, TS < Texact; nonethe-
less, this approximation gives the most of the kinetic energy value, leaving a small 
term to calculate: Texact= TS + TC, where the last term is the kinetic correlation energy. 

Total energy of the non-interacting system is calculated from the addition of the 
energy of the orbitals, such us:

 
ES ρ⎡⎣ ⎤⎦ = ε i = TSi=1

occ∑ + ρ∫ r( )VSdr  (60)

and VS is the effective potential of the non-interacting system, which is mainly the 
Vext and the exchange energy.

The fundamental equation of DFT is applied to Eq. (60), giving

 

δ ES ρ r( )⎡⎣ ⎤⎦
δρ r( ) =

δTS ρ r( )⎡⎣ ⎤⎦
δρ r( ) +VS = µ

 (61)

Now, let us go to the real system with the same electrons number than the non-inter-
acting system, where the electrons interact, and which has the exact electron density 
that is equal to the non-interacting system. The total and exact energy is written with 
Eq. (46). Let us add up and subtract the kinetic energy of the non-interacting system 
and the classical electron repulsion from Eq. (48), J(ρ), such as:

E ρ⎡⎣ ⎤⎦ = TS ρ⎡⎣ ⎤⎦ + ρ !r( )Vex∫ r( )dr + J ρ⎡⎣ ⎤⎦ + T ρ⎡⎣ ⎤⎦ −TS ρ⎡⎣ ⎤⎦( )+ Eee ρ⎡⎣ ⎤⎦ − J ρ( )( )
 (62) 
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The first three terms are the kinetic energy of the non-interacting system, Eq. (23), 
the energy from the external potential and the classical electron repulsions. Formulae 
to calculate them are known. The first term in brackets is the non-classical kinetic en-
ergy (kinetic correlation energy) and the following term is the non-classical electron 
repulsion, whose mathematical formulae are not either known. These two last terms 
can be enclosed inside one exchange and correlation term, which included: non-clas-
sical kinetic energy, exchange and correlation energy and self-interaction energy (EXC 
[ρ] = TC[ρ] + EXC[ρ]+SI[ρ]). The non-classical kinetic energy or kinetic correlation 
can be considered as the kinetic effect that two electrons have to avoid themselves 
when they travel to collide. The physical meaning of the exchange and correlation 
effects have been previously discussed in the HF equations; and the self-interaction 
effect coming from J(ρ) has not been removed as in HF method, so it should be 
included in this new term. 

The fundamental equation of DFT, Eq. (53-2), is applied to the previous equation, 
resulting:

 

δ E[ρ]
δρ(r)

=
δTs[ρ]
δρ(r)

+ Vext +
ρ(!r2 )
| !r1−
!r2 |

∫ dr2 +
δ EXC[ρ]
δρ(r)  (63)

The last term is the derivative of the functional of exchange correlation energy with 
respect to the electron density, the so-called exchange and correlation potential, VXC. 
The three last terms of the second member can be included in effective potential, 
such as:

 

δ E[ρ]
δρ(r)

=
δTs[ρ]
δρ(r)

+ Veff (r)=µ
 (64)

This equation is equal to Eq. (61), so, it should have a parallel solution to it, that 
is, the solution should come from a set of one-electron operators similar to those of 
Eq. (57):

 
M̂ KS !r( ) = − 1

2
∇i
2 +Veffi

 (65)

These one-electron operators have eigenfunctions/orbitals and eigenvalues similar to 
Eq. (57) by applying the variational theorem:

 
M̂ KS (!r )ϑ i

KS (r)=ε iϑ i
KS (r) ; ϑ i

KS (r) ϑ j
KS (r) =δ i, j ∀ i, j  (66)

and following a parallel rationale, orbitals solution of these equations will have the 
exact electron density of the system, such as: 
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ρ !r( ) = ϑ i ri( )i=1

occup∑
2
;ρ !r( )isexact  (67)

Therefore, the solution of our system is an independent particle system, whose equa-
tion is equal to Eq. (60), but the electron is moving on an effective potential coming 
from the external, classical Coulomb and exchange-correlation potentials calculated 
from the electron density. This approach of independent particles is similar to the 
Hartree approach, but coming from the DFT in this KS approach, in which the elec-
tron density is exact, but the kinetic energy and exchange correlation energy func-
tional and its derivative are not exact and must be approached. The exactness of the 
solution depends on the exactness of the functional used. One important difference 
with respect to the HF approach is that the exchange potential is local, meanwhile, 
and in HF is non-local. This non-locality is coming from the exchange integrals. 
Nonetheless, if the KS-HF method (that is, the HF exchange potential is included in 
the KS method) is undertaken both exchange potentials are the same. All in all, the 
KS method starts with the hypothesis that always exists a non-interacting electronic 
system in its ground state that have the same electronic density than the ground state 
real system, the system has a Slater determinant wave function (KS wave function) 
which yield the exact electron density and is resolved in a similar way than the HF 
approach, calculating the exchange correlation functional by approximations.

From Eqs. (60, 65), the total energy of the system will be the sum of the energies of 
the orbitals, similar to the HF calculated with the effective potential, but the terms 
not belonging to the total energy has to be subtracted. Particularly, the Vxc is not 
exactly known and it is calculated from especial formulae and not from the wave 
functions ( EXC ≠ VXC∫ ρdr ), it has to be subtracted too and finally, to obtain the total 
energy of the electrons, the exchange correlation energy has to be added up, which is 
the real correlation exchange functional, therefore the total energy result as:

 
E[ρ]= ε i −

1
2i=1

N

∑ ρ(!r1)ρ(
!r2 )

| !r1−
!r2 |

∫∫ dr1dr2 − VXC∫ (!r )ρ(!r )dr + EXC[ρ]
 (68)

This last EXC has to be approached, as mentioned later.

The KS method without to take into account the exchange and correlation energy is 
like the Hartree method but without to take into account the self-interaction effects. 
This approximation yields bonds too weak, and bond distances too large and not 
reliable molecular properties. Therefore, the exchange and correlation effects have 
to be introduced to restore the bond properties of molecules. The exchange effects, 
like in HF approach, can be added via the electron density exchange potentials of 
HF, and, at the end, adding the exchange integrals of the HF method, resulting in 
a KS-HF equations, in which the electron correlation is the only functional to ap-
proach. However, the energy coming from the exchange integrals is non-local, and 
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the correlation energy obtained with the most of the correlation approaches is local 
or semi-local, and the self-interaction terms are non-compensated as in HF equa-
tions, the results are not reliable, as mentioned later.

The KS orbitals can also be expanded in a basis set, as in HF-Roothaan method; 
here we would need a guess electron density to get a starting energy, and with this 
energy to get an improved density, and so on to get a convergence with respect to 
a certain small threshold of the energy, and a SCF procedure will be performed in 
consequence. 

5.4 Exchange and correlation functionals

DFT theory is an exact theory of the electron density in atoms, molecules, and 
solids. However, the exactitude of the theory depends on the approximations to 
calculate the electron density and energy. In this way, the exactitude of KS equa-
tions is also depending on the EXC approaches. The post-HF methods work fine to 
approach systematically to the correlation energy, but with an increasing complexity 
of calculations; however, the spirit of DFT performs the electron density and en-
ergy as simple as possible. Nonetheless, there is no systematic way for approaching 
to the exact EXC. Therefore, many different approximations have been used, with 
many different recipes, but there are two limit trends to extract exchange correlation 
functionals: i) equations must fulfill fundamental physical criteria; and ii) equations 
must reproduce experimental data, such as reactions and spectroscopic constants 
for a wide set of molecules. However, most of the functionals are in the middle of 
these two strategies, but the excess of parameters should be avoided and the simplest 
formulae should be used. In this sense, the challenge in DFT research is to find out 
the exchange-correlation functional as close as possible to the Universal Functional 
(Cohen et al., 2011). In this chapter, the different trends are shown, starting by the 
simplest exchange correlation functionals, and increasing the complexity of the ex-
change correlation functionals. 

The KS approach could be considered empirical, however, from the adiabatic con-
nection (Parr and Yang, 1998; Koch and Holthausen, 2001; Jensen, 1999), the elec-
tron physics included in the EXC calculations, and the increasing complexity in the 
EXC calculations, KS-DFT methods are considered ab initio. An important amount 
of research of DFT is to design more spread and exact functionals. 

Many approaches have been achieved to obtain reliable exchange-correlation func-
tionals, and different methodologies have been used depending on the different ap-
proximations at hand such as: local; semi-local; and non-local methodologies. The 
local methodologies are those where the density of energy at a point, r, is determined 
only by the electron density in this point. The methodology is semi-local if the den-
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sity of energy in this point is determined by the electron density in an infinitesimal 
neighborhood, LDA and GGA’s (see later, Perdew and Ruzsinszky, 2010) are clearly 
examples of the semi-local functionals. The methodology is considered non-local 
if the density of energy in this point is determined by the electron density at finite 
displacement out of the point.

The first exact exchange functional was proposed by Dirac (Dirac, 1930) for the 
UEG: 

 
EX
D = − 3

4
3
π

⎛
⎝⎜

⎞
⎠⎟

1
3

ρ 4
3∫ dr

 (69)

The EXC was firstly calculated, by Kohn-Sham (Kohn and Sham, 1964) from the 
exchange and correlation energy per particle of the UEG of density ρ(r), εXC[ρ], such 
as:

 
EXC ρ⎡⎣ ⎤⎦ = ρ !r( )ε XC ρ⎡⎣ ⎤⎦dr∫  (70)

Therefore, the Dirac’s exchange energy per particle is εx
D=ρ1/3. Eq. (70) is the base 

to calculate EXC with all the Local Density Approximation [LDA, when the spins 
are separate in the electron density, LDA is generalized to Local Spin Density Ap-
proximation (LSDA)] methods, and it is the starting point for the majority of more 
sophisticated and complex methods, which are correcting one over the previous one:

Local Density Approximation (LDA)

 Generalized Gradient Approximation (GGA = LDA + ∇ρ)

  Meta-GGA [MGGA = GGA + τ (kinetic energy density)]

Hybrid functionals (HF exchange integrals are mixed with other functionals)

Semiempirical functionals (empirical parameters are fitted to reproduce accurate 
physical-chemical properties)

Corrected functionals (functionals are corrected for electron-electron long range, 
dispersion forces, self-interaction, relativistic effects, ...). 

In the DFT’s world, the increasing complexity of the exchange correlation function-
als is known as the Jacob’s ladder: climb the rungs of the ladder is the way to reach 
the Heaven (Universal Functional). Each formula is known by one acronym and 
there are so many that some authors consider it either as an alphabet soup (Burke, 
2012) or like a Zoo of functionals (Perdew, 1999). 
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5.4.1 LDA functionals

The first approach to the exchange and correlation functionals was the local density 
approximation (LDA) (Kohn and Sham, 1965) and the simplest method to calculate 
the exchange and correlation energy. Both exchange and correlation effects can be 
taken apart. εXC[ρ] in Eq. (70) can be separated in one part of exchange and one 
part of correlation, such as:

 
ε XC ρ r( )( ) = ε X ρ r( )( )+ εC ρ r( )( )  (71)

5.4.1.1 LDA exchange functionals

Eq. (70) and the UEG is the base for LDA functionals, and Dirac’s exchange fuction-
al [Eq. (69)] is the first LDA exchange functional and exact for UEG.

Slater’s Xα method gave another evaluation of the εX (Slater, 1951):

 
ε X ρ( ) = − 9

4
α 3
8π

⎛
⎝⎜

⎞
⎠⎟

1
3

ρ 1
3

 (72)

With α=2/3 yields Eq. (69). Since the exchange energy is the largest in EXC, the Xα 
method considered εC(ρ )=0. This method has been used mainly in the solid state 
physics.

5.4.1.2 LDA correlation functionals

LDA correlation functionals have to be evaluated from Eq. (70) and the UEG ap-
proximations. There are many UEG densities calculated from the quantum Monte 
Carlo method, and Eq. (70) is evaluated in an element of volume dr of the UEG, 
adding up all of them. However, there are many regions in the solid or molecu-
lar space where the density is not homogeneous (bond regions) and this approach 
does not yield reliable results. Therefore, corrections have to be applied. Nonetheless, 
many expressions have been obtained resulting of the fitting of parameters at high 
level electron calculations. Vosko, Wilk, and Nusair (VWN) (Vosko et al., 1980) 
fitted the parameters to the exact εc of UEG calculated by quantum Monte Carlo 
calculations (Ceperly and Alder, 1980):

εC ρ⎡⎣ ⎤⎦ =
A
2
ln x
X x( ) +

2b

R tan R
2x + b

⎛
⎝⎜

⎞
⎠⎟

−
bx0
X x0( ) ln

x − x0( )2
X x( ) +

2 b+ 2x0( )
R tan R

2x + b

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

⎧

⎨
⎪⎪

⎩
⎪
⎪

⎫

⎬
⎪⎪

⎭
⎪
⎪  (73)
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where x=rs
1/2; X(x)=x2+bx+c, R=(4c-b2)1/2, and, 4/3pir3_s=1/rho(r); A = 0.0621814, 

x0 = -0.409286, b = 13.0720, c = 47.7198 for the no spin polarized system, with 
ρ(r) being the density of the UEG; and rs is the Seitz radius, that is., the radius of a 
sphere containing in average one electron. This functional yields reliable results for 
the UEG; however, it is over-parametrized, overestimates the correlation energy for 
molecules, and it is not a good starting functional for GGA functionals. 

Another interesting LDA functional is the Perdew-Wang functional (PWLDA) (Per-
dew and Wang, 1992):

 

Ec
PW LDA

= −2a ρ 1− brS( )∫ ln 1+ 1
2a c1rS

1
2 + c2rS + c3rS

3
2 + c4rS

2( )
⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
dr

 (74-1)

a = 0.031097, b = 0.21370, c1 = 7.5957, c2 = 3.5876, c3 = 1.6382, c4 = 0.49294. This 
functional satisfies more physical conditions than VWN functional.

KS equations [Eq. (65)] need VXC to be resolved; this potential is obtained by differ-
entiation of Eq. (70), yielding a local potential:

 
VXC = ρ

dε XC ρ( )
dρ

+ ε XC ρ( )
 (74-2)

The EXC is evaluated by numerical integration in a grid of points around the system. 

There are many LDA functionals, but PW91 (Perdew, 1991) and Ceperley-Alder 
(Ceperly and Alder, 1980) can be mentioned.

LDA is exact for the UEG, and in general for uniform densities, and quasi exact for 
slowly varying densities. LDA works fine in solids due to cancelations of errors be-
tween the exchange and correlation energies. In general, LDA yields geometries quite 
close with experimental geometries, however, energies are not rightly calculated.

5.4.2 GGA functionals

LDA functionals are based in the UEG and slowly varying electron density regions. 
In the inhomogeneous electron regions of the real electron systems, as bond regions, 
LDA functionals do not perform rightly; nonetheless, the philosophy to design new 
functionals is to improve LDA by preserving its right features and adding terms that 
take into account the inhomogeneity of the electron density. Therefore, the gradient 
of the electron density could be added up, considering the LDA as the first term of 
a Taylor expansion [Gradient Expansion Approximation (GEA)]. However, this ap-
proximation was not very succeeded, and the gradient of the density or the reduced 
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gradient (
∇ρ

ρ
4
3 ) for the slowly varying gas was applied with another different ap-

proximations to the GEA, giving the so-called, Generalized Gradient Approximation 
(GGA). Many GGA correlation functionals have been designed trying to correct 
the problems of the GEA method. To design functionals at this second rung of the 
Jacob’s ladder there are no rules, but Perdew and Kurth (2003) gave some features 
for functionals to design: i) The exchange correlation functionals must be derived 
in a non-empirical way, coming from the principle of Quantum Mechanics; ii) they 
should be universal and work fine for atoms, molecules and solids; iii) they should 
be simple and easy to apply; and iv) they should be accurate, yielding good results 
for real systems. In the same sense, Scuseria and Staroverov (2005) gave others widely 
used strategies for designing functionals: 1) LDA; 2) GEA; 3) constrains satisfaction; 
4) modelization of exchange correlation hole; 5) empirical fits; 6) exact exchange 
mixes with DFT exchange.

5.4.2.1 GGA exchange functionals

To improve LDA, local density gradient is added up to LDA formulae, such as:

 
EX
GGA ρα⎡⎣ ⎤⎦ = ρ r( )∫ ε X

GGA f ρα '∇ρ( )dr  (75)

Particularly, the gradient term is added to EXC
LDA [in this way, one of the first GGA 

functionals for kinetic energy could be considered the Thomas-Fermi-Weizsäcker 
functional (TTFW) Eqs. (54)] such as:

 
EX
GGA = EX

LDA − F S( )∫ ρ 4
3dr

 (76)

where F(S) is an exchange factor depending of the reduced gradient, such as:

 
S ρ( ) = ∇ρ

ρ 4
3

 (77)

One of firstly and widely used functionals is the Becke 88 (B88) (Becke, 1988) based 
in the Dirac exchange LDA, Eq. (69) (Dirac, 1930):

 
EX
B88 = EX

D − a ρ 4
3∫

S 2

1+ 6aS sinh−1 S
dr

 (78)

with a = 0.0042 a.u. This functional gives exchange energies in agreement with the 
exchange energies of HF, reproducing the exact asymptotic behavior (r→∞) of the 
exchange-energy density of finite many-electron systems (Becke, 1988). 
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Although many GGA exchange functionals have been designed, the F factor makes a 
difference between them, especially for the high and low density gradient region. In 
this chapter the PBE (Perdew et al., 1996, 1998) is mentioned, which is one of the 
most used in solid state physics and mineralogy:

 

FX
PBE = F LDA 1+ a − a

1+ bS 2 48π 2( )23 a
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥  (79)

Where a = 0.804 and b = 0.21951. 

5.4.2.2 GGA correlation functionals

Although the exchange functionals yield the majority of the correlation exchange 
energy, correlation energy is very important and the inhomogeneity of the electron 
regions affects in an important amount to electron correlation energy. In this chapter 
only three of them will be explicitly mentioned: LYP (Lee et al., 1988), PW91 (Per-
dew and Wang, 1992) and PBE (Perdew et al., 1996).

LYP functional is based in the He atom, which is the simplest atomic system with 
correlation energy. It is broadly used and it depends on four constants for close shell 
systems, such as:

EC
LYP ρ,∇ρ,∇2ρ⎡⎣ ⎤⎦ = −a 1

1+ dρ− 13( ) ρ + bρ− 23 CFρ
− 53 − 2tW + 1

9
tW + 1

2
∇2ρ

⎛
⎝⎜

⎞
⎠⎟
e−cρ

− 13⎡

⎣
⎢

⎤

⎦
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
∫ dr

  (80-1)

where a = 0.04918, b = 0.132, c = 0.2533, d = 0.349, CF = 3/10(3π2)2/3 and 

tW = 1
8
∇ρ

2

ρ
− 1
8
∇2ρ . Parameters come from the Colle-Salvetti’s (1975) formula. The 

first term in squared bracket is the Thomas-Fermi kinetic energy and the square 
bracket comes from the expansion to second order of the local HF kinetic energy.

The LYP functional joint with B88 (Becke, 1988) results in the BLYP functional. 
With this combination, both functionals improve each other.

In a try to improve the LYP functional for certain limits, Perdew and Wang (1992) 
designed PW91, starting from Ec

PWLDA, Eq. (74-1), adding gradient terms:

 
EC
PW 91 ρ,∇ρ⎡⎣ ⎤⎦ = EC

PW LDA

ρ⎡⎣ ⎤⎦ + ρH ρ,∇ρ⎡⎣ ⎤⎦∫ dr
 (80-2)
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Where

H ρ,∇ρ⎡⎣ ⎤⎦ =
β 2

2α
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β
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and EC
PW LDA

 is the kernel function of PWLDA functional; the remaining constants are 
designed to satisfy fundamental physical conditions. This functional have many con-
stants, which can cause problems in the properties calculations (Perdew et al., 1996). 
Afterward, it was seen that this functional is comparable to LYP functional.

Finally, PBE correlation functional was designed to correct the problems of PW91, 
Eq. (80-2), doing the functional fulfills certain conditions (Perdew et al., 1996):

 
EC
PBE ρ,ξ ,∇ρ⎡⎣ ⎤⎦ = EC

PW LDA

ρ⎡⎣ ⎤⎦ + ρH ρ,ξ ,∇ρ⎡⎣ ⎤⎦dr∫  (81)

where ξ =
ρα − ρβ

ρα + ρβ

 so called the relative spin polarization, and

 
H = e

2γ φ3

a0
ln 1+ β

γ
t '2 1+ At '2

1+ At '2+ A2t '4
⎡

⎣
⎢

⎤

⎦
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪  (82)

where,

t ' =
∇ρ
2φkSρ

,A = β
γ
exp −εC
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,

ks=(4kF/πa0)
1/2, a0=h2/π2me2; φ = 1

2
1+ ξ( )23 + 1− ξ( )23⎡

⎣⎢
⎤
⎦⎥ .

This functional only have two constants γ = 0.031091 and β = 0.066725. This func-
tional shows the following features: i) it keeps the right features of the LDA func-
tional and presents non-locality features of the gradient corrected functionals; ii) this 
functional has the constraint to keep the Lieb-Oxford bound (|EXC|≤2.28|EX

LDA|) 
(Lieb and Oxford, 1981); and iii) this functional is one of the most used in solid state 
physics and in computational mineralogy: phyllosilicates (Sainz-Díaz et al., 2005), 
polymorphism in phyllosilicates (Sainz-Díaz et al., 2005), IR spectra (Escamilla-Roa 
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et al., 2014a; 2014b; 2017a), adsorption on surfaces (Escamilla Roa et al., 2012; 
2017b; 2020a; 2020b), elastic behavior in micas (Hernández-Haro et. al., 2013), 
reactivity in phyllosilicates by Molecular Dynamics methods (Muñoz-Santiburcio et 
al., 2012), phyllosilicates under pressure (Hernández-Laguna et al., 2019), pressure 
phase transitions in solids (Zupan et al., 1998), hydrogen bonds (Hamann, 1997) 
and even in van der Waals interactions (Putra et al., 2019). PBE is also recommended 
to study band gap of organic-inorganic metal halide perovskites (Hernández-Haro 
et al., 2019). This functional has been one of the functionals of reference to evaluate 
other functionals (Verma and Truhlar, 2020). 

In spite of the good performances of PBE, it has received different additions and cor-
rections: revised PBE (revPBE) (Zhang and Yang, 1998, Perdew et al., 1998), which 
improved the atomization energies of small molecules, and adsorption energies with 
respect to PBE, however, in some cases it does not locally fulfill the Lieb-Oxford 
criterion. The next revision, RPBE (Hammer et al., 1999) fulfills the Lieb-Oxford 
criterion and improve the adsorption energies. With this functional we have stud-
ied the adsorption on organic molecules on dolomite surface (Escamilla-Roa et al., 
2013). Some other revisions of PBE have been tried, such as: PBE0 (Adamo and 
Barone, 1999; Ernzerfof and Scuseria, 1999), PBE0-1/3 (Guido et al., 2013), PBE-
DH (Brémond and Adamo, 2011; Toulouse et al., 2011), and xDH-PBE0 (Zhang 
et al., 2012), though the first one is a sort hybrid functionals, and the last two ones 
pertain to the sort of double hybrid functionals, as mentioned later.

There are many more GGA functionals in the DFT literature; however, this brief 
introduction of the fundamentals of DFT cannot compile most of them, but for 
giving brief examples of some of them.

5.4.3 Meta-GGA 

GGA functionals do not explicitly depend on the nature of the orbitals, and it could 
not yield satisfactory results for many electronic systems (Jones and Gunnarsson, 
1985), which bring to design the Meta-GGA (beyond-GGA, MGGA) functionals, 
by introducing the Laplacian of the electron density plus the kinetic energy density, 
being explicitly depending on the orbitals. The general formula for the MGGA:

EXC
MGGA ρα ,ρβ

⎡⎣ ⎤⎦ = ρ r( )∫ ε XC
MGGA f ρα ,ρβ ,∇ρα ,∇ρβ ,∇

2ρα ,∇
2ρβ ,τα ,τ β( )dr  (83)

Where τσ is the kinetic energy density, such as:

 
τσ = 1

2
∇ϕ iσ⎡⎣ ⎤⎦i

occ∑
2

 (84)



AES 3 - 4. Fundamentals of Ab Initio calculations

111

where σ means the spin, α or β. For slowly varying densities, the previous equations 
can follow a gradient expansion, such as:

 
τσ = 3

10
6π 2( )23 ρσ

5
3 + 1
72

∇ρσ⎡⎣ ⎤⎦
2

ρσ

+ 1
6
∇2ρσ +!

 (85)

The semi-locality of the functional is very suitable from the computational point 
of view. The MGA is a non-local functional because the orbitals are included in the 
Eqs. (84-85), however, they are calculated from the electron density and orbitals at 
an infinitesimal neighborhood.

In this chapter, only the formula of the PKZB functional (Perdew et al., 1999a; 
1999b) is explicitly shown. This functional performs very well in the most of sys-
tems: atoms, molecules, surfaces and solids (Kurt et al., 1999). PKZB was born with 
the aim to improve PBE functional by adding up Eq. (84).
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 (86)

where
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q =
3τσ

2 3π 2( )23 ρσ

5
3

− 9
20

− t ''
12

 (88)

and

 

t '' =
∇ρσ

2

4 6π 2( )23 ρσ

8
3

 

D = 0.113 and k = 0.804 were obtained semi-empirically. One of the advantages of 
PKZB over PBE is to remove the self-interaction error. 

The correlation energy is given as a function of Weizsäcker’s kinetic term, Eq. (54-2) 
(τW) (Weizsäcker, 1935):
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 (89)

where C = 0.53. This exchange correlation functional estimates the kinetic energy 
and yields more exact exchange correlation energies.

GGA and MGGA in general improve the energetic of the electron systems with 
respect to the LDA functional, but they trend to underestimate reaction barriers 
and overestimate polarizabilities (Cohen et al., 2011). In order to compare the per-
formance of the functionals many benchmarks have been achieved. As an example 
we compare the volume of crystalline solids calculate with different functionals of 
different types (LSD, GGA and MGGA, see Kurth et al., 1999): the mean absolute 
value of the relative error [mare (%)] for the volume of the unit cell for Na, ClNa, 
Al, Si, Ge, GaAs, Cu, W, Fe, Pd, Pt, Au is 0.7 (LSD); 0.5 (PBE, Perdew et al., 1996), 
0.9 (RPBE, Hammer et al., 1999), 1.2 (BLYP) (Becke, 1988; Lee et al., 1988) and 
0.9 (HCTH) (Hamprecht et al., 1998), all of them GGA; for the MGGA the mare 
is 0.4 for PKZB (Perdew, 1999), 0.6 (KCIS, Krieger et al., 1999), 1.2 (VS98, Van 
Voorhis and Scuseria, 1998) and 0.9 Å3 (FT98, Fitalov and Thiel, 1998). These re-
sults are detailed in Table 1. Besides, in the same reference (Kurth et al., 1999), the 
bulk modulus:

 
K0 = −V ∂P

∂V
⎛
⎝⎜

⎞
⎠⎟V0  (90)

for the same solids, mare yields the following values: 19.1, 9.9, 14.6, 21.5, 20.0, 9.3, 
11.5, 50.7, 29.4 GPa for these functionals, respectively. These results are detailed in 
Table 2. We have to clear up, that the bulk moduli were evaluated at V0’s of Table 1, 
in such a way that the error in the volume influences the error in the moduli, being 
underestimates when V0 is overestimated (Kurth et al., 1999). We can appreciate 
the low values of mare for PBE, a relatively easy functional, which is used in many 
calculations. BLYP is another functional with reliable results in Molecular Dynamics 
calculations; and it has been used in the dehydroxilation reaction in phyllosilicates 
(Molina-Montes et al., 2008a; 2008b; 2010; 2013). PKZB yields the lowest mare 
values, but the difference is not so important with PBE. Nonetheless, PKZB is wide-
ly used in atomic, molecular systems and surfaces where it yields very good results. 
In fact, this is the main aim of all functionals, the best results for all kind of electron 
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systems to yield; however, the performance of functionals are very depending on the 
electron system with which the parameters are fitted.

Table 1. Volume (Å3 and Z=1) of the crystal unit cells of different solids taken from Kurt et al. (1999) 
[mare means absolute value of the relative error (%)]. PBE (Perdew et al., 1996); RPBE (Hammer et al., 
1999); BLYP (Becke, 1988; Lee et al., 1988); HCTH (Hamprecht et al.; 1998); PKZB (Perdew, 1999); 
KCIS (Krieger et al., 1999); VS98 (Van Voorhis and Scuseria, 1998); and FT98 (Fitalov and Thiel, 1998).

Solid Exp LDA PBE RPBE BLYP HCTH PKZB KCIS VS98 FT98

Na 37,8 33,2 37,0 39,7 37,1 40.8 40.3 40.1 33.9 28.7

NaCl 44,8 40,9 46,4 50,1 48,0 52.4 43.9 46.3 35.6 47.6

Al 16,6 15,8 16,5 16,8 17,3 16.1 16.2 16.0 15.1 15.7

Si 40,0 39,4 40,9 41,8 42,3 41.2 40.7 41.5 40.1 39.7

Ge 45,3 44,7 47,7 49,0 42,3 48.7 46.6 47.4 47.1 48.2

GaAs 45,1 44,2 47,5 48,9 50.4 48.7 46.5 47.3 46.8 47.9

Cu 11,7 10,9 12.4 12,4 12,7 12.2 11.6 11.8 12.2 11.7

W 15,8 15,4 16,1 16,3 16,7 15.7 15.9 16.0 16.1 15.8

Fe 11,8 10,4 11,4 11,7 11,9 - 11.2 11.4 - 11.2

Pd 14,7 14,1 15,3 15,7 16,3 15.4 14.9 15.2 16.3 15.8

Pt 15.0 14,8 15,7 15.9 16,6 15.5 15.3 15.5 16.3 15.8

Au 16.7 16,6 17,9 18,5 19.4 18.3 17.4 17.9 19.1 17.9

mare(%) - 0.7 0.5 0.9 1.2 0.9 0.4 0.6 1.2 0.9

Table 2. Bulk moduli (K0, GPa) of the crystal unit cells of different solids taken from Kurt et al. (1999) 
[mare means absolute value of the relative error (%)]. PBE (Perdew et al., 1996); RPBE (Hammer et al., 
1999); BLYP (Becke, 1988; Lee et al., 1988); HCTH (Hamprecht et al., 1998); PKZB (Perdew, 1999); 
KCIS (Krieger et al., 1999); VS98 (Van Voorhis and Scuseria, 1998); and FT98 (Fitalov and Thiel, 1998).

Solid Exp LDA PBE RPBE BLYP HCTH PKZB KCIS VS98 FT98

Na 6.9 9.2 7.6 6.6 7.1 6.1 7.0 7.0 12.5 15.1

NaCl 24.5 32.2 23.4 19.9 22.1 17.0 28.1 27.1 98.0 23.0

Al 77.3 84.0 77.3 75.6 58.6 86.8 90.5 97.8 106.0 61.6

Si 98.8 97.0 89.0 85.5 79.2 86.0 93.6 89.7 104 97.8

Ge 76.8 71.2 59.9 56.1 48.0 54.1 64.6 61.2 64.3 58.1

GaAs 74.8 74.3 60.7 55.5 49.8 53.5 65.1 61.1 68.3 57.0

Cu 138 191 139 124 113 114 154 144 118 198

W 310 335 298 293 272 312 311 313 299 317

Fe 172 259 198 164 161 - 198 184 - 213

Pd 181 226 174 154 140 142 181 165 130 317

Pt 283 312 247 229 200 227 267 253 210 272

Au 172 195 142 122 101 111 153 137 108 155

mare(%) - 19.1 9.9 14.6 21.5 20.0 9.3 11.5 50.7 29.4
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Molecular geometries and dissociation energies perform right well with these func-
tionals, however, reaction barriers and the van der Waals interactions generally are 
underestimated and it is considered an important challenge for DFT (Cohen et al., 
2011). For these reasons, new functionals with more physical effects included in 
should be designed.

5.4.4 Hybrid functionals

All the previous exchange correlation functionals have been calculated by using dif-
ferent approaches. However, it is well known, from the HF theory, the exchange 
energy for one Slater determinant can be exactly calculated by the addition of all 
exchange integrals of the system. Here it is necessary to emphasize that the EX

exact ≠ 
EX

HF. Therefore, the XC energy could be calculated such as: 

 EXC = EX
Exact + EC  (91-1)

When this equation was applied to atoms, interesting results were obtained; how-
ever, results in molecules were not so good. This fact comes from the Fermi hole is 
delocalized, while most of the approaches to the correlation energy are generally 
semi-locals. Besides, in the EX

Exact the electron self-interaction is included in, but no 
self-interaction is included in the EC, so it is not canceled at it should be as it happens 
in the HF equations. Therefore, to calculate Eq. (91-1) we have to try intermediate 
solutions, the so-called hybrid functionals (HYF), where different parameters are 
fitted. These HYF are a mix of the HF exchange integrals with any GGA exchange 
functional with some different fitting parameters. This mixing of HF exchange cor-
relation can be justified by the adiabatic connection between the non-interacting 
system and the fully interacting system including in a coupling parameter, λ, such as:

 
Hλ = T +V λ( )ext + λVee  (91-2)

If λ is null, the non-interacting KS system is found and if λ = 1 the fully interacting 
system is reached, in such a way the V(λ)ext adapts its value to keep the electron den-
sity constant for λ intermediate values. Developing Eq. (91-2) (Jensen, 1999) it is 
possible to get

 
EXC = EXC λ( )

0

1

∫ dλ = EXC 1( )− EXC 0( )
 (91-3)

It is not easy to perform this integral analytically, but many HYB methods have been 
developed based in the adiabatic connection. The simplest approximation is to do a 
half and half mix, EXC=1/2(EXC (0) + EXC (1)), where the first term is the HF exchange 
integrals. From this equation many formulae have been proposed, but the use of the 
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HF exchange integrals mixing with other functional of exchange and correlation is 
rightly justified. An important example is the so-called B3PW91:

 
EXC
B3PW 91 = EXC

LSDA + a EX
HF − EX

LSDA( )+ aX ΔEX
B88( )+ aC ΔEC

PW 91( )  (91-4)

Where a=0.20; aX=0.72 and aC=0.81; and B88 (Becke, 1988; Elliot and Burke, 2009) 
and PW91 (Burke et al., 1998) are previously defined functionals. Another hybrid 
functional very used in the molecular calculations is B3LYP:

 EXC
B3LYP = 1− a( )EXLSDA + aEXExact + aX EXB88 + aCECLYP + 1− aC( )ECVWN (91-5)

Where LYP (Lee et al., 1988) and VWN (Vosko et al., 1980) are functionals previ-
ously defined. These mixing parameters were fitted to high level correlation data 
(Curtis et al., 1991). This functional is a reference functional in many systems, in 
such a way that it is considered a challenge to improve this functional (Cohen et 
al., 2011). In many benchmark articles, B3LYP has been considered as a reference 
functional (Verma and Truhlar, 2020). This functional work not so well for chemical 
reactions and chemical properties of large systems. Becke suggested a simpler func-
tional with only one parameter (Becke, 1996), which would be enough to take into 
account the HF addition in the HYF such as:

 
EXC
Becke,1996 = EXC

GGA + a1 EX
HF − EX

GGA( )  (91-6)

In this way, Adamo and Barone introduced the PBE0 functional (0 means no extra 
parameter to PBE) (Adamo and Barone, 1999), where the exchange correlation and 
exchange functional of Eq. (91-6) are PBE, and a1 =1/4. This last coefficient would 
come from a fourth-order perturbation theory. This functional yields reliable results, 
but it has disadvantages similar to B3LYP.

5.4.4.1 Double hybrid functionals

With the spirit of improving the functionals climbing one rung up the Jacob’s ladder, 
and trying to find out the most general and exact functional, the unoccupied orbitals 
are introduced in the HYF. In this way, different terms from the perturbation theory 
are added to the HYF to calculate the correlation energy from HF theory, especially 
from the Moeller-Plesset perturbation theory (Fig. 3) (Moeller and Plesset, 1934; 
Szabo and Ostlund, 1989; Schleyer, 1998). These functionals are called double hy-
brid (DHYF). The perturbation term at second order (MP2) was added to the HYF, 
such as the MC3BB functional (Zhao et al., 2004):

 
ETotal
MC3BB = c2 ETotal

HF + c1EC
MP2( )+ 1− c2( )ETotalBBX

 (92)
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Where Ec
MP2 is the correlation energy coming from the Moeller-Plesset second order 

perturbation theory. This is mixed with the functional BBX, which is mix of the ex-
change correlation from B88 (Becke, 1988; Elliot and Burke, 2009), the correlation 
energy from B95 functional (Becke, 1996), and the exchange HF.

5.4.5 Semiempirical functionals

This kind of functionals are projected to reproduce accurate chemical properties 
by fitting as many parameters as required. Let me mention the B97 correlation ex-
change functional (Becke, 1997; 1998) which has thirteen parameters and includes 
the HF exchange with a fixed mix coefficient. In this way, this would be a HYF, but 
due to the number of semiempirical parameters included in this functional is clas-
sified as semiempirical. The B97-D, which the B97 functional is corrected with the 
Grimme et al.’s dispersion corrections (Grimme, 2004; Antony and Grimme, 2006), 
as described in the next section. 

Other interesting series of semiempirical functionals is the Minnesota functionals 
(Mij) of Zhao and Truhlar (Zhao and Truhlar, 2004; 2006; 2008; 2010; Scuseria 
and Staroverov, 2005). Recently, a certain number of functionals has been evaluated 
(Verma and Truhlar, 2020) by calculating in the Minnesota Database 2019 (Verma 
and Truhlar, 2019), classified in 56 different databases) the different properties on 
different molecular and solid systems. They divided the benchmarked functionals in: 
i) general purpose; and ii) specific purpose. Authors pointed out researchers should 
choose the functional the most adequate for their aims.

All semiempirical functionals yield reliable results to a greater or lesser extent, be-
cause the parameters have been fitted to a set of molecules and properties; however, 
the reliability of results and its extension are linked to the fitting set, but all of them 
pursuit to do its functional as universal as possible. Many sets and widen sets have 
been used, but it would be impossible to find one for including the whole universe of 
molecules and chemical properties, which, in the extreme case, the fitted functional 
would reach to be the Universal functional. In some cases, the number of parame-
ters is over 50 (Yu et al., 2016). Therefore, some functionals are available for certain 
properties and certain molecular or solid systems (Verma and Truhlar, 2020). 

These methods have received certain criticisms, because they can yield good energies 
and geometries, or heat of formations, etc., but in most of the cases the electron 
density deviates from the exact density, the main physical object of DFT, and, there-
fore, the functional deviates from the universal functional. Medvedev et al. (2017) 
searched for 128 functionals for a series of atoms and ions, studying the deviation 
with respect to the exact electron density (taken from CCSD calculations), finding 
that a lot of functionals deviated more than MP2 electron density calculations. The 
closest functionals to the exact electron density are HYB and some of MGGA. The 
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empirical functionals present an important deviation of the exact electron density. 
Taken into account that electron density is the key physical object to get the energy, 
structure and properties of the system, Medvedev et al. (2017) asked if DFT research 
is not deviating from its true way, and if new strategies in development of functionals 
should be considered. Hammes-Schiffer (2017) asked herself what is really matter ei-
ther that the exact energies but empirical functionals deviated from the density of the 
exact functional or to get general purpose functionals the closest as possible to the 
exact functional but the energy is not so exact? Graziano (2017) considers if right en-
ergies are obtained but with wrong electron densities, the functional fails twice. May-
be the right way would be to search for equilibrated functionals that represent, with 
moderate deviation, electron densities, energies and properties. In this way, it would 
be convenient to plan a fitting set, including in dipolar moments, spin density, all 
in all properties depending on the electron density. The functionals fitted with this 
set could be closer to the exact electron density. Besides, another way to increase the 
reliability of functionals in its design could be satisfying physical constraints (Kaduk 
et al., 2012). Besides, method as machine learning could be helpful to the parameters 
fitting (Borlido et al., 2020); however, much research is needed in this field.

5.4.6 Corrected functionals

In spite of the many revised methods and complex formulae, there are still many 
physical effects that are not taken into account in these equations and methods. The 
most relevant effects are the following: i) long range corrections; ii) self-interaction 
corrections; iii) dispersion forces corrections; and iv) relativistic effects corrections. 
The long-range correction between electron-electron are not included in the func-
tionals on the exchange part, however, in the HF exchange these interactions are 
included. A way to introduce it is to divide the 1/r12 operator into two ranges: short 
range and long range with the error function. This function has a parameter which 
affects the division ratio (Tsuneda, 2014). Brémond et al. (2019; 2020), by using 
HYF and DHYB, derived the exchange parameter of division ratio by imposing the 
physical constraint to reproduce the total energy of the hydrogen. These corrections 
produce reliable results for orbital energies, van der Waals binding energies, electron-
ic spectra and optical response energies.

The mentioned self-interaction effects are resolved in HF method. However, in KS 
equations the Hartree self-interaction is not trade-off for the exchange functional, there-
fore, this effect has to be also compensated out of the normal exchange functionals. 

Finally, the relativistic corrections are not generally applied to the slightest elements 
of the PT because of their electrons budge at a speed much less of the light; however, 
for heavy atoms relativistic effects are important and they have to be corrected. For a 
deep study look up Tsuneda (2014) and Fiolhais et al. (2003). 



Alfonso Hernández-Laguna

118

5.4.6.1 Dispersion corrections

Another important physical effect to be fixed up in the functionals is the dispersion 
corrections from the electron density fluctuations instantaneous dipoles, from which 
induced dipoles appear at the neighbor atoms. There are different ways to add up 
this effect, but the dispersion equations introduce in the functional in a semiempiral 
way is the most used method.

The –C/R6 of London dispersion range is not generally reproduced by the func-
tionals, especially by local and semilocal functionals. The clearly inability trend to 
describe rightly the long-range behavior of the van der Waals interactions, a semiem-
pirical pair corrections to the R-6 behavior was undertaken. Therefore, Schwabe and 
Grimme (2007) and Goerigk and Grimme (2011) included explicitly dispersion 
equations in the functionals in a semiempirical way by including force field equa-
tions, in such a way the parameters are fitted to reproduce the dispersion energies: 

 
Edisp
DFT−D3 = − 1

2
Sn
Cn
AB

RAB
n fdamp,n RAB( )n=6,8∑A≠B∑

 (93)

The sum goes to all pairs of atoms. Cn
AB is the dispersion isotropic coefficient of the 

n order between the A and B atoms, where n = 6, 8 order corrections, and RAB is the 
inter-nuclear distance. The coefficients depend on atom coordination sphere; Sn’s are 
atomic scale factors. To avoid singularities for small values of RAB, damping functions 
are introduced to determine the range of the dispersion correction, such as: 

 

fdamp,n RAB( ) = 1

1+ e
γ
RAB
Sγ ,n

R0
AB−1

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

 (94)

Where R0
AB is a cutoff radius for the A-B distance, Sγ,n is a fitted factor depending on 

the density functional to be used, and γ determines the steepness of the function for 
small values of R, and it takes the values of 14 and 16 for n = 6 and 8, respectively. 
The damping function goes to 0 for small distances. The C coefficients can be fitted 
either to ab initio or experimental results.

In order to benchmark the different functionals against reliable properties, certain 
sets of molecules with different reliable properties are used. One of the most interest-
ing set is GMNTKN30 (Goerigk and Grimme, 2011a and references therein). Basic 
properties like heat of formation, reaction energies, and non-covalent interactions 
are included in, in such a way the values coming from many functionals can be com-
pared with the values of GMNTKN30. LDA/LSDA, GGA and MGGA functionals 
yield the following average values of the weighted total mean absolute deviations 
(wtmad) (Goerigk and Grimme, 2011b): 21.7 for the LDA functionals, 8.5 (GGA, 
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being 8.8 kcal/mol for PBE) and 6.8 kcal/mol (MGGA) for the basic properties; for 
reaction energies, 6.9 (LDA), 5.0 (GGA, being the most deviated value 6.8 kcal/mol 
and the less 3.4 kcal/mol); and for non-covalent interactions, 11.95 (LDA), 1.33 
(GGA, being the less 0.86 and the most deviated 2.45), and 1.1 kcal/mol (MGGA). 
The most numerous set is GGA functionals (14), meanwhile LDA has only two and 
MGGA has three functionals. Anyway, if we can get good results for an especial 
property we have to look for the functionals which give the less deviated value, and it 
is very clear that, the MGGA functionals yield, in general, the less deviated proper-
ties. For dispersion corrections in the functionals, with the especial parameters fitted 
to the particular functionals, the lowest wtmad values are obtained for MGGA. For 
more details about this benchmark see Goerigk and Grimme (2011b) and references 
therein.

In order to study solids, some benchmarks have been performed. The band gap in 
solid is one of the corner stone of the electron behavior in solids; which determine 
the structure, electron transport, the energetic of isomorphic substitution, defects, 
etc. of solids. Band gap has been one of the solid properties more benchmarking for 
solids (Hernández-Haro et al., 2019; Borlido et al., 2020; Verma and Truhlar, 2020).

Further reading: Kohn and Sham (1965); Parr and Yang (1994); Schleyer (1998); 
Jensen (1999); Andres and Bertrán (2000); Leach (2001); Koch and Holthausen 
(2001); Fiolhais et al. (2003); Wentzcovich and Stixrude (2010); Reimers (2011); 
Tsuneda (2014).

6. DFT study of the elastic properties of 2M1 
Muscovite-Paragonite series

Muscovite (Ms) and Paragonite (Pg) are dioctahedral phyllosilicates in the series of 
micas. It is one of the most common and abundant series inside metamorphic rocks 
and in the Earth’s Crust, and is considered a useful petrogenetic indicator. In Ms-Pg 
series, K in the interlayer space of Ms is substituted by Na up to full substitution in 
Pg. The series has the following formulae: KxNa1-x Al2(Si4-yAly)O10(OH)2, where the 
extreme members are Ms x = 1, and Pg x = 0, x can have different values along the se-
ries. The model series shows in this section is for the 2M1 polytype (Fig. 4) and with y 
= 1. The crystals of this series pertain to the monoclinic system. The elastic properties 
of the series are very important for knowing the mechanical behaviour, and how it 
evolves as a function of the composition; besides, these properties are also relevant 
to know the elastic waves velocities of seisms and from them to estimate the compo-
sition of the Earth’s internal shells. In this sense the Computational Mineralogy can 
be a very useful tool by calculating these properties in hypothetical compositions.
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Crystal structures and elastic constants were evaluated by Hernández-Haro et al. 
(2013) with the help of SIESTA2 0.2 (Sánchez-Portal et al., 1997; Artacho et al., 
1999; Soler et al., 2002), with DFT, periodic boundary conditions, PBE functional, 
numerical atomic orbitals, double-ζ plus polarization basis sets, and Troullier-Mar-
tins norm-conserving pseudopotentials (Troullier and Martins, 1991).

Table 3 shows the values of the cell parameters for the Ms-Pg series in comparison 
with the known experimental values and for hypothetical compositions. Theoretical 
values as a function of the hypothetical compositions agree with the range of exper-
imental values. It is possible to appreciate the decreasing of the values as a function 
of the Na+ content in the series, especially for the c axis, where the interlayer cations 
are located; Na+ has the shortest ionic radius in comparison with the K+ [for 12 co-
ordination number, rNa+ = 1.39 Å, rK+ = 1.64 Å (Shannon, 1976)]. They are in the 
interlayer space, determining the variation of the c axis. Cell parameters calculated 
with LDA (Ceperley and Alder, 1980) show larger deviation with respect to the ex-
perimental values than the GGA values (Hernández-Haro et al., 2013). Therefore, 
the crystal structure of this series calculated at this level of the theory yields reliable 
results.

Figure 4. 2M1 Ms-Pg series polytype. Green and magenta polyhedra represent the Al3+ and Si4+ polyhe-
dra, respectively. O, H and interlayer cation are represented by red, white, and blue balls, respectively. 
Ms and Pg interlayer cations are K+ and Na+, respectively.
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Table 3. Cell parameters (Å and degrees), volume (Å3) of the series Ms-Pg, x = Na/(Na+K). Data taken 
from Hernández-Haro et al. (2013). 

Cell par. Exp. Ms1 Exp. Pg2 Ms, x = 0 x = 0.25 0.50 0.75 Pg, x = 1

a 5.158-
5.210 5.135 5.187 5.176 5.160 5.152 5.123

b 8.950-
9.040 8.906 9.006 8.994 8.975 8.932 8.895

c 20.046-
20.073 19.384 20.148 19.917 19.653 19.378 19.113

α 90.0 90.0 90.0 90.0 90.0 90.0 90.0

β 95.73-
95.82 94.6 95.44 95.55 95.55 94.08 93.02

γ 90.0 90.0 90.0 90.0 90.0 90.0 90.0

Vol. 926-945.4 877.51-883.6 936.999 922.829 906.007 889.581 868.767

1Burnham and Radoslovich (1964): K0.66Na0.34Al2(AlSi3)O10(OH)2; Rothbauer (1971): 
K0.85Na0.1(Al1.81Fe2+

0.14Mg0.12)(Al0.9Si3.1)O9.8(OH)2; Guggenheim et al. (1987): K0.93Na0.08(Al1.83 
Fe0.16Mg0.01)(Al0.90Si3.10)O10(OH)1.83F0.17 and K1.00Na0.03Ca0.01(Al1.93Fe0.01Mn0.01)(Al0.91Si3.09)
O10(OH)1.88F0.12; Catti et al. (1989): K0.86Na0.11(Al1.93Fe0.07Mg0.02)(Al0.92Si3.08)O10(OH)2; Catti et al. 
(1994): K0.90Na0.07(Al1.63Fe0.23Mg0.16Ti0.03)(Al0.80Si3.20)O10(OH)2; Guidotti et al. (1992); Brigatti et al. 
(1998): different compositions; Mookherjee and Redfern (2002): K0.95Na0.05(Al0.76 Fe0.14Mg0.10)2(Al0.

75Si3.25)O10(OH1.96F0.04). 
2Comodi and Zanazzi (1997): Na0.88K0.10Ca0.01Ba0.01(Al1.97Ti0.007Fe0.01Mn0.006)

Si3.01Al0.99 O10(OH)2; Guidotti et al. (1992); Lin and Baley, (1984) K0.042Na0.916Ca0.018□0.024(Al1.990Fe 

0.028Mg0.013Ti0.003) (Al1.061Si2.939)O10(OH)2.

The matrix elastic equations come from the generalized Hooke’s law, such as:
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Where σi, εi, and Cij are the stress, strain and stiffness elastic constants (in short elas-
tic constants) tensors in Voigt and matrix notations, respectively (Nye, 2001). The 
matrix for the monoclinic system is symmetric and, in standard orientation, has only 
13 Cij different values. If we performed particular strains in Cartesian coordinates, 
keeping the others in non-strained positions, and minimizing the atom distances 
with SIESTA. From the stresses calculated with SIESTA, the elastic constants can be 
calculated from Eq. (95), such as: 
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σ j = Cijε jj=1

6∑  (96)

If ε1 ≠ 0, and the rest are null, for first line of the Cij matrix you get the following 
equation σ1 = C11 ε1. Four strains, such as ±0.02 and ±0.03 plus the non-strained 
structure allow a least square fitting of a line crossing the origin of coordinates. The 
slope of this line is the elastic constant. Therefore, doing all of the lines of the matrix, 
you can obtain the first column {Ci1} values. Different strains are performed, and the 
whole Cij values can be obtained. In Table 4 a set of experimental and theoretical 
values of Cij are given (Hernández-Haro et al., 2013). 

Table 4. Elastic constants (GPa) taken from Hernández-Haro et al. (2013); numbers in the first col-
umn are the index of the matrix of Eq. (95); x = Na+/( Na++K+). Bulk (K) and shear (G) moduli of 
the polycrystalline aggregate are obtained from Hashin-Shtrikman equations and the Voigt-Reuss-Hill 
approach.4

Cij Ms1 Ms2 Ms3 Ms(x=0) x=0.25 0.50 0.75 Pg(x=1)

11 176.5-178.0 172.7 228.7 178.9 179.8 180.1 178.7 177.0

22 178.0-179.5 166.7 232.7 178.2 177.1 178.0 176.3 178.3

33 54.9-60.9 54.8 65.6 67.9 75.9 74.8 97.6 112.4

44 12.2-16.5 14.2 16.3 22.6 19.2 14.3 11.8 8.4

55 12.2-19.5 17.2 17.3 27.0 25.6 23.9 23.1 21.4

66 67.8-72.0 67.6 76.2 67.5 67.9 68.1 67.9 68.8

23 14.5-23.0 17.4 22.4 34.3 31.3 28.1 23.9 19.1

13 14.5-25.6 20.1 25.0 38.8 36.2 32.6 30.1 25.6

12 15.2-48.8 48.8 98.4 65.1 63.4 61.7 56.7 54.4

15 -14.2--1.2 –17.7 –1.9 –14.1 –13.5 –13.5 –16.3 –18.5

25 1.1-11.1 -1.7 6.9 0.7 –0.2 –2.5 –8.0 –13.2

35 -0.7-1.0 –3.3 1.7 –0.9 2.0 3.4 0.0 0.1

46 -5.2-0.7 –4.4 4.8 –0.7 –2.5 –5.9 –6.2 –9.2

K4 58.2 68.4 69.2 66.8 69.2 68.8

G4 35.3 37.5 37.1 34.6 35.0 32.6

1 Aleksandrov and Ryzhova (1961); Vaughan and Guggenheim (1986); McNeil and Grimsditch (1993). 
2 Plane waves, GGA P = 0, Model 1. Militzer et al. (2011). 3 Empirical potential (Collins et al., 1992). 
4 Hashin-Shtrikman-Hill equations (Hashin et al., 1962a; 1962b; Watt and Peselnick, 1980; Watt, 
1979; 1980; 1987; Hill, 1952).

Theoretical values of Ms are in the range of the known experimental values, similar 
to the Militzer et al. (2011) plane waves calculations and not so close to those com-
ing from empirical potentials (Collins et al., 1992). Therefore, the present theoretical 
elastic constants are reliable, and can account for the elastic properties of the model 
Ms-Pg series. The highest values of the C11 and C22 would come from the strong co-
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valent and coordination bonds in the plane XY, where the tetrahedral and octahedral 
sheets are lying; however, the C33 values are approximately 2.5 times lower than the 
previous elastic constants, which can be due to the interlayer space along the c axis, 
where the weaker bonds of the structure are located. In effect, the interlayer space 
has the ionic bonds and van der Waals interactions of the crystal structure, in such 
a way the stiffness of the pure normal elastic constant along this direction is the less. 
Besides, the cations in the interlayer space can penetrate in the ditrigonal cavity, do-
ing less stiff the direction. Furthermore, the attractive forces between the cations and 
the basal oxygen and the layers repulsion give the low values at C33. On the other 
hand, the lowest ionic radius of the Na+ with its increasing content in the more para-
gonitic members induces an increasing stiffness along C33 of the series. This could be 
explained because of the larger penetrability of Na+ in the ditrigonal cavity induces a 
larger repulsion between the oxygens of the layers. The bulk modulus of the polycrys-
talline aggregate of Ms shows larger value than that coming from the Vaughan and 
Guggenheim value (Table 3). Nonetheless, our composition is a model composition 
and the experimental values come from real samples with different compositions 
than our model compositions. For a complete discussion about the remaining elastic 
constants see Hernández-Haro et al. (2013). 

Once the elastic constants are known, the velocity of the waves travelling in the 
mineral is of the most importance for many sciences such as geophysics, engineering 
between many others. The elastic waves velocities and the direction of propagation 
can be calculated from the Cristoffel’s equation (Auld, 1990): 

 
liKCkLlLj p j = ρω

2

k 2
pi

 (97)

Where k is the wave vector of the wave traveling throughout an homogeneous me-
dium of a perfect crystal, with an angular frequency ω, CKL are the elastic constants, 
ρ is the density, pi are the eigenvectors, and the propagating direction is the vector 
l=(lx, ly, lz) which is part of the divergence operator:

 

liK =

lx 0 0 0 lZ ly
0 ly 0 lZ 0 lx
0 0 lZ ly lx 0

⎛

⎝

⎜
⎜
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⎟
⎟
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where lLj = liK
T. The velocity comes from V = ω/k. The equation has three solutions, 

the eigen values (ρVp
2) yield the phase velocity and the eigenvectors the polariza-

tion of the waves. Three polarization are calculated: i) one in the same direction of 
propagation of the wave, so called principal, compressional or longitudinal (or quasi 
longitudinal) to l, and it is called P wave; and ii) two waves of shear or transversal 
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polarized modes, vibrating perpendicular to the direction propagation, l, (or quasi 
transversal) the so-called S waves. The P waves are faster than the S waves (Auld, 
1990; Muñoz-Santiburcio et al., 2015; Muñoz-Santiburcio and Hernández-Laguna, 
2017). The AWESoMe 1.1 (Acoustic Wave Evaluator in Solid Media) is a software 
for resolving the Cristoffel’s equation (Eq. 97), getting group and phase velocities in 
homogeneous solids all throughout the different crystal cell propagation directions; 
besides, the software yields different related parameters: the polarization vectors, 
the power flow angle and the enhancement factor (Muñoz-Santiburcio et al., 2015; 
Muñoz-Santiburcio and Hernández-Laguna, 2017). All of them are drawn in a very 
friendly and easy to understand pictures. With the elastic constants of Table 4 for 
Ms, we can obtain the velocities distributions for P and S waves (Fig. 5).

Figure 5. Geographical spherical coordinates representation of Ms crystal cell wave velocities through-
out the different directions of propagation, l [data taken from Muñoz-Santiburcio et al. (2020) and run 
with AWESoMe 1.1 (Muñoz-Santiburcio et al., 2015; Muñoz-Santiburcio and Hernández-Laguna, 
2017)]. 

The a image is for the P waves, in which the lowest velocities are in the poles of the 
spherical distribution and along of the Z direction. These waves go through the inter-
layer space and cations. This direction is especial for the mineral. The velocities along 
the other directions (X and Y) are the fastest, especially along the bisector of the XY 
plane, where the density is the largest. The P waves velocities reach 8,500 m/s, and 
the lowest 4,500 m/s. However, the fastest velocities of the S waves approximately 
halve of the P velocities, and the slowest S waves are the 40% of the P waves veloc-
ities. In both S waves, the lowest velocities are around the poles of the Z (Fig. 5 b) 
and Z and Y (Fig. 5 c) axes. The layered crystal structure of Ms plays an important 
role in the P and S velocities distribution.

In Figure 6 the difference between both S velocities, called shear wave splitting, along 
with the polarization of the waves are shown. The minor shear wave splitting, where 
the S modes are quasi degenerate, is along the Z axis and near the pole of the sphere, 
and where the interlayer space is located, the largest splitting is along direction close 
to the X and Y axes, in such a way the waves propagate in a medium with the largest 
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density. The polarizations of the fast and low S modes are also represented in Figure 
6. It is possible to appreciate the change of direction of the fast mode along the bisec-
tor plane perpendicular to the XY plane; however, the low mode goes on in the same 
direction; in the Z pole the fast mode goes throughout the X axis, and the low mode 
around the Y axis; around the poles both modes change of direction approximately 
in the bisector plane position.

Figure 6. Geographical spherical coordinates representation of Ms crystal cell Sfast-Slow, shear wave split-
ting velocities throughout the different directions of propagation, l. Data taken from Muñoz-Santibur-
cio et al. (2020) and run with AWESoMe 1.1 (Muñoz-Santiburcio et al., 2015; Muñoz-Santiburcio and 
Hernández-Laguna, 2017).

From these examples it is possible to see the importance and wide applications that 
the ab initio methods have in mineralogy not only to get the crystal structure, but 
also to obtain physical and chemical properties too. 

7. Nowadays ab initio software

In this section some software available for calculating molecular, cluster and crystal 
structures and their properties are listed, and some features are detailed. This list does 
not pretend to be exhaustive but to name a few of them; nonetheless, the named 
codes are some of the most referred in scientific literature.
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7.1 CASTEP

CASTEP is a DFT code (Clark et al., 2005; Milman et al., 2010) for calculating 
electron structure in solids. The program can calculate phonon dispersions, elec-
tronic band structure, NMR, EPR, ELLS and Raman spectra. Molecular dynamics 
can be also run in this program. It is possible to include spin-orbit coupling, van der 
Waals effects and electron-phonon coupling. PES and geometry optimization can be 
calculated. Calculations are performed in periodic boundary conditions. Different 
exchange correlation functionals are available. The program can be run in sequential 
and parallel modalities, and be portable to ARM, GPU and Intel MIC architectures. 
The code is also integrated in BIOVIA Materials Studio graphical platform with 
many visual possibilities for managing molecular, solid, supercells or any other sys-
tem. More information can be found in www.castep.org home page.

7.2 CRYSTAL

CRYSTAL is an HF and DFT program for molecules and solids (Dovesi et al., 2014; 
2018) with different versions: the first version of CRYSTAL, CRYSTAL88, appeared 
30 years ago, the newest version is CRYSTAL17 (Dovesi et al., 2018). The program 
use periodic boundary conditions in three dimensions [three dimensional (crystals), 
two dimensional (surfaces) and one dimensional systems]. Crystalline orbitals and 
band structures can be obtained by using Gaussian basis sets in either all electrons 
or pseudopotentials schemes, many exchange-correlation functionals are available. 
Periodic systems and molecules can be calculated taking advantage of symmetry. 
Geometry optimization can be performed. IR and Raman frequencies and intensities 
can be calculated. Different properties can be obtained: elastic, piezoelectric, pho-
toelastic, dielectric, hyperpolarizabilites, X-Ray structure factors, and many others 
(Table 1 in Dovesi et al., 2014). The topological analysis of the electron density is 
incorporated following Atoms in Molecules Theory (Bader, 1990). The code exists 
for three architectures: serial, parallel and massive parallel; in such a way that systems 
with 6,000 atoms and 84,000 atomic orbitals can be run. A full description of the 
program and capabilities can be found in Dovesi et al. (2014; 2018) and https://
www.crystal.unito.it/index.php.

7.3 Dmol3

Dmol3 (Delley, 1990; 1991; 1996; 2000; 2002; Bheler and Delley, 2003) is a DFT 
package able to run for calculating electron structure and properties in systems with 
periodic boundary conditions in three and two dimensions; single molecules or clus-
ters can also be run; even solvated systems are also possible to study. Numerical radial 
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basis sets centered on atoms are used, and the systems can be performed in all elec-
trons or pseudopotentials modalities. Different exchange-correlation functionals can 
be chosen. The size of the system can reach up to 500 atoms. Crystal structure and 
properties can be calculated. PES and critical points can be also calculated without 
any constraint. Frequencies and UV/Visible spectra calculations are also possible. 
The code is integrated in BIOVIA Materials Studio graphical platform with many 
visual possibilities for managing molecular, solid, supercells or any other system. 
Dmol3 can be run in sequential or parallel architectures.

7.4 Gaussian

Gaussian is the most used software for Computational Chemistry and its early ver-
sion, Gaussian70, comes from the 70’s decade. Gaussian16 (Frisch et al., 2016) is the 
last development version of the series, with 12 versions for 50 years. The program can 
calculate Force Fields (different force fields), Semiempirical (AM1, PM3 and ZIN-
DO), HF, post-HF (CI, Couple-Clusters, MCSCF, CASSCF, Gi (i = 1, 2,…), DFT 
and ONIOM calculations. Many Gaussian basis sets can be also used, being possible 
to use all electrons and pseudopotentials strategies. Distinct exchange-correlation 
functionals are included in the program, calculating electronic and molecular struc-
ture, atomic analytic forces, force constants, inertia tensor, geometry optimization, 
PES, spectra, IR and Raman frequencies and intensities, NMR chemical shifts, pop-
ulation analysis, dipolar and multipolar moments, and many other molecular prop-
erties. Gaussian is very useful to calculate critical points and reaction pathways of 
PES of molecules, clusters, and reaction models (minima and transition structures). 
The manual can be found in https://gaussian.com/man where all possibilities are de-
scribed in short, key words and references are also given. It is very useful and easy to 
use, and the input and output files are in ASCII code, and a check file is given when 
the run finishes, where there is all information to reinitialize the calculi. It is possible 
to work with Cartesian coordinates and Z matrix. Graphical software can be found 
to visualize, build and analyze molecular structure and computational results (Den-
nington et al., 2008). As the majority of the nowadays codes can be run in sequential 
and parallel architectures.

7.5 ORCA

This package is a general purpose ab initio, DFT, TDDFT, and semiempirical SCF-
LCAO-MO software (Needs, 2012; 2017; 2020), including HF, post-HF meth-
ods (MP2, CIS, Couple Clusters, CASSCF, Molecular Dynamics). The program is 
written in C++ language. Calculations can be performed with Gaussian basis sets. 
Optimization of geometries is performed, and is especially suitable for spectroscopic 
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properties of open-shell molecules, transition metals, and magnetism. It can also cal-
culate relativistic and environmental effects. The program is parallelized and is very 
easy to use. The program is free and only a license agreement is necessary to sign. You 
can obtain more information in the following link: https://www.its.hku.hk/services/
research/hpc/software/orca.

7.6 Quantum ESPRESSO

Quantum-ESPRESSO (opEn Source Package for Research in Electronic Structure, 
Simulation, and Optimization) (QE) package (Giannozzi et al., 2009; 2017; 2020) 
is a package of programs use mainly for solids and distributed for free. The software is 
based on DFT electronic structure calculations, using plane wave basis set and pseu-
dopotentials (norm-conserving and ultrasoft), including projector augmented-wave 
(PAW) method (Blöchl, 1994). Different exchange-correlation functionals are in-
cluded (LDA, GGA, MGGA, and hybrid functionals). Van der Waals corrections by 
different methods are also included. The program can be run in sequential, parallel 
and massively parallel architectures. Many improvements are now achieved to port 
QE to the exascale computing (Giannozzi et al., 2020). QE description of all capa-
bilities and properties can be found on https://www.quantum-espresso.org and an 
easy to use keyword manual can also be found on https://www.quantum-espresso.
org/Doc/INPUT_PW.html.

7.7 SIESTA

SIESTA (Spanish Initiative for Electronic Simulations with Thousands of Atoms) 
(Artacho et al., 1999; Soler et al., 2002; Artacho et al., 2014) is a DFT program 
written in FORTRAN95, for calculating electronic structure and ab initio molec-
ular dynamics of molecules and solid. For performing those calculations, SIESTA 
uses numerical orbitals, pseudopotentials, different correlation exchange functionals 
and Van der Waals interactions. One can obtained the following properties: 1) Total 
and partial energies; 2) atomic forces; 3) stress tensor; 4) electric dipole moment; 
5) atomic, orbital and bond populations; and electron density; and many others, 
between them band structure, dielectric polarization and vibrations can be high-
lighted. It is used mainly for solid and the coordinates of the atoms in the cell can be 
given in Cartesian, fractional coordinates, and Z-matrix format. The program can be 
compiled in serial and parallel executions. The manual can be found in http://www.
uam.es/siesta. GGA pseudopotentials can extract from a database (https://depart-
ments.icmab.es/leem/SIESTA_MATERIAL/Databases/Pseudopotentials/periodict-
able-gga-abinit.html).
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7.8 VASP

VASP (Vienna Ab initio Simulation Package) (Kresse and Furthmüller, 1996a; 
1996b) is software to study electronic structure of solids and their properties by DFT 
with plane waves and pseudopotentials (norm conserving and including PAW pseu-
dopotentials, GGA, MGGA and hybrid exchange-correlation functionals. Different 
methods to correct Van der Waals interactions are included. Many solid properties 
can be calculated. All features and capabilities of this software can be found in the 
link https://www.vasp.at.

7.9 MAX 

MAX (MAterial design at the eXascale) is European Centre of Excellence for materi-
als design. This Centre is focused in the development of Open-source codes adapted 
to the Exascale computing, trying to find out a new way to design, study or test ma-
terials by performing simulations. They have developed new mathematical software 
libraries, features and algorithms that have been ported to the Quantum ESPRESSO 
(Giannozzi et al., 2020) and SIESTA programs in order to improve their perfor-
mance in exascale supercomputers. More information is available at http://www.
max-centre.eu.

Further reading: NWChem (Aprá et al., 2020, and references therein); PSI4 (Smith 
et al. 2020, and references therein); TURBOMOLE (Balasubramani et al., 2020, 
and references therein); WIEN2k (Blaha et al., 2020, and references therein).
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Iron is the fourth most abundant element in the Earth’s crust and consequently 
it is prevalent in primary rock-forming minerals, in secondary phases such as iron 
oxides, and in weathering or alteration products such as most clay minerals (Prietzel 
et al., 2007; Muñoz et al., 2013) diluted mixtures of common Fe minerals in soils 
(pyrite, ferrihydrite, goethite. As the most common redox-active element, iron va-
lence alternation between ferrous (Fe2+) and ferric (Fe3+) states is often at the center 
of many geochemical and biological processes mediated by electron transfer (ET). 
The capacity to donate or accept electrons often includes mineralogical forms of iron 
which, particularly in the case of iron-bearing clay minerals, can undergo reversible 
uptake and release of electron equivalents. Iron-bearing clay minerals can thus act as 
a redox buffer that is dynamically responsive to changes in redox potential driven by 
hydrogeochemical or biologically-mediated reactions in soils, sediments, and aquatic 
environments. It is thus important to develop a fundamental understanding of the 
kinetics and thermodynamics controlling the redox properties of iron comprising 
the structure of certain phyllosilicate minerals.

The objective of this chapter is to overview key elementary concepts that govern ET 
processes in iron-bearing phyllosilicate minerals, and the current state of compu-
tational molecular science that has been advanced to address the kinetics of these 
reactions quantitatively. The chapter is organized into four major sections: 1) Over-
view of the crystal chemistry of iron-bearing phyllosilicate minerals, 2) Theory and 



Pauline Simonnin, Duo Song, Vitali Alexandrov, Eric J. Bylaska, Kevin M. Rosso

142

quantum-mechanical simulation of ET processes in the solid-state, 3) Examples of 
computational predictions for various iron oxide and Fe-clay mineral systems, and 
4) Synergy with experimental studies of Fe-clay redox kinetics.

1. Crystal chemistry of iron-bearing phyllosilicates

Here we briefly overview crystal chemical principles that relate to the properties 
of iron incorporated in phyllosilicate minerals, of which clay minerals are a major 
subset. Phyllosilicates can be defined as compounds with a layered structure com-
posed of tetrahedrally coordinated (T) silicate sheets and octahedrally coordinated 
(O) metal cationic sheets. Among phyllosilicates, clays are classified according to 
three criteria (Figure 1): 

• Layer structure and stacking: Tetrahedral layers are typified by SiO4
4- tetra-

hedra connected to 3 neighbors by corner-sharing that creates a 2D network 
of co-planar tetrahedral faces (also referred as basal plane oxygens) that form 
siloxane-like rings defining nominally hexagonal cavities. The remaining api-
cal oxygen on each tetrahedra comprises a bridge to hexacoordinated cations 
in the adjacent octahedral layer. The hexagonal symmetry of the siloxane rings 
of the tetrahedral silicate network is often broken to ditrigonal symmetry when 
attached to the octahedral layer. Classification of clays is based on how these tet-
rahedral and octahedral layers stack into repeating sheets, and the type of cations 
present. The nature of the sheets results from the combination of tetrahedral (T) 
and octahedral (O) layers, and the thickness of the sheet varies between 7 and 
14 Å: TO (1:1), TOT (2:1) or TOTO (2:1:1). Our particular interest in this 
review are 2:1 phyllosilicates, in which a central octahedral layer is adjoined on 
both top and bottom by tetrahedral layers together comprising a TOT sheet. A 
MO4(OH)2 octahedron is composed of a metal cation (with M being Al3+, Fe3+, 
Mg2+, Fe2+...) coordinated by 4 apical silicate oxygens and 2 OH hydroxyl groups 
each of which lie at the center of the opposing ditrigonal cavities. Each of the 
octahedra shares two of its oxygens with each of its neighbors. 

• The number of octahedral sites occupied by metal cations: Trioctahedral 
phyllosilicates entail cationic occupancy of every octahedral interstice, typically 
in the divalent charge state, whereas only 2/3 of such are occupied by cations in 
dioctahedral phyllosilicates, typically in the trivalent state. Typically, in the case 
of a dioctahedral clay the hydroxyl groups of the octahedra are displaced some-
what parallel to the layer structure, while for a trioctahedral clay the OH groups 
tend to be oriented perpendicular.

• Development of layer charge by isomorphic substitutions: Although compo-
sitionally ideal phyllosilicate structures can yield electrostatically charge neutral 
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layers that are bonded to each other via weak van der Waals interactions, most 
clays entail a variety of cationic substitutions that impart a net negative charge 
to layers that then assemble via charge compensating interlayer cations. For ex-
ample, the structure of pyrophyllite, of unit formula Si4O10Al2(OH)2 is electri-
cally neutral. Substitution of a minor fraction of the Si4+ ions of the tetrahedral 
layer with trivalent Al3+ ions is one common form of isomorphic substitution. 
In the dioctahedral layer, the Al3+ (or Fe3+) ions can be substituted by divalent 
ions (often Mg2+, but also Fe2+). These substitutions lead to a negative charge of 
the sheets. Similar development of negative layer charge occurs for trioctahedral 
clays, such as by substitution of octahedral Mg2+ or Fe2+ ions by Li+ ions. This 
negative electrostatic load is compensated by the presence of counter cations 
between the sheets, often of alkaline (e.g., Na+ or K+) or alkaline earth (e.g., 
Ca2+) series, the nature of which varies according to the type of clay and/or the 
physicochemical conditions of the surrounding environment. 

The general formula of 2:1 dioctahedral and trioctahedral phyllosilicates are respectively:

Xx+y Si8－xAlx⎡⎣ ⎤⎦ Al/Fe4－yMg/Fey⎡⎣ ⎤⎦O20 OH( )4
and

Xx+y Si8－xAlx⎡⎣ ⎤⎦ Mg/Fe6－yLiy⎡⎣ ⎤⎦O20 OH( )4
where X is the counterion (here assumed to be monovalent), x and y denoting the 
number of substitutions in the tetrahedral and octahedral layer.

Figure 1. Generalized TOT structure of phyllosilicates. In blue tetrahedral sheet, in brown octahedral 
sheet. On the top right, projection down c-axis of dioctahedral structure. On the Bottom-right: projec-
tion down c-axis of trioctahedral structure. M1 denotes trans sites, M2 cis sites. Oxygen atoms are in 
red, silicon in blue and iron in brown.
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Amongst phyllosilicates, smectites (clay minerals with swelling capacity due to 
co-intercalation of water with counterions) and micas are the most likely to be 
iron-bearing. The most common smectite end-members are montmorillonite 
[4(Si4)

6(Al2−yMg-R2+
y)O10(OH)2M

+
y], beidellite [4(Si4–xAlx)

6(Al-R3+)2O10(OH)2M
+

x], 
nontronite [4(Si4–x(Al-Fe3+)x

6((Fe3+-Al)2–y (Fe2+-Mg)y))O10(OH)2M
+

x+y], and saponite 
[4(Si4–xAlx)

6(Mg-Fe2+)3O10(OH)2M
+

x+y], where M+ is an exchangeable interlayer cat-
ion (see Table 1) and 4( ) and 6( ) refer to tetrahedral and octahedral sites, respec-
tively (Brigatti et al., 2000). In the case of montmorillonite, the substitutions are 
octahedral, unlike beidellite for which the substitutions are in the tetrahedral layer. 
Between the four common end-members one can find numerous natural Fe3+-rich 
and Fe2+-rich smectites, such as 4(Si4−x(Al-Fe3+))6(Al,Fe3+)2O10(OH)2M

+
x) for Fe3+ with 

a tetrahedral charge and 4(Si4) 
6((Al-Fe3+)2−y R

2+
y)O10(OH)2 M

+
y) (R

2+ being Mg or 
Fe) for Fe3+ octahedrally charged. For Fe2+-rich, generally saponites natural inter-
mediates would be of the form : 4(Si4−xAlx)

6(R2+
3)O10(OH)2 M

+
x, (R

2+ being Mg and 
Fe). In fact, based on size considerations, ferrous iron fits well within octahedral 
sites (6Fe(II) = 0.78 Å), but is less likely to substitute in the tetrahedral layer because 
it’s too voluminous (4Fe(II) = 0.63 Å, 4Si(IV) = 0.26 Å) (Shannon, 1976). Whereas 
ferric iron has a size suitable for both sites, tetrahedral (4Fe(III) = 0.49 Å) as well 
as octahedral (6Fe(III) = 0.65 Å). This promotes the existence of diverse theoretical 
Fe-smectitic materials such as glauconite, ferric montmorillonite, ferric nontronite, 
ferric saponite, ferrous saponite, etc. The general formula proposed earlier can then 
be questioned for natural iron-bearing smectites, especially regarding the extent of 
substitution of the main octahedral cations (Al, Fe and Mg) and the distribution of 
aluminium and iron within octahedral and tetrahedral sites. 

On an even more detailed level, particularly with respect to valence changes amongst 
structural iron in 2:1 dioctahedral smectites, the distribution of cationic occupancy 
between trans (M1) and cis (M2) octahedral sites remains an important aspect that is 
not fully resolved. It is generally thought that M1 sites are preferably vacant the more 
iron-rich the layer is and thus the more iron-poor the layer is, the more populated 
are the M1 sites. Trans-vacant octahedral layers are most commonly observed when 
the structural iron content is higher than 0.3 atoms per formula unit (apfu), whereas 
when it is lower than 0.3 apfu the sheet tends toward cis-vacant (Drits et al., 2006; 
Wolters et al., 2009). That is to say that montmorillonite contains Fe3+ in the M1 
sites and nontronite and ferruginous smectite tend to be completely trans-vacant, as 
determined using a variety of spectroscopic and structural measurements (Tsipursky 
et al., 1978; Besson et al., 1983; Dainyak et al., 1984a; 1984b; 1992; 2006; Tsipur-
sky and Drits, 1984; Muller et al., 1997; Drits et al., 2006; Wolters et al., 2009). 
During progressive changes in structural iron valence, based on the set of crystal 
chemical arguments that tend to define cationic site occupancies, rearrangement of 
structural iron distributions would be expected. However, the extent to which atom-
ic reconfiguration couple to changes in iron valence remains difficult to probe. Such 
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topics are extensively discussed and debated among clay scientists, especially when 
it comes to Mössbauer spectroscopy as a tool for understanding charge localization 
inside the clay structure. 

In summary, iron-bearing clay minerals can exhibit large variations of behavior de-
pending on the chemical composition, the structural sites filling patterns, the loca-
tion of the charge. These structural changes impact clay reactivity, especially when 
considering Fe-redox cycles (Méring and Glaeser, 1954).

Table 1. Classification of some iron-bearing smectites according to the types of substitutions and the 
di- or trioctahedral character.

Smectite Di- or tri- Oct. cations Charge 
localization Substitutions

Montmorillonite Dioctahedral Al, FeIII O layer Al3+/Fe3+ à Mg2+/Fe2+

Hectorite Trioctahedral Mg, FeII O layer Mg2+/Fe2+ à Li+

Beidellite Dioctahedral Al, FeIII T layer Si4+ à Al3+

Saponite Trioctahedral Mg, FeII T layer Si4+ à Al3+

Nontronite Dioctahedral FeIII, Al, Mg T layer Si4+ à Al3+/Fe3+

2. Theory and simulation of ET processes in the solid-state

Electron transfer in iron-bearing clay minerals involves valence interchange between 
ferrous and ferric iron in the structure. This requires the iron content to be appreci-
able, so that iron-based coordination polyhedra are in sufficient amounts to enable 
their electronic coupling and the formation of ET percolation networks throughout 
the solid. In this case, similar to the behavior within iron-(oxyhydr)oxide lattices, 
ET occurs thru a thermally promoted small polaron mechanism in which a localized 
electron on an Fe(II) site hops to a neighboring Fe(III) site, or equivalently a local-
ized hole associated with the Fe(III) site hops to a neighboring Fe(II) site (Figure 2). 
The general concept of a polaron was first formulated by Lev Landau in 1933 as a 
way to describe ET in a dielectric crystal (Landau, 1933; Landau and Pekar, 1948). It 
is based on the idea that the electron can be autolocalized on a crystal lattice site due 
to its strong interactions with phonons creating a potential well. Such localized states 
can exist for free electrons or for electrons localized on defects or impurities. Later, 
the polaron theory was extended beyond electron mobility to describe a variety of 
charge carriers that induce polarization of the medium when moving through a polar 
crystal (Holstein, 1959a;1959b)in simplified form, the principal physical features of 
the problem. The (crystalline. Since then the polaron hopping theory has been ap-
plied to a wide range of materials, most notably in the context of charge transport 
through semiconductors (Alexandrov and Mott, 1996; Alexandrov and Devreese, 
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2010). If the induced lattice distortion is on the order of the lattice constant, then 
the charge carrier is considered to be a small polaron. This is typically the case for 
transition metal oxides including iron-oxide minerals. If the excess charge carriers are 
Fe3+ in FeO, then the polaron can be referred to as a hole polaron, whereas Fe2+ in 
Fe2O3 can be referred to as an electron polaron.

Since the temperature is a critical parameter determining the interactions between 
localized electrons and phonons, two temperature regimes could be distinguished 
(Holstein, 1959a; 1959b). At sufficiently low temperatures the electron transport 
is dominated by a band process, while the high-temperature regime is characterized 
by thermally activated hopping of polarons between adjacent sites. The transition 
temperature between two regimes was shown to be approximately half the Debye 
temperature. This suggests a way to evaluate whether the polaron hopping theory 
can be applied at a certain temperature. For example, the Debye temperature can be 
estimated using the Anderson formula (Anderson, 1963) as

θD = h
kB

3NAρ
4πm
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where h is the Planck’s constant, kB is the Boltzmann’s constant, NA is the Avogadro 
number, r is the density, m is the atomic mass, VS is the shear wave velocity (S-wave) 
and VP is the longitudinal wave velocity (P-wave). The wave velocities (VS and VP) 
can be estimated using the calculated bulk and shear moduli. Using this approach 
half the Debye temperatures for hematite and iron oxyhydroxides were estimated 
to be below room temperature (200 K for hematite, (Kerisit and Rosso, 2007) 265 
K for goethite (Alexandrov and Rosso, 2014)). This suggests the polaron hopping 
as dominant electron transfer mechanism at room temperature in agreement with 
experimental data on temperature-dependent electrical conductivity.

A single electron transfer event between two adjacent Fe sites occurs by hopping be-
tween two equilibrium configurations (initial and final states). The electron transfer 
reaction can be thought of as evolving between two different electronic configura-
tions or bondings (e.g. D+A→D++A-). The polaron migration can be described by 
the lattice distortion induced by charge transfer along a one-dimensional Born-Op-
penheimer trajectory connecting initial (qA) and final (qB) configurations. The lattice 
surrounding the localized electron or hole is distorted, and when the localized charge 
moves the lattice distortion moves along with it and as a result the electron transfer 
is strongly dependent on the rearrangement of atoms during ET. This rearrangement 
is sometimes referred to as a Franck-Condon process, which indicates that the move-
ment or relaxation of electrons is essentially instantaneous compared to the nuclear 
motion. The transition state (qTS) is defined as an intermediate state where the total 
energy reaches its maximum. Therefore, by linearly interpolating the nuclear reac-
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tion coordinate between the initial and final states, one can obtain a set of atomic 
structures that mimic the induced polarization upon charge transfer between the 
neighboring sites. A set of total energies from self-consistent calculations for the gen-
erated structures provides the energy profile along the polaron migration path with 
the maximum value being the activation barrier of polaron migration.

Figure 2. Schematic illustration of polaronic hopping concepts. From Rosso and Dupuis (2006). And 
a computed spin-density isosurface showing an electron polaron in the mineral hematite (Bylaska and 
Rosso, 2018).

Given the three assumptions above coupled with an electronic structure method 
that can describe small polarons, it is natural to describe the system as having two 
electronic states Ψ1(Q) and Ψ2(Q), along with their associated energies E(Ψ1(Q)) and 
E(Ψ2(Q)), which are functions of a generalized nuclear reaction coordinate, Q, that is 
itself a function of the position of the atoms. An illustration for the potential energy 
of the ground and first excited state during an electron transfer is shown in Figure 
3. In this semiclassical representation, the progress of the reaction is denoted by the 
generalized nuclear reaction coordinate Q, where

Figure 3. Illustration of ground (E(Ψ1(Q))) and first excited state (E(Ψ2(Q))) Born-Oppenheimer po-
tential energy surfaces in electron transfer systems.
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QA is the value of Q for the equilibrium geometry of the reactants, QB for the equilib-
rium geometry of the products, and QC is the geometry at the transition state. At QA, 
the ground state Ψ1(Q) starts with the electron to be transferred on the electron do-
nor D (i.e. [D ...A] bonding) and as Q progresses towards QB the ground state Ψ1(Q) 
evolves to have the electron on the electron acceptor A (i.e. [D+ ... A-] bonding). The 
bonding character of the first excited state, Ψ2(Q), can be thought of in a similar 
way, except that electron transfer is happening in reverse (i.e. [D+ ... A-] → [D ...A]). 
That is at QA the electron is on the electron acceptor A and at QB the electron is on 
the electron donor D.

The energy separation, 2VAB, between the two states at QC along with the kinetic 
energy of the atoms, determines the mechanism of electron transfer. For large VAB 
and small atomic kinetic energies the electron transfer reaction evolves along the 
ground state potential energy surface. Examples of this type of transfer include a 
variety of inner sphere electron transfer reactions, small polaron transport in metal 
oxides, and soliton transport in conduction polymers. This type of electron transfer 
is often termed as being (microscopically) adiabatic and its rate can be modeled by 
variety of standard molecular modeling techniques including ab initio molecular 
dynamics, when ∆G† ≈ RT, as well as by Eyring-Polanyi transition state theory and 
extensions, reactive flux methods, rare event methods, and discrepancy techniques 
when ∆G† >> RT.

Modeling electron transfer is more complicated as the energy separation between 
the two states at QC becomes small, because as VAB ≈ RT the Born-Oppenheimer ap-
proximation starts to break down. In these weak-coupling cases, the electron transfer 
reaction is often described from a semi-classical viewpoint where the possible transi-
tions between state Ψ1 and Ψ2 may only occur in the finite region where the curves 
are close to one another. First the system evolves along the ground state from QA to 
QC then at QC there is a finite amount of probability that the system stays on Ψ1(QC) 
(or conversely jumps to Ψ2(QC)), after which the system either progresses along the 
adiabatic curve to QB or it continues evolving up Ψ2(Q) while maintaining its initial 
[D ...A] bonding. Examples of this type of transfer include a variety of outer sphere 
electron transfer reactions, charge transfer between ions in solution, and small po-
laron transport in mixed oxides and low-iron clays near the percolation limit. This 
type of electron transfer is often termed as being (microscopically) non-adiabatic 
and its rate can be modeled by Marcus theory and extensions, diabatic methods, and 
coupled quantum electron–nuclear dynamics methods.
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Figure 4. Illustration of valence bond diabatic states (solid curves) and their splitting to produce adi-
abatic states (dashed curves).

In the Landau-Zener approach (Zener and Fowler, 1932; 1933; Wittig, 2005; Haar, 
2013), the Ψ1 and Ψ2 states are postulated to be composed from two idealized elec-
tronic states, ΨA (solid blue curve) and ΨB (solid red curve) that are representative 
of the [D + A] and [D+ + A-] bondings respectively as shown in Figure 4. These 
states, often called diabatic states or effective diabatic states, maintain the electronic 
configuration or bonding of the reactants and reactants for all values of Q. Given 
this framework, the Landau-Zener equation can be derived, and it can be used to de-
termine the probability of the system hopping from Ψ1 to Ψ2 at QC. The formula for 
the converse transition probability (i.e. staying on the adiabatic surface) is given by

 
PA→B QC( ) = 1− exp −

4π 2VAB
2

hv SA − SB

⎛

⎝
⎜

⎞

⎠
⎟

 

where VAB =
E2 QC( )− E1 QC( )

2  is electronic coupling between ΨA and ΨB, v= QC is the ve-
locity of the system as it evolves through the crossing region, and SA and SB are the 
slopes of the diabatic curves at QC , i.e. SA = dE ψ A( )

dQ
QC  and SB = dE ψ B( )

dQ
QC . This formula shows 

that for large VAB and small velocities v the transition probability PA→B QC( )→1  and 
the electron transfer is adiabatic. Whereas for small VB and large v, PA→B QC( )→ 0 , 
and the electron transfer is non-adiabatic.

Holstein (Holstein, 1959a; 1959b) in simplified form, the principal physical features 
of the problem. The (crystalline showed the Landau-Zener equation can be rewritten 
as
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where VAB is electronic coupling between ΨA and ΨB, T is the temperature, ∆G† is the 
adiabatic transition state energy, and ħv0 is a typical longitudinal phonon energy. In 
this work we used ħv0 =0.012 eV.

Newton and Sutin (1984), showed that it is necessary to consider multiple crossings 
and re-crossings at QC to properly describe this electron transmission. The transmis-
sion factor kel , which is sometimes called the electron factor, is given by

 
kel =

2PA→B QC( )
1+ PA→B QC( )  

From this formula it can be seen that the effective probability is raised by a factor 2 
for small PA→B(QC). By using this factor, the non-adiabatic ET rates knon-adiabatic can be 
estimated from the adiabatic rates kadiabatic by

 knon-adiabatic ≈κ el ∗ kadiabatic  

To calculate the diabatic states as a function of Q for the transfer of small polarons 
considered in this work, the first step is to calculate the polaron geometry R(QA) with 
the extra electron (or hole) localized at site A, and the geometry at the other endpoint 
R(QB) taken to be the optimized polaron geometry at site B, which is the nearest 
edge-sharing neighbor of A. The geometries between QA and QB are then defined 
using a simple linearized reaction coordinate, Q = ξQA + 1−ξ( )QB  for subsequent 
calculations of the diabatic states ΨA(Q) and ΨB(Q).

In order to optimize a polaron geometry, one needs to use an appropriate electronic 
structure method. For iron-oxides, clays, and micas this has been a challenge be-
cause they contain partially filled, very localized 3d atomic orbitals that are not well 
described by standard DFT methods. In particular, electronic properties such as 
band gaps are severely underestimated, and often electron localization and spin po-
larization predictions are qualitatively incorrect. These failures usually result in DFT 
methods failing to predict small polarons in various materials in which they are 
known to exist. These are well known failures, and they are by product of DFT 
exchange-correlations functionals containing self-interaction, which creates an artifi-
cial Coulomb barrier to charge localization, even for systems where significant charge 
localization is expected.

The calculation of the electronic structure of a highly correlated system is a problem 
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of current interest in condensed matter physics. Fortunately, there is an approximate 
approach, the density functional theory of Hohenberg, Kohn and Sham (Hohenberg 
and Kohn, 1964; Kohn and Sham, 1965) which provides estimates of many proper-
ties at a practical computational cost. Though not expected to provide more than 
qualitative accuracy for spin dependent properties essentially all AIMD methods im-
plement this approach. To clarify the following discussion, it will be useful to briefly 
outline some of the aspects of this theory that affect the accuracy of the simulations 
and its application to highly correlated systems.

Hohenberg and Kohn (1964) demonstrated that the total electronic energy of a 
many electron system may be written as a functional of the electron density. That is,

E n r( ),Rα⎡⎣ ⎤⎦ = ψ i
KS − 1

2
∇2 ψ i

KS

i
∑ + Vext∫ r,Rαα( )n r( )dr + n r( )n r'( )

r − r'∫∫ drdr'EXC n r( )( )

where E n r( ),Rα
⎡⎣ ⎤⎦  is the total electronic energy, 

 
n r( ) = ψ i

KS r( )
i,occupied
∑

2

 

is the electron density, Eex(n(r)) is the exchange-correlation energy, and Rα are the 
atomic positions. The existence of the functional Eex(n(r)) is demonstrated by the 
Hohenberg Kohn theorem but the form as a function of density is still a topic of 
much research. The Kohn Sham (KS) orbital wave functions, Ψi

KS, are found from 
the constrained variation of the total energy as,

 
− 1
2
∇2 +Vext r,Rα( )+ 12 dr '∫

n r '( )
r − r '

+VXC n r( )( )⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
ψ i

KS = ε iψ i
KS

 

The orbital KS functions must be constrained to be orthonormal,

 
ψ i

KS ψ j
KS = δ ij  

Vexc n r '( )( )  is the exchange correlation function defined by the functional variation 
of Eex n r( )( )  with respect to the density, n r( ) . The many-body wave function for 
all electrons is formed from the simple product of the KS wave functions as,

 
ψ = ψ i

KS r( )
i, filled
∏

 

Most exchange-correlation functionals in DFT framework are generated from ex-
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pansions around homogeneous electron gas limit. But when the systems have local-
ized electrons, DFT predicts electronic states that can be significantly away from the 
localized states. There are several commonly used hybrid DFT exchange correlation 
functionals, which contain Hartree-Fock exact exchange (Roothaan, 1951; 1960) 
(aka “exact exchange”), for modeling systems with localized electronic states. The 
most common are these are B3LYP (Lee et al., 1988; Becke, 1993), PBE0 (Adamo 
and Barone, 1999), and HSE (Heyd et al., 2003) functionals. The Hartree-Fock 
exact exchange functional can be written as

 
E
Xexact

= EX ,σ
exact

σ =α ,β
∑ = ε X ,σ

exact∫
σ =α ,β
∑ r( )dr

 

where

 
ε X ,σ
exact = − 1

2
ψ iσ
*

iσ , jσ

occ

∑ r( )ψ jσ r( ) ψ iσ
* r'( )ψ iσ r'( )
r − r'∫ dr'

 

is the exact exchange energy density.

Hybrid DFT functionals are typically constructed by mixing a fraction of exact ex-
change from Hartree-Fock with a semi-local exchange functional. 

 
E
Xhybrid

= aE
Xexact

+ 1− a( )EXsemilocal  
where represents the admixture percentage of exact exchange. Including exact ex-
change in this way has several advantages over other standard DFT exchange func-
tionals. The major advantage is that a significant part the nonphysical self-interac-
tion is eliminated. That is, in standard DFT functionals an electron has a Coulomb 
interaction with itself, whereas the true physical system does not. In other words, 
the “delocalized” position of an electron cannot be interpreted in the static sense 
because the electron cannot experience electrostatic repulsion from itself lying at a 
different point of space at a different moment of time. Whereas self-interaction is 
only partially compensated with most DFT exchange functionals. The removal of 
self-interaction is important to the description of many-electron systems, especially 
to the description of non-thermochemical properties that are sensitive to the subtle 
features of electron density distribution, and it is very important for correct descrip-
tion of charge localization.

Another approach for modeling localized electronic states is the DFT+U method 
(Liechtenstein et al., 1995; Dudarev et al., 1998). Inspired by the Hubbard model, a 
Hubbard term (on-site Coulomb and exchange) is added to the DFT functional for 
strongly correlated electrons for strongly correlated electrons (i.e., d and f electrons) 
and a regular DFT functional is still used on other valence electrons.
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The Hubbard term is expressed using Slater integrals and local occupation matrix

E
HHubbard =

1
2

ρmn
l ,σ ρxy

l ,−σ

m,n,x ,y
∑

l ,σ
∑ χm

l χ x
l Vee χn

lχ y
l + 1

2
ρmn
l ,σ ρxy

l ,−σ

m,n,x ,y
∑

l ,σ
∑ χm

l χ x
l Vee χn

lχ y
l( −

− χm
l χn

l Vee χ x
lχ y

l )
ρmm '
l ,σ = fn ψ n

σ χm
l

n
∑ χm '

l ψ n
σ

However, due to some fragments of Coulomb interactions included in the Hartree 
and exchange-correlation terms in DFT functional, the double-counting problem 
exists. The double-counting term can be derived and subtracted from the total en-
ergy functional.

 
EDFT+U = EDFT + EHubbard ρmm

l ,σ{ }⎡
⎣

⎤
⎦ − EDC ρ l ,σ{ }⎡

⎣
⎤
⎦  

 
EDC =

1
2
U Nσ

l N−σ
l

l
∑ + 1

2
U − J( ) Nσ

l

σ
∑ N−σ

l −1( )
l
∑

 

N is the trace of local occupation matrix. U  and J  are the average Coulomb and 
exchange parameters. Different approaches are used to calculate those two numbers. 
Dudarev et al. (l. 1998) used those two average parameters to replace Slater integrals 
in equation, and DFT+U functionals have been simplified. In this approach, only 
U  and J  is meaningful.

 
EDFT+U = EDFT +

1
2
U − J( ) ρ jj

l ,σ − ρ jl
l ,σ ρlj

l ,σ

j ,l
∑

j
∑

⎛

⎝⎜
⎞

⎠⎟l ,σ
∑

 

Besides hybrid DFT and DFT+U methods, there are several other “beyond DFT” 
methods for modeling very localized 3d atomic orbitals that are not well described 
by standard DFT methods (Bylaska and Rosso, 2018; Bylaska et al., 2020). The 
simplest approaches are constrained DFT and localization methods. Other more 
expensive approaches include open-shell spin-unrestricted Hartree-Fock (UHF) 
broken-symmetry (Farazdel et al., 1990) and MCSCF (Lordanova et al., 2005; Song 
and Gao, 2008; Ren et al., 2016) methods, or even hybrid DFT method with long 
range-corrected functionals. We note popular long range-corrected functionals in 
the solid-state are problematic and can produce inaccurate band gaps, unless one 
starts defining multiple ranges. Regardless of the method, it needs to be able to pro-
duce localized states for Fe2+ and have a reasonable band gap.

The following steps, outlined in Bylaska et al. (2020), can be used to generate dia-
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batic states at the PBE96 (Perdew et al., 1996) and UHF (Roothaan, 1960) levels.

1. Optimize the polaron geometries (R(QA) and R(QB)) using the PBE96 DFT 
functional with the spin penalty defined to localize a minority spin electron at 
site A and site B.

2. Turn off the spin penalty and then continue the geometry optimizations of 
R(QA) and R(QB) with the UHF method. This is the computationally most 
expensive step in our ET calculations, because it requires one UHF calculation 
per geometry optimization step, and it was observed that between 30 and 60 
optimization steps were needed to optimize each polaron geometry. 

3. Use a simple linearized reaction coordinate to define the geometries between QA 
and QB.

4. For each geometry of the reaction coordinate, Q, optimize the electronic states 
ΨA(Q) and ΨB(Q) with a spin penalty function at the PBE96 level. 
• The energies of the diabatic states at the PBE96 level, EPBE96(ΨA(Q)) and 
EPBE96(ΨB(Q)), are the non-optimized DFT PBE96 energies with the spin pen-
alty function turned off.

5. The energies of the diabatic states at the UHF level, EUHF(ΨB(Q)) and 
EUHF(ΨA(Q)), are then determined by turning off the spin penalty function and 
then optimizing ΨA(Q) and ΨB(Q) with the UHF method.

A critical aspect of computing ET rates in the nonadiabatic (also called diabatic) 
limit is computation of the electronic coupling matrix element, ideally in the transi-
tion state nuclear configuration. One of the earliest developed and chemically most 
intuitive approaches for modeling non-adiabatic ET processes is to use valence bond 
theory. In this approach, Ψ1 and Ψ2 states are composed of two postulated electronic 
states, ΨA (solid blue curve) and ΨB (solid red curve) that are representative of the 
[D+A] and [D++A-] bondings respectively as shown in Figure 4. These states, often 
called diabatic states or effective diabatic states, maintain the electronic configura-
tion or bonding of the reactants and reactants for all values of the generalized reac-
tion coordinate Q. The splitting between these two states, to obtain

 
ψ 1 Q( ) = CA1( ) Q( )ψ A Q( )+CB1( ) Q( )ψ B Q( )  

 
ψ 2 Q( ) = CA2( ) Q( )ψ A Q( )+CB2( ) Q( )ψ B Q( )  

can be obtained by diagonalizing the following 2x2 eigenvalue equation.

 
H Q( )C Q( ) = Ei Q( )S Q( )C Q( )  
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where 

 

H Q( ) =
ψ A Q( ) H ψ A Q( ) ψ A Q( ) H ψ B Q( )
ψ B Q( ) H ψ A Q( ) ψ B Q( ) H ψ B Q( )

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

 

 

S Q( ) =
ψ A Q( )ψ A Q( ) ψ A Q( )ψ B Q( )
ψ B Q( )ψ A Q( ) ψ B Q( )ψ B Q( )

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

 

 

C Q( ) = CA
i( ) Q( )

CB
i( ) Q( )

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥  

Following the work of Dupuis and Rosso we use open-shell spin-unrestricted Har-
tree-Fock (UHF) broken-symmetry diabatic wavefunctions to represent ΨA(Q) and 
ΨB(Q). We note that MCSCF and other approaches such as constrained DFT (Be-
hler et al., 2007; Van Voorhis et al., 2010) and localization methods (Subotnik et 
al., 2008) could also be used to define diabatic wavefunctions, but they were not 
explored in this study. Regardless of the method chosen to generate the diabatic 
wavefunctions. It needs to be able to produce localized states for Fe2+ and have a 
reasonable band gap. We note that our experience with the popular long range-
corrected functionals in the solid-state has been that they are problematic and can 
produce inaccurate band gaps, unless one starts defining multiple ranges.

It is easy to show that the diagonal matrix elements in the simple 2x2 Hamiltonian 
are the UHF energies HAA=EUHF(ΨA) and HBB=EUHF(ΨB), and the diagonal elements 
of overlap matrix are equal to one, SAA=SBB=1. The off diagonal elements HAB=HBA 
and SAB=SBA are less straightforward to calculate as they involve integrations with the 
two different determinant functions ΨA and ΨB that contain a combinatoric number 
of terms. That is a simple expansion of the determinants in the evaluation of the HAB 
and SAB matrix elements results in (N!)2 3N-dimensional integrals, where N is the 
number of electrons in the system.

The “corresponding orbital transformation” developed by King et al. can be used 
to calculate integrals involving two determinants with essentially the same cost as a 
Hartree-Fock energy calculation (King et al., 1967). In this method, the one-elec-
tron orbitals, {a1, a2... aN} and {b1, b2... bN}, that make up the two determinants are 
rotated to {ã1, ã2... ãN} and {b̴ 1, b̴ 2... b̴ N} so that the overlap matrix between the two 
new sets is diagonal, i.e. !bi x( ) !a j x( )dx = δ i, ji,i∑∫ . The singular value decomposi-
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tion (SVD) of the one-electron overlap matrix between the two orbital sets 

b x( )† a x( )d x∫ =UΣV †

is used to define the rotations, where U and V are unitary matrices, Σ is a diagonal ma-

trix, and a x( ) = a1 x( ),a2 x( )…,aN x( )⎡⎣ ⎤⎦
†
 and b x( ) = b1 x( ),b2 x( )…,bN x( )⎡⎣ ⎤⎦

†
 

are columns vectors of the one-electron functions. The unitary matrices U and V 
from the SVD calculation can then be used to rotate the orbitals,

!a x( ) = a x( )V
!b x( ) = b x( )U ,

since their overlap is diagonal, i.e.

!b∫ x( )† !a x( )dx =U †UΣV †V = Σ

As a result of the corresponding orbital transformation the overlap, constant (ion-ion 
energy), one-electron (kinetic and potential energies) and two-electron (Coulomb 
and exchange energies) integrals become simplified. King et al. showed that using 
this transformation, the overlap and Hamiltonian integrals between the two deter-
minants are (King et al., 1967)

SAB = Σ i,i
i=1

N

∏⎛⎝⎜
⎞
⎠⎟

HAB
0( ) = H 0( ) Σ i,i

i=1

N

∏⎛⎝⎜
⎞
⎠⎟
= H 0( )SAB

HAB
1( ) = Σ j , j

j≠i
∏

⎛

⎝⎜
⎞

⎠⎟i=1

N

∑ !bi H
1( )
!ai

HAB
2( ) = Σk ,k

k≠i, j
∏

⎛

⎝⎜
⎞

⎠⎟i< j
∑ !bi !bj H

2( ) 1− P12( ) !ai !a j

where

H 1( ) = − 1
2
∇2 +Vext r( )
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and

H 2( ) = 1
r − r '

are the one and two electron operators, and P12 is the usual permutation (particle 
exchange) operator. The one-electron and two-electron integrals can be simplified 
further by scaling the transformed orbitals by 

ai x( ) = !ai x( )
Σ i,i

bi x( ) =
!bi x( )
Σ i,i .

With these scaled transformed orbitals, the integrals can be rewritten as (Bylaska and 
Rosso, 2018)

HAB
1( ) = SAB bi H

1( ) ai
i=1

N

∑

HAB
2( ) = SAB EH

ab + Eexch
ab( )

where

EH
ab = 1

2
ρ
ab
r( )ρab r'( )
r - r'

d∫∫ rdr'

ρ
ab
r( ) = bi

i=1

N

∑ r( )ai r( )

and

Eexch
ab = − 1

2
δσ i ,σ j

i, j
∑

bi r( )a j r( )bj r'( )ai r'( )
r - r'

d∫∫ rdr'

are the Hartree and exchange energy terms. These simplified integrals can easily 
be evaluated in most electronic structure codes that contain Coulomb and exact 
exchange integrals, including plane-wave and finite element hybrid DFT codes. It 
should be noted that for cases of vanishing Σi,i (also known as noncoincidences) 
the interactions between the two determinant states are reduced, and as a result the 



Pauline Simonnin, Duo Song, Vitali Alexandrov, Eric J. Bylaska, Kevin M. Rosso

158

above formulas yield simpler formulas. As pointed out by King et al., SAB vanishes 
in the presence of one or more noncoincidences, H(1)

AB in the presence of two or more 
noncoincidences, and H(2)

AB in the presence of three or more noncoincidences.

3. Computational predictions for iron oxide and  
Fe-clay mineral systems

In recent years, the polaron hopping ab initio modeling approach overviewed above 
has been widely applied to evaluate activation barriers of charge transfer across dif-
ferent materials classes from electron/hole migration in semiconductors (Alexandrov 
and Devreese, 2010; Yu et al., 2012a; 2012b) to H diffusion in fuel cells (Zhou et al., 
2016) and Li diffusion in lithium ion batteries (Ellis et al., 2006; Maxisch et al., 2006; 
Yu et al., 2011a; 2011b). However, prior to this it was developed largely with an initial 
focus on electron exchange mobilities in such iron oxides as hematite (Fe2O3), iron 
oxyhydroxides (FeOOH), Fe-rich smectite nontronite (Fe2Si4O10(OH)2). Because 
these systems have been the most carefully benchmarked with respect to experimental 
observables, here we briefly overview some published results on the electron transport 
in iron-bearing minerals obtained using the small-polaron hopping approach.

These results remain very relevant to the behavior in iron-bearing phyllosilicates, 
in part because it was demonstrated that the general trend underlying electronic 
conductivity in iron-oxide phases is primarily related to the details of the short-
range interactions between adjacent Fe(O,OH)6 octahedra as the structural building 
blocks rather than specific long-range arrangement of the polyhedra (Katz et al., 
2012). Second, as mentioned above, it was shown for several iron oxides that the 
adiabatic polaronic hopping mechanism should be a reasonable approximation due 
to relatively large VAB between nearest-neighbor iron polyhedra (Rosso et al., 2003).

Hematite has long been the focus of charge transfer investigations because it is readi-
ly compatible with laboratory experiments and demonstrated peculiar behavior such 
as large conductivity anisotropy. Starting in the 50s, Morin et al., among others, have 
studied both experimentally and theoretically the electrical properties of hematite. 
The mobility of the charge carrier was considered low, with the presence of an acti-
vation energy. They attributed the electrical conduction to spatially localized Fe(3d) 
electronic levels, described as an electron being transferred from one iron atom to 
another by II/III valence alternation. This motivated the use of the small polaron 
model in original ab initio studies by Rosso et al. (Rosso et al., 2003), who focused 
their efforts on the rate of elementary electron-transfer steps from one iron site to 
another. This system presents the advantage of being structurally well-known as the 
corundum structure, thus FeIII is coordinated to six oxygen atoms in a distorted 
octahedral environment. Using Hartree-Fock cluster methods to obtain localized 
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states, Rosso et al. performed the first quantum computational electron hopping 
study for hematite (Rosso et al., 2003). The deformation of the Fe-O bond lengths 
associated with the localized excess electron at an Fe site in the hematite structure 
enabled estimates of the reorganization energy contributing to the activation energy 
for hopping mobility. In that same study, Rosso et al. predicted the activation energy 
to be ∆G *=0.11 eV. Using the activation energy, one can also determine the electron 
mobility, a value that can also be deduced from experimental conductivity measure-
ments. Indeed, in the case of hematite van Daal and Bosman estimated the mobility 
of electron along the (001) plane to be 0.10 ± 0.02 cm2 V-1 s-1 (Van Daal and Bos-
man, 1967). According to the rate equation (Goodenough, 1971):

ket = nυn exp − ΔG∗

kT
⎛
⎝⎜

⎞
⎠⎟

it is possible to determine the diffusion coefficient D of electrons, from the frequency 
of nuclear motion, being the highest infra-red active longitudinal optic mode pho-
non (Tsuda et al., 2000), υn as 1.85 1013 s−1 hence resulting in the estimation of 
electrons mobility μ:

D =
r 2ket
2

and µ = eD
kT

The mobility obtained from ab initio calculations using these equations was estimat-
ed to be 0.06 cm2 V-1 s-1 which is close to the experimental value. Later on, in 2005, 
Papaioannou et al. experimentally confirmed a number of predictions in Rosso et al. 
using dielectric spectroscopy (Papaioannou et al., 2005). They discretized imaginary 
and real part of the dielectric constant in the frequency range 0-100 kHz at different 
temperatures, ranging from 190 to 350 K. In the intermediate temperature region 
233 K < T < 338 K, they observed the hopping mechanism of electrons taking place 
at the predicted nearest neighbor rates after charge transfer from the O2- ion to a 
neighboring Fe3+ ion. They were also able to determine the energy barrier associated 
with the detachment of an electron from O2- and consequent capture of the electron 
by Fe3+. This led to an estimate of 0.11 eV for the mobilization process, which is 
consistent with the adiabatic activation energy needed to allow the electron hopping 
predicted by Rosso et al. (0.11 eV) (2003). Other spectroscopic techniques, such as 
Mössbauer, led to an equivalent measurement of the activation energy as the one 
predicted by ab initio, confirming the validity of the model used (Gleitzer, 1997). 

Comparison with other iron oxides where conductivity measurements were avail-
able enabled additional benchmarking of the computational approach. Goethite 
(α-FeOOH), for example, is another important reference material with an electri-
cal resistivity about an order of magnitude higher than hematite. There are three 



Pauline Simonnin, Duo Song, Vitali Alexandrov, Eric J. Bylaska, Kevin M. Rosso

160

symmetrically inequivalent pathways for electron migration in goethite differing by 
Fe-Fe bond distances and the nature of the bridging anions mediating the electronic 
coupling (O, OH). Using the GGA+U approach, the estimated diffusion coefficients 
for Fe2+-Fe3+ turned out to be ~1.6x10-7 – 3.3x10-7 cm2/s (Alexandrov and Rosso, 
2014). Electron transfer in akaganeite (β-FeOOH) was found to exhibit comparable 
diffusion coefficients, while lepidocrocite (γ-FeOOH) displays slightly lower diffu-
sivities. However, the overall differences in diffusion coefficients across these iron 
oxyhydroxide polymorphs are relatively small.

Iron-bearing phyllosilicate minerals are poor electrical conductors, even in cases in-
volving a large fraction of iron in their structure. Yet, several studies have demon-
strated measurable change transport, likely by electron hopping through alternation 
of FeII and FeIII structural cations (Davidson and Yoffe, 1968; Crine et al., 1977; 
Meunier et al., 1983). Rosso and Ilton thus applied the small polaron model to the 
study of the mica end-member annite, of formula KFe3AlSi3O10OH, where in this 
case all octahedral sites are occupied by FeII, tetrahedral sites are filled with Al and 
Si in the ratio 1:3 (Al:Si), and K is the charge compensating cation in the inter-
layer region (Rosso and Ilton, 2003). Ab initio calculations were first tested against 
structural considerations, especially regarding preferential FeII versus FeIII occupancy 
of M1 and M2 sites (Figure 1). Ab initio crystal structure relaxations are in good 
agreement with crystal diffraction data on synthetic annite, even unit cell edges, and 
several important energetics and magnetic characteristics of the M1 and M2 Fe sites 
in the octahedral sheet are well accounted for, such as the spin alignment (Donnay et 
al., 1964; Coey et al., 1982; Sherman, 1987; Rancourt et al., 1990: 1994). Although 
not a lot of experimental data is available for annite, especially in its idealized form, 
they linked the different experimental observations to differences between M1 and 
M2 sites such as the oxidation and the polyhedral volume differences between them. 
The total reorganization energy prediction for M2-M2 electron transfer (lowest ac-
tivation energy of 0.48 eV) is otherwise consistent with experimental optical d-d 
absorption spectroscopy data for FeII/III in trioctahedral micas (Robbins and Strens, 
1972). 

Validation of the model for annite was a first approach to electron transfer pro-
cesses in idealized phyllosilicates. Substantial additional work tends to be required 
to encompass the natural compositional and structural complexity of realistic phase 
however. (Hazen and Wones, 1972; Rancourt, 1998; Redhammer, 1998). In 2005, 
Rosso and Ilton extended the annite study to examine the effect of a select set of 
substitutions including Al/Si and F/OH (Rosso and Ilton, 2005). Reported energy 
barriers for different micas, as well as for conduction parallel to the basal plane in 
natural micas, are of the same order of magnitude as the predicted ones (Tolland and 
Strens, 1972; Meunier et al., 1983).
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In the environment, the prevalence of Fe-clay minerals makes them more signifi-
cant than micas for participating in and controlling redox processes. Since the early 
2010 several groups focused their effort on better understanding FeII−FeIII electron 
transfer rates in a clay minerals, especially in nontronite (Alexandrov and Rosso, 
2013; Alexandrov et al., 2013; Geatches et al., 2013; Latta et al., 2017; Ilgen et 
al., 2019)mineral-catalyzed decarboxylation, is a mechanism awaiting a thorough 
chemical explanation. To contribute to such an explanation, the study presented here 
investigates this mechanism at the level of first-principles, electronic structure com-
putations, employing density functional theory (DFT plus Hubbard-U. In 2012, 
Geatches et al. proposed a mechanistic pathway for the bulk electron conductivity, 
occurring by thermally activated FeII-FeIII electron transfer (Geatches et al., 2013). 
By analyzing the Mülliken charges they were able to draw conclusions on the relative 
energetics of iron reduction in both the tetrahedral and octahedral layers, for three 
different nontronites. They also predicted a reversible charge transfer between FeII 
and FeIII in the tetrahedral sheet, that has previously been observed for Fe2+ sorbed 
on montmorillonite (Géhin et al., 2007).

Using DFT calculations, Alexandrov/Rosso and co-workers published two studies 
in 2013 to predict electron transfer rates in the bulk lattice of nontronite, and at its 
surfaces in contact with aqueous Fe2+ ions (Alexandrov and Rosso, 2013; Alexandrov 
et al., 2013). Figure 5 shows the computed energy profiles for the two symmetry-
unique electron migration pathways in the dioctahedral Fe-O layer (Alexandrov et 
al., 2013). The calculations provide rates of electron hopping in good agreement 
with values deduced from variable-temperature Mössbauer data (Schaefer et al., 
2011). It was found that Fe2+/Fe3+ electron exchange within the octahedral sheet is 
substantially slower than in iron oxides, consistent with the poor electrical conduc-
tivity expected for phyllosilicates in general. 

Figure 5. Calculated activation energies for Fe2+-Fe3+ valence interchange ET within the octahedral 
sheet of nontronite for the two possible unique ET directions (Alexandrov et al., 2013).
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These differences can be qualitatively rationalized through the details of the local 
structure between donor and acceptor iron sites and the O/OH character of their 
bridging groups, which combine to strongly dictate both the reorganization energy 
and the electronic coupling matrix element (Kerisit and Rosso, 2007). It is in fact 
noteworthy that much of the orders of magnitude differences in small polaron hop-
ping mobilities across the examined mineralogical series from iron-bearing clays and 
micas to iron oxides and oxyhydroxides is a result of these local structural details. 
For example, compared to the Fe-O-Fe bonding in hematite, replacement of bridg-
ing O2- with OH- (such as in clays and iron oxyhydroxides) appears to lower the 
superexchange interaction that underpins the electronic coupling by making the in-
directinteraction between Fe-Fe pairs more ionic in character. Alexandrov et al. were 
the first to show that protonation and deprotonation of the structural OH group 
mediating the electron transfer was found to affect the internal reorganization energy 
and the electronic coupling, suggesting a possibly important role of proton transfer 
associated with redox cycling of clay minerals via the accessible pathways created 
by the ditrigonal cavities. They furthermore globally concluded that the electron 
transfer rates are greatly affected by the nearest-neighbor local environment and the 
degree of covalency of the bonds between Fe and ligands participating in the electron 
hops. Extension of their modeling effort to FeII-FeIII electron exchange at nontron-
ite edge and basal surfaces showed that while in both cases stable inner-sphere FeII 
adsorption complexes can be founds, this ET process is strongly favored across the 
edge interface with solution (Figure 6). This suggests a strong pH-dependence to the 
redox cycling of iron-bearing clay minerals, as deduced experimentally (Bickmore et 
al., 2001; Tournassat et al., 2004a; 2004b).

 
Figure 6. Six-fold coordinated Fe(II) adsorbed in one possible stable surface complex configuration on the 
(110) edge surface of nontronite, in which interfacial ET is possible. From Alexandrov and Rosso (2013).



AES 3 - 5. Modeling Electron Transfer in Iron-Bearing Phyllosilicate Minerals

163

4. Synergy with experimental studies

The success of the theory and computational developments addressing small po-
laronic hopping helped initiate a new era of experimentations seeking to quanti-
tatively connect macroscopically measured redox kinetics to the predicted rates of 
underlying elementary ET processes. In one of the earliest examples, Stack et al. 
were able to connect measured reductive dissolution kinetics of hematite by hydro-
quinone to the predictions of ab initio electron transfer rate calculations (Stack et 
al., 2004a; 2004b). But the complexity of clay mineral chemistry makes establish-
ing quantitative connections to their redox behavior more challenging. The markers 
that indicate changes in the oxidation state of iron-bearing clay minerals are numer-
ous. Among them the easiest to observe are color, swelling in water, cation fixation 
ability, surface area, clay-organic interaction, surface pH, reduction potential and 
the ability to degrade reactants such as pesticides. In addition to these macroscopi-
cally measured observables, a variety of powerful solids characterization techniques 
are critical to provide detailed information on the atomic, electronic, and magnetic 
structure of iron in clay minerals. This includes especially X-ray diffraction, X-ray 
absorption spectroscopies (e.g., XANES and EXAFS at iron absorption edges), as 
well as techniques that inform on magnetic order such as Mossbauer spectroscopy. 
When combined with the predictive power of theory and computational molecular 
simulation, the approach has found remarkable success in helping explain the redox 
kinetics measured in the laboratory, and consequently in geochemical field settings. 

Numerous studies focus their efforts on better understanding the electron transfer 
in clay minerals. From a structural point of view, iron in the octahedral sheet of 
smectites is less accessible, so more difficult to reduce than iron in (oxyhydr)oxides. 
Given the direct accessibility primarily via edge sites, important unresolved questions 
include the extent to which electron density into and out of interior Fe sites can be 
mediated by edge sites, and the nature of the accompanying charge compensation 
mechanism. Structural iron can be reduced by different agents, typically considered 
as either of a chemical nature or a biological one, though natural organic matter 
(NOM) is also an effective reductant (Greathouse et al., 2014). Below we provide 
a summary of major experimental studies featuring iron reduction in clay minerals, 
mainly focused on the two major reducing agents dithionite and bacteria. 

The dithionite method of clay mineral reduction is based on a procedure proposed 
by Mehra and Jackson in 1960, aimed at removing (oxyhydr)oxides in soil and was 
then modified for smectites many times over the years (Mehra, 1960; Roth et al., 
1968; 1969; Stucki and Roth, 1977; Stucki et al., 1984). Contacting clays with 
aqueous solutions bearing the dithionite anion S2O4

2- facilitates a reaction that leads 
to breaking of the S-S bond to form two sulphoxylate free-radical anions (Rinker et 
al., 1964). The free-radical anions are very reactive and will then reduce the struc-
tural Fe3+ in smectites. Although in principle sulfoxylate is able to reduce all the 
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structural iron, the dithionite method presents the highest reduction yield, indicat-
ing the importance of the free-radicals, as verified by electron spin resonance experi-
ments that revealed a linear correlation between the sulphoxylate unpaired electron 
and the level of iron reduction achieved in ferruginous smectite (Gan et al., 1992). 
Reduction by dithionite remains a standard chemical reduction approach for iron-
bearing clay minerals.

From a mechanistic point of view, the hypothesis that structural iron reduction by 
dithionite occurs only via the edge surfaces of the smectite layers was closely ex-
amined in early work but remained somewhat ambiguous. For example, evidence 
pointing toward reduction happening primarily via the basal surface was indirectly 
obtained from bulk characterization techniques. By monitoring the d-d metal-to-
metal charge transfer visible absorption band, which is based directly on the FeII-FeIII 
valence interchange ET process, Lear and Stucki in 1987 and Komadel et al. later 
in 1990 managed to follow the progression of the reduction reaction in iron-rich 
smectites (Lear and Stucki, 1987; Komadel et al., 1990; 2006). A conclusion of these 
experiments is that the reducing electron seeks out Fe3+ sites as far always as possible 
from Fe2+ sites. Lear and Stucki described this as a random reduction with a next-
nearest neighbor exclusion (Lear and Stucki, 1987). 

Identifying the sites of reduction, the yield, or even the minimum weight percentage 
of Fe in the structure needed to allow redox reactions has been the focus of more 
recent work. For example, Neumann et al. used infrared and near infrared spec-
troscopy to identify reactive structural FeII arrangements in four different smectites, 
confirming the need for high structural iron content for simultaneous occurrence of 
several reactive FeII (Neumann et al., 2011). They also showed that mineral proper-
ties, other than strictly Fe content, such as the cationic composition and the excess 
charge location, play a role in the FeII species formation from the redox reaction. 
Finally they also pointed out the small but not insignificant structural iron dissolu-
tion during chemical reduction (less than 4%), (Stucki et al., 1984; Komadel et al., 
1994; Ribeiro et al., 2009) which proves chemical access to iron in smectites such as 
at edge sites remains important.

Using Mössbauer spectroscopy and pH-dependent measurements of aqueous Fe(II) 
interaction with various iron-bearing smectites, Neumann et al. showed that electron 
transfer to structural iron can occur from both the basal planes and the edge OH-
groups, depending on conditions (Figure 7) (Neumann et al., 2013). This implies 
that electrons can be transferred over distances of at least 3.2-3.3 Å, which supports 
Meunier hypothesis formulated in 2005 (Meunier, 2005).
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Figure 7. Electron transfer mechanism from Fe(II) to structural octahedral iron in clay mineral as a 
function of pH value. From Neuman et al. (2013).

However, Neumann et al. concluded their 2013 study by stressing that Mössbauer 
spectra still cannot be fully interpreted. Nevertheless, they were still able to convinc-
ingly demonstrate the role of structural Fe as a redox buffer, and that the differences 
in rates of redox reaction are strongly determined by pH. Finally, their study was 
the first to show that iron atom exchange occurs during the heterogenous reaction 
between aqueous FeII and Fe-bearing clay minerals, in close analogy to the same 
process observed for Fe oxides (Williams and Scherer, 2004; Larese-Casanova and 
Scherer, 2007; Gorski and Scherer, 2009; Handler et al., 2009; Rosso et al., 2010)
surface complexation models.

Recently, Ilgen et al. conducted a redox reactivity study on nontronite using both 
ex situ and in situ spectroscopic methods as well as DFT calculations (Ilgen et al., 
2019). They revealed that only a fraction of the FeIII sites are reactive and accessible 
for electron transfer, suggesting that only edge surface sites participate in the reac-
tion. They also showed that the desorption of water from a FeII-O-FeIII edge non-
tronite site requires less energy than the configuration FeIII-O-FeIII. Their ab initio 
calculations suggest the importance of water sorption/desorption as a partner process 
for ET at edge sites.

In studies of biological reduction of iron-bearing clay minerals, two main types of 
bacteria have been explored: Dissimilatory iron-reducing bacteria (DIRB) and sul-
fate-reducing bacteria (SRB). Here the physicochemical conditions enabling ET are 
further complicated by the accessible area for contact between the clay minerals and 
bacterial cells. Clay particle sizes usually range in the nanometer length scale, where-
as bacterial cells are on the micron scale. Direct interaction with clay edges tends 
to be more common than basal surface contact. Ribeiro et al. proposed in 2009 a 
pathway for the reduction of Garfield nontronite through bacterial cells investigated 
using Mössbauer spectroscopy (Ribeiro et al., 2009). They highlighted the unique-
ness of the biological pathway by comparing results with the Mössbauer spectra of 
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dithionite-reduced nontronite. There is no notion of random reduction and nearest 
neighbor exclusion in their analysis of bacterial reduction. They argue instead that 
the reduction proceeds via a solid-state pathway from the clay mineral edges with 
a reducing front that pushes electron density inwards toward the center of the clay 
mineral layer.

Because bacterial colonies and biofilms are complex structures, and because some 
organisms can transfer electrons by producing exogeneous electron shuttle com-
pounds, the level of complexity involved in biological reduction of clay minerals in 
natural environment is exceedingly high. Consequently, theories on detailed mecha-
nisms vary widely (Figure 8). Some research groups (Dong et al., 2003; Kim et al., 
2004; O’Reilly et al., 2005; 2006; Furukawa and O’Reilly, 2007; Jaisi et al., 2007; 
Zhang et al., 2007) argue that the clay mineral structure is partially dissolved by 
microbes, whereas other groups (Lee et al., 2006; Stucki and Kostka, 2006; 2007) 
present evidence for the solid-state reduction mechanism. However, across most of 
these studies there is general agreement that nontronite remains the most bioreduc-
ible and illite the least. A recent review by Dong et al. (2009) summarizes various 
proposed biological reduction mechanisms available to microorganisms.

Figure 8. A schematic diagram showing two major pathways of electron transfer from bacteria to the 
FeIII centers available in clay mineral structures. For Geobacter metallireducens, which does not produce 
electron-shuttle compounds, direct contact is required for electron transfer. For Shewanella putrefa-
ciens, which can produce electron-shuttle compounds, direct contact is not required. From Dong et al. 
(2009).
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5. Concluding remarks

In the past 20 years there have been a great deal of conceptual advances in the theory 
and simulation of electron transfer processes in iron-bearing minerals including oxides 
and phyllosilicates. Key to these advances have been vast improvements in quantum 
mechanical computing algorithms, software development, and the accessibility of mas-
sively parallel supercomputing resources. When combined with the seminal theories 
of solid-state charge transport in the polaronic limit, the ability to accurately predict 
electron transfer kinetics in these minerals has emerged. This now includes the ability 
to treat complex interfacial redox processes in detail, a critical need for encompassing 
environmental conditions explicitly, including sufficiently robust description of surface 
complexes and the structure and dynamics of the surrounding solid/solution media, 
such that one can predict rates of elementary processes with reliable accuracy. In many 
respects, because of its nearly complete description of local atomic details, theory and 
simulation has become an indispensable tool for unraveling what are typically multiply 
convoluted processes probed simultaneously at the time and length scales of spectro-
scopic observations. Nonetheless, because of the structural and compositional com-
plexity of clay minerals, much work remains to be performed to fully understand the 
underlying controls on observable rates of redox reaction. In particular, the unknown 
mechanisms coupling charge and ion redistribution in the structure during redox cy-
cling can now, in principle, be put directly to the test. It is hoped that the concepts 
overviewed herein make obvious the clear and present opportunities now available at 
this important scientific frontier for biogeochemistry and environmental chemistry.
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1. Introduction

Quantum mechanical simulations are particularly powerful tools for studying the 
molecular mechanism of mineral fluid interaction and mineral surface reactivity. 
Modern quantum mechanical codes allow routine simulations of large systems con-
taining several hundreds of atoms. The quantum mechanical approach can be univer-
sally applied to arbitrary chemical environments and, in principle, does not require, 
system specific empirical parameters. In practice, the numerical implementations 
of the corresponding algorithms are based on a number of approximations, which 
have to be considered carefully to ensure accuracy of the simulation results and avoid 
numerical artefacts. Density functional theory (DFT) based simulations are an ex-
emplary compromise between accuracy and efficiency. This chapter briefly describes 
the basic concept of the density functional theory and discuss various numerical 
approximations relevant for the performance of numerical code and the accuracy of 
the modelling results. In the last part, several most sophisticated applications of the 
modelling techniques to clay minerals are presented.

High specific surface area and large pH buffering capacity makes clay minerals to 
be one of the most important phases regulating geochemical conditions in the sub-
surface sediments and soils. If present in significant quantities, phyllosilicates can 
mediate the speciation and composition of pore water, as well as transport and re-
tention of solutes. Together with iron and manganese oxides, the Fe-containing clay 
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minerals are important redox controlling phases in subsurface geochemical systems. 
The cation exchange, surface complexation and structural incorporation at the clay 
mineral surface are the primary factors determining transport, deposition, reactivity 
and eventually the toxicity of hazardous metals in such systems. The molecular scale 
description of ion adsorption and mineral surface reactivity is essential for the devel-
opment of reliable mechanistic models for heavy metal uptake.

High sorption capacity of clay minerals is explained by the particular electrostatic 
properties of their surfaces. The crystal structure of 2:1 phyllosilicates is built by al-
ternating sheets of tetrahedral (T) silica and sheets of octahedral cations (O) in form 
of a TOT layer (Figure 1). Heterovalent substitutions in octahedral and/or tetrahe-
dral sheets build up a permanent structural charge of clay particles. These structural 
charges, typically negative, is compensated by counter ions occupying the interlayer 
space between TOT layers, and by a diffuse double layer at the external surface of 
the TOT layer stacks. 

If all octahedral positions are occupied by cations, phyllosilicate minerals are referred 
to as tri-octahedral. If only 2/3 of available octahedral positions are occupied, the 
phyllosilicate minerals are referred to as di-octahedral. The O-sheet is composed by 
two types of octahedra with cis- and trans-orientation of OH groups. In di-octahedral 
clays unoccupied sites can have cis- or trans-vacant polyhedra. Thus di-octahedral 
clays can form trans- or cis- vacant polymorphs. The energy difference for the oc-
cupancy of trans- or cis- sites in bulk structure is rather low. The preferential stability 
of cis- and trans- vacant structures and the distribution of isomorphic substitution 
in tetrahedral and octahedral layer is a trade-off between the local symmetry of the 
polyhedra and the effective cation radius. The trans- or cis- vacant polymorphs are 
expected to have very different structure of the edge surfaces. 
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Figure 1. Schematic representation of basic structural elements of phyllosilicate minerals and molecular 
scale processes relevant for the surface reactivity and metal uptake. Yellow and blue arrows indicate sur-
face complexation and dissolution processes at the edge surfaces. Green bidirectional arrow illustrates 
the cation exchange in interlayer and/or in the electric double layer formed at the external basal plane 
of the phyllosilicates particles.

The basal and edge surfaces of phyllosilicates have distinctly different chemical prop-
erties. Oxygen atoms on the basal plane have saturated chemical bonds. The sorption 
of cations in the interlayer and at the basal planes of phyllosilicates is driven by elec-
trostatic and van der Waals interaction between surface, solvent and ionic species, 
and thus chemically “unspecific”. In contrast, the surface reactivity and ion-surface 
interaction at the edge sites of clay minerals involve strong contribution of “chemi-
cal”, e.g. covalent type, interaction. This interaction is sensitive to the structure and 
chemical state of the edge surface which can be modified in various ways. The oxygen 
sites on the edge of clay minerals can protonate or deprotonate depending on the 
pH of the equilibrium conditions. Thus, the surface charge at the edge can change 
from strongly negative, at high pH to neutral and even positive at acidic conditions. 
Accordingly, the edges of phyllosilicates can, at specific conditions, adsorb anionic 
species. Partial anion uptake can also take place by co-adoption via formation of 
cation-anionic pairs (e.g. [M2+X-]+). These processes are feasible in the interlayer and 
the electric double layer in presence of highly charged cations. The structure reac-
tivity and the speciation of edge sites thus strongly depend on the pH conditions, 
fluid composition at the interface and the structure of the TOT layer (Bosbach et al., 
2000; Bickmore et al., 2001; Brandt et al. 2003; Kraevsky et al., 2020). 
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Platelet morphology of smectite and illite minerals is responsible for an exception-
ally large surface area, which can be as high as 800 m2g-1 whereas the external basal 
surface of stacked illite-smectite particles comprise only 30-120 m2g-1; Metz et al., 
2005a). The main contribution to the total measurable surface area has the basal 
{001} plane enclosing the interlayer space. The primary source of the information 
on the mechanism of the mineral surface reactivity is the in situ atomic scale spectro-
scopic studies, high resolution microscopy (AFM, TEM) and atomistic simulations. 
Particularly successful is the combination of molecular modelling and spectroscopic 
techniques, which provides a complementary information on the mineral structural 
aspects. In situ experimental studies indicate that basal surface is much less reactive 
compared to the edge surfaces in a wide range of pH conditions (Bosbach et al., 
2000; Bickmore et al., 2001; Brandt et al., 2003; Metz et al., 2005b, Kraevsky et al., 
2020). Moreover, in the highly compacted smectites at low hydration state and in 
illites, the interlayer space remains inaccessible to the pore water solution.

Electrostatic interaction of ions with the basal plane of clay minerals has been widely 
investigated with molecular simulation methods using empirical force fields. An ex-
tensive overview of such studies is provided in previous chapters of this book. The 
modelling of the edge surface speciation, surface complexation and the dissolution 
mechanism on the basic tetrahedral and octahedral units require accurate description 
of breaking and neo-formation of ion-covalent bonds of surface oxygen sites with 
ionic species and protons. These reactions are not easily assessable with the classical, 
not reactive, force fields and require application of quantum mechanical simulation. 

This chapter provides a general introduction of quantum mechanical simulation 
methods based on the density functional theory and their application to the thermo-
chemistry and reaction dynamics at mineral surfaces. An introduction to the basics 
of DFT is addressed in a previous chapter of this book on quantum mechanics. 
Next, the methods of thermochemistry and free energy calculation are discussed. 
Particular attention is given to the simulation of surface reactions in aqueous envi-
ronment, which request application of dedicated techniques to enable simulations of 
rare events controlled by high activation energy barriers. Finally, the most advanced 
application of quantum mechanical simulation to clay mineral reactivity is discussed. 
This includes the structural and chemical aspects of edge surface structure, acid-base 
properties of the surface sites, mechanism and stereochemistry of the surface com-
plexation processes and clay mineral dissolution mechanism at the atomistic scale.

2. DFT based simulations methods

Quantum mechanical simulations of minerals, interfaces and aqueous systems are 
performed by using different approximations to the exact solution of the Schrod-
inger equation. An introduction into Hartree-Fock and post Hartree-Fock methods 
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is given in a previous chapter of this book. The present chapter is focused on the 
practical aspects of the Density Functional Theory. DFT and Hartree-Fock based 
methods are often confronted to a comparative analysis with respect to accuracy 
and the level of empiricism. Either approach has advantages and limitations. Mod-
elling on mineral interfaces usually requires the consideration of a large number of 
atoms and molecules in order to realistically represent the bulk solution and mineral 
structure as well as the interface. For the reasons of computational efficiency and the 
complexity of the system setup, the use of DFT approach combined with periodic 
boundary conditions is the method of choice in such modelling.

2.1. Kohn-Sham equation

DFT maps the multi-electron Schrödinger equation on to an one-electron equation 
with an effective electrostatic field. This mapping is exact in theory, but in practice re-
quires several approximations e.g. the Kohn-Sham equation (Hohenberg and Kohn, 
1964; Kohn and Sham, 1965). The Kohn-Sham Hamiltonian ĤKS includes kinetic 
energy of electrons Tkin, nuclei-nuclei V̂nn, nuclei-electrons V̂ne,electron-electron V̂ee 
terms, which are simple classical columbic interactions, and the exchange-correlation 
energy ÊXC:

 Ĥ KS = Tkin + V̂nn + V̂ne + V̂ee + ÊXC  (1)

The modern DFT approach uses electron orbitals to calculate the kinetic energy 
contributions and applies different semi-empirical approximations for the exchange 
and the correlation energy. To deal with known limitations of the DFT the original 
Kohn-Sham equations can be augmented with a number of semi-empirical correc-
tions, which are known to be essential for the accurate predictions of material prop-
erties. In general, an extended Hamiltonian Ĥext can be written as a contribution of 
Kohn-Sham terms with additional corrections for the orbital specific interaction and 
the dispersion interaction which is truly a nonlocal interaction and not covered in 
the traditional DFT formalism:

 
Ĥ ext = Ĥ KS + Êdisp +Ûhub  (2)

The major theoretical developments in the field of DFT are focused on formulat-
ing accurate description of the exchange and the correlation functional ÊXC, which 
should in principle cover all relevant quantum mechanical effects without need for 
additional corrections. 

The exchange and correlation energy term ÊXC is a lump contribution, which ac-
counts for both the static and dynamic electron–electron correlations, and the Pauli 
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exchange interaction. The first widely successful formulation of the exchange correla-
tion functional ÊXC used was based on the so-called local spin density approximation 
(LSDA). In this approximation, the theoretically calculated ÊXC (ρ) of a homogene-
ous electron gas with the density ρ is used to evaluate the properties of heterogeneous 
multi electronic system with space dependent electron density ρ(r). A formally exact 
description of the exchange correlation energy can be obtained using concept of the 
exchange correlation hole hXC

!r − !s ,ρ !s( )( )  located at an electron in the position  
!s  (non locality):

 
ε XC ρ !r( )( ) = 12 d!s

hXC
!r − !s ,ρ !s( )( )
!s − !r∫

 (3)

On average the electron within a molecule or a solid has a non-zero electron density. 
In each moment of time, every electron maintains a private space preventing other 
electrons to be in its proximity due to the electrostatic repulsion and Pauli exclusion. 
This local decrease of density around each electron creates an additional stabilization 
energy expressed in the ÊXC. The exchange correlation hole is however non-local and 
not necessary fully localized at the electron.

In the local density approximation, truly nonlocal hXC
!r ,!s( )  is replaced with local 

exchange correlation hole of a homogeneous electron gas hXC
hom !r − !s ,ρ !r( )( )  at po-

sition !r  (locality) (Figure 2):

 
ε XC
LDA ρ !r( )( ) = 12 d!s∫

hXC
hom !r − !s ,ρ !r( )( )

!s − !r
→ closed form functionof ρ

 (4)

 
EXC
LDA = 1

2
d!s∫ ρ !r( )ε XCLDA ρ !r( )( )

 (5)
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Figure 2. Illustration of the local density approximation for ÊXC of an inhomogeneous system such as 
a H2O molecule, εXC(ρ( !r )) represents the exchange correlation energy per particle of a homogeneous 
electronic gas with the density ρ. The figure has been modified and reproduced with permission from 
(Wolfram Koch and Holthausen, 2001). 

This approximation has been particularly successful for the systems with weakly 
varying electron density and even for the complex inhomogeneous systems, such as 
molecules and solids. Such an unexpected success of the LSDA is explained by the 
fact that its formulation satisfies a number of fundamental relationships imposed on 
the general properties of the electron exchange and correlation. 

The LSDA can in principle be systematically improved by taking into account lo-
cal gradients of electron density, and kinetic energy density (Perdew, 2013). These 
functionals are referred to as Generalized Gradient Approximations (GGA) and 
meta-GGA approximations, respectively. The next level of complexity and accuracy 
requires the consideration of partial contributions from non-local Hartree-Fock ex-
change and multi-electron correlation in Random Phase Approximation (RPA) tak-
ing into account non-occupied orditals. The last two functionals are referred to as 
hybrid and double-hybrid functionals, respectively. If ÊXC depends only on the local 
electron density and its derivatives at the same point the functional is called semi-
local. These functionals provide accurate description of the system with the localized 
(single minima centrosymmetric) exchange correlation hole.

The nonlocal ÊXC- functionals depend on the local density and the proximity typi-
cally expressed in an integral form. The exact, albeit unknown explicitly, exchange-
correlation energy is truly nonlocal by its physical nature. The non-local exchange 
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and correlation potentials should be more accurate but are more computationally 
expensive (Figure 3). 

Figure 3. Relationships between the accuracy and complexity of different ÊXC approximations intro-
duced by Perdew (Perdew and Schmidt, 2001) (left) and recent benchmarking of various functionals by 
(Goerigk et al., 2011). The figure is taken with modification from (Goerigk et al., 2011) with permis-
sion from the publisher.

The Pauli exchange interaction can in fact be calculated exactly within the Hartree-
Fock theory (see in a previous chapter of this book). This allows for the formulation 
of so-called hybrid potentials which uses a linear combination of non-local exchange 
interaction obtained in HF-approximation and local, usually gradient corrected, ex-
change and correlation functional. The B3LYP and PBE0 are the two ÊXC potentials 
currently most commonly applied to geochemical systems:

 
ÊPBE0
hubrid = ÊXC

PBE + 0.25× ÊX
HF − ÊX

PBE( )  (5)

 
ÊB3LYP
hubrid = ÊXC

LDA + a0 × ÊX
HF − ÊX

LDA( )+ ax × ΔÊX
B88 + aC × ΔÊC

PW 91

 (6)

where ÊX
PBE  is the exact Hartree – Fock exchange, a0=0.20, aX=0.72 and aC=0.81 

are empirical coefficients fitted to the experimental data, ΔÊX
B88  and ΔÊC

PW 91  are 
the gradient corrections to the LDA exchange and correlation after (Becke, 1988; 
Perdew and Wang, 1992), respectively.

A large number of functionals has been proposed for specific applications. Extensive 
benchmarks and tests are available in literature (Goerigk and Grimme, 2011; Pe-
verati and Truhlar, 2014).

Despite the significant progress in the development of the advanced ÊXC approaching 
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chemical accuracy on the top hierarchy of the functionals (Figure 3), most of the cal-
culations are performed at GGA level of theory. The LDA typically underestimates 
lattice constants by 1-2% and predicts rather realistic surface geometry. In general, 
LSDA tends to overestimate binding energies in the molecules and solid. However, 
the calculations of the relative energies, which do not involve breaking bonds, such 
as cohesion energy are convincingly accurate. GGA is substantially improved over 
LDA. It has the tendency to slightly overestimate interatomic bond lengths in mol-
ecules and the lattice constants in solids. The cohesive energies and surface energies 
are well reproduced. In comparison with GGAs, some meta-GGAs have been shown 
to improve the accuracy of lattice constants and bond distances for solids alone with 
accurate surface and binding energies. Semi-local potentials are known to have low 
accuracy in description of the geometry and energies of the activated complexes in 
chemical reactions, which are associated with strong stretching of chemical bonds. 
In such atomic configurations, where bonds are about to break, the exchange cor-
relation hole typically becomes delocalized and the semi-local approximation is not 
accurate. For similar reasons semi-local functionals may show a pure performance 
in description of compounds with d- and f- elements, where chemical bonds are 
formed by combination of the extended s- or p- electronic states with localized d- or 
f- electronic states.

Whereas diffuse (extended in space far from nucleus) 4s- and 4p valence states in the 
first 3d elements block can naturally overlap to form covalent bonds, the compact 
3d- states located closer to the core need to be “stretched out” to form an efficient 
bond overlap. Such deformation of 3d orbitals leads to delocalization of the exchange 
correlation hole and the partial failure of the semi local functionals, which tend to 
overestimate the electron hole localization for such electronic configurations.

The tendency of GGA functionals to favour a delocalization of the electronic states, 
limits the accuracy of the results for the systems including transition metals, acti-
nides and lanthanides with localized d- and f- states, which are typical examples of 
systems with strong electron-electron correlations. The occupied f- or d- electronic 
states localized on particular atoms penalize the localization of the subsequent elec-
trons at the same site. In such systems, DFT may largely underestimates the energy 
gap related to the eigenvalues of corresponding electronic states. A computationally 
efficient improvement of DFT performance can be achieved including the Hubbard 
type on site correction term to the localized orbitals: 

 
Êhub = Ĥ

KS − 1
2
UN N −1( )+ 12U ninji≠ j∑

 (7)

Where N is the number of electrons in the system, ni is the occupancy of the ith elec-
tronic state and U – is the so called Hubbard parameter which controls the energy 
separation between eigenvalues εi of the occupied and unoccupied states:
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ε i = εKS +U

1
2
− ni

⎛
⎝⎜

⎞
⎠⎟  (8)

The U - correction shifts the energy of the occupied and unoccupied Kohn-Sham 
orbitals εKS down and up by 1/2 U energy units, respectively. The state specific U -pa-
rameter can be calculated theoretically or fitted empirically to available experimental 
data, such as band gap or ionization energies, for example. It has to be kept in mind 
that the value of the U parameter is basis set and implementation dependent. There-
fore, the U parameters obtained for different basis sets and the simulation codes are 
not transferable, in general. 

Dispersion interactions arise due to instantaneous correlation between induced di-
poles in the electron density. This type of interaction is a truly non-local property of 
the system and cannot be accounted for by a semi-local density functional. Several 
approaches have been considered to include dispersion correction into DFT theory. 
The approximation embarks on the development of non-local density functional 
which could account for the Van der Waals type interaction (Peverati and Truhlar, 
2012). This fundamental approach is however related to a substantial computation-
al overhead. Another, more pragmatic approach has been developed by Grimme 
(Grimme et al., 2016) and employs a semi empirical correction for the parameters 
using the screened inverse power law expansion. The coefficients of these expansions 
are parametrized based on highly accurate correlated QM calculations. The approach 
of Grimme has been shown to be very successful in the simulations of various geo-
chemical systems including aqueous solution.

The major advantage of using the semi-local exchange correlation functional is its 
computational efficiency. In general, GGA and meta-GGA are only 2 to 3 times 
slower than LSDA. In contrast, non-local exchange correlation functionals require 
numerical integration of Eq. 3 and can be 10 to 100 times computationally more 
expensive compared to LSDA (Compare a subtly difference between the Eq. 3 and 
4, which is manifested in the non-local ρ !s( )  v.s. local ρ !r( )  dependence of the 
exchange correlation hole on the density). In practice, such functionals are only ap-
plied to small molecular systems or for benchmarking. 

2.2. Pseudopotential approximation 

Each electron in the atom is filling a specific electronic state described by a wave 
function and the corresponding state energy. In ground state, the lowest energy lev-
els are filled first. On the basis of orbital energy, the electronic states in an atom can 
be subdivided into core and valence states. The energy of core electrons is much 
lower compared to the energy of the possible interatomic bond energy. For these 
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reasons, the wave functions of the core electrons remain unchanged upon formation 
of chemical bonds between atoms in molecules and solids. In contrast, the energy 
of the valence electrons is comparable with the energy of chemical bonds or intera-
tomic interactions. The spatial distribution and the energy of these electronic states 
are changing upon formation of chemical bonds. Since core electrons are insensitive 
to the chemical bonding these electronic states can be excluded from the explicit 
computations for the sake of computational efficiency using the pseudopotential 
(PP) approximations. 

Figure 4. Full electron wave functions of an isolated Si atom (top left) and wave function overlap in Si2 
dimer (top right). Bare coulomb potential from Si atom and an effective pseudopotential (bottom left). 
Corresponding pseudo wave functions for 2s and 2p orbitals (bottom right).

Figure 4 shows the atomic wave functions of a Si atom and the wave functions 
overlap of two Si atoms located at the bonding distance. The core state 1s, 2s and 2p 
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are spatially localized close to the centres of the corresponding Si atoms. The energy 
of these states is much larger than the Si-Si bonding energy (~4 eV). When two Si 
atoms come to the bonding distance the core electronic state densities do not overlap 
and thus do not contribute to the chemical bonding. In contrast 3s- and 3p- states 
are extended far beyond the core region and overlap with the electron wave functions 
of neighbouring atoms leading to covalent bonding.

Full electron wave functions have oscillatory behaviour inside the core region, which 
follows from requirements of the orthogonality to the lower energetic electronic 
states. This oscillatory behaviour can be smeared out to improve computational ef-
ficiency by the construction of a smooth, node-free pseudo wave function.

The pseudopotential and pseudo wave functions are constructed to reproduce prop-
erties of valence electrons for an isolated atom in the ground and, if necessary, in 
the excited states based on the data from full electron calculations and at the same 
time to satisfy several boundary conditions (see Dolg and Cao, 2012) for a review). 
The pseudo-wave functions are forced to reproduce true wave functions beyond a 
specific cut-off distance and to maintain a smooth node-less shape within this core 
radius (Figure 4, rc). The node-less pseudo WF can be accurately reproduced us-
ing a small number of basis set functions. The smaller the core radius, the more 
accurate the pseudopotential is. However, the smaller core radius typically requires 
a larger number of basis set functions. The pseudo-wave functions (squared) of a 
norm-conserving pseudopotential integrate to the same electron density as true wave 
functions (Troullier and Martins, 1991). The norm conservation condition is not 
imposed in the ultrasoft pseudopotential for the sake of the extra smooth behaviour 
of the pseudopotential in the core region. The lack of norm conservation conditions 
brings about additional computational overhead (Vanderbilt, 1990). The choice be-
tween the norm-conserving and ultra-soft potential is often a compromise between 
the availability of the implementation in one or another computational code or the 
computational trade-off between the basis set size of computational overhead for the 
use of the ultrasoft PP.

2.3 Basis set and boundary conditions

The number of atoms (and electrons) which can be explicitly considered in the simula-
tions are limited by computational costs. To mimic the behaviour of the macroscopic 
materials, the periodic boundary conditions are applied in the simulation of solids, 
liquids and their interfaces. In this approach the entire 3D space is filled with trans-
lationally equivalent periodic replica of the explicit simulation cell (Figure 5). In such 
a setup, it is convenient to use a periodic basis set function for electron orbitals and 
density, which are consistent with the periodicity of the system. The plane wave basis 
set is a natural choice for the system subjected to periodic boundary conditions. Figure 
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5 illustrates the performance of the plane wave approximation for a parabolic function 
in one dimension at [0,1] interval using cos(n2πx/L), where n=0,1,2,... In this specific 
case, a very accurate description is already obtained using the first 6 plane waves.

Figure 5. Left: Illustration of periodic boundary conditions in 2D. Simulation cell, shown as shaded 
box with green boxes contains three red and blue particles each, is replicated by lattice translational 
vectors R1 and R2 to fill the entire space. Arrows illustrate particle’s instantaneous momentum. Dashed 
circles with radius rc, shows coordination shell of particle with their periodic images. Right Top: An ex-
ample showing the one dimensional approximation of the parabolic function on an interval L ∈ [0,1] 
with cos(n2πx/L) functions. Right Bottom: Individual basis set functions used to approximate the 
parabolic function.

A general form of the 3D plane wave basis set for a periodic wavefunction Ψ !r( )  can 
be written as:

 
Ψ !r( ) = Ψ !r + n

!
R( ) = cG+ke

i
!
G+
!
k( )⋅!r

G∑  (9)

where 
!
k  is the vector confined to the first Brillouin zone of the reciprocal cell, 

!
G  

is the reciprocal lattice vector satisfying the condition 
!
G ⋅
!
R( ) = 2πn , with 

!
R  being 

the translational vectors of the real space periodic lattice and n is an integer. Since the 
!
G +
!
k  vector is related to the energy of plain wave the number of the plane waves is 

restricted to satisfy the energy cut-off criteria:

 
!
G +
!
k
2
< Ecutoff  (10)

In polyatomic and molecular systems, the so-called basis set superposition error 
(BSSE) arises when atom localised wave functions are used. To understand the na-
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ture of BSSE error consider calculation of binding energy for a Si2 dimer, which 
can be calculated as energy difference between the total energy of Si2 molecule and 
the energy of two isolated Si atoms. The Figure 4 illustrates the atomic wave func-
tion of a Si atom and the wave function overlaps at the bonding distance. In this 
example the electron density of a single isolated atom of Si would be represented 
by the 3s and 3p basis functions. When two silica atoms form a dimer the electron 
total density distribution is represented by two 2s and two 3p basis functions. The 
effective number of basis set functions is doubled compared to the calculations for 
an isolated atom. Better basis set quality for used in the composite system will result 
in artificial lowering of the dimer binding energy, referred to as BSSE. In contrast to 
the atom centred molecular orbitals, the particular property of the plane wave basis 
sets is a smooth monotonic converges of the basis set accuracy with the number of 
plane waves. Plane wave basis functions do not depend on atomic positions (delocal-
ized) and therefore provides an equally accurate representation of the election wave 
functions and density everywhere in the computational domain independent of the 
particular atomic configuration. For these reasons the plane wave basis set is free of 
the basis set superposition error (BSSE). This property is illustrated in Figure 5 show-
ing that every point in space is approximated by the same number of basis functions.

The plane wave basis set is almost exclusively used in conjunction with the pseudo-
potential approximation. Pseudo wave functions do not have oscillatory behaviour 
close to the core of the nuclei and allow achieving high accuracy of the interpolation 
with a small number of plane wave basis functions. Use of the fast Fourier trans-
form technique allows having n ⋅ log n( )  scaling of the computational costs with 
the number of plane waves (n). The computational efficiency can be further im-
proved by combining reciprocal space representations of the electron density based 
on plane waves with the real space Gaussian-like basis set for atomic orbitals. The lat-
ter approaches allow the short-range locality of electron distributions to be exploited 
(Kuhne et al., 2020). 

2.4 Ab initio molecular dynamics

Time evolution of atoms and electrons can be described by a set of differential equa-
tions, which in principle need to be solved simultaneously. The electrons are lighter 
by more than a factor of 103 than the nuclei and thus move much faster. Solving 
equations of motion for both nuclei and electrons simultaneously would need a very 
small integration step. Born-Oppenheimer (BO) and Car-Parrinello (CP) MD are 
two methods taking advantage of scale separation in the position of electrons and 
nuclei.

The BO molecular dynamics assumes that the electrons in the system are adiabati-
cally decoupled from the motion of slow atoms and stay in the ground state as atom 
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moves in the mean electrostatic potential. So, for every atomic configuration, the 
ground state distribution of electrons and total energy of the system is obtained solv-
ing the corresponding Schrödinger equation. Knowing the ground state of electrons, 
the forces acting on the nuclei can be calculated. These forces are used to obtain the 
molecular dynamics trajectory of Newton equation of motion for atomic cores. The 
accuracy of the BO molecular dynamics trajectories is particularly sensitive to the 
convergence of the wave functions to the ground state. 

In Car-Parrinello-MD methods electrons are considered as classical particles with a 
fictitious mass which is 100-1000 times heavier than the actual rest mass of an elec-
tron. A system of coupled differential equations for electrons and nuclei taking into 
account the orthogonality of the electronic wave functions using Lagrange multipli-
ers approach is solved simultaneously. The Car-Parrinello approach imposes several 
conditions on the integration time step which need to be fulfilled to ensure adiabatic 
separation for the dynamics of electrons and nuclei. These conditions may depend 
on several system specific parameters such as band gap and the basis set. In general, 
one can argue that CPMD is most appropriate for large band gap insulation materi-
als. A more detailed analysis of the CPMD and a guideline for the appropriate choice 
of parameters can be found in extensive literature (Grossman et al., 2004; Schwegler 
et al., 2004). The numerical scheme for the simulation of various thermodynamic 
ensembles is essentially the same as the one used in classical simulations and thus 
described in previous chapters. 

2.5 Surface energy and role of surface dipoles 

The surface energies are particularly important for prediction of equilibrium, the 
surface speciation and ion complexation mechanism. Knowing the surface energy, 
the equilibrium shape of mineral grains and extent of the different mineral faces can 
be predicted as function of the chemical conditions. A general framework for pre-
dicting stable surface compositions and structures for arbitrary conditions consistent 
with the ab initio modelling approach has been introduced by Reuter and Scheffler 
(2001). The equilibrium surface geometry and the speciation under given thermo-
dynamic conditions such as temperature pressure and chemical potential of relevant 
species is obtained by minimizing the surface free energy, γ T ,P,N( ) :

 
γ T ,P,N( ) = 1A G T ,P,N( )− Niµi T ,P( )

i
∑⎡

⎣
⎢

⎤
⎦
⎥

 (11)

 
µbulk T ,P( ) = !N jµ j T ,P( )

j
∑

 (12)
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G T ,P,N( )  is the Gibbs free energy of the system; µi T ,P( )  are chemical potentials 
of the basis species; iN  and jN~ are their mole concentrations and A is the surface 
area. µbulk T ,P( )  is the chemical composition of the bulk. Eq. 12 imposes equilib-
rium of the surface with the bulk mineral.

For solids and the surfaces, the Gibbs free energy of the system is defined as:

 
G T ,P,N( ) = E + Fvib T ,P,N( )+ PV T ,P,N( )  (13)

By far the most important contribution in these equations is the cohesion energy E. 
It is obtained by cell and geometry optimization. For ambient condition pressures, 
the PV(T,P,N) term is small and can be entirely neglected. Fvib(T,P,N) accounting for 
both the zero-point energy and thermal vibrations of atoms, can be calculated from 
the vibrational density of states σ V ,ϖ( ) :

 
Fvib T ,P,N( ) = dϖFvib T ,V ,ϖ( )σ V ,ϖ( )∫  (14)

Fvib T ,V ,ϖ( ) = !ϖ 1
2
+ eβ!ϖ −1( )−1⎡

⎣
⎢

⎤

⎦
⎥ − β

−1 β!ϖ eβ!ϖ −1( )−1 − ln 1− eβ!ϖ( )⎡
⎣⎢

⎤
⎦⎥  (15)

where β = kBT( )−1 ;  and Bk are the Plank and Boltzmann constants, respectively; 
ϖ is vibrational frequency and the thermodynamic temperature. The vibrational 
density of states can be estimated in the harmonic approximation using finite dif-
ferences or linear response theory. In aqueous systems a full anharmonic vibrational 
density of states can be estimated by ab initio MD simulations (Dove, 1993). In 
many applications thermal energy is often neglected due to the prohibitive compu-
tational costs. The surface energy is then obtained in the most simple form: 

 
γ T ,P,N( ) = 1A E N( )− Niµi T ,P( )

i
∑⎡

⎣
⎢

⎤
⎦
⎥

 (16)

Calculations of the surface energies and the energy of structural substitutions could 
be very challenging in the presence of surface dipoles. Such dipolar surfaces are not 
only common in low symmetry minerals but also occur in the high symmetry ionic 
crystals. The difficulty is associated with the treatment of long-range electrostatic ef-
fects. The surface dipole moment creates a linear electric field across the simulation 
cell. Due to the periodic boundary conditions imposed on the simulation supercell 
the potential must be periodic as well. Variation of electrostatic potential across a 
platelet of pyrophyllite is shown in Figure 6. 
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Figure 6. Left: Energy of heterovalent substitution Fe2+{ }
Al3+

1−
 of octahedral position of pyrophyllite plate-

let with (110) edge as function of distance from the edge surface. The cis- and trans- octahedral sites are 
shown by light and dark green colours, respectively. The energy of the substitutions in central cis- and 
trans- octahedra is set to zero respectively. The dotted orange line is fitted to the energy of the substitu-
tions in “bulk like octahedral positions” in the central part of the montmorillonite platelet emphasises 
the linear trend in the lattice energy. Right: Variation of electrostatic potential across the simulation 
cell containing the same charge neutral pyrophyllite platelet with 110( )  and 110( )  edge surface. The 
vacuum region between the clay platelet is shaded grey. The potential shows rapid oscillations within the 
solid and linear dependence within vacuum regions, respectively. The orange line indicates contribution 
of surface potential imposed by surface dipole, the “external” linear field which superimpose with the 
highly varying Hartree potential (Keri et al., 2020). 

Figure 6 illustrates the optimised geometry of 110( )  edge surfaces in a cis- vacant 
pyrophyllite structure. This system is electrically neutral. However, the 110( )  and 
110( )  edge surface are structurally non-equivalent and have different surface charge 

density distribution. The platelet thus possesses a non-zero electric dipole pointing 
between edge surfaces and accordingly induces a dipolar field across the simulation 
cell. Calculation of substitution energies in such a polar system is not straightforward 
and requires either the use of the compensation depolarisation field (Sprik, 2018) or 
a posterior energy correction (Keri et al., 2020). Particularly promising is the method 
of constant dielectric field recently developed and tested for several model systems 
(Sayer et al., 2017; Sayer et al., 2019). In the following we discuss a more simple yet 
efficient approach using correction to the bulk substitution energy used in (Keri et 
al., 2020) and illustrated in Figure 6.

In the dielectric continuum approximation of electric displacement field, D(r) with-
in the solid is:

 
D r( ) = ε0Ecr r( )+ ε0Esurf + P = ε0Ecr r( )+ ε0Esurf +α r( )Esurf  (17)

where Ecr is the local crystal field produced by electrons and nuclei in the solid, Esurf 
is the surface potential, ε0 and α(r) are the dielectric constant of vacuum and the 
polarizability, respectively. The potential energy of substitution is the work required 
to transfer (exchange) the ion from position i to the position j is obtained by integra-
tion of the field given Equation 17 multiplied by the charge being transferred:
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Δ ijU = qD r( )dr
ri

rj∫ = ε0Δ !q r( )Ecr r( )dr
ri

rj∫ + ε0Δqij r( )Esurf + Δα ijEsurf⎡⎣ ⎤⎦drri

rj∫
  (18)

The first integral represents local changes in the chemical bonding upon substitu-
tion. This energy Δ ijUstr( )  is the one related to the different chemical environment 
and it should be considered as the structural substitution energy for a macroscop-
ic system. The local fields Ecr are strongly heterogeneous and should be evaluated 
by SCF calculations. The second and the third term represent the work associated 
with the charge transfer and the polarization change upon the exchange of two ions 
treated as polarizable point charges in presence of an external electric field. For the 
homogeneous external field normal to the surface the energy can be represented as 
sum of three terms: 

 
Δ ijU ∼ Δ ijUstr + ε0Δqij r( )+ Δα ij

⎡⎣ ⎤⎦EsurfΔx  (19)

where Δx represents the distance to the surface, Δqij and Δαij are the changes in the 
charge and polarizability of the substituted sites, respectively. To compare the ener-
gies of isomorphic substitutions (ΔijUstr), the calculated ΔijU energy has to be cor-
rected with the term ε0Δqij r( )+ Δα ij

⎡⎣ ⎤⎦EsurfΔx  determined by the external field. 
Since polarization is dominated by anions (oxygens), the local macroscopic polariz-
ability does not change much for the cationic substitutions. A linear relationship 
between the position of charged-substitution and the calculated structure potential 
energy is expected. This trend is shown in figure 6 for Fe2+{ }

Al3+

1−
 substitution. The 

correct substitution energy is obtained as the difference relative to the trend line.

Note that increasing the system size does not resolve this fundamental problem of 
surface potential, because the potential is controlled by surface charge difference and 
the use of a larger slab leads to a larger value of the dipole across the cell. 

2.6 Thermodynamic integration

The direction of chemical reaction and the possibility of the specific molecular con-
figuration depend on the free energy of the system. Free energy calculations are chal-
lenging due to the need to calculate the entropy of the system. The free energy 
cannot be accurately calculated as a simple ensemble average. Instead it is obtained 
by thermodynamic integration exploiting the fact that the free energy difference 
between two thermodynamic states, in the non-dissipative systems, does not depend 
on the thermodynamic path connecting these states. The Hamiltonian function (the 
sum of the kinetic T and E potential (internal) energy, H=T+E) of complex system 
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including the reactants H0 and reaction products H1 can be universally parametrized 
as follow:

 
H λ( ) = λH1 + 1− λ( )H0  (20)

By integration of this expression with respect to the coupling parameter λ, which 
can be interpreted as a generalized reaction coordinate, the Helmholtz free energy 
of an arbitrary reaction can be obtained from a set of ab initio molecular dynamics 
simulations sampling the conventional as ensemble average quantities <...>λ (Sulpizi 
and Sprik, 2008):

 
ΔA = dλ < ΔE >λ∼ bi < ΔE >λi0

1∑0

1

∫  (21)

where < ΔE >λ=< H1 − H0 >λ=< E1 − E0 >λ  is the potential energy difference for 
reactants and products sampled for molecular simulation of system described by λ 
dependent Hamiltonian H(λ) obtained for a specific value of λ. For the parameter 
λ equal to 0 and 1 the system represents the reactants or products. The analytical 
integration is replaced by a numerical quadrature, where bi are corresponding weight 
coefficients. In most of the applications, the accurate results could be obtained using 
only 3 to 5 intermediate integration steps. The simulation approach is particularly 
useful for studies of exchange reactions in which ions or functional groups are ex-
changed between specific structural positions (Churakov and Labbez, 2017). 

2.7 Meta dynamic simulations (MetaD)

Reactants and products of chemical reactions, first order phase transitions and struc-
tural conformations are separated by large activation barriers, which are much higher 
than the energy amplitude characteristic to the thermal fluctuation in the system at 
the conditions close to reaction equilibrium. Accordingly, such transformations can-
not be observed as spontaneous events in a conventional molecular dynamic trajec-
tory even if the initial system is in metastable high energy state. The activation energy 
of the free energy barrier and transition mechanism of such a specific event can be 
studied using different methods of accelerated dynamics. 

In either method the evolution of the system needs to be described by a reaction co-
ordinate. The reaction coordinate is a descriptive variable that is able to discriminate 
the difference between the initial and final state of the system, generally speaking 
referred to as the collective variable (CV). One of the main requirements for the 
collective variable used for the identification of reaction mechanisms of the system 
is the ability to quantitatively discriminate between the reaction products, reactants, 
and the reaction intermediates. A collective variable is thus a numerical indicator 
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discriminating the actual state of the system. In principle any structural parameters 
can be used, such as interatomic distances, angles of coordination, or a more general 
cumulative function or state variable like electric field, energy, mean square displace-
ment of an atomic group, the order parameter and so on can be used. The nature of 
the method is such that only those free energy states of the system can be sampled, 
which are discriminated by the collective variables. Various choices of collective vari-
able are feasible.

The Meta-dynamics (MetaD) method allows calculating the free energy of the system 
as function of reaction coordinates. At thermal equilibria the system tends to stay 
in the low energy state. In MetaD simulations, the system is systematically pushed 
away from the local or global energy minimum, which it is currently occupying, by 
means of a time dependent external potential composed of the sum of Gaussian like 
functions in the space of selected CVs. Such hill-like Gaussian penalty functions 
are added progressively to the external potential boosting the system to explore the 
configurational space. For a sufficiently long simulation run the collected external 
potential has been shown to represent the free energy surface of the system in the 
space spanned by the CVs (Laio and Parrinello, 2002). The trajectories obtained in 
MetaD simulations resemble the minimum energy path (MEP) between the reaction 
intermediates. Detailed analysis of the FES allows revealing the multiple competi-
tive reaction mechanisms. The method has been successfully applied to reactions on 
mineral surfaces and structural transformation in clay minerals (Molina-Montes et 
al., 2010; 2013).

Figure 7. Schematic representation of activation barrier for dissociation reaction of H2CO3 molecule 
into CO2 and H2O, reproduced with permission of (Laio and Gervasio, 2008).

The activation energy of the reaction described in Figure 7 is several times the ther-
mal energy vibrations Δ≫ kBT . The dissociation can occur instantaneously, if the 
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barrier is eliminated by an external potential. In metadynamics the external potential 
is incrementally built up by small Gaussian-shaped functions, schematically shown 
by green lines in the upper left graph of Figure 7. Lower left and right graphs of 
Figure 7 show metadynamics based reconstruction of free energy surface for a model 
system with 2 local and one global minima along the reaction coordinate s. Initially 
the system is in the state with s=0, an intermediate local minimum. This minimum 
is filled with first 20 Gaussian functions and the system moves to the state with 
s=3.5. This second minimum is filled with additional 49 Gaussian functions and 
the system explores the region in the range of reaction coordinate values from -5 and 
3 till the global minimum is discovered. In total 180 Gaussian functions are needed 
to rebuild the free energy surface. Continuation of the simulation does not change 
the relative energy of the minima and the activation barriers, this is the accuracy of 
the simulation setup.

The free energy calculations are prone to a number of uncertainties which can sig-
nificantly influence the simulation results. A thorough discussion of the free energy 
sampling accuracy by metadynamics is given by Laio et al. (2005), and Laio and 
Gervasio (2008). Using a model stochastic system, they have proposed an empirical 
estimate of the free energy sampling error ε(d) in analytical form:

 
ε = C d( ) wδ sTS

DτG  (22)

w, and δs are the height and width of the Gaussian functions used to sample the free 
energy, τG is the time interval between the deposition of Gaussian functions. The T 
and D are the effective temperature and diffusivity of the collective variables, respec-
tively. The S is the size of the system, in the space of collective variables, explored by 
meta-dynamics and C(d) is a constant proportional to the system dimensionality.

Obviously, T, D and S are the parameters defined by the intrinsic properties of the 
system. Contrary, the w, δs and τG are the simulation parameters, which can be 
tuned by the simulation setup as natural compromise between the accuracy and ef-
ficiency. This semi-empirical equation does not necessary reflect all the details of the 
complex interplay between the system specific and simulation setup. Based on the 
analysis of system dynamics and dependencies of the system parameters it has been 
suggested that metadynamics could be a very efficient approach for estimations of 
the energy barriers for a single reaction step and the elucidation of most favourable 
reaction mechanism. In the same time metadynamics is less suited method for recon-
structions the large domains containing numerous local minima basins connected by 
narrow paths (Laio et al., 2005; Laio and Gervasio, 2008).

The reaction mechanism in a complex system is a priori unknown and can follow 
several concurrent reaction pathways. The collective variables (reaction coordinates) 
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should be as general as possible and introduce the least bias to the system description. 
Coordination number is a useful indicator for the studies of surface complexation 
phenomena and chemical reactions. The mathematical representation of the coordi-
nation number is implemented with a smooth step like function of the interatomic 
distance, which is close to one when two atoms are coordinating each other and 
asymptotically go to zero when atoms are apart beyond the coordination distance. 
Such distance indicator functions are summed up for all atoms of a specific type in 
the system to give an integral coordination number on the specific atom(s) or func-
tional groups. 

Figure 8. Illustration of rational coordination number function (coloured line) with different values of 
the exponents and Fermi like function (dotted line).

 

Sij
n,m R( ) = 1− Rij / R0,ij( )n

1− Rij / R0,ij( )m  (23)

 

Sij
a R( ) = 1

exp α Rij / R0,ij( )⎡
⎣

⎤
⎦ +1  (24)

 
CNi = Sij R( )j∑  (25)

Several mathematical representations of the coordination number functions are pos-
sible. Expressions for rational functions and a Fermi like function are given in Eqs. 
23 and 24. These functions are plotted in Figure 8 for a set of different parameters. 
The parameters R0,ij, n and m in the rational function control the steepness and the 
position of the gradual transition between the coordinated (value close to 1, at short 
distance) and uncoordinated (approaching zero, long distance). The Fermi function 
(Eq. 20) has a symmetric shape relative to the R0,ij. This can be useful for the accurate 
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description of the exchange between the first and the second coordination shell. The 
rational function (Eq. 19) on the other hand is more versatile for the description of 
the interaction in a complex system due to the asymmetric long-range tail allowing 
to probe coordination environment beyond the second coordination shell. The coor-
dination number is an integral quantity. The individual atoms are indistinguishable, 
and the system is thus not biased for the interaction with a particular atom in the 
system. It is also important to realize that exact value of such a collective coordina-
tion number does not need to be identical to integer valued structural definition of 
coordination.

3. Applications

Quantum mechanical simulations allow estimating the changes in the energy of the 
system in a complex environment including the breaking of chemical bonds and the 
complex unusual environment. This is the major advantage compared to the classi-
cal potentials that need to be calibrated for specific systems and often have a limited 
transferability. A recent comprehensive review of clay minerals modelling is sum-
marized in (Churakov and Liu, 2018). Particularly interesting applications to clays 
are the studies of adsorption, surface sites acidity and the dissolution precipitation 
mechanism. This review is focused on the most recent studies of the surface reactions 
on edge sites and the surface complexation processes.

3.1 Acidity of surface groups

Ab initio simulations of the surface sites acidity associated with aluminol and silanol 
groups on the {010} edge surface of pyrophyllite using the thermodynamic integra-
tion method presented (Eq. 20-21) were initially conducted by (Tazi et al., 2012). 
The method was further applied to a wide range of clay minerals with variable chemi-
cal compositions (Liu et al., 2011; 2013; 2014; 2015a; 2015b). It could be shown 
that the acidity of >Si-OH and Al-OH2 were close considering the calculation un-
certainties. The Al-OH2 site can be considered as water adsorbed on an edge surface 
of clay at the octahedral site. It is interesting to note that such an adsorbed water 
molecule is much more acidic and reactive than a water molecule in bulk solution. 
Liu and co-workers have systematically applied thermodynamic integration method 
to investigate the surface acidity of various phyllosilicate minerals. These simulations 
have allowed investigating the effect of the surface charge and the isomorphic substi-
tutions of the acidity of sorption sites on clay mineral surface. It could be shown that 
the heterovalent isomorphic substitution of Al for Si and Mg for Al in the deference 
structure of phyllosilicate has a significant effect acidity of the sorption sites. It could 
be argued on the basis of the data that tetrahedral Al-OH and octahedral >Mg-OH2 
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should not deprotonate in the pH conditions relevant for the stability of clay miner-
als. On the other hand, the bridging sites Altet-O-Aloct or Si-O-Mgoct are expected to 
act as proton acceptor.

3.2 Surface complexation and structural substitutions 

The mechanism of the ions surface complexation has been a matter of intensive 
investigation. A number of studies have been conducted in connection with the 
retention of hazardous and trace elements. (Kremleva et al., 2011; 2012) has studied 
the surface complexation (U(VI)) on kaolinite/pyrophyllite. The mechanism of Zn2+ 
uptake on pyrophyllite at different loading has been investigated by (Churakov and 
Dähn, 2012). By combining the ab initio simulations with the spectroscopic studies, 
the structural differences in the mechanism of Zn uptake and low and high aqueous 
concentrations could be revealed. Recently a similar combined experimental and 
modelling approach was applied to investigations of Fe2+/Fe3+ uptake on pyrophyllite 
(Figure 9) (Keri et al., 2020). In contrast to all previous studies of phyllosilicate min-
eral this work was conducted for the cis vacant form of the mineral. This structural 
type is actually a better prototype for illite smectite minerals. Nevertheless, the up-
take of Fe2+/Cd2+/Ni2+ on trans-vacant pyrophyllite have been also studied (Liu et al., 
2010; 2012; Zhang et al., 2017; 2018).

Fe2+/Fe3+ is the most important redox active couple in clay minerals. The redox activ-
ity of iron in clay minerals depends on the oxidation state and structural distribution 
of Fe-ions in the TOT layer. The atomistic studies of redox sensitive elements in clay 
minerals are overall very limited. Energetically favourable distribution of iron and 
potential clustering in montmorillonite samples from different locations was inves-
tigated by quantum mechanical simulations (Keri et al., 2017; 2019; 2020) (Timon 
et al., 2003; Sainz-Diaz et al., 2002; Tunega et al, 2007). Activation energies and the 
electron transfer mechanism between adsorbed ions and the nontronite structure was 
evaluated based on density functional theory by quantum mechanical simulations 
(Alexandrov et al., 2013; Alexandrov and Rosso, 2013).
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Figure 9. Views of bidentate inner-sphere sorption complexation models. The complexes referred to 
as “Strong-site” are shown in panel a and b, while structures shown in panel c and d correspond are 
referred to as “weak-site”. In panel a and c, complexes at the (010) edge sites are shown, while view 
of surface complexes at the (110) edge can be seen in panel b and d. Alumina octahedra are shown in 
green, silica tetrahedra are orange, iron is marked with pink colour, while red and grey colours cor-
respond to oxygen and hydrogen atoms, respectively. The different octahedral occupational sites can 
be distinguished by the different relative position of hydroxyl (OH-) groups (cis-site is marked with 
lighter, while trans-site is shown with darker colours (Keri et al., 2020).

The surface complexation mechanism of Fe at different loading has been investigated 
combining the atomistic simulations and X-ray adsorption spectroscopy. Combina-
tion of the experimental and modelling technique allowed revealing the nature of 
the Fe2+/Fe3+ uptake at different Fe loading in solution. It could be shown that at 
low loading Fe is incorporated in the structural defects on the edge surface of smec-
tite particles. This surface complexation mechanism corresponds to the high affinity 
sorption sites observed in thermodynamic sorption models. At higher Fe loading, Fe 
forms bidentate surface complexes. These surface complexes correspond to low af-
finity sites referred to as “weak sites” in thermodynamic sorption models (Bradbury 
and Baeyens, 1997). The analysis of the spectroscopic data based on the theoretical 
predictions suggest that surface uptake of Fe(II) may follow the surface induced oxi-
dative adsorption pathway. Where Fe(II) is oxidised at the interface adsorb as nomi-
nal Fe(III) surface complex. Fe(III) has higher surface affinity compared to Fe(II). 
Competitive adsorption of Fe(II) surface complexes take place only at high Fe(II) 
concentration in solutions. 
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3.3 Surface dissolution mechanism 

The dissolution mechanism of the (110) edge surface of pyrophyllite at ambient 
conditions was recently investigated by (Schliemann and Churakov, 2020) using the 
MetaD simulation approach (Figure 10). The obtained MetaD simulation trajecto-
ries demonstrate that leaching of cations in tetrahedral and octahedral surface sites 
take place as a complex sequence of reaction events with several reaction intermedi-
ates. In general, each elementary reaction step modifies the denticity of the reacting 
site, and eventually enables the leaching of octahedral or tetrahedral ions from the 
edge surface. The detailed analysis of the reaction mechanism reveals that the solvent 
rearrangement and the proton transfer reactions in the first and the second coordi-
nation shell of the dissolving unit play a critical role in the stabilization of reaction 
intermediates and the net progress of the dissolution reactions. Each intermediate 
reaction event is typically triggered by a nucleophilic attack of H2O molecules or 
OH groups on the dissolving surface site followed by ligand exchange reactions in 
the first coordination shell of the reacting sites. These events change the conforma-
tion and denticity of reacting site at the mineral surface. The reaction products are 
further stabilised by collective proton transfer reactions between the acidic and basic 
oxygen sites mediated via a chain of the hydrogen bonded molecules in the first and 
the second coordination shell of the reacting site. Analysis of the activation barriers 
for different surface sites suggests that detachment of the terminal aluminol group in 
the octahedral sheet has significantly lower activation barriers than the correspond-
ing barriers for the terminal silanol groups. This is consistent with the stronger en-
ergy of ion-covalent Si-O bond compared to the ionic Al-O interaction and further 
supported by experimental observation of the initial preferential leaching of the oc-
tahedral ions on the surface of phyllosilicate minerals.

The following section provides new insight into the mechanism of Al leaching 
from octahedral sheet of pyrophyllite at high pressure conditions corresponding to 
~1.6 GPa. This system can be considered as limiting case for the reactivity of phyl-
losilicates (e.g. mica minerals) in high pressure metamorphic rocks of Alpine and 
Barrovian facies series (Zheng and Chen, 2017). The MetaD simulations setup and 
reaction coordinates are used as described in (Schliemann and Churakov, 2020), 
except for the high pressure conditions. The results described in details in the fol-
lowing section show that also under high-pressure conditions, the main steps of the 
aluminol detachment mechanism are very similar to those controlling the dissolu-
tion under ambient conditions. 
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Figure 10. A snapshot of the simulation supercell shown in side view. The two symmetrically inequiva-
lent silanol groups are indicated with T1 and T2.

The first reaction step on the minimum energy pathway towards dissolution is the 
detachment of the O(i)H2 group (Figure 11), leaving the initially octahedral coor-
dinated Al surface site in five-fold coordination. This H2O desorption/resorption is 
reversible and is encountered in the modelling trajectory for several times:

 
Al 3( ) ObH( )2 −OH2 ↔ Al 3( ) ObH( )2 +H2O  (26)

The repetitive desorption and resorption of H2O leads to destabilization of the sur-
face structure. Figure 12 schematically shows the deformation of Al(o) coordination 
caused by the displacement of the Al(o) and the rupture of two Al − Ob bonds con-
necting neighbouring Al octahedral (see O(v) and O(vi) in Figure 12). The Al(o) 
becomes coordinated with three Ob, that are bonded to one Al(o), the two Si(t) (SiT1 
and SiT2) and one OH2-group:

 
H2O−Al 3( ) −O−( )2 Al 4( )→ H2O−Al 4( )+Al 4( )−O  (27)

Shortly after the reaction in Eq. 27, the OH2(vii) group is donating a proton to 
the Ob(v) bridging site and the Al becomes coordinated by three Ob and two OH2 
groups (Figure 13, Eq. 28).

 

Al 4( ) −OH −( )2 Al 3( )−OH2 +Al 5( )−OH2 →

Al 4( )− OH( )−Al 3( )− OH2( )2 +Al 5( )−OH
 (28)

In the next series of steps water molecules at the interface repeatedly enter and leave 
the hydration shell of the Al site changing its coordination number of this site be-
tween four and five without a crossing a barrier on the minimum energy pathway to 
the aluminol detachment. These fluctuations in the coordination shell cause elonga-
tion of the Al−OH(ii) bond in the octahedral sheet.
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Si 3( )−O−Aldet 2( )− OH2( )2 − OH( )Al 4( )+Al 5( )→
Al 5( )−ObH −Si 3( )+ OH2( )2 −Aldet 2( )− OH( )−Al 4( )

 (29)

Eventually, the Al-OH bond breaks and the Al site moves away from the lower tetra-
hedral sheet (SiT2) and forms a bond to a nearby H2O molecule (Figure 14). As the 
result, Al forms a bi-dentate complex simultaneously attached to the upper and to 
the lower tetrahedral sheet via bridging Ob-Si sites and hydrated by a water molecule 
and an OH group.

In the upcoming step the remaining Al − Ob bond to the octahedral sheet breaks, 
leading to a monodentate complex with tetrahedral Al coordination on the surface 
(Figure 15). In the same time two protons from two different OH2 groups dissociate 
into the slit pore. That can be written as follows:

 
OH2( )3 Al 1( )− ObH( )Al 4( )→ OH2( )3 Al 1( )+Al 4( )−OH + 2H+

 (30)

In the follow-up reaction of the trajectory 2 more water molecules one by one enter 
the coordination shell of the detaching aluminol (Figure 16 and 17), leading to an 
octahedral coordinated monodentate complex. The reaction can be summarized as: 

 
Al 1( ) OH( )2 OH2 + 2H2O→ Al 1( ) OH( )2 OH2( )3  (31)

In the final reaction step of (Al-Ob)-Si bond elongates and initially six fold mono-
dentate complex detach from the Si-Ob site (Eq. 32, Figure 18). During the transi-
tion, two H2O molecules in the solvation shell of the complex deprotonate. One of 
them donates the proton to the dangling Si-Ob bond. Another proton is transferred 
to O(ii) site. The deprotonating H2O molecule and the proton accepting surface site 
are spatially separated and not have direct hydrogen bonded interaction. The net 
proton exchange between the proton donor and acceptor takes place via collective 
motion of protons along a chain of hydrogen bonds formed by several water mol-
ecules at the interface. The neo-formed tetrahedral coordinated oxy-ion Al(OH)4 
remains close to the interface forming hydrogen bonds to the surface oxygen sites. 
At the later stage, the Al(OH)4 desorbs from the surface and diffuse into the inter 
particle space. 

 

Si 3( )−O−Al OH( )2 OH2( )3 +Si 3( )−O−Al 5( )→
Al OH( )3OH2 +Si 3( )−OH +Si 3( )− OH( )−Al 5( )

 (32)

The activation barriers obtained for the intermediate reaction steps are listed in 
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Table 1. Although the sequence of reaction intermediates is not identical, the pre-
dicted activation energies are in the same range as the ones observed at ambient con-
ditions (Schliemann and Churakov, 2020). The activation barriers seem to be mainly 
dependent on the structural environment of the detaching species. 

Figure 11. Reversible detachment of the OH2 group from the octahedral Al species. This reaction step 
(Eq. 26) leads to dynamic destabilisation Al octahedra and precondition further reaction event.

Figure 12. Schematic structural representation of reactant and product in Eq. 27. Two Al − Ob bonds to 
trifold coordinated Ob break and the Al coordination collapses into fivefold coordination.

Figure 13. In this reaction step, the O(vii)H2 group of a nearby Al(O) donates one proton to the 
ObH(vi) site, which then breaks its bond to the connected Al. The resulting complex has three oxygen 
bridges to the surface and two OH2 (i and vi) groups (Eq. 28).

Figure 14. Nucleophilic attack of a water molecule result in the rupture of the Al-Ob(ii)
 bond and re-

binds to the nearby Al(O) (see Eq. 29). The Al forms a bidentate complex attached to upper tetrahedral 
and the octahedral sheet.
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Figure 15. Water molecule enters the hydration shell of the Al and changes the CN from four to five 
(see Eq. 30). Simultaneously, Aldet changes its conformation on surface by swapping one of the bonds in 
the di-dentate complex from the oxygen in the tetrahedral to the octahedral sheet.

Figure 16. The H2O(ix) water molecules enters coordination shell of detaching Al(o) and result in 
formation of fivefold coordinated mono-dentate complex. 

Figure 17. Another water molecule bonds to the monodentate Al species, completing the six-fold co-
ordination. The reaction is comparable to the one shown in Figure 16. 

Figure 18. The final reaction step of leaching process, in which the Al-mono-dentate complex detach 
from the surface. In this step the protons in the coordination shell of the detaching Al site get rearranges 
in such a way, that one proton is accepted by the bridging oxygen O(iv) and another one by the nearby 
O(ii). The first leads to the completion of detachment from the surface and because of the dissociation 
of one O(xi)H2 group, the product is Al(OH)4 (compare Eq. 32).
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Table 1. Estimated activation energies (kJ/mol) of the intermediate reaction steps of aluminol detach-
ment from the (110) edge surface of pyrophyllite corresponding to equations 22-28.

AlMEP2

Equations 26 27 & 28 29 30 31 32

EA 31.4 94.1 66.6 34.6 17.1 69.3

Summary and outlook

Thanks to the rapid development of high-performance computing and simulation 
algorithms, contemporary state-of-the-art DFT based molecular dynamics simula-
tions cover a time scale of several hundred picoseconds for systems containing several 
hundreds of atom. Combining such DFT based MD with the enhanced sampling 
techniques such as meta-dynamics or thermodynamic integration, detailed informa-
tion about reaction mechanisms and the thermodynamics of chemical reactions in 
solution and at mineral-fluid interfaces can be obtained at unprecedented level of 
details. These capabilities open up opportunities for studies of the system in a wide 
range of geochemical conditions taking into account realistic complexity of mineral 
surfaces and solvent molecules. Particularly promising is the combination with simu-
lations for the interpretation of thermodynamic and structural parameters obtained 
by wet chemical studies and spectroscopic investigations. This include the interpre-
tation of thermodynamic data (Tournassatet al., 2016), dissolution and nucleation 
reaction mechanism (Zhang et al., 2019a; 2019b; Schliemann and Churakov, 2020), 
surface complexation modelling (Keriet al., 2020), and interpretation of spectro-
scopic data (Keri et al., 2017; 2019; 2020).

References
Alexandrov, V., Neumann, A., Scherer, M. M., and Rosso, K. M. (2013) Electron Exchange and Con-
duction in Nontronite from First-Principles. Journal of Physical Chemistry C, 117(5), 2032-2040.

Alexandrov, V. and Rosso, K. M. (2013) Insights into the Mechanism of Fe(II) Adsorption and Oxida-
tion at Fe-Clay Mineral Surfaces from First-Principles Calculations. Journal of Physical Chemistry C, 
117(44), 22880-22886.

Becke, A. D. (1988) Density-functional exchange-energy approximation with correct asymptotic be-
havior. Physical Review A, 38(6), 3098-3100.

Bickmore, B. R., Bosbach, D., Hochella, M. F., Charlet, L., and Rufe, E. (2001) In situ atomic force 
microscopy study of hectorite and nontronite dissolution: Implications for phyllosilicate edge surface 
structures and dissolution mechanisms. American Mineralogist, 86(4), 411-423.

Bosbach, D., Charlet, L., Bickmore, B. R., and Hochella, M. F. (2000) The dissolution of hectorite: In-
situ, real-time observations using atomic force microscopy. American Mineralogist, 85(9), 1209-1216.



Sergey V. Churakov, René Schliemann

206

Bradbury, M. H. and Baeyens, B. (1997) A mechanistic description of Ni and Zn sorption on Na-
montmorillonite Part II: modelling. Journal of Contaminant Hydrology, 27(3-4), 223-248.

Brandt, F., Bosbach, D., Krawczyk-Barsch, E., Arnold, T., and Bernhard, G. (2003) Chlorite dissolu-
tion in the acid pH-range: A combined microscopic and macroscopic approach. Geochimica Et Cosmo-
chimica Acta, 67(8), 1451-1461.

Churakov, S. V. and Dähn, R. (2012) Zinc Adsorption on Clays Inferred from Atomistic Simulations 
and EXAFS Spectroscopy. Environmental Science and Technology, 46, 5713−5719.

Churakov, S. V. and Labbez, C. (2017) Thermodynamics and Molecular Mechanism of Al Incorpora-
tion in Calcium Silicate Hydrates. Journal of Physical Chemistry C, 121(8), 4412–4419.

Churakov, S. V. and Liu, X., (2018) Quantum-chemical modelling of clay mineral surfaces and clay 
mineral–surface–adsorbate interactions. Pp. 49-87 in: Surface and Interface Chemistry of Clay Minerals 
(R. Schoonheydt, C. T. Johnston and F. Bergaya, editors), Elsevier, Amsterdam.

Dolg, M. and Cao, X. (2012) Relativistic Pseudopotentials: Their Development and Scope of Applica-
tions. Chemical Reviews, 112(1), 403-480.

Dove, M. T. (1993) Introduction to Lattice Dynamics, Cambridge University Press.

Goerigk, L. and Grimme, S. (2011) A thorough benchmark of density functional methods for general 
main group thermochemistry, kinetics, and noncovalent interactions. Physical Chemistry Chemical Phys-
ics, 13(14), 6670-6688.

Goerigk, L., Kruse, H., and Grimme, S. (2011) Benchmarking Density Functional Methods against the 
S66 and S66x8 Datasets for Non-Covalent Interactions. Chemphyschem 12(17), 3421-3433.

Grossman, J. C., Schwegler, E., Draeger, E. W., Gygi, F., and Galli, G. (2004) Toward assessment of 
the accuracy of density functional theory for first principle simulations of water. Journal of Chemical 
Physics, 120, 300-311.

Hohenberg, P. and Kohn, W. (1964) Inhomogeneous electron gas. Physical Review, 136(3B), 864-871.

Keri, A., Dahn, R., Krack, M., and Churakov, S. V. (2017) Combined XAFS Spectroscopy and Ab 
Initio Study on the Characterization of Iron Incorporation by Montmorillonite. Environmental Science 
& Technology, 51(18), 10585-10594.

Keri, A., Dahn, R., Krack, M., and Churakov, S. V. (2019) Characterization of Structural Iron in Smec-
tites - An Ab Initio Based X-ray Absorption Spectroscopy Study. Environmental science & technology, 
53, 6877−6886.

Keri, A., Dahn, R., Marques Fernandes, M., Scheinost, A. C., Krack, M., and Churakov, S. V. (2020) 
Iron Adsorption on Clays Inferred from Atomistic Simulations and X‑ray Absorption Spectroscopy. 
Environmental Science and Technology, 54, 11886–11893

Koch, W., and Holthausen, M.C. (2001) A Chemist’s Guide to Density Functional Theory, Wiley-VCH 
Verlag GmbH.

Kohn, W., and Sham, L. J. (1965) Self-consistent equation including exchange and correlation effects. 
Physical Review, 140(4A), A1133-A1138.

Kraevsky, S.V., Tournassat, C., Vayer, M., Warmont, F., Grangeon, S., Wakou, B.F.N., and Kalinichev, 
A.G. (2020) Identification of montmorillonite particle edge orientations by atomic-force microscopy. 
Applied Clay Science, 186, 105442.

Kremleva, A., Krueger, S., and Roesch, N. (2011) Uranyl adsorption at (0 1 0) edge surfaces of kaolin-
ite: A density functional study. Geochimica Et Cosmochimica Acta, 75(3), 706-718.



AES 3 - 6. Ab initio simulations of clay minerals reactivity and thermodynamics

207

Kremleva, A., Martorell, B., Krueger, S., and Roesch, N. (2012) Uranyl adsorption on solvated edge 
surfaces of pyrophyllite: a DFT model study. Physical Chemistry Chemical Physics, 14(16), 5815-5823.

Kuhne, T. D., Iannuzzi, M., Del Ben, M., Rybkin, V. V., Seewald, P., Stein, F., Laino, T., Khaliullin, R. 
Z., Schutt, O., Schiffmann, F., Golze, D., Wilhelm, J., Chulkov, S., Bani-Hashemian, M. H., Weber, 
V., Borstnik, U., Taillefumier, M., Jakobovits, A. S., Lazzaro, A., Pabst, H., Muller, T., Schade, R., 
Guidon, M., Andermatt, S., Holmberg, N., Schenter, G. K., Hehn, A., Bussy, A., Belleflamme, F., 
Tabacchi, G., Gloss, A., Lass, M., Bethune, I., Mundy, C. J., Plessl, C., Watkins, M., VandeVondele, 
J., Krack, M., and Hutter, J. (2020) CP2K: An electronic structure and molecular dynamics software 
package - Quickstep: Efficient and accurate electronic structure calculations. Journal of Chemical Phys-
ics, 152(19), 194103.

Laio, A., and Gervasio, F.L. (2008) Metadynamics: a method to simulate rare events and reconstruct 
the free energy in biophysics, chemistry and material science. Reports on Progress in Physics, 71(12),  .

Laio, A., Rodriguez-Fortea, A., Gervasio, F. L., Ceccarelli, M. and Parrinello, M. (2005) Assessing the 
accuracy of metadynamics. Journal of Physical Chemistry B, 109(14), 6714-6721.

Liu, X., Cheng, J., Sprik, M., Lu, X., and Wang, R. (2015a) Interfacial structures and acidity of edge 
surfaces of ferruginous smectites. Geochimica Et Cosmochimica Acta, 168, 293-301.

Liu, X., Lu, X., Cheng, J., Sprik, M., and Wang, R. (2015b) Temperature dependence of interfacial 
structures and acidity of clay edge surfaces. Geochimica Et Cosmochimica Acta, 160, 91-99.

Liu, X., Lu, X., Sprik, M., Cheng, J., Meijer, E. J., and Wang, R. (2013) Acidity of edge surface sites of 
montmorillonite and kaolinite. Geochimica Et Cosmochimica Acta, 117, 180-190.

Liu, X., Lu, X., Wang, R., Meijer, E. J., and H. Zhou (2011) Acidities of confined water in interlayer 
space of clay minerals. Geochimica Et Cosmochimica Acta, 75(17),4978-4986.

Liu, X., Meijer, E. J., Lu, X., and Wang, R. (2010) Ab initio molecular dynamics study of Fe-containing 
smectites. Clays and Clay Minerals, 58(1), 89-96.

Liu, X., Meijer, E. J., Lu, X., and Wang, R. (2012) First-principles molecular dynamics insight into 
fe2+ complexes adsorbed on edge surfaces of clay minerals. Clays and Clay Minerals, 60(4), 341-347.

Liu, X. D., Cheng, J., Sprik, M., Lu, X. C., and Wang, R. C. (2014) Surface acidity of 2:1-type diocta-
hedral clay minerals from first principles molecular dynamics simulations. Geochimica Et Cosmochimica 
Acta, 140, 410-417.

Metz, V., Amram, K., and Ganor, J. (2005a) Stoichiometry of smectite dissolution reaction. Geochimica 
Et Cosmochimica Acta, 69(7), 1755-1772.

Metz, V., Raanan, H., Pieper, H., Bosbach, D., and Ganor, J. (2005b) Towards the establishment of 
a reliable proxy for the reactive surface area of smectite. Geochimica Et Cosmochimica Acta, 69(10), 
2581-2591.

Perdew, J. P. (2013) Climbing the ladder of density functional approximations. Mrs Bulletin, 38(9), 
743-750.

Perdew, J. P. and Schmidt, K. (2001). Jacob‘s ladder of density functional approximations for the ex-
change-correlation energy. pp. 1-20 in: Density Functional Theory and Its Application to Materials - AIP 
conference proceedings 577. (V. VanDoren, C. VanAlsenoy and P. Geerlings, editors). American Institute 
of Physics, Melville.

Perdew, J. P. and Wang, Y. (1992) Accurate and simple analytic representation of the electron-gas cor-
relation energy. Physical Review B, 45(23), 13244-13249.



Sergey V. Churakov, René Schliemann

208

Peverati, R. and Truhlar, D. G. (2014) Quest for a universal density functional: the accuracy of density 
functionals across a broad spectrum of databases in chemistry and physics. Phil. Trans. R. Soc. A, 372, 
20120476-20120450.

Reuter, K. and Scheffler, M. (2001) Composition, structure, and stability of RuO2„110… as a function 
of oxygen pressure. Physical Review B, 65, 035406.

Sainz-Diaz, C. I., Timon, V., Botella, V., Artacho, E., and Hernandez-Laguna, A. (2002) Quantum 
mechanical calculations of dioctahedral 2 : 1 phyllosilicates: Effect of octahedral cation distributions in 
pyrophyllite, illite, and smectite. American Mineralogist, 87(7), 958-965.

Sayer, T., Sprik, M., and Zhang, C. (2019) Finite electric displacement simulations of polar ionic solid-
electrolyte interfaces: Application to NaCl(111)/aqueous NaCl solution. Journal of Chemical Physics, 
150(4), 041716.

Sayer, T., Zhang, C., and Sprik, M. (2017) Charge compensation at the interface between the polar 
NaCl(111) surface and a NaCl aqueous solution. Journal of Chemical Physics, 147(10), 104702.

Schliemann, R. and Churakov, S. V. (2020) Atomic scale mechanism of clay minerals dissolution revealed 
by ab initio simulations. Geochimica et Cosmochimica Acta https://doi.org/10.1016/j.gca.2020.10.026.

Schwegler, E., Grossman, J. C., Gygi, F., and Galli, G. (2004) Towards an assessment of the accuracy 
of density functional theory for first principles simulations of water. II Journal of Chemical Physics, 121, 
5400-5409.

Sprik, M. (2018) Finite Maxwell field and electric displacement Hamiltonians derived from a current 
dependent Lagrangian. Molecular Physics, 116(21-22), 3114-3120.

Sulpizi, M. and Sprik, M. (2008) Acidity constants from vertical energy gaps: density functional theory 
based molecular dynamics implementation. Physical Chemistry Chemical Physics, 10, 5238–5249.

Tazi, S., Rotenberg, B., Salanne, M., Sprik, M., and Sulpizi, M. (2012) Absolute acidity of clay edge 
sites from ab-initio simulations. Geochimica et Cosmochimica Acta, 94, 1-11.

Timon, V., Sainz-Diaz, C.I., Botella, V., and Hernandez-Laguna, A. (2003) Isomorphous cation sub-
stitution in dioctahedral phyllosilicates by means of ab initio quantum mechanical calculations on 
clusters. American Mineralogist, 88, 1788-1795.

Tournassat, C., Davis, J.A., Chiaberge, C., Grangeon, S., and Bourg, I. C. (2016) Modeling the Acid-
Base Properties of Montmorillonite Edge Surfaces. Environmental Science & Technology, 50(24), 13436-
13445.

Tournassat, C., Neaman, A., Villiéras, F., Bosbach, D., and Charlet, L. (2003) Nanomorphology of 
montmorillonite particles: Estimation of the clay edge sorption site density by low-pressure gas adsorp-
tion and AFM observations. American Mineralogist, 88, 2322.

Troullier, N. and Martins, J. L. (1991) Efficient pseudopotentials for plane-wave calculations. Physical 
Review B, 43, 1993-2006.

Tunega, D., Goodman, B. A., Haberhauer, G., Reichenauer, T. G., Gerzabek, M. H., and Lischka, H. 
(2007) Ab initio calculations of relative stabilities of different structural arrangements in dioctahedral 
phyllosilicates. Clays and Clay Minerals, 55(2), 220-232.

Vanderbilt, D. (1990) Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys-
ical Review B, 41(11), 7892-7895.

Zhang, C., Liu, X. D., Lu, X. C., He, M. J., Meijer, E. J., and Wang, R. C. (2017). Surface complexa-
tion of heavy metal cations on clay edges: insights from first principles molecular dynamics simulation 
of Ni(II). Geochimica Et Cosmochimica Acta, 203, 54-68.



AES 3 - 6. Ab initio simulations of clay minerals reactivity and thermodynamics

209

Zhang, C., Liu, X. D., Lu, X. C., Meijer, E. J., and Wang, R. C. (2019a) An atomic-scale understand-
ing of the initial stage of nucleation of heavy metal cations on clay edges. Geochimica Et Cosmochimica 
Acta, 248, 161-171.

Zhang, C., Liu, X. D., Lu, X. C., Meijer, E. J., and Wang, R. C. (2019b) Understanding the Het-
erogeneous Nucleation of Heavy Metal Phyllosilicates on Clay Edges with First-Principles Molecular 
Dynamics. Environmental Science & Technology, 53(23), 13704-13712.

Zhang, C., Liu, X., Lu, X., and He, M. (2018) Complexation of heavy metal cations on clay edges at 
elevated temperatures. Chemical Geology, 479, 36-46.

Zheng, Y. F. and Chen, R. X. (2017) Regional metamorphism at extreme conditions: Implications for 
orogeny at convergent plate margins. Journal of Asian Earth Sciences, 145, 46-73.





211

7Modeling of interactions in natural and 
synthetic organoclays

Edgar Galicia-Andrés
Department of Material Sciences and Process Engineering, Institute of Molecular Modeling 
and Simulation, University of Natural Resources and Life Sciences Vienna, Vienna, Austria;

Department of Forest and Soil Sciences, Institute of Soil Research, University of Natural 
Resources and Life Sciences Vienna, Vienna, Austria

Peter Grančič
Department of Forest and Soil Sciences, Institute of Soil Research, University of Natural 

Resources and Life Sciences Vienna, Vienna, Austria

Martin. H. Gerzabek
Department of Forest and Soil Sciences, Institute of Soil Research, University of Natural 

Resources and Life Sciences Vienna, Vienna, Austria

Chris Oostenbrink
Department of Material Sciences and Process Engineering, Institute of Molecular Modeling 
and Simulation, University of Natural Resources and Life Sciences Vienna, Vienna, Austria

Daniel Tunega
Department of Forest and Soil Sciences, Institute of Soil Research, University of Natural 

Resources and Life Sciences Vienna, Vienna, Austria;
School of Pharmaceutical Science and Technology, Tianjin University, Tianjin, 

People’s Republic of China

1. Introduction

In this chapter we present our recent research activities in molecular simulations on 
organo-clay aggregates, particularly those that are formed naturally in soils (natural 
organoclay aggregates, NOCA) and those that are prepared under laboratory condi-
tions (synthetic organoclays, SOC). Specifically, we focus on organoclays formed 
from two typical clay minerals: kaolinite and montmorillonite. The properties of 
organoclays and their formation mechanisms are discussed in terms of structure and 
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stability. Both are common soil minerals appearing in large amounts in different 
soil types. Moreover, montmorillonite is very frequently used in the preparation of 
synthetic organoclays by intercalation with organic cations.

1.1 Clay minerals

Clay minerals belong to the group of hydrous layer aluminosilicates which form a 
substantial part of sediments, rocks, and soils that cover most of the Earth’s surface. 
They are formed typically by weathering, decomposition or re-precipitation of pri-
mary silicate minerals (Gupta et al., 2008; Meunier, 2005; Velde, 1992). Owing 
to their high occurrence in natural deposits and low cost, clay minerals belong to 
strategic raw materials which are found in numerous industrial, technological, and 
environmental applications. Their importance is determined by their specific proper-
ties such as layered structure, porosity, swelling capability, high specific surface area 
(SSA), cation exchange capacity (CEC), large surface/volume ratio, or large sorp-
tion capacity. Except traditional applications of clay minerals, for example, in pa-
per or porcelain industry, they also found practical applications in pollution control 
and environmental protection such as in liners for waste disposal and nuclear waste 
management. Specific use of clays is also found in cosmetic and pharmaceutical ap-
plications (e.g., in carrying and delivery of drugs). Clay minerals are also attractive 
in material science for a preparation of new hybrid, composite, or nano-structured 
materials with specific properties (Schoonheydt et al., 2018; Wang and Wang, 2019; 
Wesley, 2014). In natural environments such as soils, clay minerals exist in the form 
of small particles from nano- up to a few microns in size. They significantly affect 
transport, distribution, and stability of dissolved organic and inorganic substances. 
These processes occur in soil solutions naturally or due to human activities. Spe-
cial attention is paid to the fate of pollutants such as pesticides, antibiotics used in 
farming praxis, polycyclic aromatic hydrocarbons, oil components, explosives and 
organic toxicants, heavy metals and radionuclides because of their potential effects 
on the ecosystem (Churchman and Velde, 2019; Tunega et al., 2016). Clays such 
as smectites significantly contribute to the water retention capacity of soils (Velde 
and Meunier, 2008). Their physicochemical properties and structure regulate their 
mechanical properties such as shrink-swelling, compression, shearing strength, per-
meability to water and air, and aggregate stability (Quirk, 1994), which is the basis 
of soil stability against erosion.
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Figure 1. Schematic representation of the most commonly studied clay minerals: (a) kaolinite (1:1) and 
(b) montmorillonite (2:1). The basic building blocks are represented by the tetrahedral silica (SiO4

4–) 
and octahedral alumina (AlO6

3–) sheets. M+ denotes the naturally occurring charge compensating cation 
due to the presence of isomorphic substitutions inducing a net negative electrostatic charge in the lay-
ers, here represented by the atoms MgII and FeII, respectively.

1.1.1 Kaolinite and montmorillonite

Kaolinite and montmorillonite are the most commonly studied clay minerals. They 
belong to the group of soft layered phyllosilicates with a strong anisotropic character 
where the bonding within the layers is much stronger than between layers. The basic 
building blocks for both minerals are the tetrahedral silica (SiO4) and octahedral 
alumina (AlO6) sheets (as illustrated in Figure 1). Their properties such as cation 
exchange capacity, specific surface area or acid-base character depend strongly on the 
particle size, morphology, and isomorphic substitutions (Ma and Eggleton, 1999). 
Typical particle shapes are small thin plates or flakes, being these more irregular for  
montmorillonite (Bauer and Berger, 1998; Zbik and Smart, 1998).

Kaolinite is dioctahedral phyllosilicate with the 1:1 composition of the single layer. 
This means that each layer is composed of a single silica tetrahedral and alumina 
octahedral sheets, represented by the overall stoichiometric formula Al2Si2O5(OH)4. 
In the absence of isomorphic substitutions and defect sites, the 1:1 composition of 
kaolinite results in two types of basal (001) surfaces which are often referred to as 
the hydrophobic (siloxane surface, characterized by a considerable covalent charac-
ter) and hydrophilic surfaces (alumina surface, characterized by its exposed polar 
hydroxyl groups) (Schoonheydt and Johnston, 2013). Kaolinite further exhibits low 
shrink-swell capacity and low cation-exchange capacity (ranging between 1 and 15 
mmol per 100 g clay). This is mainly caused by the non-expandable intermediate 
layers, as the layers are connected by hydrogen bonds. Pure kaolinite does not bear a 
net electrostatic charge.
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Montmorillonite is a member of the rich smectite family and has more complicated 
chemistry compared to kaolinite. Its composition can be characterized by the 2:1 
structure with a single octahedral alumina sheet sandwiched between two tetrahedral 
silica sheets. Each sheet can contain isomorphic substitutions that involve atoms of 
lower oxidation state (e.g., AlIII replacing SiIV atoms in the siloxane sheet(s) and/or 
MgII/FeII replacing AlIII atoms in the alumina sheet). The isomorphic substitutions 
result in a significant charge imbalance; thus, inducing a permanent negative net 
charge in the external siloxane (001) surfaces formed by surface basal oxygen atoms. 
The excess negative charge is naturally compensated by the presence of simple inor-
ganic cations in the interlayer space that are often hydrated (Anthony et al., 2003; 
Bhattacharyya and Gupta, 2008; Marshall, 2014). The overall stoichiometric formu-
la of montmorillonite can be expressed as Mx(Al/Mg/Fe)8(Si/Al)4O20(OH)4 · nH2O 
where M stands for the charge compensating cation, for example, Na+ or Ca2+ and 
x depends on the number of isomorphic substitutions. Upon increasing hydration, 
the interlayer space can expand (swelling) and the compensating cations can be easily 
exchange via a cation exchange process. Therefore, the related CEC of montmoril-
lonite is, relatively high comparing to kaolinite (60-100 vs 3-15 mmol per 100 g 
clay) (Meier and Nüesch, 1999).

1.2 Natural organoclay aggregates (NOCA) in soils

Soil is a dynamic and complex system that represents the largest biosphere, hydro-
sphere, atmosphere and lithosphere interacting interface. It serves as a primary sub-
strate for food production and most of the renewable natural resources. It also serves 
as a sink storage, buffer capacity and transforming agent of compounds used in 
biogeochemical cycles.

Its composition and structure are strongly related to its location, parent materials, 
weathering conditions, human impact and long-term history of external condi-
tions. The soil consists of a heterogeneous solid, liquid and gas mixture, comprising 
inorganic compounds such as quartz, clay minerals, metallic (hydrous)oxides and 
carbonates as well as organic matter (OM) originating from microbial, plant and 
animals’ debris.

The interaction of soil components develops an aggregate structure, consequence 
of pedogenesis, providing different properties to the soil. Formed microaggregates 
build macroaggregates through linking agents at nano-, meso- and macroscopic 
scales, forming a hierarchical aggregate system of larger size and complex functions. 
Soil organic matter (SOM) determines the formation and stability of these aggre-
gates. In turn, the aggregates influence the turnover residence times, reactivity and 
biogeochemical cycles of SOM (Totsche et al., 2018). Viewing SOM as heterogene-
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ous soft organic matter implies that it ranges from unaltered structures (found in 
precursor tissues) to highly decomposed materials with little resemblance to those 
from which they have derived. In the work by Baldock and Skjemstad (2000), Table 
1 summarized the definition and composition of SOM.

1.2.1 Origin and structure of soil organic matter (SOM) in soils

The SOM represents a complex mixture of partially recalcitrant substances composed 
of plant, animal and microbial material, both living and dead. In its earliest stage of 
decomposition, the original OM is referred to as raw organic matter; whereas in its 
final stage of decomposition it is called humus, with no living organism residing in 
it. The major components of organic molecules in humus include polysaccharides, 
lignin, aliphatic biopolymers, tannins, lipids, proteins and aminosugars, among oth-
ers (Totsche et al., 2010).

Humic substances (HS) are operationally categorized in three fractions according 
to their extraction conditions (acidic or alkaline): fulvic acids (FA), humic acids 
(HA) and humin. It is quite likely that the humic acids are supramolecular structures 
(Piccolo, 2001) formed in solution after desorbing smaller organic molecules from 
reactive surfaces. The present work tries to contribute to this hypothesis. In soils, sev-
eral mechanisms that protect SOM from decomposing organisms are known. These 
mechanisms of SOM stabilization are often referred to as: chemical stabilization; 
physical protection; and biochemical stabilization. These protection mechanisms 
are responsible of the aggregation process of organic carbon (OC), reducing the 
exposure of OM and making it less vulnerable to microbial, enzymatic or chemical 
attacks (Six et al., 2002). The interaction of organic molecules with reactive soil sur-
faces is considered to be the most important stabilization mechanism of soil organic 
matter (Lehmann and Kleber, 2015).

1.2.2 Formation and structure of NOCA

The total organic matter in soil is determined by the inputs and losses of organic 
substances. When considering the total organic carbon fraction of soil, inputs are 
dominated by the decomposition of plant residues and root exudates; whereas out-
puts are dominated by the mineralization of organic carbon. Instead, inputs and out-
puts from particulate organic matter (POM) include additional transformations as 
deposition of plant residues and microbial residues from the assimilation of organic 
carbon during the decomposition. Ultimately, OM enters the humus fraction as 
remnants of POM decomposition and as organic carbon assimilated by the decom-
poser community and released as metabolic products.
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1.2.3 Role and functions of NOCA

As mentioned previously, the wide range of physical and chemical properties of OM 
contributes not only to soil recalcitrance, but also to its energetic and nutrient stor-
age, soil cation exchange, buffer capacity, water retention and its thermal properties 
(Baldock and Nelson, 1999). For example, POM provides a source of energy and nu-
trients to the decomposer community but contributes little to soil cation exchange 
capacity (Baldock and Skjemstad, 1999).

1.3 Synthetic organoclays (SOC)

Besides the naturally occurring organoclay aggregates, a large number of their syn-
thetic analogues have been prepared over the past decades. These efforts are mainly 
motivated by the exceptional adsorptive and cation-exchange properties of clay min-
erals, complemented by their abundance, low cost and physical and chemical stabil-
ity (Murray, 2000).

Depending on the ratio of organic/mineral material in the organo-clay matrix, 
two types of organoclays can be recognized: i) clay surfaces are modified by or-
ganic molecules and ii) organic molecular matrices are altered by the dispersion of 
nano- or micro-clay particles. For both types, the mechanical and physico-chem-
ical properties can be adjusted for a specific purpose. Nowadays, organoclays are 
found in numerous applications such as sorbent materials for environmental dam-
age remediation (Lee and Tiwari, 2012; Nafees and Waseem, 2014), modifiers of 
membrane permeability (Cojocariu et al., 2012; Jung et al., 2003; Picard et al., 
2007; Unnikrishnan et al., 2012) or nanofillers improving thermal, mechanical 
and chemical properties of polymeric matrices (Azlina et al., 2012; Fornes et al., 
2001; Hedley et al., 2007).

1.3.1 Typical organic cations and formation of SOC

The most common types of synthetic organoclays are manufactured by cation-
exchange reactions (intercalation) of smectite minerals (e.g., montmorillonite or 
beidelite). Naturally occurring hydrated inorganic cations, which compensate an 
excess negative layer charge, are replaced by organic cations such as quaternary 
ammonium (Lagaly and Dékany, 2005) or phosphonium cations (Hedley et al., 
2007). In general, mostly cations with a formula [(CH3)3MR]+ or [R4M]+ (M = N 
or P, R is an alkyl chain) are used in the synthesis of SOCs; although cations with 
four different alkyl chains are used as well. Such organic cations have a charged N 
or P center covalently bound to nonpolar aliphatic chains of variable length. These 
chains may also contain specific functional groups tailored for a particular appli-
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cation (de Paiva et al., 2008; Ray and Bousmina, 2005). The most common sur-
factants are, for example, hexadecyltrimethylammonium (HDTMA+) and hexade-
cylpyridinium (HDPy+) cations, respectively. The physical properties of modified 
organoclays (e.g., adsorption capacity and hydrophobicity/hydrophilicity) depend 
on the molecular size and type of the alkyl groups. Increasing the length of the 
alkyl tails increases the hydrophobicity of the material and accordingly its adsorp-
tion capacity with respect to nonpolar or anionic species. Thus, by a selection of 
a proper surfactant, it is possible to effectively tune these properties. Apart from 
the type of the cation and the length of the alkyl chains, another important factor 
is the amount of cations loaded to the parent clay material. The loading depends 
on the concentration of surfactant in solution and the CEC of the particular clay 
mineral. With high concentrations it is possible to prepare materials where the 
loading can easily excess 100% of the CEC.

An important feature of the synthetized organoclays is the arrangement of the cati-
ons in the interlayer space and on the external surfaces. This arrangement depends 
on the type of the surfactant, the length of its alkyl chains, and the amount of the 
loaded cation (Fu and Heinz, 2010; Heinz et al., 2007). For example, based on den-
sity functional theory (DFT) calculations, Scholtzová and Tunega (2019) showed, 
that at low cation concentrations tetrabutylphosphonium and tetrabutylammonium 
cations have a monolayer arrangement with a quasi-planar structure in the interlay-
er space of montmorillonite. With increasing cation concentration, bi- or trilayer 
arrangements with a certain degree of disorder can be formed as well, resulting in 
a significant expansion of the interlayer space as was shown in classical MD simu-
lations (Fu and Heinz, 2010; Heinz et al., 2007; Schampera et al., 2015). Similar 
cation arrangements with respect to the surfactant loading were observed also at the 
external (001) surface of montmorillonite with even larger degree of disorder (Figure 
2, Schampera et al., 2015).

Figure 2. Snapshots from MD simulations models of HDPy-montmorillonite organoclay models with 
different cation loading - 33%, 133%, and 267% of CEC (from left to right) (Schampera et al., 2015).
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1.3.2 Bioclays

Bioclays are a class of organoclay aggregates that involve organic molecules of bio-
logical origin. Naturally occurring surfactants, such as the phospholipids, are consid-
ered to be one of the candidate molecules towards environmentally-friendly material 
design. Compared to classical surfactants, phospholipids differ significantly by the 
presence of a zwitterionic head and two aliphatic tails of variable length. This results 
in a different electrostatic charge distribution and an increase in the number of in-
ternal degrees of freedom.

In “Results and discussion” a brief overview on previous modeling results and our 
most recent achievements in modeling of the interaction of three clay surfaces with 
the phospholipid 1palmitoyl-2-oleoyl-phosphatidylcholine (POPC) are discussed 
(Figure 3). Attention is paid towards the arrangement and geometry of the POPC 
molecules.

Figure 3. Chemical structure of phospholipid 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC).

2. Methodology

2.1 Modeling methods

A theoretical treatment of a molecular interacting system requires to solve the many-
body problem. In this method, the behavior of individual particles is sought under 
the mutual influence of many other particles. No general analytical solutions are 
available, but statistical thermodynamics provides the link between the microscopic 
behavior of individual particles and the macroscopic thermodynamic properties of 
the system. It considers a collection of various microstates of the system, which differ 
in the position and velocities of the component particles and derives average proper-
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ties. This collection of microstates is defined as the statistical mechanical ensemble 
and the space of all possible system states is called the phase space (a 6N-dimensional 
space which spans the dynamic state of every particle in that system). To obtain a 
statistical ensemble representative of a real system, the occurrence of each state in the 
collection follows an appropriate probability distribution, depending on the “fixed” 
boundary conditions. For example, we can distinguish the canonical (constant num-
ber of particles, volume and temperature), the isothermal-isobaric (constant number 
of particles, temperature and pressure) or the grand canonical ensemble (constant 
chemical potential, volume and temperature) (McQuarrie, 1973).

To obtain properties of statistical ensembles ergodic principle states that time average 
equals to ensemble average. Time averages are achieved from molecular dynamics 
(MD) simulation that provides a methodology for detailed microscopic modelling 
at molecular scale. Statistical mechanics offers the formalism to predict equilibrium 
and non-equilibrium properties of molecules and molecular assemblies that are rep-
resented by a model of their interactions.

A typical MD simulation is performed by solving numerically the equations of mo-
tion of interacting particles over limited periods of time subjected to external bound-
ary conditions such as temperature or pressure. The result is the dynamic evolution 
of the system. The main advantage over experimental measurements is the observa-
tion of processes at spatial and temporal resolutions that are hardly accessible experi-
mentally. However, this method is limited by the accuracy of the potential energy 
functions, short time scales and to systems whose complexity can be represented by 
a few thousand molecules (Van Gunsteren et al., 2006).

An alternative way to obtain the desired properties of a given system is using ensem-
ble average methods such as Monte Carlo (MC). Here, a collection of configura-
tions with the desired probability distribution s generated, which should yield, from 
ergodic principle, similar statistical averages as those generated from MD (Ungerer 
et al., 2005). However, for large molecules with a high level of connectivity, MC 
simulations are often less efficient in generating the statistical ensemble than MD 
simulations.

The success of modelling resides in the applicability of the theoretical work in areas 
such as physics, chemistry, biochemistry, chemical engineering, computer science, 
material science, geochemistry, environmental sciences as well as in the industry, 
government laboratories and software companies, just to mention a few (Gubbins 
and Quirke, 1996).
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2.2 Molecular interactions

The interactions in a molecular system are best described by the total energy, which 
is intrinsically of electronic nature. Computing the electronic energy requires solving 
the Schrödinger equation for a many-body system. According to the Born-Oppenhe-
imer approximation, electronic motion is largely decoupled from the motion of the 
nuclei, allowing us to describe a molecular system as particles, moving according to a 
simplified model of the potential energy, V, referred to as the force field. This model 
should be able to reproduce properties of interest, for example, structural, thermo-
dynamic, dynamic, electrostatic, etc. A wide variety of force fields can be found in 
the literature with different degree of complexity and oriented to specific situations. 
i.e., AMBER (Weiner and Kollman, 1981), CHARMM (Brooks et al., 2009), GRO-
MOS (Reif et al., 2012), OPLS (Jorgensen et al., 1996) and TraPPE (Martin and 
Siepmann, 1998). Most of the force fields are addressed to simulate a wide variety of 
materials, proteins, surfactants, lipids, polymers and other condensed-phase or aque-
ous systems (Harrison et al., 2018).

To represent molecular interactions, two scopes are commonly used: i) to represent 
a group of atoms by a pseudoatom, simplifying the calculations (e.g., aliphatic CH2/
CH3 groups) known as united-atoms; ii) to treat explicitly all atomic interactions, 
increasing the number of calculations, known as all-atoms. Every force field has its 
own philosophy regarding the scope; however, the potential energy terms in all the 
cases quantify similar types of interactions. The GROMOS force field for instance, 
has the form (Oostenbrink et al., 2004; Schmid et al., 2011):
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where r is a vector containing the coordinates of the particles. The first term repre-
sents the covalent bond interaction with b the bond between atoms i-j, kb and b0 the 
parameters for the bond stretching potential energy term. The second term describes 
the angle bending term with θ being the angle between atoms i-j-k, kθ and θ0 the an-
gle bending parameters. The third term describes the dihedral angle potential energy 
with φ the dihedral angle formed by atoms i- j-k-l, kφ, δ and m the dihedral angle pa-
rameters. The fourth term describes an improper dihedral potential energy term with 
ξ as the out-of-plane angle formed by atoms i-j-k-l, kξ and ξ0 the improper dihedral 
parameters. These four terms represent the bonded interactions between atoms in a 
molecule. The last two terms are the non-bonded interaction terms. The first of these 
is the electrostatic (Coulombic) potential energy, with parameters qi and qj. Electro-
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static interactions are long-ranged in nature, which is intrinsically incompatible with 
the nanoscopic scale of molecular simulations. Two approaches are commonly used 
to approximate the long-range character: i) a cutoff scheme, in which electrostatic 
interactions beyond a certain cutoff distance are approximated by a homogeneous di-
electric medium or ii) lattice sum methods, to describe an infinitely periodic system, 
rather than the nanoscopic central simulation box. The last term in the equation is 
the Lennard-Jones interaction, which represents the attractive and repulsive interac-
tions and uses parameters εij and σij. Each of the force-field parameters may have 
different values in the precise parameter set used, depending on its parameterization.

3. Results and discussion

3.1 Modeling of clay minerals

3.1.1 Simulation setup

For the description of layered systems, the treatment of the long-range electrostatic 
interactions is particularly important. In practice, periodic boundary conditions 
(PBC) have been used to minimize surface effects in simulations, which implies that 
the simulation box is infinitely replicated in all directions to form a lattice. To this 
end, the Ewald summation method is used to handle long-ranged interactions in 
PBC. The Ewald summation is a method to compute electrostatic quantities based 
on splitting the slowly convergent Coulombic potential into two series which can 
be computed much faster, the so-called short- and long-range terms. The long-range 
term is performed in the reciprocal space, whereas the short-range term in the real 
space. With this method, the electrostatic potential is calculated for the infinitely 
periodic system using Fourier series.

Implementation of electrostatic boundary conditions by conventional three-dimen-
sional Ewald summation (EW3D) for a layered system such as kaolinite implies 
that the simulation box is repeated in the direction perpendicular to the surface of 
the mineral (Figure 4, left panel). The dipole of the layer is also repeated infinitely 
leading to an induced polarization effect, resulting in a capacitor behavior of the ka-
olinite-water interface at the atomistic level. The polarization effect can be removed 
either by adding a vacuum slab, the increasing the distance between periodic images 
perpendicular to the basal plane (z-direction), or by applying a correction term to 
the Ewald summation (EW3DC) perpendicular to the basal plane, hence remov-
ing effectively the dipolar effect, as proposed by Yeh and Berkowitz (1999a, 1999b) 
(Figure 4, right panel).
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Figure 4. Periodic system representing confined water located between kaolinite microplatelets (left 
panel). Slab system representing bulk water in contact with the outermost platelets of kaolinite (right 
panel). Reprinted with permission from (Galicia-Andrés et al., 2019). Copyright (2019) American 
Chemical Society.

All systems consist of simulation boxes with two or more layers of kaolinite, parallel 
to the xy-plane. Each kaolinite layer contains 81 unit cells (9 × 9 in the a and b unit 
cell directions) starting from the bulk structure derived by Bish (1993). The space 
between the layers was filled with an equilibrated box of water molecules with ran-
dom orientation and density of 1 g cm–3 with the water facing the surface hydroxyl 
groups of the basal (001) alumina plane and basal oxygen atoms of the (001

-
) silica 

plane, respectively.

Figure 5. Configurations with vacuum in-between the layers and different heights of water films be-
tween kaolinite layers. The continuous and dashed lines represent a single kaolinite layer and the simu-
lation box size, respectively. Reprinted with permission from (Galicia-Andrés et al., 2019). Copyright 
(2019) American Chemical Society.
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For pure kaolinite-water systems, several configurational scenarios were considered 
and the models were named according to their water content, presence of vacuum, 
and the number of kaolinite layers as follows (Figure 5):

• Ref. Box with a water slab in-between two kaolinite layers and no vacuum, taken 
as reference.

• H. Box with a water slab in-between two kaolinite layers and a vacuum slab of 
variable height facing the alumina and silica planes of the box.

• L. Box with a water slab of variable thickness in-between two kaolinite layers 
and no vacuum.

• P. Box with a water slab in-between the kaolinite layers, no vacuum, and variable 
number of kaolinite layers.

These different systems explore how the water polarization depends on the number 
of layers and the distance between them. The models with vacuum represent inter-
actions of thin water slabs with surface of kaolinite platelets, whereas the models 
with confined water slabs represent water-filled nanopores formed between kaolinite 
platelets in the compacted kaolinite materials. The kaolinite structure was described 
by the ClayFF force field (Cygan et al., 2004) and the SPC water model (Berendsen 
et al., 1981), which are compatible. The remaining species, such as ions and glypho-
sate species, were described by the GROMOS54A8 force field (Margreitter et al., 
2017; Reif et al., 2012).

MD simulations were performed by the GROMACS 2018.7 package (Abraham et 
al., 2015) in the canonical ensemble (NVT) with a time step Δt = 2 fs. The tem-
perature was kept constant at 300 K using the Berendsen thermostat (Berendsen et 
al., 1984) with a relaxation time constant τT = 0.1 ps. A cutoff radius rc = 1.4 nm 
for the van der Waals interactions with no energy corrections, and long-range elec-
trostatic interactions were treated using the Smooth Particle Mesh Ewald (SPME) 
algorithm (Essmann et al., 1995) with a cubic polynomial; cutoff and grid spacing 
were optimized during the simulation to achieve an optimal load balance. In order 
to constraint the bond lengths, the linear constraint solver (LINCS) algorithm was 
used with four matrices in the expansion for the matrix inversion (Hess et al., 1997).

The simulation protocol implemented was an energy minimization step with a maxi-
mum tolerance of 1.0 kJ mol–1 nm–1, followed by an equilibration step of 2 ns and 
a production step of 20 ns. All data were stored at every 0.2 ps. All heavy atoms of 
kaolinite were restrained to their initial position vector Ri by a harmonic potential 
with k = 1000 kJ mol–1 nm–2 to keep fixed the cavity; however, control simulations 
were performed unrestraining all kaolinite atoms with no difference between control 
simulations and the reference model with restrained atoms.
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3.1.2 Periodicity and polarization

Two models of water-kaolinite system were simulated, as shown in Figure 4. The 
left panel shows a periodic box in all three dimensions. This model represents water 
confined between microplatelets of kaolinite, which subsequently lead to the po-
larization of the water layer. The right panel in Figure 4 shows a system that is rep-
resentative of the interaction of kaolinite with bulk water. We obtained this model 
by removing the electrostatic periodicity in the z-direction, thereby removing the 
polarization of the water slab. Induced polarization effects were assessed by analyzing 
atomic density, charge density, electric field, electrostatic potential, dipole moment 
density and dielectric permittivity profiles, radial distribution functions (RDF), and 
spatial distribution functions (SDF).

In Figure 6, density profiles ρ for various systems are shown. For the periodic sys-
tem, we observed the formation of organized water layers in the vicinity of the basal 
aluminol surface, able to interact with the surface hydroxyl groups forming hydro-
gen bonds. The siloxane surface exhibits a weaker and less structured interacting 
layer. On the other hand, the slab systems, in which the polarization was removed 
(EW3DC and vacuum separated systems), led to weaker kaolinite-water interactions 
at both surfaces. As part of the structure analysis at the interface, we quantified the 
number of hydrogen bonds formed between water and surface hydroxyl groups of 
the aluminol surface. We also calculated their lifetimes according to the Luzar and 
Chandler intermittent model (1993, 1996). Many hydrogen bonds and high resi-
dence lifetimes between water and kaolinite were observed in the periodic systems. 
High polarization and a 1:1 interaction ratio between water molecules and surface 
OH groups (i.e., each OH-group forms one hydrogen bond with a water molecule), 
led to long-lasting water layers structures. This behavior was confirmed by the RDFs 
and SDFs. A first monolayer settled above the ditrigonal holes of the aluminol side 
and a second layer with a structure similar to a honeycomb motif. A similar feature 
was reported by Argyris et al. (2008, 2009, 2011).
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Figure 6. Different electric properties of periodic systems with vacuum separating the kaolinite layers 
and the slab system as a function of the z-coordinate (a) charge density; (b) electric field due to the water 
molecules, (c) electrostatic potential due to the water molecules; (d) z-component of the water dipole 
moment density; (e) parallel component of the dielectric permittivity. Reprinted with permission from 
(Galicia-Andrés et al., 2019). Copyright (2019) American Chemical Society.
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Structural changes of water at both interfaces influence electrostatic properties such 
as the charge distribution by orienting dipole moments of the water molecules. This 
was evidenced by a strong oscillating behavior of the electric field Ez at both inter-
faces. In the middle region of the polarized system, the Ez has a negative constant 
value, in agreement with Yeh and Berkowitz for a water layer placed between Pt 
surfaces (1999b). This behavior is similar to a capacitor with a linear increase of the 
electrostatic potential φ with the lowest (set to zero) and highest value corresponding 
to the aluminol and siloxane sides, respectively, in the periodic systems. In contrast, 
no increase of φ was observed in the slab systems, with small fluctuations close to 
both interfaces. Although charge density ρq profiles exhibited a similar behavior far 
from the interface in both periodic and nonperiodic systems. The z-component of 
water dipole moment profile P1z exhibited a difference in the middle region, with 
no preferential orientation in the slab model (μ = 0), in contrast to the periodic 
model (μ > 0). For the periodic model, this led to a decrease in the calculated parallel 
component of the dielectric permittivity ε|| from the SPC bulk value of ~65 in the 
periodic system to ~49 in the slab system. In both cases, the oscillations correspond 
with the calculated water density profiles very well. For example, the electrostatic 
field Ez for the first layer of water exhibits a value twice that of the middle part of 
the water layer Ballenegger and Hansen referred it as a formation of an electrostatic 
double layer (2005). It should be noted that the perpendicular and parallel dielectric 
permittivity values, ε  and ε|| respectively, are equal in the middle of the cavity. At the 
interface, they differ due to the unfavorable structure of the fluctuation formula to 
estimate ε . This behavior enhanced in the vicinity of the kaolinite surfaces, leading 
to unphysical values of ε  (Galicia-Andrés et al., 2019).

3.2 Kaolinite-ionic solutions systems

Here we discuss how the periodicity and associated polarization may affect the inter-
action of clay minerals with ionic solutions. As example we use a 1M CsCl electro-
lyte solution confined between kaolinite layers (Figure 7). CsCl was selected as soils 
are effective sinks of radiocesium – as became evident after the atmospheric atomic 
bomb tests in the 1960’s, the aftermath of the Chernobyl accident in 1986 and in 
Fukushima-Daiichi in 2011. It is supposed that interactions with clay minerals be-
long to important factors in fixing of radiocesium in soils.
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Figure 7. Different properties as a function of the z-coordinate of 1 M CsCl solution in between kao-
linite layers: (a) atomic density; (b) electric field due to ions and water molecules; (c) electrostatic po-
tential due to ions and water molecules; (d) z-component of the water dipole moment density profile; 
(e) parallel component of the dielectric permittivity. Reprinted with permission from (Galicia-Andrés 
et al., 2019). Copyright (2019) American Chemical Society.
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For a periodic system, we observed that Cl– ions are strongly adsorbed at the alumi-
nol side, together with a small amount of Cs+ ions as a consequence of ion pairing 
due to the high surface concentration of Cl– ions. On the siloxane side, only Cs+ 
ions were strongly adsorbed with no Cl– ions present, in agreement with Vasconcelos 
(2007). Moreover, adsorption of the Cs+ ions had a multilayer character, where the 
observed ionic separation follows directly from the trend of the electrostatic potential 
of the solution. Cl– ions went from the highest to the lowest electrostatic potential, 
because the exerted potential has an opposite sign, similar to the sign convention 
on work. However, for slab models with no polarization, the atomic density profiles 
of ionic species changed drastically. The alumina surface was the site of preferential 
adsorption for both ions with the lowest value of φ. At the center region, the z-com-
ponent of the dipole moment density and the parallel dielectric permittivity of water 
was the same in the periodic and slab systems. This suggests that water molecules in 
the central part of the cavity are no longer influenced by the induced electric field of 
the periodic systems, because it is effectively screened by the charge-separated ions. 
Hence, the water molecules no longer have a preferred orientation and the dielectric 
constant is reduced. A similar behavior was observed for bulk ionic solution systems 
(Anderson et al., 1988; Pache and Schmid, 2018; Schröder and Steinhauser, 2010).

3.3 Adsorption of glyphosate by kaolinite 

3.3.1 Simulation setup

To simulate the interactions between glyphosate and kaolinite, a simulation box was 
constructed with two kaolinite layers. Each layer contained 28 unit cells (4 × 7 in 
the a and b unit cell directions) separated by a distance of 8 nm. The simulation box 
was filled with water molecules in-between the layers. The glyphosate molecule was 
placed nearby the aluminol surface. For the charged glyphosate a Na+ counterion was 
placed randomly in the water slab (Figure 8).

The desorption free energy of glyphosate from the kaolinite layer was obtained by 
the umbrella sampling technique (US) (Torrie and Valleau, 1974). Neutral and ionic 
states of glyphosate (C3H8NO5P at pKa2 = 2.5 and C3H6NO5P

– at pKa3 = 5.6, re-
spectively) were analyzed and compared. The simulation protocol implemented was 
an energy minimization, similar to the kaolinite-water systems. The initial configu-
rations for the US method were generated by pulling away the glyphosate center of 
mass from the aluminol surface along the reaction coordinate perpendicular to the 
layer (z-direction). Up to 44 initial configurations were used with a separation dis-
tance of 0.1 nm between each, up to a distance of 4 nm from the aluminol surface. 
For each configuration, a short equilibration step of 100 ps followed by a production 
step of 10 ns restrained by a harmonic force constant of 1000 kJ mol–1.
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Figure 8. Representation of neutral glyphosate in solution in contact with a kaolinite layer.

To validate the MD results, DFT calculations were performed on the isolated neu-
tral glyphosate molecule placed on the aluminol surface with no water molecule 
present. The kaolinite layer was modelled using 2 × 3 unit cells in the a and b cell 
directions. Above the surface, a vacuum of about 3.3 nm was imposed to minimize 
interactions in the z-direction between neighboring cells. The overall c lattice vec-
tor was 4 nm. In the first step, the isolated kaolinite layer (without the glyphosate 
molecule) was optimized together with a lateral a and b cell dimensions. After add-
ing the glyphosate molecule, the full atomic relaxations were performed, keeping 
the lattice vectors constant.

The DFT calculations were performed by using the Vienna ab initio simulation 
package (VASP) (Kresse and Furthmüller, 1996; Kresse and Hafner, 1993). The 
VASP program is developed for electronic structure calculations on periodic struc-
tural models based on Kohn-Sham electron DFT. Exchange-correlation energy 
was described by the PBE (Perdew, Burke and Ernzerhof ) functional (Perdew et 
al., 1996) developed within the frame of the generalized gradient approximation 
(GGA). The electron-ion interactions were described by atomic pseudopotential and 
the projector-augmented-wave (PAW) method (Blöchl, 1994; Kresse and Joubert, 
1999). The energy cutoff for the plane-wave basis set was set up to 400 eV. The 
geometry relaxation criteria were 10–5 eV for the total electronic energy change and 
10–4 eV/Å ~ for the force change. The Brillouin-zone sampling was restricted to the 
Γ-point as we used a large computational cell. Dispersion corrections were added to 
the PBE functional by using the D3 scheme (Grimme et al., 2010).
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3.3.2 Validation of the force field description

We compared the potential energy profile of the glyphosate molecule from the DFT 
calculations with the potential mean force (PMF) from the force field MD simula-
tions. PMF required US and the weighted histogram analysis method (Kumar et al., 
1992). In Figure 9, the lowest energy value is set to zero in both simulations. Both 
energy profiles exhibit a minimum very close to each other, at a distance of ~0.32 nm 
(DFT) and at ~0.31 nm (PMF).

DFT calculations showed a proton transfer from PO(OH)2 unit to NH, leading to 
a zwitterionic form with NH2

+ and PO2OH– functionalities (Figure 10a); however, 
once the molecule reached a distance of ~0.39 nm from the surface, the neutral state 
structure was recovered and an intramolecular hydrogen bond was observed between 
PO2OH nd NH2

+, in agreement with simulations of Ahmed et al. (2018) and experi-
mental results of Sheals et al. (2002). At distances greater than 0.39 nm glyphosate is 
still able to for hydrogen bonds, but the neutral glyphosate state is preferred.

Furthermore, MD calculations exhibited a configuration of the adsorbed glyphosate 
molecule similar to the DFT results, except for the proton transfer. In this configu-
ration, the glyphosate molecule was able to form hydrogen bonds with the surface 
hydroxyl groups (Figure 10b). In addition, the PMF curve displayed a second mini-
mum located at a distance of 0.39 nm. At this distance, the carboxyl group detached 
from the surface OH groups; however, hydrogen bonding between the NH and 
PO(OH)2 groups with surface OH groups still remained feasible (Figure 10c).
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Figure 9. DFT potential energy profile (black diamonds) and PMF (red diamonds) of neutral glypho-
sate close to the aluminol surface along the z-direction in vacuum. DFT, density functional theory; 
PMF, potential mean force.
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Figure 10. Representation of glyphosate in contact with the aluminol surface. The formed hydrogen- 
bonds between glyphosate and kaolinite (pink and yellow polyhedral) are represented in the orange 
color. Different poses of the glyphosate are displayed: (a) zwitterionic state (DFT); (b) parallel to the 
surface with both the carboxyl and phosphonate h-bonding (FF-MD); (c) phosphonic and amino 
group h-bonding (FF-MD). DFT, density functional theory; FF, force field; MD, molecular dynamics.

Both energy profiles show a similar behavior, with a minimum located at the same 
position (0.3 nm) and a plateau which appears starting from ~0.7 nm. Differences 
in the relative energies (60 to 70 kJ mol–1 between both plateaus) can be attributed 
to the absence of translational and configurational contributions, as well as entropic 
effects missing in the DFT calculations. The DFT calculations are based on purely 
electronic energies not including zero-point vibrational energy, thermal corrections 
and standard state corrections. Missing energetic corrections to the DFT energy can 
account for values of 40 – 50 kJ mol–1 (Aquino et al., 2002). Looking at the differ-
ence between the DFT and PMF plateaus from this perspective, it was concluded 
that the combination of the ClayFF and GROMOS force fields describes the inter-
action of the glyphosate molecule with the aluminol, surface of the kaolinite layer 
reasonably well.

3.3.3 Adsorption of glyphosate in presence of water

Polarization effects on glyphosate adsorption were assessed by means of PMF curves 
in both the periodic and slab systems. Figure 11 exhibits the PMF as a function 
of glyphosate’s center of mass from the surface for neutral and anionic glyphosate 
forms. The PMF for neutral glyphosate exhibits several minima from the surface for 
the periodic and slab models at distances 0.35, 0.45 and 0.62 nm; and 0.32, 0.46 
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and 0.57 nm, respectively. The larger distance from the surface, in comparison with 
the isolated model (vacuum), is attributed to the solvation effect of water molecules, 
weakening the hydrogen bonding between glyphosate and surface OH groups.

Figure 11. Free energy profile of (a) neutral C3H8NO5P and (b) charged C3H7NO5P
– glyphosate spe-

cies in periodic (black line) and slab (red line) models. For clarity, not all points with error bars are 
plotted. PMF, potential mean force.

Both periodic and slab PMFs have a similar trend, reaching almost the same plateau, 
starting at a distance of ~0.9 – 1.0 nm from the surface (Figure 11a). This behavior 
suggests that polarization effects due to periodicity have only a minimal impact on 
the adsorption of neutral species and the adsorption is driven by hydrogen bonds. 
In contrast, the anionic glyphosate exhibited two distinctly different behaviors (Fig-
ure 11b). The periodic PMF curve increased continuously with increasing distance 
from the aluminol surface (black line); whereas the slab PMF leveled off at distances 
beyond 1 nm, similar to neutral glyphosate (red line). This suggests that the ionic 
nature of the glyphosate at pH ~5 and the polarization effect in periodic systems 
enhance the adsorption mechanism.

Table 1. Adsorption free energy of glyphosate species on the aluminol surface of kaolinite.

System ΔG0 / kJ mol–1

C3H8NO5P (periodic)  –5.0 ± 0.1

C3H8NO5P (slab)  –5.1 ± 0.1

C3H7NO5P
– (slab) –14.5 ± 0.2
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Standard adsorption free energies ΔG0 were obtained from PMFs relating the un-
bound state to a standard concentration 1 M (see Supplementary Material of Gali-
cia-Andrés et al. (2020)).

Table 1 shows the standard adsorption free energies calculated for the periodic and 
slab models of the neutral glyphosate and for the slab model of the glyphosate anionic 
state. No difference on neutral glyphosate ΔG0 for both models was observed. ΔG0 of 
the anionic glyphosate in the slab system is about three times as strong as the value of 
the neutral glyphosate. The shape of the PMF for the periodic system, implies a strong 
adsorption for periodic systems, strongly depending on the width of the water layers. In 
an additional simulation, the glyphosate anion was placed in the middle of the cavity 
in a periodic, polarized model. The anion diffused through the water slab and attached 
to the aluminol surface, confirming the strong adsorption enhanced by the polarization 
effect. In contrast, similar simulations of the slab models with glyphosate (neutral and 
anionic) did not experience any strong driving force towards any of the surfaces. From 
this, we conclude that adsorption is a pH dependent mechanism, suggesting that at 
relative high pH values (with hydroxylated surfaces) the adsorption energy of anionic 
glyphosate is greater than of neutral glyphosate. Furthermore, anionic glyphosate can 
be expected to adsorb even more tightly in platelet configurations of kaolinite, as they 
resemble the periodic systems of our simulations.

Figure 12. Probability distribution of z-component of the dipole moment of neutral glyphosate at 
distances from the aluminol surface of the periodic (left panels) and slab (right panels) models.
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Another consequence of polarization is the collective effect on all species present 
in the system. The conformational degrees of freedom of glyphosate are restricted 
in the adsorption mechanism (reflected with high non-bonded interaction ener-
gies at different distances from the aluminol surface, as shown in the original work 
(Galicia-Andrés et al., 2020)). This is also reflected in the preferred orientation of 
the z-component of the dipole moment at different distances from the aluminol 
surface (Figure 12). Glyphosate’s preferred orientation along with the adsorption is 
responsible for the long-lasting hydrogen bonds that have been observed. This is due 
to preferential interaction between functional groups with the surface OH groups, 
contributing to the relatively strong surface complexation. Glyphosate oriented par-
allel to the aluminol surface at closer distances and perpendicular is able to switch 
between carboxylate and phosphonate functional groups. They are subject to the 
imposed conformational restrictions due polarization, as hydrogen bonding agents 
with the aluminol surface.

3.4 Natural organoclays

3.4.1 Simulation setup

In this section, a structural model for describing interactions between clay mineral 
and SOM in natural organoclay microaggregates is presented. As in our previous 
studies, we used kaolinite as the soil mineral able to interact through hydrogen bonds 
and/or nonbonding dispersion interactions, respectively. To represent SOM, we se-
lected leonardite matter as an organic template due to its high content of humic acids 
and because its properties are well documented (Geological Survey, 1989). The SOM 
model was built with the Vienna Soil Organic Matter Modeler (VSOMM) tool by 
using a database of organic fragments defined as building blocks (Petrov et al., 2017, 
2020; Sündermann et al., 2015; Yerko et al., 2021). This concept is widely used in 
biochemistry, where amino acids are used as building blocks of proteins or nucleo-
tides for DNA. This model has proved to successfully reproduce the interaction with 
other substances by comparing sorption free energies (Petrov et al., 2020).

The simulation setup, force fields, and long-range electrostatic treatment were simi-
lar as in our previous works (Galicia-Andrés et al., 2019, 2020), with a simulation 
box composed of 4 kaolinite layers perpendicular to the z-direction. Each kaolinite 
layer contains 256 unit cells (16 ×16 in the a and b unit cell directions). A nanopore 
cavity was assembled by placing two of the layers at each side of the box with a space 
between the layers of ~10 nm as shown in Figure 13. At the middle of the formed 
cavity, a previously equilibrated supramolecular SOM structure was set. The SOM 
structure is comprised by 200 building blocks with 5 building blocks per molecule 
randomly linked. To neutralize the negative charge due to carboxylate groups, we 
used Ca2+ ions embedded in the aggregate to keep the molecular rigidity through 
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cation bridges (Aquino et al., 2011; Mouvenchery et al., 2012, 2013; Tunega et al., 
2014). The remaining empty space of the cavity was filled with SPC water molecules.

Figure 13. Snapshot of the initial configuration of the kaolinite-SOM system. The pink and yellow 
polygons represent the Al and Si atoms. The green sticks represent the SOM molecules and the trans-
parent surface around the SOM molecules represent the supramolecular aggregate. The magenta balls 
represent the Ca2+ counterions.

3.4.2 Kaolinite – leonardite interactions

To understand the complex interaction between clay minerals and SOM, it is neces-
sary to consider SOM as:

• A supramolecular structure which acts as a whole and its own unique properties.

• An aggregate consisting of different molecular species, each of which is different 
from the others and can interact individually.

Because of the calcium bridges, SOM molecules are able to hold together, forming 
the supramolecular structure. This aggregate behaves as a phase different from the 
aqueous (water) or solid (kaolinite) phases present in the simulation box (Petrov et 
al., 2017; Sündermann et al., 2015).

In the periodic model of kaolinite, two processes are observed simultaneously. The 
supramolecular aggregate is attracted to the hydrophilic aluminol surface, with SOM 
molecules close to the surface able to form hydrogen bonds, and so fixing the supra-
molecular structure to the kaolinite (Figure 14, left panel). At the same time, exposed 
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Ca2+ ions (far from the aggregate core) desorb from the aggregate. While the desorp-
tion process continues, the supramolecular structure losses rigidity, evidenced by the 
gradual loss of molecules (no longer linked by calcium bridges) from the aggregate 
(Figure 14, right panel). This is entirely in line with the simulations of the CsCl solu-
tion, in a periodic kaolinite system outlined above.

Figure 14. Snapshots of the adsorption of the periodic model supramolecular aggregate on the alumi-
nol surface (left panel) and adsorption of individual SOM molecules on the aluminol surface (right 
panel). The pink and yellow polygons represent the Al and Si atoms. The green sticks represent the 
SOM molecules and the transparent surface around the SOM molecules represent the supramolecular 
aggregate. The magenta balls represent the Ca2+ counterions.

As shown in the right panel in Figure 14, the aggregate’s breakdown leads to the 
adsorption of SOM individual molecules at the aluminol surface. Contrary to the 
aggregate, SOM molecules possess greater mobility allowing a major dispersion, 
so other molecules can adsorb to the surface. The breakdown/adsorption processes 
are mainly driven by the induced polarization resulting from the electrostatic 
boundary conditions. This was confirmed by performing similar simulations in 
the slab model, in which we removed the polarization effect of the simulation box 
by using the EW3DC correction (Figure 15). Contrary to the periodic model, the 
aggregate structure is held together, keeping most of the Ca2+ ions sorbed in the 
aggregate, while those far from the core, although desorbed, do not adsorb to the 
siloxane surface.

In conclusion, this cavity model allows to elucidate the adsorption mechanism of 
organic matter on clay minerals. It also explains the experimental difference in mo-
lecular distributions at different conditions, reconciling two models that consider 
organic matter either as molecular species of great mass or supramolecular aggregates 
composed of small interacting species (Lehmann and Kleber, 2015).
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Figure 15. Snapshot of the slab model supramolecular aggregate after 50 ns. The pink and yellow 
polygons represent the Al and Si atoms. The green sticks represent the SOM molecules and the trans-
parent surface around the SOM molecules represent the supramolecular aggregate. The magenta balls 
represent the Ca2+ counterions.

3.5 Synthetic organoclays (SOCs)

3.5.1 Overview of previous works

Numerous experimental works on organoclay aggregates cover a relatively broad 
range of aspects related to their synthesis, structure and molecular arrangement, the 
nature of interactions involved, stability as well as dynamics. This includes a variety 
of experimental techniques, such as X-ray diffraction (He et al., 2006; Koh et al., 
2005), X-ray photoelectron spectroscopy (Schampera et al., 2015, 2016a), infrared 
spectroscopy (Dultz et al., 2005; Park et al., 2013), nuclear magnetic resonance (He 
et al., 2004), thermal gravimetric analysis (Dultz and Bors, 2000; He et al., 2005), 
scanning electron microscopy (Lee and Kim, 2002; Schampera and Dultz, 2009), 
transmission electron microscopy (Lee and Kim, 2002; Schampera et al., 2016a; Sun 
et al., 2013), etc.

However, a fully detailed information on both the structure (i.e., the exact molecu-
lar arrangement) as well as types and strength of interactions involved can be ob-
tained mainly from computer simulations. Here, a trade-off principle exists as it not 
possible to simulate sufficiently large systems at high resolutions. DFT offers high 
resolution information on the structure and types of interactions involved being 
successfully used to study organoclay materials (Bardziński, 2014; Scholtzová and 
Tunega, 2019).
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On the other hand, simulations that involve larger systems, often composed of 
millions of atoms, are based on classical force-field approach. In this case, the 
only drawback is the accuracy by which the corresponding interactions are rep-
resented. Many force-field are designed to be transferable for a variety of systems 
and/or situations (Grančič et al., 2015). Numerous organo-clay systems have been 
simulated by employing classical MD simulations with the scope to enhance our 
understanding of their structure (Grančič and Tunega, 2020; Heinz et al., 2005, 
2007, 2013; Heinz and Suter, 2004; Schampera et al., 2015, 2016a), behavior and 
effects associated with the surfactant cation head group and aliphatic chain length 
(Fu and Heinz, 2010; Heinz et al., 2007), phase transitions (Heinz et al., 2003; 
Zeng et al., 2004), and associated diffusion processes (Schampera, et al., 2016b; 
Zhao and Burns, 2012, 2013).

3.5.2 Simulation setup

A model of SOC was created using the kaolinite and montmorillonite in contact 
with varying amounts of POPC molecules. A 16 × 10 × 7 supercell of kaolinite and 
12 × 7 × 4 supercell of montmorillonite were built based on the unit cell parameters 
published by Bish (1993) and Viani et al. (2002), respectively. The resulting super-
cell geometries were first optimized using the conjugate gradient method (Hestenes 
and Stiefel, 1952) and then equilibrated in the isothermal-isobaric ensemble (NpT) 
at 300 K and 101.325 kPa for 5 ns. Next, layers of the equilibrated mineral super-
cells (with the resulting volume of 82.8 × 89.6 × 50.2 Å3 for kaolinite and 64.1 × 
62.9 × 59.6 Å3 for montmorillonite) were separated and a single clay layer was used 
for the construction of SOC models by adding n randomly distributed and ori-
ented POPC (n=1, 10, 32, and 56), and water molecules (corresponding to 3 wt%) 
above layer surface. The geometry of each simulation input was then optimized 
using conjugate gradient method to remove any potential random overlaps of the 
constituent molecules. Next, velocity vectors were added to both the water as well 
as the POPC molecules, scaled to 300 K and oriented towards the kaolinite (001) 
surface. Further, depending on the surface studied, the positions of the silicon or 
aluminum atoms were fixed. A protective wall composed of fixed dummy atoms 
was added far above the layer of water and POPC molecules. Each simulation box 
was then equilibrated by running an NVT MD simulation for at least 10 ns or until 
any systematic drift in the total potential energy of the system was removed. Subse-
quently, 1000 different configurations have been extracted from each equilibrated 
trajectory of 1 ns for further analysis.

These calculations were performed with the LAMMPS package (Plimpton, 1995) 
and a set of home-made scripts to generate input files, and to process and visualize 
the outputs. The system pressure and temperature was controlled using the Nosé-
Hoover chain approach (Hoover, 1985; Nosé, 1984) by coupling a series of baro- 
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and thermostats (with a relaxation time τT of 1 ps). The classical MD equations of 
motion were integrated using the velocity Verlet algorithm (Verlet, 1967) with an 
integration step of 1 fs. The short range Van der Waals and Coulombic interactions 
were truncated using a 20 Å cutoff radius and the long range Coulombic interac-
tions were approximated using the Particle-Particle Particle-Mesh (PPPM) approach 
(Hockney and Eastwood, 1988). To eliminate any associated polarization effects, 
the periodicity in the z-direction (perpendicular to the kaolinite basal plane) was 
removed and a correction term was applied to the PPPM solver (Hockney and East-
wood, 1988; Yeh and Berkowitz, 1999b). The interactions between the kaolinite 
monolayer, water monolayer and POPC ad-molecules were described by a combina-
tion of CLAYFF (Cygan et al., 2004), SPC/E (Berendsen et al., 1987) and OPLS-AA 
(Jorgensen et al., 1996; Kaminski et al., 2001) force fields, respectively.

3.5.3 Atomic density profiles

The one-dimensional density profiles δi(z) of different atom types i (with i denoting 
H, C, N, and O and Na atoms, respectively) are shown in Figure 16.

At low surface loadings (n = 1 and 10), the carbon and hydrogen atoms exhibit a ten-
dency to remain in the proximity of the basal surfaces of both clays, indicating that the 
POPC molecules are arranged parallel to surfaces (Sánchez-Verdejo et al., 2008).

At higher surface loadings, the width of the carbon and hydrogen density profile 
distributions increases in agreement with similar studies on alkylammonium (Heinz 
et al., 2005) and hexadecylpyridinium cations (Schampera et al., 2015) sorption to 
montmorillonite surfaces. The observed multimodality of the carbon and hydrogen 
atom distributions and the pronounced multimodality with equidistant regions of 
higher densities for the nitrogen atom distribution, in the case of hydrophobic kao-
linite siloxane surface, suggests the formation of a layered deposit. A very similar 
situation can be observed in the case of the montmorillonite basal surface.

On the other hand, the hydrophilic aluminol surface of kaolinite enables a relatively 
closer contact with the POPC head group and no distinct peaks are observed on the 
nitrogen atom distribution, indicating more compact single layer arrangement. Sim-
ilarly, the oxygen atoms of the POPC head group exhibit relatively stronger interac-
tion with the hydrophilic kaolinite surface as the first density peak appears at lower 
z-values. The water molecules exhibit the most significant difference in the distribu-
tions. For the kaolinite and montmorillonite siloxane surface, the water molecules 
are spread all through the z-domain, regardless the POPC surface loading, while for 
the aluminol kaolinite surface, the water molecules have the tendency to stay in close 
contact with the surface as indicated by the single peak distribution.
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The positions of the peaks representing the distribution of compensating sodium 
cations indicate their detachment from the montmorillonite surface. Such situation 
can be caused by the interaction with moieties having a relatively significant elec-
trostatic charge (POPC head groups and/or residual water molecules) and may be 
interpreted as the consequence of a cation exchange process taking place (Grančič 
and Tunega, 2020).

3.5.4 Tilt angles distribution

Figure 17 shows the distributions of the POPC oleic acid tail tilt angles β1 with 
respect to the tail’s center-of-mass distance from the basal surface oxygens. The tilt 
angle β1 is defined as the angle between the oleic acid tail vector (derived from a 
straight line fitted in 3-dimensional Euclidean space by considering only the back-
bone carbon atoms) and the basal surface normal (derived from a plane fit by consid-
ering only the basal surface oxygens) as illustrated in the inset of Figure 17a (n = 1).

Low surface loadings for all three surfaces (n = 1 and 10) result in tilt angle values 
close to 90º, indicating a parallel tail-surface orientation. However, in the case of 
kaolinite aluminol surface (cf. Figure 17b) the observed peaks are not exactly at 90º 
indicating a slight off-surface orientation because of the hydrophilic character of the 
surface that has the natural tendency to repel hydrophobic moieties. As the surface 
loading increases (n = 32 and 56) the spread of the β1 distribution, in the case of 
hydrophilic kaolinite aluminol surface, becomes even more pronounced. It becomes 
also apparent that the oleic acid tail center-of-mass values z1 spread over a wider 
range when compared to the hydrophobic siloxane surface.

Figure 17. POPC oleic acid tail tilt angles β1 versus their center-of-mass distance z1 with respect to 
the kaolinite (a) siloxane, (b) aluminol and (c) montmorillonite basal surfaces. The red contour lines 
correspond to 10, 25, 50 and 90% confidence intervals of the fitted 2-dimensional kernel densities, 
respectively.
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In all cases, the POPC molecules that reside close to the surface adopt orientation 
parallel or nearly parallel to basal surfaces. Molecules positioned further away can 
adopt almost any orientation possible.

Experimental observations on a similar system (POPC intercalated between mont-
morillonite layers) confirm values ranging from 41.8º (Liu et al., 2017) to 66º 
(Wicklein et al., 2010). As shown in Figure 17c, the values of oleic acid tail tilt angles 
with respect to the montmorillonite basal surface span in this interval only at higher 
surface loadings (e.g. for n = 56). In general, the tilt angles of a particular aliphatic 
chain depend strongly on numerous factors, including the chain length and actual 
surface loading. However, it is experimentally impossible to assign a specific value of 
the tilt angle to a particular molecule.

3.5.5 Residual water distribution

The simulation snapshots shown in Figure 18 illustrate the previously mentioned 
facts. At higher surface loadings, in the case of hydrophilic surface, the height of the 
formed POPC deposit becomes more significant compared to the hydrophobic sur-
face due to the repulsion between the hydrophobic tails and the hydrophilic surface. 
Although smaller in size, with the same number of POPC molecules, montmoril-
lonite surface visually resembles the hydrophobic kaolinite surface.

More pivotal is the comparison between the residual water distributions at hydro-
phobic and hydrophilic surfaces. For the hydrophobic kaolinite surface at low sur-
face loadings the water molecules are repelled off the surface. The molecules exhibit 
a tendency to cluster around the POPC zwitterionic heads and these interactions are 
very likely stabilized by the formation of hydrogen bridges between the oppositely 
charged atoms.

On the other hand, the interactions between water and hydrophilic kaolinite surface 
are favored, causing the water molecules to spread over the surface more evenly. Such 
deposits can be further stabilized via the interactions between the residual water 
molecules and the POPC charged zwitterionic heads.

The montmorillonite surface share structural similarities with the hydrophobic kao-
linite surface. Therefore, the residual water molecules are mainly positioned in the 
proximity of the charged POPC head groups as well as the sodium compensating 
cations.
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Figure 18. Snapshots of the equilibrated system involving low (a, b, c) and high (d, e, f ) POPC surface 
loadings on kaolinite siloxane (a, d) and aluminol (b, e), and montmorillonite (c, f ) surfaces.
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4. Conclusions and perspective

In this chapter we have shown the usefulness of molecular simulations for in-depth 
molecular scale investigation of interactions of organic species and clay mineral sur-
faces that can provide results hardly accessible in experiment.

A wide range of molecular systems interacting with clay mineral kaolinite were de-
scribed, ranging from water slabs, ionic solutions, via the herbicide glyphosate, to 
complex models of natural soil organic matter and biomolecules.

It has been clearly shown that glyphosate, an herbicide which is currently the subject 
of much debate, has strong interactions with the hydrophilic aluminol surface of 
kaolinite. Achieved results imply that the reactive surfaces in soil can retain glypho-
sate. This can lead to delayed degradation by micro-organisms as well as to a slowing 
down of leaching into the groundwater.

The work on the interaction of supramolecular organic soil structures (leonardite) 
with kaolinite surfaces contributes centrally to current discussions on the general 
nature of soil organic matter. Indeed, our results have the potential to integrate the 
different hypotheses. The Lehmann and Kleber (2015) model negates the existence 
of humic substances in soil. In fact, based on our results, it seems that the supramo-
lecular structures in soil postulated by Piccolo (2001) are not stable when interacting 
with reactive surfaces, as in our case with the aluminol surface of kaolinite, and are 
likely to decay from a thermodynamic point of view. Conversely, it is not unlikely 
that supramolecular structures are formed when the smaller molecules are desorbed 
from the reactive surfaces due to changes in the chemical environment on the micro-
scale, for example root excretions. In any case, the available results encourage further 
investigations in this field.

Modeling of bioclays composed from kaolinite or montmorillonite and phospho-
lipids indicates that these new materials can have a high potential for numerous ap-
plications and are a good alternative to common organoclays prepared from alkylam-
monium or alkylphosphonium cations.

Generally, presented case studies have demonstrated the usability and importance of 
the molecular modeling methods as an important tool complementing experimental 
studies in elucidating basic formation mechanisms, structure, and stability of such 
complex systems as organoclays are.
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1. Introduction

Over the past few decades, important medical advances have been made in the area 
of drug delivery systems with the development of new release dosage forms. Nowa-
days these formulations continue to be a big success for the pharmaceutical industry, 
where a certain dosage forms can transport and deliver a drug through the admin-
istration route to achieve a therapeutic effect. These dosage forms must be safe and 
effective, reaching therapeutic plasma concentrations during the treatment. The oral 
route is the most used way of administrating dosage forms because the adminis-
tration is easy, improves patient compliance and is cheaper than other alternatives. 
Most medicines administered by the oral route provide what is known as ‘immedi-
ate-release’ drug delivery or ‘conventional’ drug delivery (Figure 1). However, the 
administration of conventional dosage forms can sometimes have disadvantages or 
not to be the most suitable administration forms for a certain drug or therapeutic 
indication. For instance, in some situations can produce periods of toxicity by over-
dose or ineffectiveness by underdosing (Figure 1). Also, there are several situations in 
which the rapid onset is not desirable, and a modification of the drug release profile 
from a dosage form is needed to reduce the release or make the drug’s effects last 
longer (Aulton and Taylor, 2013). For example, the maintenance of a constant dose 
in blood for long periods of time is essential in chronic diseases. There are different 
types of modified release: delayed-release dosage forms, which release drug at a time 
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later than immediately after administration (for oral route site-specific targeting, 
such as colonic drug delivery) and prolonged-release dosage forms, which reduce 
drug dissolution rate and allow a reduction in dosing frequency and extended drug 
plasma concentrations compared to immediate release dosage forms (this type is also 
known as extended release or sustained release) (Figure 1). The concept of modi-
fied-release dosage forms was established since the late 1800s, but still in recent years 
there has been a huge increase in the number of patents highlighting the great inter-
est of the pharmaceutical industry in exploiting the benefits of these technologies to 
improve the product performance (Aulton and Taylor, 2013). In addition, there are 
many situations in which this rapid onset of immediate dosage form is not easy to 
achieve, for example, in the case of the Class II or IV drugs of the Biopharmaceuti-
cal Classification System, which have a low aqueous solubility (Amidon et al., 1995; 
Leuner and Dressman, 2000; Lindenberg et al., 2004). Here, the immediate release 
is not possible because the dissolution of the drug is the limiting factor of the absorp-
tion rate. As a result, orally high doses of the drug are necessary to obtain effective 
plasma concentrations, which can cause side effects and resistance. These drugs are 
the target of intense research addressed to increase the aqueous solubility and the 
dissolution rate of the drugs by means of novel pharmaceutical systems. For all these 
reasons, the development of new drug release systems, which allow modifying drug 
release without increasing the cost of the medicine, is currently booming. This strat-
egy is especially important in a wide variety of drugs considered essential according 
to the World Health Organization (WHO, 2020). 

Figure 1. Schematic representation of correlation established between drug release profiles (immediate, 
delayed and prolonged release) and plasma concentrations (modified from Viseras et al. 2010). 

The use of cheap materials from natural origin has arisen in the last decades as a 
great potential manner to improve the bioavailability of drugs. Specifically, clays 
have been selected as priority excipients because they are natural minerals abundant 
in nature and low-cost materials (Aguzzi et al., 2007; Viseras et al., 2010; 2015). 



AES 3 - 8. Natural phyllosilicates as excipients of drugs: computational approaches

257

Furthermore, their structure and composition confer many advantageous properties 
in this field: they are safe, non-toxic, biocompatible, low cost and highly adsorbent, 
encapsulating the drug in nano-sized spaces present either between structural layers 
(in montmorillonite), in channels or pores that are formed in sepiolite and palygor-
skite (Habibi et al., 2018) or inside nanotubes (in halloysite) (Figure 2). Moreover, 
clay minerals can play a crucial role in modulating drug delivery as documented by 
several papers and patents (Rodrigues et al., 2013; Fakhrullina et al., 2015; Jafar-
beglou et al., 2016; Sandri et al., 2016; Yang et al., 2016; Borrego-Sánchez et al., 
2018a; García-Villén et al., 2019; Sainz-Díaz et al., 2020). Commonly, these natural 
clays are modified to improve properties of interest, such as, organic functionaliza-
tion of clays, pillarization, or combination with polymers among others. They are the 
most highlighted treatments, preparations or strategies of clay modification (Aguzzi 
et al., 2007; Viseras et al., 2008; 2010; 2015; Rodrigues et al., 2013; Liu et al., 2014; 
Nazir et al., 2016; Yang et al., 2016; Meirelles and Raffin, 2017). The therapeutic 
advantages of these technologically advanced drug-clay products make this field of 
investigation a high-priority development area, being among the most important 
challenges for pharmaceutical technologists.

Figure 2. Structure of montmorillonite (a), sepiolite (b) and halloysite (c).
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2. Molecular modeling of adsorption of drugs 
on clay mineral surfaces

The improvement of the biopharmaceutical profile of drugs and advances in this 
field would benefit from the contribution of new fast and cheap techniques based 
on computational chemistry. Theoretical studies on the interaction and adsorption 
between the drug and clay have been also carried out in the last years, with the main 
aim of studying drug-clay complexes, interpreting the adsorption process and the 
chemical bonds that are formed. These studies can minimize the realization of exper-
imental studies that entail a great cost and require a long time. 

 In addition, theoretical methods are very useful and complementary to experiments 
especially when the experimental results cannot explain in detail the nature of the 
interactions between the drug and the surface of clays. In these cases, theoretical 
methods based on classical and quantum mechanics are very helpful to investigate 
crystal surfaces, drugs, and interactions of the adsorption of these organic molecules 
with crystal surfaces of clays (Jensen, 1999; Andrés and Beltrán, 2000). The choice 
of a computational method depends on several factors, such as the size of the sys-
tem (number of atoms), the computational cost required and the desired accuracy. 
The force fields (FF) based on the empirical interatomic potentials allows studying 
systems with a large number of atoms with a low computational cost, nevertheless 
it is not easy to obtain a force field that describes well all the atoms of different 
systems (Sun, 1998; Rappé et al., 1992; Cygan et al., 2004; Heinz et al., 2006). 
On the other hand, the methods based on quantum mechanics calculate real atoms 
with nuclei and electrons, so they are more accurate, however they require a high 
computational cost. Although this computational cost is so high, it is being reduced 
through the use of Density Functional Theory (DFT) approximations along with 
pseudopotentials (Parr and Yang, 1995; Jensen, 1999; Andrés and Beltrán, 2000). 
Thus, currently with both methodologies it is possible to study the drug-clay sys-
tems to understand the experimental results of adsorption process, and the atomistic 
study of these crystal structures is growing rapidly, giving a very useful information 
to understand experiments. 

2.1. Molecular modeling of drug-layered clay minerals

Phyllosilicates are silicates with a characteristic layered structure formed by sheets 
with two different types of structures, defined as tetrahedral sheets and octahedral 
sheets. The tetrahedral sheets are made up of a set of tetrahedra of silicon and ox-
ygen (SiO4) in hexagonal arrangement. This sheet joins with di or trivalent metal 
oxides (Mg2+, Fe2+, Al3+, Fe3+, etc.), forming an octahedral coordination with the rest 
of the oxygen atoms, calling it the octahedral sheet. These oxygen atoms can join 
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hydrogen atoms to complete their coordination or join other atoms of another new 
tetrahedral sheet.

According to the arrangement of these sheets, the phyllosilicates can be classified 
into:

• Phyllosilicates type 1:1. The basic structure will be formed by a single tetrahedral 
sheet (T) joined to the octahedral sheet (O), forming the T/O layer. In this case, 
the octahedral oxygens non-shared with the Si atoms of the tetrahedral layer 
are completed with hydrogens forming OH groups. An example of this type of 
phyllosilicates is the kaolinite.

• Phyllosilicates type 2:1. The basic structure corresponds to two tetrahedral sheets 
(T) joined to both sides of the octahedral sheet (O), called a T/O/T structure, 
also known as a “sandwich” type structure. In this case, one of the octahedral ox-
ygens forms an OH group as it is not shared with the Si atoms of the tetrahedral 
sheets. This structure is electrically neutral because all positions in the tetrahedral 
sheet are occupied by Si atoms, while all positions in the layer contain alumin-
ium. Frequently, isomorphic cation substitutions occurs, for example, Al3+ by 
Mg2+, providing a negative charge that is offset by metal cations in the interlayer 
space. The interlayer cations are normally Na+, K+, Mg2+ and Ca2+. Examples of 
this type of phyllosilicates with interlayer cations are smectites, vermiculites or 
micas. This group of layered clay minerals includes montmorillonite, saponite, 
hectorite, and nontronite, among others (Guggenheim et al., 2006). 

These layered clay minerals are used as excipients in pharmaceutical forms of drugs. 
For this reason, the Spanish and European Pharmacopoeia includes excipients mono-
graphs of phyllosilicates such as bentonite (mainly composed of montmorillonite), 
aluminum magnesium silicate (mainly composed of saponite and montmorillonite), 
talc, kaolin and hectorite (Real Farmacopea Española, 2005; Council of Europe & 
Convention on the Elaboration of a European Pharmacopoeia, 2017). 

Due to the relevance and its application of dug-clay systems in the field of pharma-
ceutical technology, the combined use of experimental and theoretical methodolo-
gies is useful for allowing a better understanding of the behaviour of these systems. 
Thus, several studies based on modeling have studied the interaction of these layered 
clays with drugs of interest. The theoretical calculations allow calculating the struc-
tures, the physicochemical properties, and the detail of the interactions between 
organics molecules and clay minerals surfaces at the atomistic or molecular level.

Specifically, kaolinite is phyllosilicates type 1:1 with a T/O layer. It is the most 
common clay mineral of the kaolin group; therefore, the adsorption of different 
drugs on kaolinite has been studied computationally (Table 1), forming organo-in-
organic composites (Holešová et al., 2014). The interaction of 5-aminosalicylic 
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acid drug with kaolinite were investigated by means of atomistic calculations using 
empirical interatomic potentials and quantum mechanics calculations. A confor-
mational analysis of 5-aminosalicylic acid was performed and the adsorption of 
the drug on the mineral was exothermic, showing that the drug presents a high 
affinity to the aluminol surface of the kaolinite (Awad et al., 2019). Analogously, 
the adsorption of a protein-fragment on this mineral to generate antiviral activity 
against the hepatitis C virus. In this work, a crucial fragment of the hepatitis C 
protein for virus binding to human cell receptors was modeled. Theoretical calcu-
lations based on classical mechanics were done to optimize the protein-kaolinite 
system. Besides, molecular dynamic simulations were performed, showing that the 
protein-clay interaction is thermodynamically favourable, being more favourable 
on the hydrophilic aluminol surface than on the siloxane surface of kaolinite. The 
results also showed the strong interactions with hydrogens bonds of the protein 
with the water molecules and the aluminol mineral surface forcing conformational 
changes in the protein. This could indicate that the interaction of viral proteins 
with kaolinite produces a structural distortion that could block its entry into the 
human receptor, which in turn, would produce a lack of viral activity. Therefore, 
kaolinite could be used as an antiviral agent against hepatitis C (Awad et al., 2020) 
and other viruses such as, COVID-19 one.

On the other hand, montmorillonite has been the most studied clay theoretically 
and also it is the most used in the pharmaceutical field (Table 1). Montmorillonite 
is a phyllosilicate type 2:1 with two tetrahedral sheets joined to both sides by an oc-
tahedral sheet (T/O/T structure). This smectite swells water and is expandable and 
drugs can be adsorbed in its interlayer spaces. Organic molecules or drugs can be 
adsorbed in their interlayer space or can be adsorbed by cation exchange. Cations in 
the interlayer space can be exchanged for a positively charged molecule (Park et al., 
2016; Borrego-Sánchez et al., 2018b). For these reasons, several research works have 
studied the adsorption of drugs in montmorillonite, such as, aminoacids (Escamil-
la-Roa et al., 2017)

Tetracyclines are a group of widely used antibiotics because they have a broad-spec-
trum of antimicrobial activity. In particular, the oxytetracycline is also a broad-spec-
trum antibiotic of this group. Molecular modeling simulations to investigate the 
interactions of oxytetracycline with montmorillonite have been carried out. The re-
sults of this work showed that after adsorption there is an expansion of the interlayer 
space of the montmorillonite, as well as the location of the structural charge that 
can predict favorable binding conformations to facilitate these drug-clay interactions 
(Aristilde et al., 2010). Theoretical calculations with DFT on the tetracycline-mont-
morillonite complex have been also reported being consistent with the experimental 
data, reproducing the interlayer spacing after the adsorption of the drug on hydrated 
montmorillonite (Pirillo et al., 2015).
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Sulfonamides are also a group of antibiotics of broad-spectrum and widely used for 
the treatment of infectious diseases. Francisco-Márquez et al. (2017) studied the 
molecular structures and the conformational analysis of the sulfamethoxypyridazine 
and sulfamethoxydiazine, which are two drugs of the sulfonamides group. Geometry 
optimization based on quantum mechanical and based on empirical interatomic po-
tentials were performed, demonstrating the favorable adsorption of these drugs on a 
phyllosilicate surface of (001) plane (Francisco-Márquez et al., 2017).

Montmorillonite has also been studied for the adsorption of curcumin which is a 
drug with anticancer properties. Several adsorption studies of curcumin on conven-
tional, intercalated, and exfoliated montmorillonite with an amphiphilic polymer 
(poly lactic-co-glycolic acid) and water solvent was performed. DFT and molecular 
dynamics (MD) simulations at different pH environment demonstrated the high 
affinity and the main interactions between the components (Karataş et al., 2017).

Rebitski et al. (2020) studied the intercalation of metformin in montmorillonite. 
Metformin is an andiabetic drug that is administered orally and is widely used 
for the treatment of type II diabetes. The design of a controlled release system of 
this drug with clays is of interest. Therefore, atomistic calculations reproduced 
the intercalation of metformin by cation exchange in the interlayer space of the 
clay, confirming the experimental results and the exothermic adsorption process 
(Rebitski et al., 2020).

Tamoxifen is a drug that belongs to the group of anti-estrogens and is used as a 
complementary therapy for breast cancer. It is a Class II drug according to the Bio-
pharmaceutical Classification System, so it is a drug that is poorly soluble in water. 
The increase of the solubility in aqueous medium is important, then the interaction 
with montmorillonite was studied. Molecular modeling calculations were performed 
to know the stoichiometry of the drug adsorption in the montmorillonite and the 
influence of pH on adsorption processes (Silva et al., 2020).

Recently, a work with the aim of exploring the intercalation of the ciprofloxacin 
antibiotic drug into montmorillonite interlayer space was carried out. Calculations 
with the Density Functional Theory were made, demonstrating electrostatic interac-
tions and hydrogen bond interactions in the drug-clay complex. As well as molecular 
dynamics simulations with a typical clay force field was performed and the results 
showed that drug in contact with water played an important role favoring the stack-
ing process in the montmorillonite (Lam et al., 2020).

Borrego-Sánchez et al. (2020) investigated the interaction of praziquantel drug with 
montmorillonite. Praziquantel is an antiparasitic drug, specifically the first choice 
for the human schistosomiasis treatment. Like other previously mentioned drugs, it 
is class II according to the biopharmaceutical classification system. Its low aqueous 
solubility means that high doses must be administered, generating adverse sides and 
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resistance. Like other previously mentioned drugs, it is a Class II drug according to 
the Biopharmaceutical Classification System. Its low aqueous solubility means that 
high doses have to be administered, generating adverse reactions and resistance. A 
new methodology was managed to increase the solubility of the drug after its ad-
sorption on the clay, following an interaction process in the absence of water (Bor-
rego-Sánchez et al., 2018a). These interactions between praziquantel and montmo-
rillonite were studied at molecular level with classical and quantum computational 
methods. The results allowed to know how many drug molecules have been adsorbed 
in the interlayer space of the montmorillonite according to the experimental data, 
and favorable adsorption energies of the studied complexes were found (Figure 3) 
(Borrego-Sánchez et al., 2020).

Figure 3. Structure of the praziquantel-montmorillonite adsorption complex viewed from (100) plane 
(a) and (001) plane (b) (extracted from Borrego-Sánchez et al., 2020). 

Another clay is illite which is a mineral from the micas group. It is a layered phyl-
losilicate of the 2:1 type and it has the characteristic that it is a non-expansive clay. 
Kubicki et al. (1997) studied drug-illite complex models, specifically, salicylic acid 
onto aluminate and silicate surfaces models of illite. Computations based on quan-
tum mechanics were performed, as well as vibrational frequency calculations (Kubic-
ki et al., 1997).
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Table 1. Studies of molecular modeling of drug-layered clay minerals.

Type Clay Mineral Drug References

1:1 Kaolinite (Kaolin) 5-aminosalicylic acid Awad et al., 2019

Antiviral agent Awad et al., 2020

2:1 Montmorillonite (smectite) Oxytetracyclines Aristilde et al., 2010

Tetracycline Pirillo et al., 2015

Sulfonamides Francisco-Márquez et al., 
2017

Curcumin Karataş et al., 2017

Metformin Rebitski et al., 2020

Tamoxifen Silva et al., 2020

Ciprofloxacin Lam et al., 2020

Praziquantel Borrego-Sánchez et al., 2020

2:1 Illite Salicylic acid Kubicki et al., 1997

2.2. Molecular modeling of drug-tubular and fibrous clays

Halloysite is a tubular clay classified in the kaolin group, with dioctahedral 1:1 or 
T/O structure (Table 2). Halloysite has the same chemical composition as kaolin-
ite, Al2Si2O5(OH)4, except for its high-water content between its monolayers. The 
predominant morphology of halloysite is tubular multilayer clay and the size of the 
nanotube can vary in the range from 0.5 to 1 μm in length and a inner diameter 
range from 15 to 100 nm (Liu et al., 2014). It is a multilayer nanotubular clay min-
eral resulting from the wrapping of 1:1 layers of kaolinite (Joussein et al., 2005; Fer-
rante et al., 2015; Massaro et al., 2017). This clay minerals are natural, low-cost, and 
biocompatible materials, and thus have been proposed as carriers for the modified 
release of drugs (Aguzzi et al., 2016; Carazo et al., 2017). 

Experimentally, the equilibrium and thermodynamic studies of the adsorption of 
isoniazid onto halloysite nanotubes corroborated the effective interaction between 
the drug-clay components. The adsorption of the antituberculostatic drug on the 
internal surface of the halloysite was modelled at molecular level by quantum me-
chanics calculations along with empirical interatomic potentials. The results showed 
conformational changes of the drug and strong hydrogen bond between the carbonyl 
group and heterocyclic nitrogen atom with the hydroxyl hydrogen atoms of the min-
eral surface. In addition, experimental studies of the biocompatibility and delivery 
release patterns of the drug from the nanotubes were performed, showing promising 
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results for the formulation of modified release systems capable of promoting patient 
compliance in the tuberculosis treatment (Table 2) (Carazo et al., 2017).

The 5-aminosalicylic acid drug has anti-inflammatory properties and it is widely used 
in the treatment of Crohn’s diseases, chronic bowel ulcerative colitis, and proctitis. 
A computational study generated different adsorption models with the conformers 
of the 5-aminosalicylic acid and the internal surface of halloysite in the presence 
and absence of water. Methods based in quantum mechanical and in classical me-
chanics was used and the results showed that the adsorption is energetically always 
favourable with the different conformers. In the more stable complex, the drug was 
adsorbed in a parallel disposition with respect to the halloysite surface and the main 
interactions between 5-aminosalicylic acid and the halloysite surface was described 
in all the systems (Figure 4) (Borrego-Sánchez et al., 2018c).

Figure 4. Structure of the adsorption of 5-aminosalicylic acid in halloysite nanotube (from Bor-
rego-Sánchez et al., 2018c). 

Furthermore, the fibrous phyllosilicates (sepiolite and palygorskite) are hydrated 
magnesium silicate with 2:1 type of phyllosilicate. In sepiolite, the basal layer of 
oxygen is continuous, but the apical oxygen undergoes a periodic inversion every 8 
octahedral positions. In palygorskite, this inversion is every 5 octahedral positions. 
These inversions lead to the interruption of the octahedral layer, which is discontin-
uous, thus forming channels or pores and give a fibrous appearance (Guggenheim 
and Krekeler, 2011). The edges of the discontinuities are completed with water mol-
ecules that join to the octahedral cations. Other water molecules of the zeolitic type 
are placed in the channels of these structures. The width and length of the fibers are 
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highly variable, from about 100 Å to 4-5 µm in length. Generally, sepiolite fibers 
tend to be larger than palygorskite. In these channels the drug molecules can be 
adsorbed, which is of great interest in the development of modified release systems 
(López-Galindo et al., 2011; Viseras et al., 2015).

A recent work studied the adsorption of an antiparasitic drug in sepiolite channels at 
molecular level by computational methods. Specifically, the optimization of the ad-
sorption of praziquantel in sepiolite nanochannels was calculated at DFT level. These 
molecular modeling calculations demonstrated that the size of the drug is compat-
ible with the sepiolite channel. Furthermore, the results showed that the adsorption 
of the drug in the channel is favorable. The main interactions between praziquantel 
and sepiolite were hydrogen bonds between the oxygen atoms of the carbonyl groups 
of the drug and the hydrogen atoms of the water. Also, electrostatic interactions were 
observed between the hydrogen atoms of the praziquantel and oxygen atoms of the 
sepiolite channel (Figure 5) (Borrego-Sánchez et al., 2020).

Figure 5. Adsorption complex of praziquantel in channel of sepiolite (from Borrego-Sánchez et al., 2020). 

The interaction between a drug and palygorskite was studied. Ethambutol is a tuber-
culostatic drug used in the treatment of tuberculosis in combination with other tu-
berculostatic agents (isoniazid, rifampicin and pyrazinamide). Currently, these drugs 
present physical instability and incompatibilities. The use of palygorskite as a nano-
carrier can go a long way towards improving the stability of drugs. The experimental 
results of this study were completed with theoretical calculations, which demon-
strated that the ethambutol drug can be located in the palygorskite channel. After 
the adsorption, hydrogen bonds between hydrophilic groups of the drug and the 
oxygen atoms of the palygorskite were established (Table 2) (Meirelles et al., 2019). 
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Table 2. Studies of molecular modeling of drug-tubular and fibrous clays.

Type Clay Mineral Drug References

1:1 Halloysite (Kaolin) Isoniazid Carazo et al., 2017

5-aminosalicylic acid Borrego-Sánchez et al., 2018c

2:1 Sepiolite Praziquantel Borrego-Sánchez et al., 2020

2:1 Palygorskite Ethambutol Meirelles et al., 2019

3. Future trends

Most of the work carried out to investigate the interaction of drugs with natural 
phyllosilicates at the computational level is concentrated in the last four years. Ad-
vances in theoretical methods based on classical mechanics and quantum mechanics 
have allowed to study large systems, such as drug-clay complexes. These advances 
have made possible to reduce the computational cost, which means that the number 
of publications has recently increased exponentially. The results demonstrated that 
computational modeling is a very useful tool not only to complete the experimental 
tests but also to provide information that is not possible to obtain experimentally. In 
this chapter, the theoretical works on drugs with natural phyllosilicates are collected 
and this can be concluded that the theoretical methods are very helpful techniques in 
the pharmaceutical field reducing the costs and time of experimental assays. There-
fore, these methods are crucial in the development of new drug delivery systems that 
allow the improvement of the treatments of several diseases.
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