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ABSTRACT

Water contamination is a global issue in most parts of the world. The present

thesis deals with the microscopic nature of interaction of two major water

contaminants, namely selenium (Se) and arsenic (As), restricting largely to

their relevant inorganic forms, owing to their higher solubility in water, employing ab

initio molecular dynamics simulation. Various microscopic properties including molecular

structure, hydrogen bonding, vibrational spectra, etc. are examined in detail. The thesis

is organized as follows. A review of the state-of-the-art research activities on solvation

studies of ab initio molecular dynamics, bio-geochemistry of selenium and arsenic species

as well as the motivation for the present work is outlined in Chapter 1. Chapter 2 of the

thesis summarizes the theoretical techniques employed in the work. Chapters 3 and 4

of the thesis present ab initio molecular dynamics studies on various inorganic Se–VI

and Se–IV species in water. In chapters 5 and 6 inorganic As–III and As–V species are

examined. Chapter 7 gives the conclusion of the thesis.
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INTRODUCTION

Water contamination is one of the major threats to humanity especially in de-

veloping countries [1–4]. Water contaminants generally include both organic

and inorganic compounds [5]. Organic contaminants include volatile chemi-

cals, fuels, manure, pesticides, industrial solvents, etc. [6–8], while the major inorganic

contaminants are barium, cadmium, copper, chromium, arsenic, antimony, fluoride, sele-

nium, lead, etc [9–12]. Depending on the geography, the sources as well as severity of the

contamination varies. In general, the surface as well as ground water contaminants, by

and large can be traced to anthropogenic activities, such as agricultural run-off waters,

drainage from industries, nuclear waste-disposal, etc., or to natural geochemical pro-

cesses including volcanic activity, dissolution from mineral deposits, etc [8, 10, 13, 14].

Presently, researchers from various fields of expertise, such as chemists, biologists, envi-

ronmentalists, geologists, etc., are actively pursuing research on various strategies for

efficient water remediation processes. In the following the bio-geochemistry of two of the

major water contaminants, namely selenium and arsenic, are briefly outlined.

1.1 Selenium

Selenium (34Se, Period-4, Group-16) is an element in the oxygen family, lying between

the non-metal sulfur (S) and metalloid tellurium (Te) in the modern periodic table.

Therefore, it shows properties that are intermediate between these two elements, and

1
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CHAPTER 1. INTRODUCTION

often like metalloid [15]. Selenium plays a dual role in human and animal lives; it is

an essential micronutrient, but causes adverse health effects in mild excess [16]. It is

one of the essential components of selenoproteins needed for various biological activities,

such as in production of hormones and enzymes in the cells, fertility and reproduction,

DNA synthesis, cells protection against oxidative damages, catalysis of intermediate

metabolism, protein folding, etc [16–26]. Moreover, it is used in vitamins and mineral

supplements, to prepare drugs and as a nutritional supplements for livestocks. In trace

amounts selenium is reported to provide a protective role against the toxicity induced by

heavy metals, such as mercury, arsenic, etc [24]. Selenium compounds are also useful in

several industrial and commercial applications, such as in glass-making, in photocells

and semiconductor devices, plastics, in anti-dandruff shampoos, photographic devices,

gun bluing, etc. When exposure level is high and prolonged, it can be bio-accumulated

inside the human body, mostly in the liver and kidneys, but also in the blood, lungs,

heart, nails, hair, etc., depending on the type of the selenium species exposed to. This

causes various symptoms, such as fatigue, irritability, hair loss, sloughing of nails,

etc., and may lead to both acute and chronic health disorders such as gastrological

disorders, neurological damage, lever cirrhosis, pulmonary edema, etc [17–22]. The

Figure 1.1: A basic bio-geochemical cycle of selenium. Reprinted with permission from [27],
Copyright ©2011 American Chemical Society.

basic bio-geochemical cycle of selenium is shown in Fig (1.1). It occurs naturally in

the Earth’s crust, in rocks, sand, coal, limestone, etc. Selenium is rarely found in its

elemental form (Se(0)) or as pure ore compounds. However, it occurs in quite handsome

amounts along with sulfides and oxides of metals, such as copper, silver, nickel, lead,

2
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1.2. ARSENIC

etc. Selenium gets redistributed from these geological reservoirs into aquatic medium

through various natural and anthropogenic processes [17, 28]. Natural processes include

volcanic eruption, weathering processes, wildfire, dissolution from nuclear waste, etc.,

while typical anthropogenic activities involve mining, fossil fuel combustion, oil refining,

agricultural irrigation, etc [28]. Combustion of fossil fuels releases selenium into the

environment, mostly in the form of selenium dioxide (SeO2). Further, refining of crude

oils and irrigation activities of seleniferous soils lead to release of selenium in large

amounts into the ecosystem.

Selenium has the electronic configuration of [Ar] 3d10 4s2 4p4 and hence typically

exists in four oxidation states, viz., Se(VI), Se(IV), Se(0), and Se(– II). Of these the sele-

nium oxyanions, selenate (SeO4
2– ) and selenite (SeO3

2– ), are particularly interesting

in the present context, for their high solubility in water, and speciation under different

pH conditions. The elemental selenium (Se(0)) and selenides (Se2– ) are sparingly sol-

uble in water, and commonly occurs in the less oxidizing environments. Selenic acid,

H2SeO4, the parent form of Se(VI) species in aqueous environment, is a strong acid with

dissociation constants of pKa1 =−3.0 and pKa2 = 1.70 [29]. Selenous acid (or selenious

acid), H2SeO3, the parent form of Se–IV species, is a much weaker acid compared to

H2SeO4, with dissociation constants of pKa1 = 2.62 and pKa2 = 8.32 [29]. Selenite and

selenate are normally stable in natural waters. However, these can be oxidized/reduced

on mineral surfaces prompting their removal from water. They could also be removed

from the water through reduction to Se(0) through chemical binding to organic matters.

Characterization of the various selenium species present within waters is thus important

for devising appropriate water treatment method.

1.2 Arsenic

Arsenic (33 As; Period-4, Group-15) is a metalloid that is quite ubiquitous on the Earth’s

crust. Compounds of arsenic has been traditionally used in various industrial, agriculture

and medical purposes, such as in making alloys (e.g., lead alloys used in car batteries

and ammunition), semiconductor and optoelectronic devices, production of pesticides,

herbicides and insecticides, and in medicines. However, arsenic is notoriously poisonous

to multicellular lives. Its adverse health effects on human includes neurological disorders,

cardiovascular diseases and cancer. Arsenic contamination of ground and surface water

is presently one of the major environmental concerns across the globe. The World Health

3
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CHAPTER 1. INTRODUCTION

Figure 1.2: A basic bio-geochemical cycle of arsenic. Reprinted with permission from [30],
Copyright: ©2002 Federation of European Microbiological Societies. Published by Elsevier B.V.
All rights reserved.

Organization (WHO) and the U.S. Environmental Protection Agency (USEPA) have

classified arsenic as a carcinogen of category I.

The global bio-geochemical cycle of arsenic is shown schematically in Fig. 1.2. Arsenic

has the electronic configuration of [Ar] 3d10 4s2 4p3, and thus, mostly exists in the

valence states of III and V. It occurs on the Earth’s crust, most commonly, as oxides

and sulfides (e.g., As4S4, As2O3, etc.) or combined with other metals, such as iron (e.g.,

FeAsS). However, occasionally it is also found in the elemental form (As(0)) in some rocks.

Arsenic is often found in mining of gold (Au) and coals. It is also found during volcanic

eruptions combined with other elements. Various agricultural activities using arsenic

containing pesticides, herbicides, insecticides, wood preservative, etc. also contribute to

the release of arsenic into the environment. Various microbial activities and methylation

processes contribute to volatilization of arsenic. Natural weathering processes, irrigation

4
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1.3. WATER

activities, etc. leads to redistribution of arsenic from soil and air to natural waters.

In aquatic conditions, arsenic is generally present in two oxidation states – As (V)

(arsenate, H3AsO4), and As (III) (arsenite, H3AsO3). In aerobic conditions, the former is

dominant; so is the case with water at the surface of lakes and rivers. In anaerobic condi-

tions, such as in groundwaters and at the bottom of very deep lakes, As (III) is found to

be the dominant species due to reduction from As (V) to As(III). Organic arsenic species,

such as mono-methylarsonic acid (MMA), di-methylarsinic acid (DMA), are sparingly

soluble in water and are also much less toxic compared to its inorganic forms, such as

arsenites and arsenates. There are other non-toxic arsenic forms as well, such as arseno-

betaine (C5H11AsO2), arsenocholine (C5H14AsO+), arsenosugars, etc., that are typically

found in marine environment. Additionally, the presence of some uncharacterized arsenic

species is reported in certain aquifers [31].

1.3 Water

Accounting for about 70% of the surface of Earth and about 65% of human and animal

body, water is the most ubiquitous liquid on the planet, while also holds the distinction as

the “universal solvent”. Water in its pure form as well as dissolving other species, are of

great importance to numerous physico-chemical, geochemical and biological processes of

nature. Undoubtedly, water is the most interesting liquid on our planet, not only because

of its relevance but also due to the fact that it exhibits many unique and extraordinary

physical as well as chemical properties.

Water (H2O) is a tiny molecule with two hydrogen atoms covalently bonded to the

central oxygen atom. The electron clouds of the two lone pairs of the oxygen atom spread

out almost tetrahedrally giving water a bent structure. Owing to the large positive charge

on the nucleus (8+), the H atoms are attracted strongly by the electronegative O atom

of H2O giving them partial positive charges, while acquiring partial negative charge on

itself. This prompts the negative ‘O’ atoms to interact appreciably with the positive ‘H’

atoms of other molecules resulting in the formation of Hydrogen bonds (H-bonds) both

with themselves as well as with other solvents (see Fig. 1.3). Due to the bent structure of

water molecule, the negative and positive charge centers do not coincide with each other

giving water a net dipole moment. In gas phases, water molecule has a dipole moment of

≈ 1.86 D [32] and ≈ 3 D in the liquid phases [33].

Water exists in three different phases- solid (ice), liquid (water) and gas (vapor). In

5
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CHAPTER 1. INTRODUCTION

Figure 1.3: The H-bonds network formed by a water molecule. Generated from CPMD simulation
of waters at 315 K.

Figure 1.4: A typical water spectrum calculated from Fourier transform of the velocity autocor-
relation function. Reprinted with permission from [34]. Copyright ©2001 American Institute of
Physics.

6
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1.4. SOLVATION PHENOMENA

ice form, each water molecule is involved in forming 4 tetrahedrally oriented H-bonds

(H–O –H angle is ≈ 109.5◦), which get changed in gaseous and liquid phases. Accurate ab

initio calculations gives the mean O–H bond length 0.958 Å and H–O –H angle 104.49◦

[35] gas phases, against the experimental values of 0.957 Å and 104.47◦ respectively

[36]. In liquid phases, these values are considerably changed with ab initio calculations

predicting an O–H bond length of ∼ 0.98 Å and H–O –H angle of 105.5◦ [33] with close

agreements to experimental results [37–39]. In liquid phase, water forms H-bonds which

weakens the strengths of the covalent bonds and reduces the repulsion between the

electron orbitals. Classical models [40] employ O–H lengths of between 0.957−1.00 Å

and H–O –H angles between 104.52−109.5◦.

Water has a complex absorption spectrum[41–43]. In gas phase, the modes of vibration

involve combination of symmetric stretching (ν1), asymmetric stretching (ν2) and bending

(ν3) of the covalent bonds with absorption intensity Iν1 : Iν2 : Iν3 = 0.07 : 1.47 : 1.00 [43–

45], in addition to the three modes of libration- wagging, twisting and rocking, which

are nothing but rigid body rotations of the water molecule about the x, y and z axes.

The bending and stretching modes are respectively found at about 1595, 3657 and 3756

cm−1 in gas phases. Vibrational modes in liquid states are however more complex, the

stretching modes are red-shifted by about 250 cm−1 as compared to gas phase values.

A typical water spectra in liquid form is shown in Fig 1.4. Here, the peak around

2500− 3600 cm–1 is due to O–H stretching modes of vibration. The peak at about

1500 cm–1 is assigned to the H–O –H bending mode. On the other hand, the modes in

the range of about 0−1000 cm–1 can be assigned to the librational motions of water

molecules. In liquid state, rotations of the individual water molecule tend to be restricted

by the H-bonds giving the librations with broder peaks.

1.4 Solvation Phenomena

Solvation is a kinetic process that involves continuous reorganization of the solvent

as well as the solute molecules in order to minimize the free energy. The interactions

between the solvent and solute molecules can be of different types such as hydrogen

bonding, ion-ion, ion-dipole interaction, or van der Waals forces (induced dipoles). The

type of interaction determines the behavior of the solute in the solvent environment,

which, in turn, determines various physical, structural, dynamical and spectroscopic

properties of it, and also influence the properties of the solvents. Solvation is important

7
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CHAPTER 1. INTRODUCTION

for various physical, chemical, geological processes, and also for biological activities that

occur within the cell. For example, protein folding occurs because of the favorable inter-

actions with its surrounding water molecules and hydrogen bonding effects. In addition

to these, solvation affects the electronic as well as vibrational properties, diffusivity and

reactivity of molecules.

It has been known since long that water molecules form inter-molecular H-bonds.

These are believed to be responsible for many of the remarkable properties of water,

such as its high boiling point, high surface tension, anomalous density variation with

temperature, etc [46]. They also form H-bonds with other solvated solute molecules. The

shell of water molecules interacting directly to the solute forming H-bonds is known as

first hydration shell. Those water molecules that interact directly to the first hydrogen

shell are referred to form the second hydration shell, and so on. Often, depending on the

nature of the solute a few hydration shells, distinguishable from the structure of the bulk

water, are realizable. If the solute-water interactions are stronger than those between the

water molecules, the solute is referred to as H-bond maker, and if weaker then referred

to as H-bond breaker. It shall also be noted that the hydrogen bond network is highly

dynamic, with H-bonds being continuously broken and formed.

For long the study of solvation phenomena, that involves various manifestations of

the solute-solvent interactions, such as the modification of the structure of the solvent,

the dynamics of the solute as well as that of the solvent, etc., have been a very active

area of research owing to their importance in chemical, geological, physical and biolog-

ical processes. The natural H-bond network of liquid water is locally disrupted by the

introduction of a foreign species, such as an ion or other molecules. Although, this is en-

ergetically unfavorable, the loss is often compensated by the formation of solute-solvent

H-bonds, thus resulting in a negative total free energy of solvation. The solute-water

interaction depends on the strength as well as the number of the H-bonds formed upon

solvation, which in turn, depends on various aspects such as the charge, size and shape

of the solute.

It is perceptible that higher the charge of the solute the stronger is the H-bonds

between the solute and water. However, the effect of the size and molecular structure

of the solute on the strength and number of H-bonds formed is not straightforward. A

larger solute disrupts the local water network to a larger extent, weakening the H-bonds

of bulk waters (unfavorable), and results in a larger solvation shell. However, if it has

more polar sites somewhat evenly distributed across its structure, then larger number of

8
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1.5. AIMD STUDIES OF SOLVATION

solute-water H-bonds would be formed which would make up for the disrupted water-

water H-bonds, thus resulting in a favorable situation. Thus, the net effect is highly

dependent on the type of the solvated ion and its geometry.

Probing microscopic properties of species in aqueous phases through laboratory

experiments is often challenging. In this context, computational approaches, such as

molecular dynamics (MD) are very promising. MD simulations, particularly the ab initio

MD (discussed in detail in the next chapter) which employs on-the-fly calculation of

atomic interactions, have contributed significantly to our understanding of the solvation

phenomena. Below a concise review on the state of the art ab initio molecular dynamics

(AIMD) studies of water, in pure form as well as dissolving variety of foreign species is

presented. [47–56]

1.5 AIMD studies of Solvation

Figure 1.5: Radial distribution function, RDF for (a) O–O and (b) O–H atom pairs in liquid
water, computed from CPMD simulation of 32 D2O molecules for 1.5 ps at room temperature,
employing Becke-Perdew generalized gradient corrected functional Vanderbilt ultrasoft pseudo-
potentials (solid lines), as compared to those obtained from experiments (dotted lines). (Reprinted
with permission from [57]. Copyright ©1993, American Institute of Physics.)

Numerous studies have been published over the last few decades that have provided

unprecedented insights into the microscopic aspects of the solvation, such as the char-

acterization of various structural, dynamical and spectroscopic properties, particularly

related to that of H-bonding, proton transport etc. Although long strides have been made,

it shall be noted that the most accurate description of liquid water in a cost effective way,
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is still not achieved, and consequently, lots of developmental works, both theoretical and

algorithmic, are going on. One of the earliest AIMD studies, conducted by Laasonen and

co-workers [57] on liquid water has shown the radial distribution functions (RDF, g(r))

in modest agreement with experimental results (see Fig. 1.5).

Spontaneous ionization of liquid water leading to the proton (H3O+) and hydroxide

(OH– ) ion and their dynamics are fundamental aspects of solution phase chemistry.

Their presence in water induces a perturbation in the structure of the surrounding

waters, and also various dynamical properties such as the H-bond dynamics, structural

and orientational relaxation, etc. The first AIMD simulations of the excess proton in

water were conducted by Tuckerman et al [58, 59] on a system comprising of 32 water

molecules. They showed that a hydronium ion (H3O+) exists in two limiting states of a

H-bond network - (a) the Zundel (H5O2
+) state and, (b) the Eigen (H9O4

+) state. Both

of these cations are present in water, with the latter being the dominant state in liquid

water. The Zundel cation is the intermediate state that gets formed as the proton is about

to transfer from one water molecule to the next. The more stable H9O4
+-state consists of

a H3O+-ion that donates three H-bonds to three surrounding water molecules, the excess

proton being localized on the central water molecule. In a H5O2
+-state, on the other

hand, the excess proton is localized between the two water molecules. Fig. 1.6 shows the

important steps in a successful proton transfer. In this process, a water molecule (Fig.

1.6(a)) donates a weak H-bond to the H3O+ ion. In the second step, this water molecule

loses the other H-bonds donated to it, and the weak H-bond donated to the current

hydronium becomes strong, which destabilizes its ability to host the proton (Fig. 1.6(b)).

Meanwhile the O–O distance between the current and future hydroniums decreases

by ∼ 0.15 Å and transfer of the proton takes place in the next step (Fig. 1.6(c)). This

mechanism of proton transfer is known as the Grotthuss mechanism [60], qualitative

picture introduced by Grotthuss about 200 years before that study [61]. While pure AIMD

simulations indicated that the barrier for proton transfer is approximately 0.5kcal/mol,

inclusion of nuclear quantum effects makes the process essentially barrier-less, although

the mechanism of proton transfer remains the same [63].

Historically, it was thought that the transport mechanism of hydroxide (OH– ) ion

could be inferred from that of hydronium (H3O+) ion by the so called “mirror image"

concept, where it was suggested that the proton hole (OH– ) moves by successive shifts of

hydrogen atoms, similar to protons [61]. But it was found from experiments [64] that the

diffusivity/conductivity of OH– is much slower than H3O+ which could not be explained
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Figure 1.6: The main steps in a successful proton (a− c) and hydroxide ion (d− f ) transfer. The
mechanistic details are described in the text. Reprinted with permission from [62]. Copyright
©2002 Nature Publishing Group.

by the above mechanism. AIMD simulations have provided the right answer for that,

thereby disclosing the dissimilarities in conductivity of the two ions [51].

AIMD simulation studies carried out by Tuckerman et al. [58, 59] on OH– have

showed that OH– in water accepts four strong H-bonds, forming nearly a square planar

arrangement of H9O5
– (see Fig. 1.6(d)). It is also found to donate a weaker H-bond,

thus highly perturbing the surrounding waters, which are H-bonded with tetrahedrally

coordinated water molecules (see Fig. 1.3). They have confirmed it by the calculation of

density of states (DOS) for OH– , that shows some new features as compared to water

[59]. These are attributed to the presence of H9O5
– (Fig. 1.6(d)) and H7O4

– (Fig. 1.6(e)),

the latter being the intermediate formed during the transfer of OH– , shown in Fig.

1.6. Recent electron spectroscopy experiments have confirmed these structures of OH–

anion [65]. During a successful OH– transfer event (see Fig. (1.6(d - f)), one of the H-

bonds accepted by OH– in H9O5
– complex breaks, leaving the OH– ion accepting three

H-bonds in a tetrahedral arrangement of H7O4
– complex. The H-bond donated by it

becomes stronger, and a transient Zundel anion (H3O2
– ) is formed through which the

migration of OH– defect takes place. Subsequently, the new OH– reforms H9O5
– species
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that are relatively stable and immobile. While pure AIMD simulations indicated that the

barrier for OH– transfer is approximately 1.28 kcal/mol, inclusion of nuclear quantum

effects reduces it to approximately 0.34 kcal/mol, although the mechanism of transfer

remains the same [62, 63].

The success of AIMD to the studies of water and its constituent ions has motivated

the researchers to apply these techniques to get insights into the complex phenomena of

solvation of various inorganic, organic and biological species in aqueous environment. For

example, it has been applied to various mono-atomic alkaline [34, 66–73], earth alkaline

[26, 74, 74–83] and halide ions [71–73, 82, 84–88], organic and organo-metallic systems,

ions at interfaces, and even some selected biological systems [89]. The halogen ions,

Figure 1.7: Oxygen (solid lines) and Hydrogen (dotted lines) RDFs w.r.t. F– (a), Cl– (b) and I–

(c) computed from CPMD simulations. Reprinted with permission from [90–92]. Copyright ©2003
American Institute of Physics.

F– , Cl– , Br– and I– have been studied in order to extract the systematic behaviors of

different physical and chemical properties (such as the relative strength of the H-bonds,

ionic radii, etc), as these ions have similar charges and valence electron configurations,

but vary in masses and sizes [71]. Most often these are categorized as structure maker

or structure breaker species in water, based on the overall influence that the ions have

on the bulk waters. Heuft and Meijer [90–92] have systematically studied the solvation

F– , Cl– and I– and compared different structural, dynamical and spectroscopic aspects

of these ions and the solvent waters. Their results showed that the interaction of I– with

water is much weaker than those of F– and Cl– , resulting a weaker hydration shell.

Their works on HCl showed the effect on concentration on structural and dynamical

properties.[93, 94] Parrinello et. al [95] have also explored the microscopic structure of

as well as different static and dynamic properties of HF solvation in water at different

thermodynamic conditions.
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1.5. AIMD STUDIES OF SOLVATION

Similar to the halogens, group-I ions, such as Li+ [34, 66, 67], Na+ [66, 68, 96, 97],

K+ [66, 96] etc. have been extensively studied. Such systems are still being explored by

different research groups by employing relatively improved methodologies [98–100]. One

of the earliest studies by Lyubartsev et. al. [34] on Li+ in water has shown remarkable

resemblance of AIMD data with available neutron scattering and spectroscopic data.

They also investigated the spectral features water dissolving Li+ that showed reasonable

agreement with results of IR and Raman experiments 1.4. Ramaniah et al. [69] showed

from AIMD simulations that unlike the cases of Li+, Na+, Be2+ [34, 66, 66–68, 76, 96, 97]

etc., which have well-defined structures, the first solvation shell of K+ is very flexible

and exhibits faster exchanges of water molecules with the second shell.

Certain other cations of greater environmental or biological importance, such as

Mg2+[78, 79], Be2+[76], Ca2+[74, 75, 78, 101–103], Fe2+[104, 105], Fe3+[104–106], Cu2+[107]

etc., have also been investigated extensively. Such studies not only provided the micro-

scopic insights into their dynamic solvation structures, but also proved to be helpful in

resolving many experimental discrepancies. For example, various experimental studies

employing X-ray diffraction measurements suggested that the coordination number of

Ca2+ varied between 6−8, while, in contrast, neutron diffraction studies found it to be

in the range of 6−10. Lightstone et al.[75], from AIMD simulations, showed that the

first solvation shell of Ca2+ is rather flexible unlike other divalent cations allowing the

coordination number to vary from 6−8. Ikeda et al.[77] characterized the structural

variations of the first coordination shells of Ca2+ and Mg2+ by employing the metal-water

oxygen coordination number as a reaction coordinate. In particular, they estimated the

free-energy profile for Mg2+ and Ca2+. The study revealed that the global minimum for

the former is stable with a sixfold coordination in the octahedral arrangement; while the

latter showed several shallow local minima, suggesting that the hydration structure of

Ca2+ is highly variable, in agreement with experiments [75]. Similarly, Pasquarello et

al. [108], from a combined study involving neutron diffraction experiments and AIMD

simulations, demonstrated the five-fold coordination nature of the Cu2+ ions in water.

This study have challenged the commonly held view of the classical sixfold coordination

structure generally assumed for such metallic elements. Swaddle et al. [109] obtained

similar results for trivalent aluminium ions (Al3+) as well.

By virtue of the rapid growth in computational resources as well as developments

of highly scalable algorithms and theoretical approaches, the AIMD methodologies

have now being further applied to more chemically complex species in water. Different
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metal oxide complexes have also been explored recently [110–112]. The properties of such

systems depend strongly on pH of the solution [113]. Techniques for efficient computation

of NMR parameters from ab initio methodologies have been developed that are able to

provide direct comparison of theory with experiments, and have been widely applied for

many systems of interest [111, 114–116]. The work of Bühr et. al. showed that the isotope

effect and temperature dependence in NMR spectra for 59Fe complexes [111, 116].

There also have been a number of applications devoted to the structural characteriza-

tion of organic molecules in water. For example, AIMD studies have been performed on

CO2 [117–120], H2CO3 [117, 121], CaCO3 [122, 123] and different hydrocarbons [124–

127]. AIMD has also been applied to supercritical CO2 [120, 128], and different ionic

liquids [129]. Ab initio metadynamics (an enhanced sampling method) has been ap-

plied to explore different reaction mechanisms taking place in solutions [130–132]. Such

techniques have also been employed for determining pKa values for acids [133–136].

Besides these, studies involving aqueous systems near interfaces have attracted

a lot of attention, being a topic of fundamental interest for biochemistry, engineering,

geology and other areas [55, 137]. There have been several AIMD studies dedicated to

air-water interfaces, being one of the most hydrophobic interfaces, characterized by water

molecules with dangling bonds [138–141]. Thus, the small cations are expected to be

repelled from the surface. However, various experimental as well as simulation studies

have shown that hydronium (H3O+) cations are instead preferentially adsorbed at the

air-water interfaces, thereby making the surface of water acidic [142–144]. On the other

hand, hydroxyl ions have been found to have lower affinity to the interface [144]. Such

studies have also been applied for applications involving the simulation of water and

ions near inorganic solid surfaces, such as that of rutile, geothite, alumina, silica, etc

[55, 145, 146].

Moreover, hybrid QMMM methods, combining quantum mechanical (QM) and clas-

sical molecular mechanics (MM) simulation techniques have been developed. In these

methods, the reactive sites are treated quantum mechanically employing ab initio

simulation methods, while the surrounding solvent environments are simulated em-

ploying classical MD, thus utilizes the best of the two techniques [147–153]. These

techniques have been widely applied for metal-based enzymes, ligand-target interactions,

charge-transfer processes in DNA, and other similar problems, see the article [154] and

references therein.
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1.6 Focus of the thesis

The inorganic forms of selenium and arsenic are, in general more soluble in water, thus

accounts for the major water contaminants. These are also, in general, more toxic than

their organic compounds. Fig. 1.8 shows the non-deprotonated forms of Se–VI, Se–IV,

As–V and As –III species using ball and stick model.

(a) H2SeO4 (b) H2SeO3 (c) H3AsO4 (d) H3AsO3

Figure 1.8: The ball-stick representation of the non-deprotonated forms of (a) Se–VI species
(selenic acid), (b) Se–IV species (selenous acid), (c) As–V species (arsenic acid), and (d) As–III
species (arsenous acid).

The focus of thesis is to investigate the microscopic dynamics of these waterborne

species employing AIMD simulations. Chapter III and IV of the thesis present ab initio

molecular dynamics studies on various inorganic Se–VI and Se–IV species in water,

in chapters five and six inorganic As–III and As–V species are examined. Various

microscopic properties including molecular structure, H-bonding, vibrational spectra, etc.

are examined in detail. Chapter II provides a discussion of the methodology employed in

these studies.
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THEORETICAL BACKGROUNDS

2.1 Introduction

The rapid enhancement in the computational resources over the last three decades, as

well as developments of smart and efficient algorithms have enhanced the scope and

reliability of computational studies in research [1–4]. Computational techniques involves

numerical solution of a model of the experimental system or a process of specific interest

[2]. Such studies are particularly useful when the actual mechanism of the process of

interest is unknown or when experiments are hard to be performed [2, 3, 5]. Many a times

computational studies are employed to predict the outcome of an experiment among

numerous possibilities. Computational studies also help in bridging the gap between

theory and laboratory experiments, highlighting the critical areas where the theoretical

model need refinement or in aid of better interpretation of certain experimental results

[2]. Such approaches are now routinely applied in different branches of science [2, 5].

Molecular dynamics (MD) and Monte Carlo (MC) simulations are two popular atom-

istic computational techniques, that find applications in various areas of physics, physical

chemistry, materials science, bio-physics, etc [2, 3, 6]. While the former provides real time

evolution of a physical system by iteratively solving the Newton’s equation of motion,

the latter computes the thermodynamic properties through stochastic sampling of the

phase-space. However, both these methods share the same core, evaluating the inter-

atomic interaction forces from the atomic coordinates, that essentially lead to the same
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thermodynamic average of a quantity, under ergodic hypothesis [2, 3, 7]. The results

presented in this thesis are based on extensive MD simulations, details of which are

discussed below.

2.2 Molecular Dynamics

Molecular dynamics (MD) technique is one of the most popular computer simulation

methods that evolved since the pioneering works by Alder and Wainwright in 1950s

[6, 8–10], on the phase-transitions of hard sphere system. The study was extended to a

realistic physical system, that of liquid argon, in 1964 by Rahman [11]. Rahman’s work

demonstrated the applicability of the technique as well as its complementarity with

experiments. This prompted the simulation of the more challenging system such as liquid

water, by Rahman and Stillinger in 1974 [12, 13]. The field has witnessed tremendous

developments since then. Immensely assisted by the unprecedented growth in silicon

technology, the technique quickly evolved in to a valuable tool, and is now routinely

applied in many areas of science.

MD is a numerical technique for solving the classical many body problem for a

collection of atoms, ions or molecules, for which analytical solution is not possible. As

mentioned above MD simulation involves solving the Newton’s equation of motion

iteratively based on known/computed inter-atomic interactions. There are mainly two

varieties of it, based on the way inter-atomic forces are calculated - (a) classical molecular

dynamics, that is based on predefined inter-atomic forces or potentials, and (b) ab initio

molecular dynamics (AIMD), which computes the forces on the fly employing the first

principle-based solution of the electronic structure of the system [2, 3, 14–18]. However,

in both the cases, the heavy nuclei are propagated classically, using Newton’s equations

of motion.

2.2.1 Classical MD

Classical MD simulation employs predefined inter-atomic or inter-molecular potentials to

propagate the coordinates and velocities of atoms/molecules of the system using Newton’s

laws motion [2, 3, 18],

MI
d2~RI

dt2 = ~FI

(
~R

)
= −~∇V

(
~R

)
, (2.1)
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where MI and ~RI stand for mass and coordinate of the Ith atom. Force (~FI) on it is

computed from the negative gradient of interaction potential V (~R), as a function of

the coordinates of all the atoms of the system, ~R = {~RI}. The basic algorithm of MD is

shown in Fig.2.1. One has to provide the initial positions and velocities of the atoms as

Provide initial structure, ~R (t = 0), velocity, ~v (t = 0) and choose time step, δt

Calculate forces, ~FI

(
~R

)
=−~∇V

(
~R

)

Integrate MI
d2~RI
dt2 =−~∇V

(
~R

)

Move in time t = t+δt

Save trajectory for analysis

Repeat

Figure 2.1: A basic algorithm of Molecular Dynamics (MD) simulation technique.

inputs in order to solve the second order differential equation (Eq. (2.1)) by integration.

The initial coordinates may be taken from experimental data, where available. On the

other hand, the initial velocities can be generated from a Maxwellian distribution for

the target temperature. Then at every MD step the forces on atoms are computed (from

the predefined interaction potential) that are integrated numerically to compute the

coordinates and velocities, and move forward in time in terms of short intervals, δt,

which is typically of the order of femto-seconds.

There are different numerical integration schemes for solving second order ordinary

differential equations such as Euler method, Runge-Kutta (RK) methods, etc., but these

do not yield stable MD runs, as these methods are non-sympletic in nature (do not

conserve the phase space volume) [10, 15, 19]. Besides being sympletic, a good MD

integrator should possess two main properties – long-time energy conservation and

and short time reversibility. Often the method of choice is the velocity Verlet algorithm

[2, 10, 19, 20]. This algorithm has the advantage of using coordinates and velocities at
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the same instant t,

~R(t+δt) = ~R(t)+~v(t)δt+ 1
2

~F(t)
M

δt2 (2.2a)

~v(t+δt) =~v(t)+ δt
2M

(
~F(t+δt)+~F(t)

)
, (2.2b)

where Eq. (2.2a) can be obtained as the Taylor expansion of ~R(t+δt). Eq. (2.2b) can be

derived from the Taylor expansion of~v(t+δt) and ~̇v(t+δt).

Although classical MD approach is often very useful in the study of physical properties

of matter, it suffers from certain shortcomings due to poor transferability of interaction

parameters across systems and phases, preclusion of many-body interactions, etc., and

fails to describe chemical changes in matter [10, 15, 21, 22]. For example, processes

involving bond making/breaking phenomena can not be studied using classical MD. For

studying such complex systems with itinerant electrons, ab initio Molecular Dynamics

(AIMD) is used, where the forces are calculated on-the-fly from accurate electronic

structure calculations [14, 16, 17, 21–24]. This is briefly discussed below, closely following

the excellent book on this subject matter, by Marx and Hütter [23].

2.2.2 Ab Initio Molecular Dynamics

Ab initio molecular dynamics (AIMD) is an advanced MD technique in which the finite

temperature trajectories are generated with forces obtained directly from accurate on

the fly electronic structure calculations and no empirical parameter is required. Studies

during the last three decades have demonstrated the utility of the method in capturing

the chemical as well as physical properties of matter [15, 19, 21, 22]. Although the AIMD

technique is computationally very expensive, thereby limiting the length and time scales

of simulations, it still finds numerous applications across various domains of science

such as in, materials science, bio-physics, nano clusters, catalysis, matter at extreme

conditions, etc [2, 15, 25–34].

The goal of quantum many body physics is to obtain approximate solutions to the

time-dependent Schrödinger equation (TDSE) [35, 36], given by,

i~
∂

∂t
Ψ

(
{~r i},~R; t

)
= HΨ

(
{~r i},~R; t

)
(2.3)
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where the many body Hamiltonian operator is given by,

H = TN +Te +Vee +VNe +VNN (2.4a)

=− 1
2

∑
I

1
MI

~∇2
I −

1
2

∑
i

~∇2
i +

∑
i< j

1
|~r i −~r j|

−∑
I,i

ZI

|~RI −~r i|
+ ∑

I<J

ZI ZJ

|~RI − ~RJ |
(2.4b)

= −∑
I

~∇2
I

2MI
+He({~r i},~R) (2.4c)

for the electronic (~r i) and nuclear (~R) degrees of freedom (DOF) in atomic units. MI

and ZI are the mass and atomic number of the I th nucleus respectively. He({~r i},~R) is

the electronic part of the H({~r i},~R). Ψ
(
{~r i},~R; t

)
is the total wavefunction obtained from

solving time dependent Schrödinger Eq. (2.3).

Applying the so called Born-Oppenheimer approximation [23, 36, 37], which states

that the electrons remains in the instantaneous equilibrium positions of the heavy nuclei,

the TN term in Eq. (2.4) can be neglected in comparison to Te and hence, the many body

problem becomes a complete electronic structure problem with Hamiltonian He({~r i}; {~RI}).

This approximation essentially allows for a product ansatz [23, 38, 39] of the total wave

function consisting of the nuclear and electronic wave functions,

Ψ
(
{~r i},~R; t

)
= ψ

(
{~r i};~R

)
×ξ

(
~R; t

)
. (2.5)

As the electrons remains in instantaneous equilibrium with the heavy nuclei He

(
{~r i} ;~R

)
can be written as parametrically dependent on nuclei positions, and restrict ourselves

solving the time-independent, many-body Schrödinger equation for the ground state

electronic sub-system,

He

(
{~r i} ;~R

)
ψ0 ({~r i}) = ε0

(
~R

)
ψ0 ({~r i}) , (2.6)

where ε0

(
~R

)
are the ground state eigen values. Once the electronic structure problem is

solved the forces on the ions can be computed by using

~FI = −∇I〈ψ0|He|ψ0〉, (2.7)

which is integrated to propagate the atoms, as explained above.
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Ehrenfest Molecular Dynamics

This method is based on numerical computation of Ehrenfest force, −~∇I 〈He〉 for each

configuration ~RI(t), the time-dependent Schrödinger equation for the electrons [10, 40]:

MI ~̈R I = −~∇I〈ψ0|He|ψ0〉 (2.8a)

i~
∂ψ0

∂t
= Heψ0 (2.8b)

This approach includes the non-adiabatic transitions between different electronic states

rigorously. Being computationally very expensive, this method finds its applications in

studying systems with a few degrees of freedom. More recently, this approach has been

applied in time dependent density functional theory (TDDFT) to study systems at excited

states, as an alternative to Hartree-Fock approach [15].

Born-Oppenheimer Molecular Dynamics

Born-Oppenheimer Molecular Dynamics (BOMD), in contrast to Ehrenfest-MD, is based

on computation of the time-independent Schrödinger equation of electrons for each

nuclear configuration ~RI , and the time evolution is dictated by its parametric dependence

on the classical dynamics of the nuclei [41–44],

MI ~̈RI(t) = −~∇I min
ψ0

{〈
ψ0|He|ψ0

〉}
(2.9a)

Heψ0 = ε0ψ0 (2.9b)

Unlike in Ehrenfest-MD, the minimum of 〈He〉 has to be achieved in every MD step.

Eq. (2.9b) is computed using electronic structure methods, such as the density func-

tional theory (DFT). DFT casts the many body electron problem to an effective one

particle Hamiltonian, with total wave functions Ψ0 = det{φi}, where φis are one electron

wavefunction that satisfies the orthonormality condition, 〈φi|φ j〉 = δi j. The dynamics of

BOMD is described by the following Lagrangian,

LBO = 1
2

MI ~̇R2
I −〈ψ0|He|ψ0〉+

∑
i, j
Λi j

(〈φi|φ j〉−δi j
)
, (2.10)
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Initial configuration

Accumulate statistics Stop

Solve the DFT problem

E0

[{
~RI

}]

Calculate forces on ions

~FI =− ∂

∂~RI

(
E0

[{
~RI

}])

Move in time t = t+δt

Update atomic positions

Repeat

Figure 2.2: Basic Born-Oppenheimer molecular dynamics algorithm.

where Λi j are the Lagrange multipliers to maintain the orthonormality constraints. Now,

using Euler-Lagrange equations,

d
dt

(
∂L

∂~̇RI

)
= ∂L

∂~RI
(2.11a)

d
dt

(
∂L

δφ̇∗
i

)
= δL

δφ∗
i

(2.11b)

we get,

MI ~̈RI(t) = −~∇I min
{φi}

{〈
ψ0 |He|ψ0

〉}
(2.12a)

Heφi = ∑
j
Λi jφ j = εiφi (2.12b)

Although BOMD is much lighter compared to Ehrenfest-MD from the point of view

of computational overhead, it still remains quite expensive to be successfully applied

for most real world problems. Early applications of BOMD have been performed with
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semi-empirical approximations and then later with HF approaches. However, recent

implementations of BOMD with DFT have been found to carry great success enabling

dynamics to be simulated in a tractable manner for small systems. The main hurdle

so far is the time needed for computing electronic structure at each MD step. However,

in 1985, Roberto Car and Michele Parrinello [14] proposed a scheme to sidestep the

impediments of solving the electronic structures at every MD step, which revolutionized

the field of ab initio MD simulations.

Car-Parrinello Molecular Dynamics

Fundamental idea of Car-Parrinello Molecular Dynamics (CPMD) [14, 23] is to exploit

the adiabatic time scale separation between the electron (fast) and the nucleus (slow)

degrees of freedom. In CPMD, the whole system is mapped into a two-component pure

classical system, at the expense of the explicit time dependence of the fast electrons. Car

and Parrinello introduced the following Lagrangian to account for the electron-nuclei

system [14],

LCP = 1
2

MI ~̇R2
I +

∑
i
µ

〈
φ̇i|φ̇i

〉−〈ψ0|HKS
e |ψ0〉+

∑
i, j
Λi j

(〈φi|φ j〉−δi j
)
, (2.13)

where the additional term added to LCP , compared to Eq. (2.10), is the fictitious kinetic

energy term for the electron orbitals {φ}. µ is known as the fictitious mass of the electrons

or inertial parameter assigned to {φ}. Applying Euler-Lagrange equation [45], Eqs.

(2.11a)-(2.11b), we get two equations of motion, one for the nuclei and other for the

electrons,

MI ~̈RI(t) = −~∇I

〈
ψ0|HKS

e |ψ0

〉
(2.14a)

µφ̈i(t) = −HKS
e φi +

∑
j
Λi jφ j, (2.14b)

where HKS
e is the Kohn-Sham electronic Hamiltonian discussed later.

Since, kinetic energy is the predictor for temperature of the system, the two kinetic

energy terms lead to two different instantaneous temperatures for nuclei and electronic

subsystems respectively, where the latter Tfict. ∝∑
iµ〈φ̇i|φ̇i〉 is known as the fictitious

temperature of the orbitals. The electrons should be maintained at a low electronic

temperature or kept cold such that the electronic subsystem remains close to the exact

BO surface, min{φi}〈φ|He|φ〉, following the slow nuclear motion adiabatically, during the
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Initial configuration

Solve the DFT problem

E0

[{
~RI

}
,
{
φi

}]

Accumulate statistics Stop

Calculate forces on ions (~FI) and electrons (~f i)

~FI =− ∂

∂~RI

(
Etot

[{
~RI

}])
~f i =− ∂

∂φ∗
i

(
Etot

[{
~RI

}
,
{
φi

}])

Move in time t = t+δt

Update atomic positions and electronic wavefunctions

Repeat

Figure 2.3: Basic Car-Parrinello molecular dynamics algorithm.

course of simulation. For the procedure to work, there should not be substantial overlap

between the vibrational density of states of the two subsystems (in other words, a gap

between highest phonon frequency and orbital frequency), such that no heat transfer of

any kind can take place [46]. µ is found to be the parameter controlling this [14, 21, 23].

In a CPMD simulation run, there are four types of energies we have to care about:

Econs = 1
2

MI ~̇R2
I +

∑
i
µ〈φ̇i|φ̇i〉+〈ψ0|HKS

e |ψ0〉, (2.15a)

Ephys = 1
2

MI ~̇R2
I +〈ψ0|HKS

e |ψ0〉, (2.15b)

Ve = 〈ψ0|HKS
e |ψ0〉, (2.15c)

Te = ∑
i
µ〈φ̇i|φ̇i〉. (2.15d)

Econs should be a constant of motion for CPMD. Ve varies considerably with time, due
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to phonon density of states (DOS). Te performs a bound oscillatory motion around a

constant value, which is a measure of the deviations from the BO surface. Amplitudes

of Te are about 3 times smaller than Ve and hence Ephys = Econs −Te is also essentially

constant.

There are two time scales of oscillation (frequency) of the electronic DOS. The first

one arises from the drag force exerted by the moving nuclei, whose fluctuation is opposite

to that of Ve, higher in amplitudes and slower in frequencies. The other one, intrinsic

to the electronic degrees of freedom itself, is instrumental in the stability of CPMD and

is of high frequencies, whose amplitudes are only a fraction of the first type (Te). The

intrinsic frequency of the electrons depends on the energy gap between the occupied and

unoccupied orbitals and fictitious mass parameter (µ) [21, 46]:

ωmin
e ∝

(Egap

µ

)1/2
, (2.16)

where Egap is the energy difference between the LUMO (Lowest Unoccupied Molecular

Orbital) and HOMO (Highest Occupied Molecular Orbital). In order to CPMD propagate

smoothly, the difference ωmin
e −ωmax

n , where ωmax
n is the highest phonon frequency for

nuclei, should be large. Egap being a system specific parameter, the only controlling

parameter is µ, known as adiabaticity parameter. Now, decreasing the value of µ also

stretches the frequency spectrum and therefore there is cut-off on Egap:

ωmax
e ∝

(
Ecut

µ

)1/2
, (2.17)

where Ecut is the largest KE in the wave-function expansion of the basis sets, discussed

in subsequent sections. This gives a cut-off on the MD time step ∆tmax:

∆tmax ∝
(
µ

Ecut

)1/2
∝ωmax

e (2.18)

Since, the maximum allowed time step of CPMD is determined by the maximum electron

frequency, which in turn depends directly to the fictitious mass parameter µ, CPMD

needs to make a compromise in choosing a typical value of 400−800a.u. for large gap

systems, which allows a time step of about 5−10a.u. (0.12−0.24 f s), depending on the

mass of the lightest nuclear mass of the system [47].

The finite value of the fictitious mass parameter, µ, hampers the adiabatic decoupling

of the motion of the nuclei and electrons in microcanonical (NVE) CPMD runs, allowing

the dynamics to deviate from BO surface. Quench BO technique, in which the electrons
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are periodically quenched to the BOMD, has been proposed, but it lacks any theoretical

basis. The most often followed technique is therefore to used Canonical (NVT) ensemble

dynamics, by thermostatting both the nuclei as well as the electronic DOFs, which allows

them to oscillate slightly above the BO surface [23, 48].

Hellmann-Feynman Forces

A straightforward computation of the force on the nuclei by using ~FI =−~∇I〈ψ0|He|ψ0〉 is

often too expensive and turns out to be highly inaccurate for AIMD simulations. Rather,

it can be simplified as follows:

~FI = −~∇I〈ψ0|He|ψ0〉
= −〈ψ0|~∇I He|ψ0〉−〈~∇Iψ0|He|Ψ0〉−〈Ψ0|H e|~∇Iψ0〉 (2.19)

Hence, if the wave function is exact (or stationary), the contributions coming from ~∇IΨ0

vanish, under which Eq. (2.19) becomes,

~FHFT
I = −

〈
ψ0|~∇I He|ψ0

〉
(2.20)

This is known as the Hellmann-Feynman Theorem (HFT) [49–51]. Theoretically, this

yields exact results provided the complete basis sets are used, which is not practicable in

reality.

Which Method to Choose

The basic advantage of CPMD over BOMD is the fact that no diagonalization of the

Hamiltonian is needed, except at the very first step. However, it limits the maximum

allowed time-step of integration, which is about 10 times smaller than allowed in BOMD

(τCPMD
e ≈ τBOMD/10≈ 0.1 f s).

Coming to the energy drift of the total physical energy, while the origin for BOMD is

the incomplete orthonormalization of wave functions, for CPMD it is due to the transfer

of energy between cold electrons and hot nuclei. Often it can be minimized by employing

separate thermostats to electrons as well as the nuclei in CPMD. BOMD can be made

as fast as CPMD (or even faster) at the expense of accuracy in energy conservation.

However, for the case of some more challenging systems, such as for the cases of waters,

CPMD has been found to be approximately 2−4 times more efficient than pure BOMD

considering speed and tolerance of energy convergence together [23].
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Although, CPMD works well for systems with large energy gaps, for metallic systems,

for which Egap → 0, the implementation is not straightforward and instead, BOMD is

highly recommended. It is found that in a stable and properly converged CPMD run, the

deviation of the CP forces is negligible than compared to BO forces.

Gaussian basis sets have the advantage of employing fewer number of basis sets to

represent the wave-function and efficient computation of differentiation integration in

real space. However, it suffers from other limitation, such as inclusion of Pulay forces [52]

(depends on ionic positions), periodicity, etc. For that plane wave basis sets are generally

preferred for their intrinsic periodicity and fast computation in Fourier space [23].

On the other hand, non-self-consistency in numerical calculation of effective one-

particle Hamiltonian leads to non-self-consistency forces. Since CPMD does not require

an explicit self-consistency during time evolution of the system, there is no non-self

consistent forces for it. In BOMD, there is always a non-zero contribution due to non-

self-consistency, which is not known a priori. Pulay force [52] vanishes exactly for fixed

number of plane wave basis sets (origin less). However, if the number does not remain

constant, e.g., in NPT simulations, this argument does not hold good. There is no basis

set superposition error (BSSE) [53–55], if fixed number of basis sets and box-size are

used for plane waves.

Recently, a smart algorithm known as QUICKSTEP [56] based on dual basis sets

(Gaussian to represent wave-functions and e.g. the Kohn-Sham matrix, and plane wave

to represent the electronic density) has been proposed and implemented in the software

package CP2K [57]. It has the advantage of employing fewer basis functions per atom

as compared to plane wave representations, and sparse representation of Kohn-Sham

and density matrices allowing linear scaling methods to perform the density matrix

optimization. In short, it allows the advantages of both the types of basis sets. However,

in our works, which involves studies of solvation in liquid waters, we have employed the

basic CPMD methodologies.

2.3 Density Functional Theory

Density Functional Theory (DFT) gives a viable way to numerically solve the many body

time independent ground state problem in a cost efficient manner. It is based on two

papers by Hohenberg, Kohn and Sham [16, 17]. The former [16] has given two theorems,

now known as HK-theorems, that theoretically laid the foundation of this formalism,
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while latter showed how properties of the homogeneous gas can be utilized in theoretical

studies of inhomogeneous system of interacting electrons, with hydrogen-like orbitals,

based on the HK-theorems, discussed below.

Theorem 1. The external potential, Vext (~r) is uniquely determined by the electron density

n0(~r).

Use of electron density instead of wave-function reduces the many body problem from

3Ne → 3, where Ne is the number of electronic degrees of freedom, which uniquely defines

an external potential. Thus, except for degenerate cases, the potential, in turn, uniquely

determines the ground state wave-function, and therefore, all the other observables of

the system (e.g., kinetic energy) are uniquely determined by Vext (~r). In short, n(~r) →
Vext(~r)→ψ0 → E0.

Theorem 2. The ground-state energy can be obtained variationally: the density that

minimizes the total energy is the exact ground-state density [16].

Since, ψ0 is a functional of n0(~r), so is the kinetic and interaction energies of the many

body system and hence the energy functional

F
[
n(~r)

] = 〈
ψ0|T +V |ψ0

〉
, (2.21)

is universal, independent of number of particles (N) and external potential Vext (~r), such

that, the energy functional, for a given potential Vext (~r), becomes,

E [n] = T [n]+Eee [n]+
∫

Vext (~r)n (~r)

= F [n]+
∫

Vext (~r)n (~r) . (2.22)

This functional takes minimum value for the exact correct ground state density, and

hence the ground state can be obtained by minimizing it, if F[n] were known:

E0 = EDFT [n0] = min
ψ

〈
ψ|He|ψ

〉 = min
ρ

〈
ψ[ρ]|He[ρ]|ψ[ρ]

〉 = min
ρ

EDFT [n0] , (2.23)

where ground state configuration is reached for n = n0. The terms of the many body

energy functional that do not allow to solve the problem exactly are (a) Electron-electron

interaction (Eee) and (b) Electron kinetic energy term (Te). Using Thomas-Fermi approx-

imation[58] the former is approximated by the so called Hartree energy[59],

Eee ≈ EH
[
n(~r)

] = 1
2

Ï
d~r d~r

′ n (~r)n
(
~r′

)
|~r−~r′| (2.24)

39

TH-1814_136121015



CHAPTER 2. THEORETICAL BACKGROUNDS

which is nothing but the classical electrostatic interaction energy between the electron

densities n (~r) and n
(
~r′

)
. The electron kinetic energy term (Te) poses more of a concern

involving a ~∇2-term, and at this point we have make a crucial approximation of DFT,

namely,

n (~r) =
Nocc∑
i=1

f iφi(~r)φ∗
i (~r), (2.25)

where φi are fictitious single-particle wave-functions, known as Kohn-Sham (KS) orbitals

[17], Nocc being the number of occupied orbitals with occupation number f i for state i,

which are related to the number of electrons (Ne) by the following relation

Nocc∑
i=1

f i = Ne, (2.26)

with which the Te term is approximated as,

Te ≈−1
2

Ne∑
i=1

∫
φ∗

i (~r)~∇2φi(~r)d~r = Ts
[{
φi

[
n(~r)

]}]
. (2.27)

In essence, the original many particle interacting problem is mapped into a non-

interacting single-particle problem with the same electron density. Hohenberg-Kohn

theorems demands that this mapping is unique. In fact, this is a single-particle mean-field

approximation to the many body inhomogeneous interacting problem, and consequently

all the many-body correlation effects are not taken into account. However, Hohenberg-

Kohn theorems predicts that the neglected correlation effects are also functional of

electron density, known as the Exchange and Correlation (XC) functional [16, 17, 59].

With above sets of simplifications, the KS-energy functional becomes,

EKS[{φi}] = Ts[{φi}]+
∫

Vext(~r)n(~r)d~r+ 1
2

∫
VH(~r)n(~r)d~r+Exc[n], (2.28)

where,

EXC = (
T[n(~r)]−Ts

[{
φi

[
n(~r)

]}])+ (Eee[n(~r)]−EH[n(~r)]) (2.29)

is the XC energy, a unknown to the problem. In order to calculate the ground state of

the system, we need to minimize Eq. (2.28) w.r.t. the electron density. This yields the so
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Initial guess for density n(~r)

Build Kohn-Sham potential

VKS(~r)=Vext(~r)+VH(~r)+ δEXC[n(~r)]
δn(~r)

Solve Kohn-Sham Equations[
−1

2
∇2

i +VKS

]
φi = εiφi
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i

f i|φi(~r)|2

Is |nnew −nold| < nthr.

Ground state

nnew =βnold

Yes

No

Figure 2.4: Basic algorithm of DFT.

called KS equations:

[
−1

2
~∇2 +Vext(~r)+VH(~r)+ δExc[n]

δn(~r)

]
φi(~r) = ∑

j
Λi jφ j(~r) (2.30a)

⇒
[
−1

2
~∇2 +V KS(~r)

]
φi(~r) = ∑

j
Λi jφ j(~r) (2.30b)

⇒ [
T̂s + V̂eff

]
φi(~r) = ∑

j
Λi jφ j(~r) (2.30c)

HKS
e φi(~r) = εiφi(~r), (2.30d)

where {εi} are known as the Kohn-Sham eigenvalues. Veff depends on the density and

indirectly on the orbitals. In practice, Kohn-Sham system of equations are solved self-

consistently, as shown in the Fig.(2.4).
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Exchange–Correlation Functional

In principle, the DFT yields exact results provided the XC term is known. However, the

exact form of it is not known, except for uniform electron gas. Different approximated

forms are generally used that has to be chosen sensitively depending on the systems to

be studied [23, 36, 43, 59]. XC-term can be broken up into exchange (EX ) and correlation

(EC) terms [59]:

EXC = 1
2

Ï n(~r)nXC
(
~r,~r′

)
|~r−~r′| d~r d~r′ = EX

[
n(~r)

]+EC
[
n(~r)

]
, (2.31)

where,

nXC
(
~r,~r′

) = nX
(
~r,~r′

)+nC
(
~r,~r′

)
(2.32)

is the called the XC hole. More specifically, nX
(
~r,~r′

)
is due to the Pauli repulsion (antisym-

metry of the wave-functions) omitted in the Hartree term (EH) that causes a lowering of

the energy for fermionic systems. This term can be calculated exactly using Hartree-Fock

exchange energy, given by

EX
[
n (~r)

] = −1
2

∑
i, j

∫
d~r

∫
d~r′

φ∗
i (~r)φ∗

j
(
~r′

)
φi (~r)φ j

(
~r′

)
|~r−~r′| , (2.33)

but comes under much heavier computational overhead due to its non-local nature. On

the other hand, the correlation term EC comes basically from the repulsion between the

electrons having opposite spins further lowering the electronic energy. The exact form of

EC is not known. Under the so called local density approximation (LDA) [60],

ELDA
XC = ELDA

X [n]+ELDA
C [n] =

∫
d~r n (~r)εxc(n), (2.34)

where the expression for exchange term is simple and may be obtained from the homoge-

neous gas system,

ELDA
x [n] = C

∫
n4/3(r)dr, (2.35)

where C is a constant. There are several expressions for the correlation energy, ELDA
c [n],

which have been found by fitting to the results of accurate quantum Monte Carlo (QMC)

of a uniform electron gas. Under LDA, the XC energy functional is purely local and

homogeneous and contributions arising from any sort of inhomogeneity of the electrons

are neglected. Improvement of LDA approximation is achieved by including the density
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gradient ~∇n(~r) and density itself to the XC functionals, known as generalized gradient

approximation (GGA) which is often called a semi-local functional [59, 60],

EGGA
xc =

∫
n(~r)εGGA

xc

[
n(~r),~∇n(~r)

]
d~r (2.36)

Most of the GGA functionals have been constructed as the correction added to the LDA

term. Examples of such functionals are PBE [61], BLYP [62, 63], etc. Although GGA

functionals improve considerably over LDA, still may not be very accurate, one reason

being the inexact qualitative behavior of the exchange potential. Meta-GGA functionals

try to improve accuracy by incorporating the Laplacian term, ~∇2n(~r) into the GGA

approximation. However, the most improved results have been obtained by introducing

the so called Hybrid functionals (eg., B3LYP, PBE1PBE, etc.), which includes fraction of

the exact HF exchange energy. Incorporating such functionals has been computationally

very demanding and very rarely employed in AIMD simulations.

Pseudo-potentials

𝑟𝑐 

𝜓𝑝௦ 

𝜓௥ 

𝑉𝑝௦ 

𝑉௥ 

𝑟 

Figure 2.5: Schematic diagram of the relationship between all-electron and pseudo- potentials
and wave-functions. rc is the cut-off radius beyond which real and pseudo components must
match.

Since most of the physical and chemical properties of an atom are determined by the

valence electrons only, the computational overhead in a DFT calculation can be greatly

reduced by considering only the valence electrons explicitly in calculation. The potential

of the core is replaced by some effective potential, known as pseudo-potential, which
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essentially reduces the all-electron problem to that of an effective ionic core and the

valence electrons. In other words, the core states are eliminated and replaced by smooth

functions, thereby reducing the number of plane waves required to represent the wave-

function. The pseudo and all-electron wave-functions has to be identical beyond the core

radius rc, shown in Fig. 2.5.

There are two common types of pseudo-potentials used in modern plane-wave elec-

tronic structure codes: (1) Norm-conserving [64], and (2) Ultra-soft (USP) [65]. The

main requirement of the norm-conserving pseudo-potentials is that the pseudo- and

all-electron wave-functions have equal norms inside the cutoff distance rc. This type of

pseudo-potentials was first developed by Kleinman and Bylander [66], that paved the

way to accurately calculate of solid state properties. In 1990, Vanderbilt [65] proposed

a new scheme for generating much softer pseudo-potentials, that allows to use much

smaller cutoff by relaxing the norm-conservation constraints with some generalized

orthonormality conditions. Such pseudo-potentials are called ultra-soft pseudo-potential.

Having discussed the basic techniques of AIMD an related intricacies, we shall

discuss some of the standard analysis tools used in analyzing the MD data that have

been employed in the thesis.

2.4 Methods for Analysis

2.4.1 Radial Distribution Function

The radial distribution function (RDF), g(r), is the basic tool for structural analysis of a

MD trajectory. It gives the probability of finding an atom at a distance r from another

tagged atom, and is calculated as the ratio between local density (n(r)) to the global

density (n) of the atoms in the system under simulation,

g(r) = n(r)
n

. (2.37)

If there exists NA atoms of type A, and NB of type B in a simulation of volume V , the

RDF of atoms B w.r.t. type A is given by,

gBA(r) = nB(r)
nB

= V
NB

nB(r). (2.38)
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Figure 2.6: Calculation of g(r).

n(r) can be obtained by considering a spherical shell of radius r and thickness ∆r around

each tagged particle (A) as shown in Fig. 2.6.

nB(r)= 1
4πr2∆r

(
1

NA

NA∑
i=1

δ(r− r i)

)
(2.39)

Inserting Eq. (2.39) into Eq. (2.38), we get the working form of RDF:

gBA(r) = V
4πr2∆rNANB

NA∑
i=1

δ(r− r i), (2.40)

with the condition that, ∫ ∞

0
4πr2ng(r)dr = N, (2.41)

where N is the total number of atoms of a given type.

The shape of g(r) strongly depends on the type of material and varies considerably

from solids to gases (see Fig. 2.7). Gases do not possess any regular structure and hence,

the RDFs generally have a single coordination shell that rapidly decays to the normal

bulk density of a gas, g(r)= 1. For liquids, there exists local structural ordering, but at

large values of r, the molecules become independent of each other, and the distribution

returns to the bulk density (g(r)= 1). That is g(r)→ 1 as r →∞. Also, g(r)→ 0 as r → 0

because of the short range repulsion between the atoms. Crystalline solids are dense and

ordered and therefore they show sharp peaks of g(r) at low temperature which do not

converge to one because of the long range orderings. It looks like delta functions, at low
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Figure 2.7: Comparison of the typical behavior of RDFs for matter at solid, liquid and gaseous
phases. Figures produced for a system of argon atoms simulated with a basic self developed
Fortran code.

temperatures, but broadens due to thermal/quantum mechanical vibrational motions.

On the other hand, liquids or gases show broader peaks of g(r) because of the inherent

disorders in structure [2, 3, 67].

The number of atoms up to a distance r from a tagged atom can be obtained by

integrating over g(r),

n(r) = 4π
∫ r

0
r2ng(r)dr. (2.42)

This is popularly known as running coordination number (RCN), and can be used to

calculate coordination numbers of an atom or species.

2.4.2 Auto-Correlation Function and Spectroscopy

A time-correlation function measures how the value of some quantity A at time t′ depends

on some other/same quantity B at time t′′ which, for an equilibrium system depends on

only the time difference t = t′′− t′.

CAB(t)= lim
T→0

1
T

∫ T

0
B(t+ t′)A(t′)dt′ = 〈B(t+ t′)A(t′)〉 (2.43)
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For A = B we get the auto-correlation function, eg. velocity auto-correlation function

given by,

C(t)= 〈v(t+ t′).v(t′)〉 (2.44)

For an equilibrium system the initial value is given by G(0)= 3kBT
m and for long times

the initial and final velocity must become completely uncorrelated i.e., G(t →∞) = 0.

The importance of the autocorrelation functions lies in the fact given by the Wiener-

Khintchin’s theorem, which states that the power spectra of a dynamic quantity is equal

to the Fourier transform of the corresponding autocorrelation function,

P(ω)=
∫ ∞

−∞
C(t)eiωtdt (2.45)

The power spectra corresponding to velocity autocorrelation function yields the vibra-

tional density of states of the system. Power spectra could be directly compared with

different spectroscopic data depending on the type of autocorrelation function taken

into account. For instance, IR spectra may be calculated from the dipole autocorrela-

tion functions, and Raman spectra is obtained by taking molecular polarizibilities into

consideration [2, 3, 68, 69].

2.4.3 Hydrogen bond analysis

Figure 2.8: Definition of a hydrogen bond

A hydrogen bond between two water molecules is defined in terms of the following

criterion [70–76]:

• The donor-acceptor O · · ·O distance is less than 3.5Å,
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• The donor-acceptor H · · ·O distance is less than 2.45Å,

• The Hydrogen-donor-acceptor (H –D–A) angle is less than 30◦.

H-bonds are characterized by H-bond correlation function[70–75, 77] given by,

CHB(t)= 〈h(0).h(t)〉
〈h〉 (2.46)

where h(t)= h[~r(t)] is known as the hydrogen bond population operator for the instanta-

neous configuration~r(t). This operator takes value 1 if there exist H-bond between two

tagged atoms, otherwise zero. The average number of hydrogen bond in an equilibrium

fluid containing N water molecules is N(N−1)
2 〈h〉, where 〈h〉 denotes the average value of

h(t). Therefore, CHB(t) basically signifies the probability that a hydrogen bond is intact

at time t, and based on all the three criterion of formation of hydrogen bond between a

species. Similarly H-bond correlation function based on distance criterion alone can also

be defined,

Cd
HB(t)= 〈h(0).hd(t)〉

〈h〉 (2.47)
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Figure 2.9: Typical behavior of hydrogen bond correlation functions, SHB(t) and CHB(t).

The lifetime of hydrogen bonds between a donor-acceptor pair can be estimated

by defining two more time correlation functions based on distance and angular crite-

rion.They are given by,

SHB(t)= 〈h(0).H(t)〉
〈h〉 (2.48)
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Sd
HB(t)= 〈h(0).Hd(t)〉

〈h〉 (2.49)

where H(t)= 1 if the tagged pair of donor-acceptor sites remain continuously hydrogen

bonded for a time t, otherwise zero [2, 70, 72]. SHB(t), known as continuous H-bond

correlation function, as defined above, is sensitive to the intermediate H-bond breaking,

hence provide a qualitative measure of the lifetimes of H-bonds.

2.4.4 Water Orientational Correlation Function

The dynamics of orientational relaxation of H2O molecules can be studied by using the

second order Legendre polynomial (P2) of vector (~v) correlation function [70, 77–80],

given by,

C2(t)= 〈P2(v̂(0).v̂(t))〉 (2.50)

where, v̂ =~v/|~v| is the unit vector along ~v (along the OH bond of H2O) and P2(x) =
(3x2−1)/2 is the 2nd-order Legendre polynomial [70, 77–80]. In this form, these results

are directly related to the experimentally calculated rotational anisotropy measurements

of water molecules [77, 79]. These plots exhibits an initial rapid decay (owing to the

librational motions of the H2O molecules), followed by slower decay that characterize

the orientatonal relaxation of the water molecules.

These quantities have been extensively employed in the results discussed in the

coming chapters.
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AIMD STUDIES OF WATERBORNE SE – VI SPECIES

3.1 Introduction

Selenium exists in aqueous environment mostly in Se–VI and Se–IV valence states.

The parent form of the former is known as selenic acid (H2SeO4), which is a very strong

acid with the experimentally reported pKa1 value of −3.0 [1]. Its mono-deprotonated

form namely HSeO4
– is also a strong acid with pKa2 = 1.70 [1].

H2SeO4
pKa1−−−−→−3.0

HSeO4
− pKa2−−−−→

1.70
SeO4

2− (3.1)

Thus, SeO4
2– is expected to be stable at neutral and low acidic conditions. The structure

and hydrogen bonding of hydrated HSeO4
– and SeO4

2– have been recently probed

experimentally employing large angle X-ray scattering (LAXS), EXAFS and double

difference infrared (DDIR) spectroscopy by Eklund and Persson [1]. An ab initio quantum

mechanical charge field molecular dynamics (QMCF-MD) simulation study had been

conducted by Sakwarathorn et al. [2] to characterize the structure and spectroscopic

natures of solvated SeO4
2– species.

In this work, a detailed ab initio Density Functional Theory (DFT) [3, 4] based Car-

Parrinello Molecular Dynamics (CPMD) [5] simulation has been carried out on selenic

An article based on this chapter is published in Phys. Chem. Chem. Phys, vol. 18, year 2016, pages
14561-14568; title:“Ab initio molecular dynamics investigation of structural, dynamic and spectroscopic
aspects of Se–VI species in the aqueous environment”; authors Sangkha Borah and P. Padma Kumar.
Selected contents are reproduced with permission ©Royal Society of Chemistry 2016.
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acid (H2SeO4) in the aqueous environment. Fresh microscopic insights on the hydration

structure, nature of hydrogen-bonding (H-bonding) and vibrational properties of aqueous

selenates have been presented comprehensively.

3.2 Methods

The ab-initio simulations employed in this work follows the Car-Parrinello molecular

dynamics (CPMD) scheme [5] as implemented in version 3.15.3 of the CPMD software

package [6, 7]. From a pre-equilibrated system of 64 H2O molecules in a cubic box of

length 12.42 Å (at a density of ∼ 1 g/cc), a cluster of four water molecules is removed

to plant an H2SeO4 molecule. The resulting system consisting of one H2SeO4 molecule

solvated by 60 H2O molecules in a 12.42 Å box (having a density of ∼ 1.06 g/cc, close

to the experimental [8] density of ∼ 1.09 g/cc) is equilibrated at 315 K for a few nano-

seconds with classical force-field models in NVT ensemble. The final configuration is

further equilibrated with CPMD for over 50 pico-seconds, before production runs of

50 pico-seconds are carried out. All CPMD simulations are performed with gradient-

corrected, norm-conserving Becke [9], Lee-Yang-Parr [10] (BLYP) pseudo-potentials, and

Kohn-Sham orbitals are expanded using plane wave basis at a cut-off of 85 Ry [4]. Nose-

Hoover thermostats [11, 12] are used to control the temperature of the ions at 315 K. At

a fictitious mass of 600 au, the electronic subsystem is thermostated at a total classical

kinetic energy of 0.03 au [13]. CPMD simulations of pure water system, consisting of

64 H2O molecules in 12.42 Å box, are also performed under similar settings to make

useful comparison. A time step of 0.1 fs is used for integration, and the trajectory is

printed at every 5 MD steps. Trajectories collected over 50 ps of production runs are

subjected to detailed analysis for local hydration structure, dynamics and nature of

H-bonding. Further normal-mode analysis of HSeO4
– and SeO4

2– molecules, which

turn-out to be the predominant species in neutral aqueous environment, is carried out in

gas-phase using Martyna-Tuckerman’s Poisson solver scheme [14] as implemented in

CPMD software.

For the ease of description, we shall use the label OSe for the oxygens of the Se-species

not bonded to hydrogen (H), and OSe,H for the oxygens of selenate species bonded to

hydrogen, to distinguish them from water oxygens (O).
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3.3 Results and Discussions

3.3.1 Proton transfer

Being a strong acid with pKa1 =−3.0, the H2SeO4 molecule is found to give away one of its

hydrogens very quickly to the surrounding water, within a few pico-seconds of simulation

run (during the equilibration phase itself) forming HSeO4
– and never reformed during

the entire simulation run. Although HSeO4
– further deprotonates to SeO4

2– , with the

creation of two hydronium, H3O+ ions, out of 60 H2O molecules, during the simulation,

instances of reformation of HSeO4
– , lasting for few pico-seconds are noted. This owes to

the highly acidic water surrounding it. The deprotonation events,
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Figure 3.1: Time evolution of the minimum OSe –H distance during the CPMD simulation at 315
K, depicting the proton transfer events. The minimum OSe –H distance less than 1.3 Å represents
HSeO4

– and the distance above 1.4 Å represents SeO4
2– species.

HSeO4
−+H2O−−*)−−SeO4

2−+H3O+ (3.2)

during the course of the MD simulation can be conveniently monitored through the

shortest OSe · · ·H distance in the system (out of all the possible, 4 OSe × 122 H = 488

distances, without distinguishing if an H is presently or was earlier associated with the

solute species). Shown in Fig. 3.1, the shortest OSe –H distance less than 1.3 Å signals

presence of HSeO4
– and above 1.4 Å attributed to SeO4

2– species, given that H2SeO4
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Figure 3.2: Snapshots from CPMD simulation taken at instances shown by arrows in Fig. 3.1.
(a) Single deprotonated HSeO4

– species, (b) and (c) fully deprotonated SeO4
2– system along

with the formation of the hydronium (H3O+) and Zundel ion (H5O2
+) (shown in green color balls)

during simulation. The instantaneous H-bonds with the central species is shown in brown dotted
lines. H2O molecules are shown as sticks in cyan.

Figure 3.3: Radial distribution function, g(r) of instantaneous H of H3O+ ions w.r.t. the OSe
atoms, showing the transition states structures, SeO4

2– ···H+···H2O, where the H+ is within 1.3 Å
of the solute and solvent oxygens, exists for about 1% of MD frames across the 50 ps trajectory. It
remains in the 1st shell for less than 15% of the entire frames. The RDFs for OSe –H for HSeO4

–

and SeO4
2– extracted from the trajectory for analysis is also shown along-with, for comparison.
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species deprotonates during the early equilibration phase and never reappeared during

the production phase. Across the 50 ps trajectory the presence of SeO4
2– to HSeO4

– is

estimated to be 69:31. However, exploiting the relation for the dissociation constant, Eq.

(3.3) for the above reaction, Eq. (3.2) ,

pKa2 =− log

([
SeO4

2−][
H3O+]

[HSeO4
−] [H2O]

)
(3.3)

a reversal of the scenario, 36:64, in favour of HSeO4
– is expected based on the experimen-

tal pKa2 value of 1.70. It shall be noted that, accurate determination of the dissociation

constant would require much longer MD simulations, or use of alternate techniques,

such as metadynamics, as demonstrated a few recent studies [15–17].

Fig. 3.2 shows three representative snapshots of the system picked at instances

marked by (a), (b) and (c) in Fig. 3.1. Fig. 3.2(a) depicts the HSeO4
– species co-existing

with a hydronium ion (identified by oxygen having 3 hydrogens within 1.3 Å) and is

outside of its first hydration shell of the solute. The oxygens and hydrogen of the HSeO4
–

are shown, respectively as red and while balls, and hydroniums as green balls. The

instantaneous H-bonds between the water and the selenate are shown in brown dotted

lines in Fig. 3.2. Fig. 3.2(b) and Fig. 3.2(c) show two snapshots of the SeO4
2– species, the

former displays two hydronium species while the latter has one hydronium as well as a

Zundel ion (H5O2
+). The Zundel ion is an intermediate state of proton transfer between

two water molecules, examined in detail in several previous ab-initio studies (see the

review article by D. Marx [18] and references therein). Several such proton transfer

events through Grotthuss mechanism [18, 19] were observed during the time scale of the

simulation. Statistical analysis, based on an O···H cutoff distance of 1.3 Å, suggests that

approximate transition states structures, SeO4
2– ···H+···H2O, where the H+ is within 1.3

Å of the solute and solvent oxygens simultaneously, exists for about 1% of MD frames

across the 50 ps trajectory. The H3O+ ions in the system are located within the first

hydration shell for less than 15% frames for both species, thus they reside largely outside

of the first hydration shell (see Fig. 3.3). The extended periods of existence of HSeO4
–

and SeO4
2– noted in Fig. 3.1 allow structural characterization of these individual species

in the aqueous environment, which is presented bellow.
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Figure 3.4: The gas-phase geometry optimized structure of H2SeO4.

3.3.2 Molecular structure

The gas phase geometry optimized structure of Selenic acid (H2SeO4) is shown in Fig.

3.4, employing gradient corrected BLYP pseudo-potentials. It has a tetrahedral structure,

with the Se –– OSe and Se–OSe,H bond-lengths of 1.59 Å and 1.76 Å respectively. While the

angle made by the double bonds (OSe –Se– OSe) is ∼ 125◦, that formed by the single-bonds

(OSe,H –Se– OSe,H) is ∼ 100◦. The OSe –Se– OSe,H bonds make an average angle of ∼ 107◦.

In Fig. 3.5, the radial distribution functions (RDF) of the Se–OSe (intra-molecular)

and the OSe –H (without distinguishing intra and inter-atomic hydrogen atoms) pairs

are presented. In Fig. 3.5(a) the RDFs for Se–OSe (on an expanded abscissa) for both

HSeO4
– and SeO4

2– species are shown. The OSe’s never get exchanged with the water

oxygens, inferred from the visualization of the trajectory and is reflected by its zero

intensity beyond 1.9 Å. For the SeO4
2– species the Se–OSe RDF is unimodal as the four

Se–OSe bonds are equivalent in solution, measuring an average bond length of 1.65 Å.

However, the Se–OSe RDF for the HSeO4
– species is bimodal with three of the Se–OSe

bonds (not bonded to H) in HSeO4
– species measures 1.63 Å, while the OSe,H bearing

the hydrogen forms a longer bond length of 1.73 Å. These results are found to be in close

agreement with the experimentally measured values by Eklund et al. [1]. They found

the mean Se–OSe bond length for SeO4
2– ion at 1.657 Å, determined by LAXS [20] and

1.643 Å by EXAFS [21]. This result is also in good agreement with the previous QMCF

study on SeO4
2– in aqueous conditions under normal pH conditions where the Se–OSe
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Figure 3.5: Radial distribution functions, g(r)’s, of HSeO4
– (black) and SeO4

2– (red) systems
between (a) Se–OSe and (b) OSe –H. O–H g(r)’s for the pure water (blue) from present CPMD
simulations at 315 K are also shown. See text for the nomenclature employed.

bond-length was found to equal to 1.64 Å [2]. The RDFs of H, without distinguishing

intra-molecular one for HSeO4
– , around the OSe are plotted in Fig. 3.5(b). For HSeO4

– ,

the first sharp peak around 1.0 Å clearly marks the intra-molecular hydrogen, quite

close to the O–H bond length for water. Both HSeO4
– and SeO4

2– show peaks around

1.78 Å, whose minimum appearing with about 2.5 Å, are clearly the H-bonded ones.

The higher peak intensity for SeO4
2– shows its larger hydration shell, which shall be

discussed later in detail. To get further insights of the structure, we have analyzed the

angular distribution (figure not shown) individually for HSeO4
– and SeO4

2– species.

The OSe –Se– OSe angular distributions for SeO4
2– are all peaked around the average

value of 109.42◦, close to the tetrahedral value of 109.5◦. These values are in close
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Figure 3.6: Oxygen-oxygen radial distribution functions (RDF) between solute species, HSeO4
–

and SeO4
2– , with water molecules, along with that of the pure-water system from the present

CPMD simulations at 315 K.

agreement with experimental (109.5◦) and simulation (109.0◦) studies. For HSeO4
– the

three OSe –Se– OSe angles (of oxygens not bearing H) are at an average value of 112.27◦,

while OSe –Se– OSe,H angle measures 106.4◦.

3.3.3 Hydration structure

The hydration structure depends on the nature of solutes and their ability to accept

or donate hydrogen-bonds with the surrounding water. Fig. 3.6 compares the oxygen-

oxygen RDFs for the different solute species to solvent water oxygens. The OSe –O

RDFs show significant differences in the hydration structure of HSeO4
– and SeO4

2–

species. While the first peak positions are similar for all the solute species, intensities at

both the maxima as well as minima are slightly more pronounced for SeO4
2– system,

reflecting its more compact 1st hydration shell. The peak intensities in solute water

systems are lower than those of pure water. The second hydration shell also display

noticeable changes. O–O RDFs for pure water are found to be in good agreement with

the previous CPMD simulations. The local hydration structures of the solutes are best

visualized by spatial density distributions (SDD), shown in Fig. 3.7(a)-3.7(c). These are

produced by transforming the coordinates of H-bonded water molecules to a selected
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Figure 3.7: The spatial density distributions (SDD) of hydrogens (gray) and oxygens (red) of
H-bonded H2O molecules, around (a) the HSeO4

– (b) the SeO4
2– species, and (c) a water molecule

from the present simulation study. A uniform threshold number density (isovalue) of 0.04 Å−3 is
chosen for the isosurface in all the spatial density distribution plots.

Figure 3.8: The coordination number distribution of solvent (oxygens of H2O molecules) within
3.5 Å of oxygens of the solutes (HSeO4

– ) (a) and SeO4
2– (b).

choice of body fixed axes of the solute species. These transformed coordinates are then

mapped on to a fine 3-dimensional grid and averaged over the length of the simulation.

These figures include all the oxygens (red) and hydrogens (gray) of the H2O molecules

solvating the solute species (employing the criteria defined in chapter 2). Fig. 3.7(a) and

(b) show the water SDD around HSeO4
– and SeO4

2– species respectively. In Fig. 3.7(c),

the atomic SDD of H2O molecules surrounding a H2O molecule which are H-bonded
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to the reference H2O molecule are shown. Fig. 3.8(a) and 3.8(b) show the coordination

number distribution (in percentage) of the solvents within 3.5 Å of oxygens of the solutes,

HSeO4
– and SeO4

2– respectively. These plots, in addition, gives the measure of the

fluctuations in hydration shell of the solutes. It can be observed from these plots that

SeO4
2– has a much more compact water distribution around it than that of HSeO4

– ,

consistent with the 3.7 plots shown above.

3.3.4 Hydrogen-bonding

The time averaged H-bond statistics, computed based on the H-bonding criteria (men-

tioned in chapter 2), suggests useful quantitative information about the solvated systems,

as illustrated in Fig. 3.9. OSe,H of HSeO4
– donates, on an average, 0.97 H-bond to water

and accepts 0.15 H-bonds; while the three OSe accepts total of 5.7 H-bonds. The donated

H-bond of OSe,H (that is OSe,H –H·····O) nearly always remains intact, and to a specific

water molecule, which presumably prevents it from accepting one full H-bond due to

steric effects. The total number of H-bonds formed by HSeO4
– with surrounding water

molecules is 6.8. SeO4
2– , on the other hand, accepts a total of 9.20 H-bonds from water,

significantly more in number than that of HSeO4
– . This explains the higher stability

of SeO4
2– in less acidic aqueous environments. Fig. 3.9 also compares the statistics of

water-water H-bonds dissolving HSeO4
– and SeO4

2– species. The number of H-bonds

between water dissolving HSeO4
– is 3.46 per H2O molecules, while in SeO4

2– this num-

ber becomes 3.36. Simulations of pure H2O-system suggests water forms 3.62 H-bonds

per H2O molecule on an average (including accepted and donated), in agreement with

the previous CPMD studies [22]. Thus, the number of water-water H-bonds dissolving

selenate species are somewhat smaller compared to the pure H2O–H2O case.

Fig. 3.10 portraits the H-bond life-time correlation functions, SHB(t) and Sd
HB(t), for

the different H-bonds between selenate species with water. The H-bonds donated by

HSeO4
– are labelled as OSe,H –H · · ·O, and, accepted by OSe are as OSe · · ·H–O. The

H-bonds accepted by the proton bearing OSe,H of HSeO4
– are too few (∼ 0.15), and is

not shown. The corresponding functions calculated for pure water are shown for useful

comparison. It is proposed that the initial steep decay of SHB(t) is due to the cleavage

of a small fraction of weak H-bonds, that only just-meets the H-bond geometry (of the

donor-hydrogen-acceptor triplets). These peripheral H-bonds are susceptible to the faster

internal modes, such as stretching and bending, of the donor-acceptor molecules. The
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CPMD simulation at 315 K. The water-water H-bonds (sum of the accepted and donated bonds
per water molecule) are also shown.

dominant linear regime in ln Sd
HB(t), reflecting exponential decay, is attributed to the

translational, diffusive modes of the surrounding water molecules. The characteristic

time scales (fitted to the linear regime) of the SHB(t), which is a measure of the life-time

of H-bonds, is reported in Table 3.1 along with that of Sd
HB(t). The H-bonds accepted

by the OSe of the SeO4
2– clearly scores above those accepted by HSeO4

– and between

water molecules, suggestive of their stronger nature. The lifetime calculated for pure

water H-bonds is in agreement with previous CPMD simulation studies [22, 23]. The

difference in the characteristic timescales of Sd
HB(t) and SHB(t) in Table 3.1 suggest

that reorientation of water molecules, over their translational motion, is the dominant

mechanism of H-bond cleavage. The H-bond donated by HSeO4
– (i.e., OSe,H as donor) is

qualitatively different from the rest, and makes very long-lived H-bonds (lifetime of 3.92

ps). With hardly any initial non-exponential decay, it stays linear all through over the

period. It is noted in the movies of the dynamics that the water molecule accepting the

H-bond from HSeO4
– stays-put without being replaced, until the species deprotonates.

The slow decay of SHB(t) noted owes to the wagging motion of the OSe,H –H bond. It

shall be noted that the characteristic time-scales of OSe,H –H · · ·O H-bond reported in
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Table 3.1: Lifetime estimates of different H-bonds, τs, computed from the correlation function
SHB(t), along with the characteristic decay time of Sd

HB(t), τd
s , for the different H-bonds.

System H-bond type τs(ps) τd
s (ps)

HSeO4
– OSe,H –H · · ·O ∼ 3.92 ∼ 43.0

HSeO4
– OSe · · ·H–O 0.76 3.05

SeO4
2– OSe · · ·H–O 1.10 3.22

Pure water O– H · · ·O 0.87 3.17

Table 3.1 is purely qualitative due to the short span over which HSeO4
– is continuously

observed in the present simulation.

3.3.5 Vibrational density of states

The Fourier transformed velocity autocorrelation functions, often called power spectra, for

aqueous HSeO4
– and SeO4

2– -systems are shown in Fig. 3.11. The spectra for individual

atomic species, H of HSeO4
– and H of pure-H2O system are shown in the top panel of Fig.

3.11. The corresponding spectra of the different oxygens, OSe and OSe,H of HSeO4
– as

well as OSe of SeO4
2– are shown in the bottom panel. Over all, the predicted frequencies
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are in good qualitative agreement with available experimental and theoretical studies

[2, 24, 25].

Additionally, the frequencies from the vibrational analysis of gas phase HSeO4
– and

SeO4
2– are dubbed in both panes (up- and down-triangles) for ease of comparison. These

gas phase frequencies along with a brief description of the modes are also provided for

HSeO4
– and SeO4

2– , respectively in Table 3.2 and Table 3.3. It shall be noted that the

modes are in general of mixed character, and the description provided is qualitative, as

is based on visualization of atomic displacements along the eigenvectors of the Hessian.

The OSe,H –H stretching mode of HSeO4
– observed at 3666 cm–1 in the gas-phase

vibrational analysis, is found to be significantly red-shifted in aqueous environment,

with a large dispersion spanning over 2000 – 3300 cm–1. This is in significant contrast

to the power spectra of H in pure-H2O. The large red-shift of H (HSeO4
– ) in aqueous

environment owes to the strong H-bonding OSe,H –H · · ·O with the surrounding waters,

but should also be contributed by the weak OSe,H – H bond that is on the verge of

breaking. The drag effect on the lighter hydrogen by the large fictitious electron mass

(that is crucial to the efficiency of the Car-Parrinello scheme) also contributes to this

effect. The intensity around 1230 cm–1 in H (HSeO4
– ) spectra (top panel, Fig. 3.11) is

be attributed to the bending of the OSe,H – H bond about the Se – OSe,H bond observed at

1039 cm–1 in the gas-phase analysis (Table 3.2). The visualization shows that only the

H (HSeO4
– ) species makes noticeable displacement in this particular mode, consistent

with the lack of intensity around this frequency in the OSe,H spectrum shown in green

on the lower panel of Fig. 3.11. The intensity in H spectra over 250-1000 cm–1 suggest

that the various stretching and bending modes of oxygens also involve some degree of

displacement of this species. The intensity around 150 cm–1 in the H spectrum coincides

with the wagging mode observed at 132 cm–1 in gas-phase HSeO4
– .

The spectra of all oxygen species of HSeO4
– and SeO4

2– (lower panel, Fig. 3.11) are

qualitatively very similar, all exhibits varying amounts of red-shifts of their stretching

modes (600−950 cm–1) relative to gas-phase. The bending modes of both species are

confined to a relatively narrow range of 250−400 cm–1. The OSe,H spectra (shown in

green, lower panel in Fig. 3.11) shows maximum red-shift which is consistent with the

strong nature of its donated H-bond (OSe,H –H · · ·O) noted earlier. The OSe spectra of

HSeO4
– (shown in blue) suggests varying degrees of red-shifts for the Se– OSe stretching

modes; however that of the SeO4
2– presents a more complex behaviour. The two higher

frequency modes, as given in table 3.3, correspond to asymmetric and symmetric stretch-
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Figure 3.11: Power spectra of vibrational modes calculated from the Fourier transform of
velocity autocorrelation function of the atomic motions in the aqueous environment. The gas
phase vibrational modes for HSeO4

– and SeO4
2– species are shown by black and red triangles

respectively.

ing of the same Se–OSe pairs (with OSe species labelled 2 and 3), presumably forming

Se –– OSe double bonds, while the two lower frequency stretches, forming Se –OSe single

bonds (with the OSe species labelled 1 and 4). All the four Se –OSe bonds of SeO4
2–
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Table 3.2: Gas-phase frequencies of HSeO4
– along with a qualitative description of the normal

modes.

Serial no. Frequency (cm–1) Description
1 132 Wagging mode of OSe,H –H.
2 - 6 294, 298, 383, 391, 393 Various OSe –Se– OSe bending modes.
7 523 Se–OSe,H stretching mode.
8 847 Se–OSe symmetric stretching involving all

three OSe.
9 902 Se–OSe stretching involving three OSe. Two of

them are in phase, while the third is out-of
phase w.r.t. to the other two.

10 922 Se–OSe asymmetric stretching involving two
OSe atoms.

11 1039 Se–OSe,H –H bending.
12 3666 OSe,H –H stretching.

Table 3.3: Gas-phase frequencies of SeO4
2– along with a qualitative description of the normal

modes.

Serial no. Frequency (cm–1) Description
1-5 387, 378, 363, 316, 297 Various OSe –Se– OSe bending modes
6 682 Se–OSe asymmetric stretching involving OSe(1)

& OSe(4)
7 718 Se–OSe symmetric stretching involving OSe(1)

& OSe(4)
8 856 Se–OSe symmetric stretching involving OSe(2)

& OSe(3)
9 886 Se–OSe asymmetric stretching involving OSe(2)

& OSe(3)

being practically identical in solution, the double peaks in power spectrum presumably

distinguishes the asymmetric and symmetric stretches.

The bending modes of OSe –Se– OSe spread in the range of 250-400 cm–1 are hardly

affected in solution environment. The intensities at low frequencies (0-200 cm–1) are

attributed to various rigid-body like tumbling modes of HSeO4
– and SeO4

2– species

under the potential energy basin of surrounding water molecules.
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3.4 Conclusion

In this chapter, we have discussed results from the detailed Car-Parrinello ab initio

molecular dynamics simulation on selenate species in aqueous environment. H2SeO4 is

found to deprotonate quickly, forming HSeO4
– which exhibits a dynamic equilibrium

with SeO4
2– in aqueous environment owing to its strong acidic character with low pKa1

and pKa2 values of −3.0 and 1.70 respectively. The hydrogen of HSeO4
– forms strong

and prolonged H-bond to an immediate water molecule, while its oxygen bearing the

hydrogen rarely accepts one from the surrounding hydration shell. SeO4
2– is observed

to make a more compact first hydration shell, and attracts larger number of hydrogen

bonds compared to HSeO4
– . This explains the greater stability of the SeO4

2– species

particularly in less acidic environments. Analysis of the life-time suggests that H-bonds

accepted by SeO4
2– are longer lived than those between water molecules, while those

accepted by HSeO4
– are comparatively slightly short lived. The breakings of the indi-

vidual H-bonds owe dominantly to the rotational/librational motion of the surrounding

water molecules, rather than translation diffusion.

Fresh insights on vibrational properties of the HSeO4
– and SeO4

2– species are

derived from the power spectra analysis. Comparison with gas-phase normal-mode

analysis provides qualitative information on the origin of intensities in the predicted

spectra. The stretching modes of these species in general show significant red-shifts in

aqueous environment due to strong H-bonding with water, while the bending modes are

hardly affected. These qualitative understanding would be useful for the spectroscopic

investigations of speciation and reactivity of selenium in aqueous environment.
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AIMD STUDY OF WATERBORNE SE – IV SPECIES

4.1 Introduction

In addition to Se–VI species, the other form of selenium that is highly soluble in aqueous

conditions is the valence state IV, the parent form is known as selenous acid (H2SeO3).

This is a weaker acid compared to H2SeO4, having experimentally reported pKa1 value

of 2.62[1]. Its mono-deprotonated form (HSeO3
– ) is stable in normal aqueous conditions,

and is a weak acid, with pKa2 = 8.32 [1].

H2SeO3
pKa1−−−−→
2.62

HSeO3
− pKa2−−−−→

8.32
SeO3

2− (4.1)

The structure and hydrogen bonding of hydrated H2SeO3 and HSeO3
– have been recently

probed experimentally employing large angle X-ray scattering (LAXS), EXAFS and

double difference infrared (DDIR) spectroscopy by Eklund and Persson [1]. Reportedly,

Se–IV species are more toxic, soluble and mobile compared to those of Se–VI [2–5].

In this chapter, we are reporting a comprehensive CPMD study of water-borne Se–IV

species, H2SeO3, HSeO3
– and SeO3

2– , in aqueous environment. Fresh insight on the

hydration, hydrogen bonding and vibrational properties is presented.

An article based on this chapter is published in Phys. Chem. Chem. Phys, vol. 18, year 2016, pages
26755-26763; title: “Ab initio molecular dynamics study of Se–IV species in aqueous environment”; authors
Sangkha Borah and P. Padma Kumar. Selected contents are reproduced with permission ©Royal Society of
Chemistry 2016.
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4.2 Methods

CPMD simulation is carried out at 315 K on the following systems:

1. One molecule of selenous acid (H2SeO3) solvated by 60 H2O molecules: CPMD

trajectory of 90 ps is generated for detailed analysis (after dedicating 30 ps for

equilibration). As detailed in the next section, several proton transfer events

between the species and the surrounding water molecules are observed, thus

establishing a dynamic equilibrium between H2SeO3 and HSeO3
– species. The

extended periods of existence of H2SeO3 and HSeO3
– during the course of the

simulation permit analysis of the solvation behavior of both species.

2. One SeO3
2– ion solvated in 60 H2O molecules: this system is prepared to inves-

tigate the solvation of SeO3
2– species, however the species quickly protonates

forming HSeO−
3 (owing to the high pKa2 value of 8.32), and therefore the run is

discarded for further analysis after 30 ps.

3. SeO2−
3 ion solvated by 59 H2O molecules and one hydroxyl (OH– ) ion: the SeO2−

3

species is observed to stay stable, without protonation during the 30 ps-long

production run (after dedicating 40 ps for equilibration).

4. Furthermore, gas-phase geometry optimization of all three species is carried out,

followed by normal mode analysis. These calculations are intended to gain a

qualitative understanding of the vibrational modes corresponding to the power

spectra intensities in the solution phase.

All the solution-phase calculations are carried out in a cubic box of 12.42 Å, at an

approximate density of 1.05 g/cc. The initial configuration for system (i) above is prepared

from the final configuration of our previous simulation of H2SeO4 solvated in 60 water

molecules (in a 12.42 Å box), further geometry-optimized, and equilibrated for 30 ps of

CPMD simulation at 315 K. The initial configuration for the subsequent runs follows

the well-equilibrated structures from previous runs, with necessary deletion of atoms,

followed by geometry optimization, and CPMD equilibration for not less than 30 ps at 315

K. The gas-phase normal mode analyses are carried out employing Martyna–Tuckerman

[6] Poisson solver as implemented in CPMD software. Additionally, results from one of

our earlier CPMD simulations of a pure water system, consisting of 64 H2O molecules in

a cubic box of 12.42 Å, are drawn in for the sake of useful comparisons.
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All simulations are carried out at the same technical level: norm-conserving pseudo-

potentials with gradient-corrected BLYP functionals are employed. Kohn–Sham orbitals

are expanded in the plane wave basis up to a cut-off of 85 Ry. MD simulations are carried

out in the canonical (NVT) ensemble using Nose-Hoover thermostats at a temperature

of 315 K. A fictitious electronic mass of 600 a.u. is employed, and the classical kinetic

energy for the electronic degrees of freedom is maintained around 0.03 a.u. A time step

of 4 a.u. (∼ 0.1 fs) is used for integration. All simulations are performed with the CPMD

software, version 3.15.3.

For the convenience of discussion, we will designate the intra-molecular oxygen atoms

of H2SeO3, HSeO−
3 , and SeO3

2– as OSe,H or OSe, based on whether it is bonded to an

intra-molecular H or not, and the oxygens and hydrogen of water by O and H respectively.

4.3 Results and Discussions

4.3.1 Molecular Structure

Figure 4.1: Geometry optimized gas phase structure of H2SeO3.

For the geometry-optimized H2SeO3 (Fig. 4.1) the Se–OSe,H and Se–OSe bond lengths

are respectively 1.80 and 1.61 Å. The SeO3 unit is non-planar, having a trigonal pyrami-

dal structure with Se at its apex. The hydrogens are off-plane to the pyramidal base with

the dihedral angles OSe −Se−OSe,H −H measuring 16.5 degrees. The OSe,H −H bond

lengths are 0.98 Å, close to those of water. In the solution phase the average Se−OSe,H
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and Se−OSe bond lengths are respectively 1.77 and 1.62 Å, slightly shorter than the

gas-phase value. For HSeO−
3 , the Se−OSe,H and Se–O Se bond lengths are 1.93 and

1.65 Å in the gas phase, against their respective average values of 1.80 and 1.65 Å in

solution. The Se–OSe bond lengths in SeO2−
3 are 1.68 and 1.69 Å respectively in the gas

phase and in solution. The oxygen-selenium-oxygen angles are found to increase by 3−4

degrees down this series.

4.3.2 Proton transfer events
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Figure 4.2: (a) Time evolution of the distance to the nearest H atom in the system from each of
the solute oxygens (OSe(1) to OSe(3)), for system (i) in methods. (b) The evolution of digitalized
total hydrogen coordination (CN) of the solute, applying a cut-off criterion of 1.3 Å for OSe −H
distances to the data in (a). See text for more detail.

With an experimental pKa1 value of 2.62, the H2SeO3 molecule deprotonates to the

HSeO−
3 species, but no further deprotonation leading to the formation of SeO2−

3 is ob-

served during the 90 ps of production runs. This is due to the high pKa2 value of 8.32

reported in experimental studies. The proton transfer events,

H2SeO3 +H2O−−*)−−HSeO3
−+H3O+ (4.2)
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observed during the simulation of 60H2O+H2SeO3 (system (i) in methods) can be

monitored by the minimum OSe −H distance, among all possible values between a given

OSe and H atom in the system (that is, without distinguishing the hydrogens of the solute

species and solvent). In Fig. 4.2(a), where individual OSe atoms are labeled OSe(1)− (3),

it may be seen that OSe(1) and OSe(2) are in the protonated state in the beginning of the

production run signaling selenium as H2SeO3. Meanwhile, OSe(1) remains almost always

bonded (shown in black) to a hydrogen, and OSe(2) (shown in red) deprotonates around

30 ps of simulation for good, following the forward reaction in Eq. (4.2). The selenium

thus exists as HSeO3 resulting in the surrounding solvent being acidic. This prompts

the protonation of OSe(3) (shown in green) around 85 ps, suggesting the existence of a

dynamic equilibrium between H2SeO3 and HSeO−
3 as in Eq. (4.2).

Figure 4.3: Snapshots showing the presence of (a) H2SeO3 and (b) HSeO−
3 from the simulation

of system (i) in methods. (c) Snapshot of SeO2−
3 hydration from system (iii) in methods. H2O

molecules are shown as sticks in cyan. Instantaneous H-bonds with the central solute species
are shown in brown dotted lines. The hydronium (H3O+) and hydroxide (OH−) ions are shown as
green balls.

In Fig. 4.2(b), the sum of the hydrogen coordination of the three OSe atoms applying

an OSe −H cut-off distance of 1.3 Å is plotted. Clearly, the hydrogen coordination numbers

of two and one signal the presence of H2SeO3 and HSeO−
3 species respectively. SeO2−

3

does not make an appearance in this system during the entire run. As mentioned

in the previous section, the second set of simulations (system (ii) discussed in the

previous section) on SeO3
2– is in neutral aqueous conditions, and the species quickly

captures one hydrogen from the surrounding solution forming HSeO−
3 which remained

stable for the rest of the simulation. However, in a basic environment containing one

hydroxide ion (OH−) and 59 H2O molecules (system (iii)), SeO2−
3 remains perpetual

without protonation during the entire course of simulation. In Fig. 4.3(a)–(c), snapshots of
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H2SeO3 , HSeO−
3 (from simulation of system (i) in methods) and SeO2−

3 (from simulation

of system (iii) in methods) in aqueous environment from the present simulation are

shown. The hydronium ion, H3O+ , and hydroxide ion, OH−, are shown as green balls,

respectively in Fig. 4.2(b) and 4.2(c). The instantaneous H-bonds formed by the solute

are shown in brown lines.

4.3.3 Hydration Structure

The hydration structure of a solute is characterized by the number of H-bonds formed by

the solute with the solvent molecules, as well as on their strengths. In other words, it

is related to the geometrical arrangements of the surrounding solvent molecules with

respect to the solute. To characterize the statistical distribution of H2O molecules around

the Se–IV species, the radial distribution functions (RDFs) of OSe −H and OSe −O pairs

are shown respectively in Fig. 4.4(a) and 4.4(b). The changes in the surrounding water

structure due to the presence of these species could be inferred in the O−O RDFs

between H2O molecules, shown in Fig. 4.4(c) (the same for pure H2O is also shown

for comparison). The 1st sharp peak in the OSe −H RDF in Fig. 4.4(a) is due to the

intra-molecular hydrogen. The 2nd peak in the OSe −H RDF largely accounts for the

hydrogen of H-bonded water molecules that manifest as the first peak in the OSe −O

RDF in Fig. 4.4(b). A few peaks in the OSe −H RDF beyond the 1st hydration shell,

which contrasts with that of pure water, suggest some degree of orientational ordering of

hydrogen radially from the solute species. Both the OSe −O and OSe −H RDFs display

an increasing order of hydration structure, from the H2SeO3, through HSeO−
3 to SeO2−

3

systems. A higher degree of compactness of the solvent around the SeO2−
3 species is

evident from the more pronounced maxima as well as the minima of its 1st hydration

shell.

The 3D spatial density distribution (SDD) of solvent oxygens and hydrogens, of H-

bonded water molecules, around the solute species in Fig. 4.5, provides a direct qualitative

illustration of the features noted above. The hydration shell for HSeO−
3 is more prominent

and well defined than that of H2SeO3. However, SeO2−
3 in its basic environment exhibits

the most distinct hydration shell. The distributions of the water molecules around the

solvents, calculated based on the H-bond criterion (i) explained above, are shown in Fig.

4.6(a)-(c). These plots, in addition, gives the measure of the fluctuations in hydration

shell of the solutes. It can be observed from these plots that H2SeO3 has a more diffused
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Figure 4.4: Atomic radial distribution functions (RDFs), g(r), of (a) OSe−H pairs (including the
intra-molecular hydrogens as well) and (b) OSe−O pairs for H2SeO3, HSeO−

3 , and SeO2−
3 species.

(c) O−O g(r) for water dissolving the three species is shown along with that of pure H2O.

hydration shell compared to HSeO3
– and SeO3

2– , consistent with the 4.5 plots.

Although visually it is not so prominent to assign significance, the water dissolving
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Figure 4.5: The 3D spatial density distribution (SDD) of hydrogen (as grey surfaces) and oxygen
(as red surfaces) atoms of H2O molecules H-bonded to (a) H2SeO3, (b) HSeO−

3 and (c) SeO2−
3 .

These are shown alongside for a uniform iso-density of 0.04 Å3− for all cases.

Figure 4.6: The distribution (in percentage) of the water molecules around (a) H2SeO3, (b)
HSeO3

– and (c) SeO3
2– calculated based on the hydrogen-bond criterion (i) explained above.

H2SeO3, shown in Fig. 4.4(c), exhibits relatively higher maxima and deeper minima in

the O−O RDFs than those of HSeO−
3 , SeO2−

3 and that of pure H2O. Thus, at the expense

of a relatively weak solute-solvent structure, H2SeO3 promotes the solvent structure.

The consequence of this on the lifetime and structural relaxation of the water-water

H-bonds is more dramatic, as discussed in detail in the next sub-sections.
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4.3.4 Hydrogen bonding
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Figure 4.7: The statistics of the different types of H-bonds formed per solute molecules. The
H-bonds between water molecules (both as donor and acceptor) dissolving the three selenium
species, as well as that of pure water, are also shown.

Fig. 4.7 offers a quantitative comparison of the total number of H-bonds formed by their

different atomic sites of the three Se–IV species. The total numbers of H-bonds formed

by the species increase from H2SeO3, HSeO−
3 to SeO2−

3 consistent with the compactness

of hydration shells noted earlier. The OSe,H site of HSeO−
3 practically always donates as

well as accepts one H-bond from water. In H2SeO3 the two OSe,H sites almost always

donate a H-bond. The OSe,H also accepts H-bonds but less frequently, at about 0.5 per

site on average. The number of H-bonds accepted on average by the individual OSe sites

(not bearing a hydrogen) increases across the series. at about 1.6 for H2SeO3, 2.5 for

HSeO−
3 and 2.7 for SeO2−

3 (note that Fig. 4.7 reports the total number per solute species).

This is attributed largely to the increase in the effective charge on the OSe species across

the series, though steric factors would also play a role.

Fig. 4.7 also compares the total number of water–water H-bonds (as the sum of

accepted and donated per H2O molecule) in the solution dissolving the three Se–IV

species as well as that of pure H2O. Reflected in the O−O RDFs discussed earlier, the

number of H-bonds between the water molecules steadily decreases with an increase in

the hydration structure of the Se–IV species.
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Figure 4.8: ((a) Comparisons of H-bond lifetime correlation functions, SHB(t), for various solute-
solvent H-bonds, (b) those for solvent H-bonds, (c) structural relaxation correlation functions,
CHB(t), for solvent H-bonds in comparison to pure H2O H-bonds.

Fig. 4.8(a) shows the lifetime correlation function SHB(t) for various solute–solvent

H-bonds. As listed in Table 4.1, the corresponding characteristic time scales (by fitting

to the linear regime) provide the estimate for the lifetimes of these H-bonds. However,

being averaged over only a few pairs, the estimates in Table 4.1 are subject to large
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Table 4.1: H-bond continuous correlation function characteristic decay times τs for different
solute–solvent intermolecular H-bonds (represented as donor-hydrogen· · ·acceptor) obtained from
CPMD simulations at 315 K

System H-bond type τs(ps)
H2SeO3 OSe,H −H · · ·O 3.11

O−H · · ·OSe,H 0.14
O−H · · ·OSe 0.22

HSeO−
3 OSe,H −H · · ·O 0.74

O−H · · ·OSe,H 0.66
O−H · · ·OSe 1.14

SeO2−
3 O−H · · ·OSe 1.52

statistical errors, thus they serve only as indicators.

The solute-solvent H-bonds differ remarkably across the aqueous systems of H2SeO3,

HSeO−
3 and SeO2−

3 depending on the atomic site of the species, and whether they are

donated or accepted in nature. H-bonds donated by H2SeO3 are of long lifetimes, although

it forms very weak H-bonds as an acceptor. HSeO−
3 on the other hand forms relatively

stronger H-bonds, in terms of their lifetime, both as a donor as well as an acceptor. SeO2−
3

forms the strongest H-bonds as an acceptor. Fig. 4.8(b) and 4.8(c) illustrate the lifetime

and structural relaxation of water–water H-bonds, computed for solutions of H2SeO3,

HSeO−
3 and SeO2−

3 along with those of pure H2O. The corresponding characteristic time

scales are listed in Table 4.1. Remarkably, the water dissolving H2SeO3 species exhibits

slow structural relaxation and long H-bond lifetimes compared to that of pure H2O. The

behavior of water dissolving H2SeO3 and SeO2−
3 species is quite similar to that of pure

water. This feature is consistent with the picture of a more structured solvent around

H2SeO3, evidenced also in the O−O RDFs (Fig. 4.4(c)), and in the number of water-water

H-bonds (Fig. 4.7) for this system. This suggests that noticeable differences in the bulk

transport properties, such as the viscosity (for the water dissolving H2SeO3) may be

expected.

The orientational correlation functions for different solvent-water molecules, C2(t),

defined in chapter 2, with the vector ~v chosen to be the OH vectors of H2O molecules,

is shown in Fig 4.9. As for the H-bond correlations, CHB(t), the characteristic decay

constant are estimated by fitting to single exponentials over the region between 0.5−3.5

ps, for sake of simplicity. The relaxation times of solvent water molecules for the different

As-V species are also tabulated in table 4.2, as the 4th column. The experimental values
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of H2O orientational relaxation lies around 1.7-2.6 ps [7–9], while MD simulations have

generally over-estimated the values [8–14]. Previous literature suggests that these values

are sensitive to the computational techniques adopted, such as the density functional

employed, fitting procedure, statistics, etc [8, 9, 12–14].
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Figure 4.9: Orientational correlation functions, calculated for H2O molecules along the vector
OH.

Table 4.2: The estimated lifetimes and structural relaxation times of the H-bonds, τs and τc of
the solvent water molecules, respectively from SHB(t) and CHB(t) in Fig. 4.8(b) and 4.8(c). The
4th column provides the orientational relaxation times, τOH

2 of H2O molecules.

Solute τs(ps) τc (ps) τOH
2 (ps)

H2SeO3 1.65 16.42 18.52
HSeO3

– 0.89 5.44 5.16
SeO3

2– 0.79 4.92 4.16
Pure H2O 0.88 5.42 4.86

Fig. 4.9 and table 4.2 suggest that waters dissolving Se–IV species exhibit somewhat

different orientational relaxation compared to pure water, the slowest being noted for

the case of H2SeO3, while SeO3
2– shows the fastest relaxation among others. It has

been noted earlier that these relaxation are sensitive to the presence of ions in the

environment, particularly the dipole moment and polarizabilities of the solutes, in

addition to external influences, such as temperature and pressure [12, 15–17, 17–22].

Bursulaya et. al.[15] showed that the increase of dipole moment of the solutes slows
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down the orientational relaxation of solutes. For that we computed the dipole moments

for the various Se–IV species in gas phases, which are found to be 0.66 D, 1.81 D and

0.71 D, respectively for H2SeO3, HSeO3
– and SeO3

2– , in comparison to H2O for which

dipole moment is found to be 1.81 D. Thus, dipole moment of H2SeO3 is low, and hence

may not be playing a critical role in structural relaxation and higher lifetime of waters,

shown in Fig. 4.8. This result, is in contrast to the case of H2AsO4
– , to be discussed in

the next chapter, which has a dipole moment of 3.80 D, much higher than waters (1.81 D).

Thus, at the expense of the overall loss of H-bonds (both in numbers as well as overall

lifetimes) leading to a relatively less-structured hydration shell, the solvent waters in

presence of H2SeO3 become over-structured (noted earlier in the O–O rdf in Fig. 4.4(c))

by forming more H-bonds among themselves. These are more in number as compared to

pure water, also exhibits higher lifetimes, structural and orientational relaxations.

It is known that the presence of hydronium (H3O+) and hydroxide (OH−) ions in

aqueous solutions impact the overall dynamics of the solution [23–27]. Previous AIMD

simulations have shown an anomalously higher mobility of these species compared to

H2O molecules through proton transfer mediated through the H-bond network [28–

30]. The H-bonding characteristics of these species also differ significantly from H2O

molecules. In the present study of Se–IV solution, each H3O+ is found to donate 2.98

H-bonds on average, but accepts none, possibly due to steric factors. This is in agreement

with previous studies [28]. The lifetime of these H-bonds is found to be smaller by an

order of magnitude for H2O in pure bulk water (for an estimate respectively 0.063 ps and

0.88 ps). The number of H-bonds formed by OH− is found to be 3.91 as an acceptor and

0.51 as a donor. Thus, by and large, the oxygen of the hydroxide ions coordinates with

four water molecules most of the time. Meanwhile its hydrogen less actively participates

in H-bonds compared to that of H2O molecules in pure water. This is in good agreement

with the findings of Ma and Tuckerman [21], where an explicit population analysis of

3-, 4- and 5-coordinated oxygen of OH− (that is, H-bond acceptance of OH−) against its

H-bond donation tendency is detailed. The lifetime estimates for H-bonds donated and

accepted by OH− are respectively 0.15 ps and 0.63 ps.

4.3.5 Vibrational Density of States

The vibrational density of states (VDOS) of H2SeO3, HSeO−
3 and SeO2−

3 species in aque-

ous environment is calculated using the Fourier transform velocity autocorrelation
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Table 4.3: Gas phase frequencies of H2SeO3 along with a qualitative description of vibrational
modes

Serial no. Frequency (cm–1) Description
1 - 5 139, 259, 325, 350, 354 Various bending modes
6 575 Asymmetric stretching of Se−OSe,H
7 599 Symmetric stretching of Se−OSe,H
8 938 Stretching of Se−OSe
9 - 10 965, 1009 Of mixed nature involving Se−OSe,H −H bend-

ing as well as OSe,H −H stretching
11 3613 Asymmetric stretching of OSe,H −H
12 3615 Symmetric stretching of OSe,H −H

function (VACF), as shown in Fig. 4.10. The gas-phase vibrational modes for the species

are also shown in Fig. 4.10, duplicated in both panels, as triangles (black for H2SeO3,

red for HSeO−
3 and orange for SeO2−

3 ) to facilitate useful comparison. A qualitative de-

scription based on the visualization of the Eigen modes of H2SeO3, taken as a prototype,

is listed in Table 3. In Fig. 4.10(a), the VDOS of H atoms of the solutes is compared

to that of pure water. OSe,H −H stretching modes, spreading over the range 2000–3300

cm−1, are significantly red-shifted with respect to the gas-phase frequencies as well

as that of pure water owing to the relatively stronger nature of H-bonds donated to

surrounding H2O molecules. The effect is more pronounced for H2SeO3 than for HSeO−
3

as the donated H-bonds of the species are stronger than those of HSeO−
3 , as seen earlier.

Comparing with Table 4.3 the large intensity, spreading over 900–1300 cm–1 in the

hydrogen VDOS, is attributed to Se−OSe,H −H bending modes. The spectra for water

dissolving the selenium species, H2SeO3, HSeO−
3 and SeO2−

3 are found to be very similar

(not shown) to that of pure water.

Fig. 4.10(b) illustrates the VDOS calculated for the different oxygen atoms of the

selenium species. The Se−O stretching frequencies are found to spread over 400–900

cm−1 across the species in aqueous environment. The stretching modes of OSe,H (bearing

hydrogen) are observed to be more red-shifted in HSeO−
3 than in H2SeO3, despite the

fact that H-bonds donated by the latter are relatively stronger. This is attributed to the

stronger nature as well as the larger number of H-bonds accepted by the former (Fig.

13). The Se−OSe stretching modes of SeO2−
3 are of lowest frequencies in the series, but

are less affected in aqueous environment relative to their gas phase frequencies. The

intensity in the oxygen VDOS spreading over 200–400 cm−1 is attributed to various

O–Se –O bending modes. The intensity below 150 cm−1 is due to various rigid body-like
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Figure 4.10: (a) Power spectra of vibrational modes calculated by taking the Fourier transform
velocity autocorrelation function (VACF) of the atomic species for different (a) hydrogen and (b)
oxygen atoms from the present study. The gas-phase vibrational modes of Se(IV) species are
shown as triangles (black for H2SeO3, red for HSeO−

3 and orange SeO2−
3 ), in both panels for ease

of comparison.

tumbling modes of the solutes in the hydration cages of surrounding water molecules.

The predicted frequencies are found to be in good qualitative agreement with previous

experimental studies [31–33].
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4.4 Conclusions

The microscopic features of structure, hydrogen bonding and vibrational signatures of

Se(IV) species, H2SeO3, HSeO−
3 and SeO2−

3 , in aqueous environment are comprehen-

sively investigated employing ab initio molecular dynamics. In neutral aqueous solution

H2SeO3 and HSeO−
3 engage in a dynamic equilibrium, with the species exchanging

protons with the surrounding water molecules, consistent with the low pKa1 of 2.62. The

SeO2−
3 species is found to be unstable in neutral water, as it absorbs a proton from the

solvent molecule forming HSeO−
3 . However, in a basic environment, with the introduction

of a hydroxide ion, the SeO2−
3 species stabilizes. The compactness of the hydration shell

around the solute species is found to improve across the series, H2SeO3, HSeO−
3 and

SeO2−
3 . The total number of hydrogen bonds formed by the species with water as well

as their lifetimes generally follow this trend. The hydrogen bonds donated by H2SeO3

and HSeO−
3 are stronger in terms of their lifetime estimates. The lifetimes as well as

the number of hydrogen bonds accepted by the species increase with the increase in

the effective charge of the solute, that is, in favour of the SeO2−
3 species. Interestingly,

the compactness of the hydration structure is found to have a noticeable impact on

the solvent structure. The relatively loose hydration structure of H2SeO3 prompts a

some- what over-structured water medium compared to the solutions of the other two

selenium species as well as that of pure water. The impact on the dynamic responses is

more pronounced, with a remarkable increase in the lifetime of H-bonds and a slower

structural relaxation of water dissolving H2SeO3 being observed. The O−H stretching

frequencies of the solutes are significantly red-shifted with water owing to the stronger

nature of H-bonds donated to the surrounding medium. The Se−O stretching modes of

the species, typically spread over 400−900 cm−1, also generally exhibit red shifts but

less dramatically compared to O−H stretching modes.
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AIMD STUDY OF WATERBORNE AS – V SPECIES

5.1 Introduction

Arsenic is mostly found in aqueous environment in As–V and As–III states. The parent

form of As–V is the arsenic acid, H3AsO4, which is a weak acid with experimentally

reported pKa1 value of 2.25 [1]. Its deprotonated forms namely H2AsO4
– and HAsO4

2–

are very weak acids with pKa2 = 7.05 and pKa2 = 11.58 [1].

H3AsO4
pKa1−−−−→
2.25

H2AsO4
− pKa2−−−−→

7.05
HAsO4

2− pKa3−−−−→
11.58

AsO4
3− (5.1)

The structure and spectroscopic aspects of various hydrated As–V species have been

recently probed experimentally employing large angle X-ray scattering (LAXS), EXAFS

and double difference infrared (DDIR) spectroscopy by Mähler et al [1]. An ab initio

quantum mechanical charge field molecular dynamics (QMCF-MD) study had been

conducted by Bhattacharjee et al. [2] to characterize the structure and spectroscopic

natures of solvated HAsO4
2– species.

The work presented in this chapter details ab initio molecular dynamics simula-

tion studies of arsenic acid (H3AsO4) and its deprotonated derivatives viz. H2AsO4
– ,

HAsO4
2– and AsO4

3– in aqueous environment. Fresh microscopic insights on the hydra-

An article based on this chapter is published in J. Phys. Chem. B, vol. 122(12), year 2018, pages
3153-3162; title: “First-Principle Molecular Dynamics Investigation of Waterborne As–V Species”; authors
Sangkha Borah and P. Padma Kumar. Selected contents are reproduced with permission ©American
Chemical Society 2018.
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tion structure, nature of hydrogen-bonding (H-bonding) and vibrational properties of

these species have been presented comprehensively.

5.2 Methods

Four sets of CPMD simulations have been carried out at 315 K temperature on various

As–V species, namely (i) H3AsO4, (ii) H2AsO4
– , (iii) HAsO4

2– and (iv)AsO4
3– , solvated

by 60 H2O molecules in a simulation box of length 12.42 Å, corresponding to the density

of about 1.05 g/cc. All simulations are performed using the gradient-corrected, norm-

conserving, Martin-Troullier (MT) type pseudo-potentials employing Becke [3] Lee-Yang-

Parr[4] (B-LYP) exchange and correlation functionals [5]. The Kohn-Sham orbitals are

expanded in plane-wave basis up to a cut-off of 85 Ry. Simulations are carried out in

NVT ensemble with the electronic as well as ionic degrees of freedom controlled using

Nose-Hoover thermostats [6–8]. The fictitious kinetic energy of electrons are maintained

at 0.03 au, employing an electron mass of 600 au [5, 9, 10]. A time step of 0.1 fs is used

for integration of equations of motion. The trajectories printed at every 5 MD steps,

during the production phases, are subjected to detailed analysis discussed below.

The H3AsO4+60H2O system is prepared from a well equilibrated configuration of

H2SeO4+H2O employed in a previous study, details of which are discussed in chapter

3. This initial structure is optimized for geometry, and further equilibrated for 50 ps

using AIMD scheme. An additional 80 ps run is analyzed for detailed structural and

dynamical properties. The other systems, involving H2AsO4
– , HAsO4

2– and AsO4
3–

species solvated by 60 H2O molecules, are prepared from the final structure of H3AsO4

system simulated earlier. Each of these systems are further geometry optimized and

equilibrated for 30-50 ps, before 50-80 ps of production runs are carried out.

Additionally, the geometry optimized gas-phase molecular structures are obtained for

all of the As–V species, H3AsO4, H2AsO4
– , HAsO4

2– and AsO4
3– , of the same level of

theory, for making useful comparisons. Normal-mode analysis of H3AsO4 is carried out

about its geometry optimized gas-phase structure [11, 12]. Further, dipole moments of

H3AsO4, H2AsO4
– , HAsO4

2– and AsO4
3– molecules in gas phase have been computed

from the optimized structures, at the same theoretical level employing CPMD package

[13]. A Born-Oppenheimer molecular dynamics (BOMD) simulation run of 10 ps have

also been conducted at 315 K starting from a well equilibrated structure of one H3AsO4

solvated by 60 H2O molecules in box of size 12.42 Å employing the CPMD software
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package. The time step of integration for BOMD simulation is 0.25 fs. The trajectories

for the final 6 pico-seconds runs have been used for the calculation of vibrational density

of states.

For convenience of description, we shall use the label OAs for the oxygens of the

As species not bonded to hydrogen, and As–OAs,H for those bonded to hydrogen. The

hydrogens and oxygens of H2O will be labeled as H and O respectively.

5.3 Results and Discussions

5.3.1 Molecular Structure

Figure 5.1: Gas phase geometry optimized structure of H3AsO4.

Fig. 5.1 shows the DFT optimized structure of H3AsO4. The central As atom is bonded to

four oxygen atoms, among which three are bonded to hydrogens (OAs,H –H), thus forming

one As –– OAs double bond and three As–OAs,H single bonds, as shown in the figure. The

As –– OAs bond length thus obtained is 1.57 Å, while As–OAs,H single bonds measure

∼ 1.71 Å. The OAs –As– OAs,H angles measures about 115◦, while the OAs,H –As– OAs,H

angles are around 100◦. The three As–OAs,H –H angles are around 110◦. Table 5.1
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Table 5.1: Comparison of As–OAs and As–OAs,H bond-lengths for the As–V species, in aqueous
and gas phases to available experimental studies in crystalline phases [1]

Species Type Solution (Å) Gas(Å) Expt. (Å)
H3AsO4 As–OAs–H 1.69 1.71 1.69

As–OAs 1.61 1.57 1.64
H2AsO4

– As–OAs–H 1.71 1.77 1.71
As–OAs 1.63 1.61 1.66

HAsO4
2– As–OAs–H 1.74 1.87 1.74

As–OAs 1.64 1.64 1.67
AsO4

3– As–OAs 1.67 1.67 1.70

Figure 5.2: (a-d) Snapshots of As– V species viz., (a) H3AsO4 (b) H2AsO4
– (c) HAsO4

2– and (d)
AsO4

3– in aqueous environment, from CPMD simulations at 315 K. The solvent water molecules
are rendered by the “stick”-model in cyan, and the solute species by “ball-and-stick”-model. (e)-(h)
The hydration structures of the species is visualized through their spatial density distributions
(SDD) averaged over the CPMD trajectory, where oxygens of water is rendered in red and
hydrogens in gray, around the solute.

presents the As–OAs bond lengths for H3AsO4, H2AsO4
– , HAsO4

2– and AsO4
3– ob-

tained from CPMD studies in aqueous environment at 315 K, along with the ones

obtained from gas phase calculations. Evidently, the As–OAs,H bond-lengths are longer

than As–OAs across the species, and in all three phases. A systematic increase in the

Arsenic-Oxygen bond-lengths with the effective charge of the species is also evident.

These results from simulation are in overall consistency with the previous experimental
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studies carried out in the crystalline phases (see the article by Mähler et al. [1] and the

supplementary of the paper).
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– , (c)

HAsO4
2– and (d) AsO4

3–

5.3.2 Hydration Structure

We have observed a few protonation and deprotonation events, H3AsO4 + H2O −−*)−−
H2AsO4

– +H3O+ during the course of 80 ps production run, with qualitatively consistency

with its reported pKa1 value of 2.25 [1]. The deprotonated state lasted only for a few ps,

as the H2AsO4
– is not found to be stable in the highly acidic environment due to the

presence of the H3O+ produced. It shall be noted that the presence of one H3O+ in 59 other

H2O molecules amounts to a pH of about 0.06, significantly lower than the experimental

pKa1 value of 2.25. This results the equilibrium shifted heavily towards the H3AsO4

species. Thus, it is not possible to investigate with sufficient accuracy the deprotonation

events for As–V species within the length- (or, system size) and time-scales of the present

study. Aqueous H2AsO4
– and HAsO4

2– did not exhibit any protonation-deprotonation

events during the simulation runs owing to the high dissociation constants, pKa2 –– 7.05

and pKa3 –– 11.58 [1]. However, aqueous AsO4
3– exhibited, within the 80 ps of production

runs, a few instances of proton transfer, AsO4
3– + H2O−−*)−−HAsO4

2– + OH– , lasting for

a few fs, which is consistent with its pKa3 of 11.58 [1].

Fig. 5.2 (a)-(d) show typical snapshots of the simulated systems with waters repre-

sented with the “stick”-model in cyan, and the solute species in “ball-and-stick” represen-

tations. AIMD studies carried out on these systems reveal the important dissimilarities

in their solvation structures, shown respectively in Fig.5.2 (e)-(h) through the three
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Figure 5.4: Radial distribution functions (RDF) (a) between Oxygens of the solute (OAs and
OAs,H) and water, and (b) Hydrogens of the solute (H) and water, are compared to the O–O and
O–H RDFs for pure water, from CPMD trajectories at 315 K. (c) shows the O–O RDFs for water
dissolving the different As–V species.

dimensional Spatial Density Distribution (SDD) plots. These are generated by trans-

forming the coordinates of the solvent molecules, frame by frame, to a selected body

fixed axis of the solute species and averaged over the entire stored trajectory. These are
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calculated using the TRAVIS software package [14]. Only those water molecules within

the first hydration shell are shown, omitting those beyond the distance, as in criterion

(i) and (ii) of the H-bond definition discussed in the methods section. The iso-density

surfaces, in Fig.5.2, are plotted for a value of 0.04 Å−3, with those for the hydrogens of

water molecules in gray and oxygens in red. The SDD plots clearly suggest a systematic

increase in the organization of the solvent molecules across the species, starting from

H3AsO4 to AsO4
3– . Fig. 5.3 shows the coordination number distribution (in percentage)

of the solvents within 3.5 Å of oxygens of the solutes. These plots, in addition, gives the

measure of the fluctuations in hydration shell of the solutes. It can be observed from

these plots that there is a systematic reduction of the fluctuation in hydration shells

across the series, consistent with the 5.2 plots.

5.3.3 Hydrogen-bonding
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OAs,H are shown as black bars, accepted ones as red, while those accepted by OAs are shown as
green colored bars. H2O · · ·H2O H-bonds are shown as blue bars.

Fig. 5.4(a) shows the radial distribution functions (RDFs) of O of water molecules with

respect to oxygen of the As–V species (without distinguishing between OAs and OAs,H),

along with the O–O RDF for pure waters for comparison. The intensities of the 1st peaks

in the OAs –O RDFs show a systematic increase with the formal charge of the solute
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species. The minima following the first peaks also show systematic decrease suggesting

that with the increase in the formal charge of the solute species hydration shells become

more compact. Fig.5.4(b) presents the corresponding OAs –H RDFs which are calculated

without distinguishing the intra-molecular and inter-molecular hydrogens. Thus, the

first peaks around 1 Å may be identified with the intra-molecular hydrogens of the As–V

species, and the second peaks constitute the H-bonded hydrogens of the surrounding

water molecules. Again, as in the OAs –O RDFs, the peak heights, or more appropriately

the area under the peak, show a systematic increase with the charge of the As–V species.

The higher first peak of solute-solvent RDFs (Fig.5.4(a) and (b)) followed by a deeper

minimum for AsO4
3– is suggestive of its compact, well defined hydration structure.

These are in good qualitative agreement with the SDD plots shown in Fig. 5.2(e)-(h), and

the hydrogen bond statistics presented later in this section.

Interestingly, both RDFs of all the As–V species reflect distinct intensities even

beyond the second hydration shells (spread over 5-5.5 Å in OAs –O and 4-4.5 Å in

OAs –H RDFs), contrasting to those of pure water. This suggests significant orientational

organization of water molecules around the As–V species radially extending up to three

hydration shells. A qualitative idea about the comparative stabilities and residence times

of water molecules within the solvation shell can be predicted from these behaviors. It

also leads to a considerable difference in H-bond numbers across the species as well as of

solvent waters. It also predicts that, for the last three species, the effects of hydration

are liable to extend beyond the first hydration shells and thus show considerably more

hydrophilic characters, as discussed below.

The O–O RDFs of the water molecules in the presence of different As–V species

shown in Fig.5.4(c) presents interesting aspects on the influence of the solute on the

solvent structure. The solvent RDFs for the cases of H3AsO4 and HAsO4
2– are found to

be qualitatively very similar with that of pure H2O. However, O–O RDFs for H2AsO4
–

exhibits higher maxima and lower minima, predicting more ordered water structure.

The corresponding RDF for the AsO4
3– case is found to have the shorter peak and a

shallow minima following it, thus the more compact, well developed hydration structure

of this species observed earlier has an adverse effect on its solvent structure.

The H-bonds formed by the As–V species in water can be of three types- (a) donated

by OAs,H (OAs,H –H · · ·O), (b) accepted by OAs,H (OAs,H · · ·H–O) and (c) accepted by OAs

(OAs · · ·H–O), except for AsO4
3– , where only the third type of H-bonds are formed. The

number of the different types of H-bonds, calculated based on the H-bonding criteria
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discussed in chapter 2, is presented in Fig. 5.5. Every OAs,H atoms, in all cases, donates

almost one H-bond to waters. However, the number of H-bonds accepted by these sites

increases across the series, from H3AsO4 to HAsO4
2– . This can be attributed to the

increasing charge and availability of more configuration space for hydrogens of waters

as compared to H3AsO4. The H-bonds accepted by the OAs sites also increases with

the charge of the species, from H3AsO4 to AsO4
3– . The AsO4

3– is found to accept the

maximum number of H-bonds of about 2.8 per site. Overall, the total numbers of H-bonds

formed (accepted and donated) by H3AsO4, H2AsO4
– , HAsO4

2– and AsO4
3– add up to

be 6.8, 8.7, 10.3 and 11.2 respectively. These estimates are in good agreement with the

RDF and spatial density distribution (SDD) discussed earlier. Shown with blue bars in

Fig. 5.5, the H2O–H2O H-bonds in solutions, for all the cases, are found to be lesser in

numbers compared to pure waters. This predicts a strong affinity of As–V species in

aqueous environment, likely to extend beyond the first hydration shells. This increase in

solute-solvent H-bonds are by and large at the expense of the H-bonds between water

molecules.

In Fig. 5.6, we have presented various types of solute-solvent H-bond correlation

plots, along with the one for pure waters (in logarithmic scale for the sake of clarity in

visualization). These functions decay faster than a simple exponential for the first few

hundred femto-seconds, presumably because of librational motions of water molecules.

The long-time behavior is nearly exponential, thus the characteristic time constant (τs)

provides a simple qualitative measure of the lifetimes of H-bonds. We shall however note

that some authors have followed more rigorous approaches, such as fitting with multiple

exponents, integrating the area under the graphs up to infinity, etc. (see the article by

Antipova and Petrenko [15] and references therein). We are adopting a rather simple

approach, [15] since only qualitative behavior is of significance. The average lifetimes,

τs, of the H-bond between different solute-water sites, fitting to the long time (t > 0.5

ps) behavior of SHB(t) are presented in table 5.2. It shall be noted that these values are

liable to large statistical errors due to the fewer number of solute-solvent bonds in the

system, despite the fact that we have utilized maximum available time origins from the

trajectories. Thus, these values serve largely as “indicators” of the nature of H-bonds.

From Fig. 5.6(a) and table 5.2, it is seen that, as a donor, H3AsO4 forms the long-

lived H-bonds (OAs,H –H · · ·O) with water among all As–V species. Consistent with its

low pKa1, and the few deprotonation events noted during the MD run, H3AsO4 should

be forming strongest of H-bonds in the series. The high τs of the H-bonds donated
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Figure 5.6: (a) Comparison of SHB(t) for different types of H-bonds formed by different sites
of the solute species in aqueous environment, along with that for pure water. (b) Comparison
of SHB(t) and CHB(t) for bulk water H-bonds of different types of solution environments under
study, along with that for pure waters. SHB(t)s are shown in continuous lines, as specified in
legends, while CHB(t)s are represented by broken lines of respective colors.

by OAs,H can be attributed to these strong H-bonds. In fact, excluding its few short-

lived deprotonated states, the water molecule receiving its H-bonds hardly ever got

exchanged during the course of time. On the contrary, the H-bonds accepted by OAs sites

(OAs · · ·H–O) are most long-lived for AsO4
3– . The life-times of H-bonds accepted by OAs

show a systematic increase with the charge of the species. Though the same was expected

of the OAs,H sites, the life-times of accepted and donated by the OAs,H in H2AsO4
– and
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HAsO4
2– does not quite fit into this pattern. This possibly owes to the statistical errors

given the few number of solute-solvent H-bonds. It is very useful to note that the H-

bonds accepted by the OAs,H (OAs,H · · ·H–O) are slightly short-lived, or weaker, than

pure waters, while those accepted by the OAs (OAs · · ·H–O) are long-lived, or stronger, in

all cases. The H-bonds donated by the species (OAs,H –H · · ·O) are significantly stronger

than those between water molecules.

In Fig. 5.6(b), the continuous and intermittent H-bond correlation functions, SHB(t)

and CHB(t) for water dissolving the various As–V species as well as that for the pure

water are shown. The corresponding characteristic decay constants τs and τc, fitting to

a single exponential are presented in table 5.3. By and large, the characteristic time

constants of H-bonds of water dissolving H2AsO4
– and HAsO4

2– are closer to those of

pure water, while for the solutions of H3AsO4 and AsO4
3– the corresponding values are

somewhat lower.

Table 5.2: Lifetimes (τs) of H-bonds computed from exponential fitting of SHB(t) graphs in Fig.
5.6(a). The total numbers of solvent sites are also listed, along with the statistically averaged
number of different H-bonds, based on Fig. 5.5.

Species H-bond type τs (ps) Net Number
H3AsO4 OAs,H – H · · ·O 6.23 2.93(3 sites)

OAs,H · · ·H – O 0.24 1.72 (3 sites)
OAs · · ·H – O 0.96 2.12 (1 site)

H2AsO4
– OAs,H – H · · ·O 3.00 1.98 (2 sites)

OAs,H · · ·H – O 0.43 1.60 (2 sites)
OAs · · ·H – O 1.58 5.14 (2 sites)

HAsO4
2– OAs,H – H · · ·O 4.02 0.98 (1 site)

OAs,H · · ·H – O 0.34 1.07 (1 site)
OAs · · ·H – O 1.60 8.24 (3 sites)

AsO4
3– O–H –O 2.90 11.25 (4 sites)

Table 5.3: The estimated lifetimes and structural relaxation times of the H-bonds, τs and τc of
the solvent water molecules, respectively from SHB(t) and CHB(t) in Fig. 5.6(b). The 4th column
provides the orientational relaxation times, τOH

2 of H2O molecules.

Solute τs(ps) τc (ps) τOH
2 (ps)

H3AsO4 0.76 3.71 5.30
H2AsO4

– 1.00 6.04 7.53
HAsO4

2– 0.92 5.51 5.56
AsO4

3– 0.77 4.86 5.48
Pure H2O 0.88 5.42 4.86
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Figure 5.7: Orientational correlation functions, calculated for H2O molecules along the vector
OH

The orientational correlation functions for different solvent-water molecules, C2(t),

discussed in chapter 2, with the vector~v is chosen to be the ~OH vectors of H2O molecules

is shown in Fig. 5.7. As for the H-bond correlations, CHB(t) , the characteristic decay

constant are estimated by fitting to single exponentials over the region between 0.5-3.5

ps, for sake of simplicity. The relaxation times of solvent water molecules for the different

As-V species are also tabulated in Table 5.3, as the 4th column. The experimental values

of H2O orientational relaxation lies around 1.7−2.6 ps [16–18] while MD simulations

have generally over-estimated the values [17–23]. Previous literature suggests that

these values are sensitive to the computational techniques adopted, such as the density

functional employed, fitting procedure, statistics, etc [17, 18, 21–23].

Fig. 5.7 and Table 5.3 suggest that waters dissolving As–V species exhibit somewhat

slower orientational relaxation compared to pure water, the slowest being noted for

the case of H2AsO4
– . It has been noted earlier that this relaxation is sensitive to the

presence of ions in the environment, particularly the dipole moment and polarizabilities

of the solutes, in addition to external influences, such as temperature and pressure

[21, 24, 25, 25–31]. Bursulaya et. al. [26–28] showed that the increase of dipole moment

of the solutes slows down the orientational relaxation of solutes. The dipole moments for

the various As–V species in gas phase, calculated in this study, are 2.95, 3.80, 2.90 and

0.04 D, respectively for H3AsO4, H2AsO4
– , HAsO4

2– and AsO4
3– . In agreement with
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Bursulaya et. al.[26], in the present case as well the orientational relaxation (not shown)

of the solute molecules themselves (taking the vectors along As–OAs and As–OAs,H

bonds) were slowest for H2AsO4
– among all the As–V species. This could in turn slow

down the dynamics of the solvents molecules. Thus factors such as, the higher dipole

moment of H2AsO4
– and its slightly overstructured solvent (noted earlier in the O–O

rdf in Fig.5.4(c)), could be responsible for the slow orientational relaxation of water

dissolving H2AsO4
– .

Table 5.4: Gas-phase frequencies of H3AsO4 along with a qualitative description of the normal
modes.

Serial No. Frequency (cm–1) Description of the mode
1 - 8 97, 173, 204, 303, 317,

332, 336, 342
Various low frequency modes, eg., tor-
sion,twisting, rocking, wagging, etc.

9 - 11 704, 724, 745 As–OAs,H bond stretching modes.
12 -14 961, 968, 988 Various As–OAs,H –H bending modes.
15 1048 Asymmetric stretching of As–OAs bond w.r.t.

the three As–OAs,H bonds.
16 3682 Asymmetric stretching of OAs,H –H bonds in-

volving two of them.
17 3689 Asymmetric stretching of OAs,H –H bonds, in-

volving all three of them.
18 3695 Symmetric stretching of OAs,H –H bonds, involv-

ing all three.

5.3.4 Vibrational Density of States

The vibrational density of states (VDOS) or power spectra, calculated as the Fourier

transformation of the velocity auto-correlation function (VACF), are presented in Fig.5.8.

The top panel of the figure shows the spectra for the hydrogens of H3AsO4 (black),

H2AsO4
– (red), HAsO4

2– (green) and of pure water (orange). Also shown, above the

plots, are the gas phase normal modes frequencies of H3AsO4 (black), H2AsO4
– (red),

HAsO4
2– (green) and AsO4

3– (blue) molecule. The normal mode frequencies are listed

in table 5.4 along with a qualitative description of the modes. In the bottom panel,

power spectra of OAs (as solid lines) and OAs,H (as dotted lines) for the different As–V

species, namely, H3AsO4 (black), H2AsO4
– (red), HAsO4

2– (green) and AsO4
3– (blue),

are shown. The normal frequencies of gas phase H3AsO4, up to the range of 1400 cm−1

are reproduced also in the lower panel for ease of comparison. In aqueous environments,
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Figure 5.8: Vibrational density of states (VDOS) calculated from velocity autocorrelation function
(VACF) for OAs,H (dotted lines) and OAs (solid lines) of H3AsO4 (black), H2AsO4

– (red), HAsO4
2–

(green) and AsO4
3– (blue) are shown. The triangles, with respective colors, represents the gas

phase optimized harmonic modes of vibrations for the species. See table 5.4 for descriptions of
these modes.

the OAs,H –H and O–H vibration modes (top panel of Fig.5.8) gets highly red-shifted

owing to H-bonding. The As–OAs,H –H bending modes observed in the range of 950

-1000 cm−1 (see Table 5.4) in the gas-phase appears to have blue-shifted to 1000-1300

cm−1 with significant dispersion (see H-spectra (red) on top-panel of Fig.5.8) in aqueous

environment. It shall also be noted that the As–OAs,H –H bending modes are significantly

lower than the H–O –H bending modes (shown in black on top-panel of Fig.5.8) that

measures around 1550 cm−1. The As–OAs and As–OAs stretching modes observed
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Figure 5.9: The vibrational density of states (VDOS) from CPMD (dotted lines) simulation is
compared with Born-Oppenheimer (BO) MD (solid lines). Top panel (a): H of H3AsO4 (black) and
H of H2O (blue); Bottom panel (b): OAs,H (black) and OAs (blue) atoms of H3AsO4. The gas phase
vibrational frequencies are shown in both panels as triangles pointed-down. These calculations
are performed at the same level of theory as the CPMD simulations, except that a larger time
steps of 0.25 fs is used, and the total run is 6 ps long.

respectively at 1048 cm−1 and over 700-750 cm−1 for the gas-phase H3AsO4, shows

systematic softening across the series, from H3AsO4 to AsO4
3– , with the net effective

charges of the species. This is consistent with the increase in the bond-lengths of As–OAs

and As–OAs given in Table 5.4. Overall nature of the spectra is in agreement with

previous experimental and simulation results in literature [16, 32–34].

We shall, however, note that the Car-Parrinello scheme employs heavy electronic
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mass to propagate the electronic wave-functions efficiently, causing a “drag effect" on

the nuclear degrees of freedom, thus resulting in an artificial red-shift in the vibration

frequencies of the atomic species. In order to estimate this artifact we have carried out a

short Born-Oppenheimer Molecular Dynamics (BOMD) simulation of H3AsO4 in water,

at an identical theoretical level. In Fig. 5.9 the VDOS calculated from CPMD and BOMD

simulations are shown for comparison. The shifts of CPMD spectra w.r.t. the BOMD ones

are approx. 110 cm–1 for OH stretching modes of H2O and approx. 240 cm–1 for those of

H3AsO4 (intra-molecular), while for As –OAs and As–OAs,H, those are approx. 40 cm–1.

Thus, it shall be noted that CPMD simulations over estimates the red-shift by about

25%. Thus a quantitative assessment of frequency shifts may account for this.

5.4 Conclusion

We have carried out extensive ab initio MD simulations on As–V species in aqueous

environment to investigate the nature of hydration and H-bonding in details. H3AsO4,

which is, in general, stable in acidic aqueous environments, found to accumulate the

least ordered hydration shell, forming the least number of intermolecular H-bonds, as

compared to H2AsO4
– , HAsO4

2– and AsO4
3– . For the last three species, the effects of

hydration are liable to extend beyond the first hydration shells.

It is seen that the total number of H-bonds increases in sequence from H3AsO4

to AsO4
3– , thus aided by the increasing charge on the solute species. This leads to

lengthening of the As–OAs and As–OAs,H bonds and strengthening of the H-bonds,

resulting in sequential red-shifts in the vibrational density of states, in the same order

as above. In all the cases, the donated H-bonds are found to be considerably longer lived

compared to the accepted ones. AsO4
3– , which is liable to be stable in basic aqueous

medium, exhibits the most structured, well-defined and stable solvation shells of all,

also forming the maximum number of H-bonds that exhibit considerably stronger and

longer-lived H-bonds. HAsO4
2– , although forms more number of H-bonds than compared

to H2AsO4
– , exhibits comparable lifetimes of the H-bonds. This predicts that both

these species might be stable under normal pH conditions, supported as well by the

reported pKa values. It is also inferred that water in presence of the H2AsO4
– become

relatively over-structured, and results in higher H-bond lifetimes, and slower structural

and orientational relaxations of water molecules.
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6
AIMD STUDY OF WATERBORNE AS – III SPECIES

6.1 Introduction

In addition to As–V species, the other form of arsenic that is highly soluble in aqueous

conditions is As–III species. The parent form of the As–III is known as arsenous acid

(H3AsO3), which is a very weak acid with experimentally reported pKa1 value of 9.25 [1].

Its deprotonated forms namely H2AsO3
– and HAsO3

2– are reported to have pKa2 = 12.13

and pKa2 = 13.40 [1].

H3AsO3
pKa1−−−−→
9.25

H2AsO3
− pKa2−−−−→

12.13
HAsO3

2− pKa3−−−−→
13.40

AsO3
3− (6.1)

Thus, H3AsO3 is stable in aqueous environments at normal pH conditions. The hydration

and spectroscopic aspects of hydrated H3AsO3 species have been recently probed experi-

mentally employing large angle X-ray scattering (LAXS), EXAFS and double difference

infrared (DDIR) spectroscopy by Mähler et al [1].

Reportedly, As–III species are more toxic, soluble and mobile compared to those of

As–V [2, 3]. As–III species have been found to show higher affinity towards certain

groups and minerals [4, 5]. As far as water remediation is concerned, As–V species have

been found to be easily removed as compared to As–III ones [6].

Publication based on this chapter: Sangkha Borah and P. Padma Kumar (manuscript under prepara-
tion)
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CHAPTER 6. AIMD STUDY OF WATERBORNE AS – III SPECIES

In this chapter, we are presenting AIMD studies on waterborne As–III species.

Detailed microscopic insights on hydration and nature of hydrogen-bonding (H-bonding),

structural and vibrational properties have been summarized.

6.2 Methods

CPMD simulations have been carried out on various As–III species viz., (i) H3AsO3,

(ii) H2AsO3
– , and (iii) HAsO3

2– , all being solvated in 60 H2O molecules, in a cubic box

of length 12.42 Å, that correspond to an overall density about 1.05 g/cc. The initial

systems are prepared from the final structures of H2SeO3 discussed in chapter 3, further

optimized and equilibrated for 30−50 ps, after which production runs of over 60 ps have

been carried out.

All simulations have been performed with gradient-corrected, norm-conserving BLYP

[7, 8] pseudo-potentials with Kohn-Sham orbitals [9, 10] expanded up to 85 Ry., and

Nose-Hoover thermostats [11–13] controlling the temperature of the ions at 315 K. A

fictitious mass of 600 au is employed for maintaining a good conversation of energy

and adiabaticity [14, 15]. The time step of integration is 0.1 fs and the trajectories are

printed at every 5 MD steps for production runs which are subjected to detailed analysis

discussed below. Further, normal-mode analysis of H3AsO3 molecule is carried out in

gas-phase [16–18].

As in the previous chapter, we shall use the label OAs for oxygens of As species not

bonded to hydrogen and OAs,H for those bonded to hydrogen.

6.3 Results and Discussions

6.3.1 Proton Transfer

The As–III species show very weak acidic character unlike the case As–V species,

discussed in chapter 5. Within the time-scales of simulations, we have found both H3AsO3

and H2AsO3
– existing as stable species. However, HAsO3

2– , within a few pico-second of

runs (during the equilibration phase itself), found to capture one of the hydrogens in its

solvation shell becoming H2AsO3
– that remained stable for the rest of the simulation

runs. Similarly, AsO3
3– , within a few femto-seconds of simulations, captures one H

from a nearby H2O molecule becoming HAsO3
2– , which remained stable. AsO3

3– even
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Figure 6.1: Proton transfer leading to the conformational change of planar-AsO3
3– to the

tripodal- structure of HAsO3
2– .

not found to be stable in a basic medium containing one OH– ion in 60H2O + 1OH–

environment, at least over 30 ps of production runs. This is due to the high basic nature

of AsO3
3– . It is also noted that AsO3

3– , which has a planar structure, changes its

structure to tripodal structure of HAsO3
2– by capturing one of H of its solvation shell.

These structural changes are noted to occur within a timescale of ∼ 100 femto-seconds of

simulations, as can be seen from Fig. 6.1.

6.3.2 Molecular Structure

Figure 6.2: Gas phase geometry optimized structure of H3AsO3.

Arsenous acid, H3AsO3 has a pyramidal structure (if the orientation of the H atoms

are ignored), with the three hydroxyl groups (OH– ) bonded to the As atom at the apex

through single bonds. In Fig. 6.2, the gas-phase optimized structure of H3AsO3 is shown.

Table 6.1 contains a detailed description of the various As–OAs and As–OAs,H bond-
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Table 6.1: Comparison of As–OAs and As–OAs,H bond lengths for the As–III species, obtained
from aqueous and gas phase calculations. 6-31G* SCF level of DFT-optimized results taken from
[19] are included in the last column of the table. The solution phase results for AsO3

3– is not
included for poor statistics.

Species Type Solution (Å) Gas (Å) Ref. [19] (Å)
H3AsO3 As–OAs–H 1.76 1.76 1.75
H2AsO3

– As–OAs–H 1.81 1.85 1.81
As–OAs 1.67 1.64 1.65

HAsO3
2– As–OAs–H 1.88 1.88 1.82

As–OAs 1.71 1.71 1.67
AsO3

3– As–OAs · · · 1.61 1.75

lengths, both in gas phase as well as in the solution phase, for each of the cases, viz.,

H3AsO3, H2AsO3
– , HAsO3

2– and AsO3
3– , except for the last species, where the solution

phase values are not included. The same sets of functional (BLYP) have been employed

for both gas and solution phase calculations. The results are found to be comparable with

the previous results, included in the 4 th column of the table [19].

The deprotonated forms of H3AsO3 are found to be sensitive to the effective charge on

the species. The As–OAs and As–OAs,H bond-lengths are found to increase from H3AsO3

to AsO3
3– in series. On the other hand, from H3AsO3 to AsO3

3– , the three OAs –As– OAs

angles increase gradually starting from an average value of ∼ 98◦, thereby decreasing

the height of the pyramid, which becomes completely planar (θ = 120◦) for AsO3
3– in gas

phases.

6.3.3 Hydration Structure

Fig. 6.3(a), (b) and (c) show typical snapshots of the simulated systems, with H3AsO3,

H2AsO3
– and HAsO3

2– been solvated by 60 H2O molecules, obtained from CPMD

simulations at 315 K temperature. The solvation shells around these species, calculated

employing the H-bonding criterion as mentioned in chapter 2, are shown respectively

in Fig. 6.3(d), (e) and (f). The instantaneous H-bonds are shown with brown colored

dotted lines. The local hydration structures of the solutes are best visualized by spatial

density distributions (SDD), shown in Fig. 6.4(a)-(c). These are produced by transforming

the coordinates of H-bonded water molecules to a selected choice of body fixed axes

of the solute species. These transformed coordinates are then mapped on to a fine 3-

dimensional grid and averaged over the length of the simulation. The red and white
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Figure 6.3: Snapshots of (a) H3AsO3, (b) H2AsO3
– and (c) HAsO3

2– , solvated in H2O molecules
from CPMD simulations at 315 are shown. The water molecules are shown as sticks of color
cyan. In Fig. (c) the solvated hydroxide (OH– ) ion is shown in ball and stick representation in
color cyan. Fig. (d), (e) and (f) show H2O molecules lying within the H-bonding criterion (i) (see
chapter 2), along with the instantaneous H-bonding structures for (a) H3AsO3, (b) H2AsO3

– and
(c) HAsO3

2– .

Figure 6.4: The spatial density distributions (SDD) of hydrogens (gray) and oxygens (red) of
H-bonded H2O molecules, around (a) H3AsO3, (b) H2AsO3

– and (c) HAsO3
2– species are shown.

A uniform threshold number density (isovalue) of 0.04 Å−3 is chosen for the isosurface in all the
spatial density distribution plots.
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Figure 6.5: The coordination number distribution (in percentage) of H2O molecules around the
(a) H3AsO3, (b) H2AsO3

– and (c) HAsO3
2– lying within H-bonding criterion (i) (given in chapter

2) are shown.

surfaces in these plots represent the O and H of H2O molecules respectively, lying within

the H-bonding criteria discussed in chapter 2, all shown for a uniform iso-value of 0.04

Å−3. It is observed that there is an increase in ordering in the first the hydration shell

from H3AsO3 to HAsO3
2– .

Fig. 6.5(a) and 6.5(b) show the coordination number distribution (in percentage) of

the solvents within 3.5 Å of oxygens of the solutes (H3AsO3, H2AsO3
– and SeO4

2– )

respectively. These plots, in addition, gives the measure of the fluctuations in first

hydration shell of the solutes. It can be observed from these plots that HAsO3
2– has a

much more compact water distribution around it than those of H2AsO3
– and H3AsO3,

consistent with the SDD plots shown in Fig. 6.4.

6.3.4 Hydrogen-bonding

The geometric distributions of H2O molecules around the solute species can be described

from OAs –O and OAs –H RDFs, shown in Fig. 6.6(a) and (b). It shall be noted that in

this context no distinction between OAs and OAs,H is made. Similarly, in Fig 6.6(b) the

intra-molecular H of As–III species have not been distinguished from H of bulk water

molecules, and hence the first peaks around 1 Å signifies the intermolecular hydrogen

atoms. In these plots, the corresponding RDFs for pure waters have also been included

for the sake of comparison. It is apparent from these plots that there is a gradual increase
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Figure 6.6: Atomic radial distribution functions (RDF), g(r), of (a) OAs –O and (b) OAs –H pairs
for H3AsO3(black), H2AsO3

– (red) and HAsO3
2– . In these plots OAs includes both OAs as well as

OAs,H types of atoms. In Fig. (b), the 1 st peaks around 1 Å are due to the intra-molecular HAs,H
atoms. Pure H2O RDFs are included for comparison (in blue lines)

in water structure around the solutes starting from H3AsO3 to HAsO3
2– in series. This

observation is in conformity with the SDD and CN-plots shown in Fig. 6.4 and 6.5

respectively. Fig. 6.6(b) reveals the strong affinity of HAsO3
2– towards the H of solvent

molecules, which is why we have obtained a well-structured and compact solvation shell

around HAsO3
2– , shown in Fig. 6.4.

The H-bonds formed by the As-species in water can be of three types - (a) donated

by OAs,H (represented as OAs,H –H · · ·O), (b) accepted by OAs,H (OAs,H · · ·H–O) and (c)
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Figure 6.7: Number of H-bonds of different types (i. donated by OAs,H (black bars), ii. accepted
by OAs,H (red), iii. accepted by OAs (green) and iv. bulk and pure H2Os (blue bars)), calculated
based on H-bonding criteria for H3AsO3, H2AsO3

– , HAsO3
2– and pure H2O systems.

accepted by OAs (OAs · · ·H–O). The number of H-bonds, calculated based on the H-

bonding criteria discussed chapter 2, is presented in Fig. 6.7. The number of H-bonds

accepted by the OAs sites of these species increases with the increasing charges of

the solutes, across the series from H3AsO3 to HAsO3
2– , while the number donated by

OAs,H per site follows the opposite trend. Overall, the numbers of H-bonds formed with

waters, both as donor and acceptor, add up to 6.0, 7.3 and 8.5 respectively. These are in

quantitative agreement with the coordination number (Fig. 6.5) and spatial distribution

(Fig. 6.4) around the solutes and stability of the shells. Shown with blue bars in Fig.6.7

are the water-watter H-bonds, which suggests that at the expense of water-water H-bonds,

the number of solute-water H-bond have increased.

In Fig. 6.8, we have presented various types of solute-solvent H-bond correlation

plots (in logarithmic scales for the sake of clarity in visualization). The donated H-bonds

are shown in solid lines, while the accepted ones are with dotted lines of the respective

colors (black: H3AsO3, red: H2AsO3
– and blue: HAsO3

2– ). These plots are sensitive to

intermittent breaking of H-bonds and are known as continuous H-bond correlation

functions. These plots decays rapidly at the beginning for a few hundreds of femto-

seconds owing to the making of short lasting peripheral H-bonds, beyond which these can
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Figure 6.8: Comparison of SHB(t) for all the types of H-bonds formed by the solute species with
bulk waters. Donated ones are shown as solid lines, while the accepted ones are shown as dotted
lines of respective colors (black: H3AsO3, red: H2AsO3

– and blue: HAsO3
2– ). The characteristic

decay constants, τs, for all the cases, can be obtained in table 6.2.

Table 6.2: Characteristic decay constants of τs of different types of H-bonds present in the
systems dissolving H3AsO3, H2AsO3

– and HAsO3
2– in comparison to pure H2O, obtained from

exponential fitting of SHB(t) in Fig.6.8.

Species Types τs (ps)
H3AsO3 OAs,H – H · · ·O 0.88

OAs,H · · ·H – O 0.37

H2AsO3
– OAs,H – H · · ·O 0.91

OAs,H · · ·H – O 0.75
OAs · · ·H – O 2.53

HAsO3
2– OAs,H – H · · ·O 0.68

OAs,H · · ·H – O 0.60
OAs · · ·H – O 3.64

be treated as an exponential decay, and thus can be fitted with an exponential function

[20]. We have adopted the naive way of fitting with single exponential functions, for

the sake of simplicity and comparison to previous works. However, these results might
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vary somewhat quantitatively depending on the methods of choice, which is discussed

in the article by Antipova and Petrenko [20]. The characteristic decay constants, τs,

providing an estimate of the lifetime of the H-bond concerned, obtained as mentioned

above are included in table 6.2. It is worthy to note that these values are liable to hold

large statistical errors, and thus serves just as “indicators” of the qualitative nature for

comparative interpretations. From Fig. 6.8 and Table. 6.2, it is observed that the lifetimes

of H-bonds accepted by OAs are very strong in nature for both the cases of H2AsO3
– and

HAsO3
2– . The lifetimes of the H-bonds donated by H3AsO3 are comparable to those for

bulk water H-bonds, while those accepted by it are weaker. The lifetimes of the accepted

H-bonds are found to increase exceptionally for the deprotonated states (H2AsO3
– and

HAsO3
2– ) in comparison to those of H3AsO3. The lifetimes of the H-bonds formed among

the solvent waters dissolving various As–III species are found to be very similar to that

of pure waters and have not been shown in the plots.

6.3.5 Vibrational Density of States

Table 6.3: Gas phase normal mode frequencies of H3AsO3 along with a qualitative description of
vibrational modes, recognized from visualization.

Serial
No.

Frequency (cm–1) Description of the mode

1 - 6 118, 219, 278, 305,
326, 375

Various bending modes

7 617 Antisymmetric bending of As–OAs,H bonds involving all three
8 652 Antisymmetric bending involving two As–OAs,H bonds
9 678 Symmetric bending of As–OAs,H bonds involving all three
10 886 Out of phase As–OAs,H –H bending involving two of them
11 906 In phase As–OAs,H –H bending involving two of them
12 937 As–OAs,H –H bending involving all three of them, two are in

phase
13 3649 Stretching of OAs,H –H bond involving only one of them
14 3660 Symmetric stretching of OAs,H –H bonds
15 3703 Antisymmetric stretching of OAs,H –H bonds

Fig. 6.9 shows the vibrational density of states (VDOS), calculated by taking the Fourier

transformation of the velocity autocorrelation function (VACF) of the individual atomic

species. The spectra for bulk H2O dissolving the solutes are qualitatively very similar to

that of bulk waters. We have also shown as down-triangles, the normal modes of atomic
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Figure 6.9: Vibrational density of states (VDOS) of (a) H of As–III species and bulk waters, and
(b) OAs,H and OAs atoms of the solutes. The gas phase vibrational modes of H3AsO3 molecule are
shown as triangles, printed down, with the description of the modes included in table 6.3.

vibrations of harmonic atomic motions in the gas phase for H3AsO3. The qualitative

descriptions of all the modes are presented in table 6.3.

The OAs,H –H and O–H stretching modes are red-shifted to a range of ∼ 2500−3500

cm–1, i.e., by an amount of ∼ 400 cm–1 in comparison to the gas phases. It should be

noted these red-shifts are far less than those of As–V species discussed in chapter 5.

In the previous cases, each intra-molecular H atom of the solute molecules has been

observed to donate strong H-bonds to waters, which is not the case for As–III species
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here. The experimentally reported pKa values suggest that As–III species are weak

acids, and probably why the red-shifts are significantly lower. 6.9 (a). Moreover, it is

observed that the amounts of red-shifts in these modes follow the order seen in the

H-bond correlation plots in Fig. 6.8 and table 6.2.

In Fig. 6.9(b), the vibrational density of states for OAs and OAs,H have been shown

for all the cases. The gas phase values in the range of 0−1200 for H3AsO3 are also

included. As expected, a sequential red-shift in the bond stretching modes is observed

for double bonded OAs atoms, with those of HAsO3
2– exhibiting higher red-shifts as

compared to the case of H2AsO3
– . Similar trend is perceived in cases of the OAs,H atoms

as well. These observations are consistent with the H-bond correlation functions shown

in Fig. 6.8. The obtained spectra have been found to be in qualitative agreement with

experimental results available [19].

6.4 Conclusion

In conclusion, we have carried out a detailed ab initio molecular dynamics investigation

of waterborne As–III species, viz. H3AsO3, H2AsO3
2– and HAsO3

2– , and analyzed the

nature of hydration and H-bonding.

Under normal conditions, both H3AsO3 and H2AsO3
– are found to be stable during

simulation runs extending over 50 ps, while HAsO3
2– and AsO3

3– readily protonate

forming H2AsO3
– and HAsO3

2– respectively. This is because of the pKa of the species.

AsO3
3– was found to capture one of the solvent hydrogens, readily making a conforma-

tional change from planar to tripodal, forming HAsO3
2– . An analysis of the hydration

structure reveals that HAsO3
2– accumulates a stronger or compact hydration shell

around it, as compared to H3AsO3 and H2AsO3
– . The different types of H-bonds formed

by the solutes forms H-bonds that dependent on the structure of the solutes and the

net charge of the species. The lifetimes of the H-bonds accepted by the bare oxygens

of the species are generally very strong that too increases with the effective charge of

the species; while the other H-bonds are somewhat weaker in comparison to those of

bulk waters. Overall, the presence of different As–III species is found to only slightly

alter the dynamics of solvents as compared to pure water. Since the As–III species are

very weak acids, they do not show tendency of being deprotonated, which makes these

species to exhibit much lesser red-shifts in solute O–H stretching modes, in comparison

to As–V species discussed in the previous chapter.
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CONCLUSIONS

We have carried out a comprehensive ab initio molecular dynamics studies

on various selenium and arsenic species in aqueous environments. These

constitute a set of fundamental virtual experiments on various structural,

dynamical and spectroscopic aspects of these hydrated species which are important for

both ecological and biological processes relevant to humanity.

Chapter 3 of the thesis discussed the waterborne selenium species with valence

states of six (Se–VI). The parent form of it is called selenic acid (H2SeO4), which is a

very strong acid and readily deprotonates forming HSeO4
– that establishes a dynamic

equilibrium with SeO4
2– in the aqueous environment of 60 H2O molecules. Under normal

pH conditions, SeO4
2– is found to be stable, while HSeO4

– deprotonates to SeO4
2– in a

short span during the simulations. The hydration shell of the SeO4
2– has been found

to be more robust and well-structured than that of HSeO4
– . SeO4

2– also forms more

H-bonds than HSeO4
– on an average. Although, the accepted H-bonds of HSeO4

– are

weaker than those of SeO4
2– , the hydrogen of HSeO4

– is found to form a stronger H-

bond to a neighboring water molecule. This leads to a higher red-shift of the stretching

mode of the hydrogen spectra in comparison to gas normal modes. This behavior is also

perceived for the cases of the oxygen spectra of the solutes.

Chapter 4 of the thesis discussed the waterborne selenium species with valence states

of four (Se–IV). The parent form of it is called selenous acid (H2SeO3), which is an acid

of somewhat weaker strength compared to H2SeO4. During the simulations in aqueous
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environment, H2SeO3 establishes a dynamic equilibrium with HSeO3
– , consistent with

the experimental pKa values. Under normal pH conditions, HSeO3
– is found to be stable.

However, SeO3
2– is found to be stable only in basic environment, which is achieved by

introducing a hydroxyl ion (OH– ) in the environment. The strength of hydration shell

around the solutes is found to increase in series from H2SeO3 to SeO3
2– . H2SeO3 is

found to donate two strong H-bonds to two of the water molecules in its hydration shell

because of its tendency to get deprotonated to HSeO3
– . However, the other H-bonds

that it forms are weaker leading to an overall diffused hydration shell. This, in turn, is

found to influence the overall structural and dynamical aspects of the bulk water. For

instance, the solvent in this case is more over-structured, forming more H-bonds among

themselves which are also of considerably higher lifetimes. The bulk water in presence

of H2SeO3 is also found to be structurally and orientationally relaxed.

In SeO2−
4 , each of the OSe sites accepts about 2.3 H-bonds amounting to a total of

9.2 per species. This is slightly larger than the total H-bonds formed by SeO2−
3 in basic

solution. The lifetime of H-bonds formed by SeO2−
3 is somewhat longer (1.52 ps) than that

of SeO2−
4 (1.10 ps). On the other hand, HSeO−

4 forms a total of 6.82 H-bonds (including

the one it nearly always donates). This is quite similar to HSeO−
3 . However, the donated

H-bond of HSeO−
4 is found to be very long-lived, reflecting its tendency for proton transfer

with surrounding water forming SeO2−
4 . This behavior is also seen for the hydrogens of

H2SeO3, but not for HSeO3
– .

Chapter 5 of the thesis discussed the waterborne arsenic species with valence states

of five (As–V). It is found that the compactness of the hydration shells as well as the

total number of H-bonds formed with water increases across the series, from H3AsO4

to AsO4
3– , with the net effective charge of the solute. This results in lengthening of the

As–O bond and strengthening of the H-bonds, and also causes a systematic red-shifts in

the vibrational density of states. The H-bonds donated by the As–V species are found to

be considerably long lived compared to those accepted by the species, also those of pure

water, and follow an overall systematic behavior across the series. Moreover, the nature

of the solvent-water itself is found to be sensitive to the solute, impacting the H-bond

lifetimes as well as structural and orientational relaxation times of the solvent-water

molecules. It is observed that the dipole moments of the solute could responsible for

slower orientational relaxation of the surrounding water molecules, which is seen for the

case of H2AsO4
– .

Chapter 6 of the thesis discussed the waterborne arsenic species with valence states
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of 3 (As–III). Under normal conditions, both H3AsO3 and H2AsO3
– are found to be

stable during the simulations extending over 50 ps, while HAsO3
2– and AsO3

3– readily

protonate forming H2AsO3
– and HAsO3

2– respectively, because of the high pKa of the

species. AsO3
3– was found to capture one H of its solvent water, readily making a

conformational transformation from planar to tripodal, forming HAsO3
2– . An analysis of

the hydration structure reveals that HAsO3
2– forms a stronger and compact hydration

shell around it, as compared to H3AsO3 and H2AsO3
– . The different types of sites of the

solutes forms H-bonds that dependent on the structure of the solutes as well as their

oxidation states. The lifetimes of the H-bonds accepted by the bare oxygens of the species

are generally very strong. This behavior is more pronounced with the deprotonation

of the species, while the other H-bonds are weaker even comparison to those of bulk

water. Overall, the presence of different As–III species is found to only slightly alter

the dynamics of bulk waters as compared to pure waters. Since the As–III species are

very weak acids, they do not show tendency of being deprotonated, which makes these

species to exhibit much lesser red-shifts in solute O–H stretching modes, in comparison

to As–V ones.

In AsO3−
4 , each of the OAs sites accepts about 2.8 H-bonds amounting to a total of 11.2

per species. The total number of H-bonds formed by HAsO3
– is 8.5 per species and 2.8

per oxygen site ( with OAs and OAs,H taken together), although each OAs site accepts 3.0

H-bonds, higher than that of AsO4
3– . The total number of H-bonds formed by H3AsO3

is 5.9 per species (1.9 per oxygen site) which is lower than H3AsO4 and H2AsO4
– . The

H-bond accepted from OAs sites of H2AsO3
– and HAsO3

2– are stronger than those of

As–V species; however, those donated by OAs,H sites are much weaker.

We believe that these studies would be helpful in better understanding the global

cycle of selenium and arsenic in the ecosystem as well as, in their identification and

characterization in aqueous and various confined environments. Being of great impor-

tance in the solution chemistry and biology, these studies would help chemists and

biologists for developing strategies for water remediation and drug design. Development

of classical force field models, based on these results would be of special interest. This

would facilitate long MD simulations required for the study of mobility and remediation

of potable water. For instance, adsorption of selenium and arsenic on clays, activated

alumina grains or oxide surfaces, such as manganese, aluminum, and iron, etc. are of

practical interest. We hope that the current studies would prompt more theoretical and

experimental studies on selenium and arsenic in natural environments.
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VERLET AND VELOCITY VERLET ALGORITHMS

Verlet and velocity Verlet algorithms are the most popular and widely used numerical

integrator schemes in the field of molecular simulations. These can be derived employing

simple Taylor expansions. First, consider the Taylor expansion of position vector in time,

~r(t+δt)=~r(t)+ d~r
dt
δt+ d2~r

dt2
δt2

2
+ d3~r

dt3
δt3

6
+O (δt4)

=~r(t)+~v(t)δt+
~F(t)
m

δt2

2
+ d3~r

dt3
δt3

6
+O (δt4). (A.1)

Similarly,

~r(t−δt)=~r(t)−~v(t)δt+
~F(t)
m

δt2

2
− d3~r

dt3
δt3

6
+O (δt4). (A.2)

Adding Eq. (A.1) and (A.2), we get what forms the basis of the Verlet algorithm,

~r(t+δt)= 2~r(t)−~r(t−δt)+
~F(t)
m

δt2 +O (δt4). (A.3)

Thus, the positions of the current and previous steps are needed in order to compute the

position at the next simulation step. Forces at time t can be computed from ~F =−~∇V (~r).

This algorithm does not explicitly involve velocities, however, can be computed employing

the following relation (can be derived by subtracting Eq. (A.2) from Eq. (A.1)):

~v(t)=~r(t+δt)−~r(t−δt)
2δt

+O (δt3) (A.4)
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APPENDIX A. VERLET AND VELOCITY VERLET ALGORITHMS

The main disadvantage of the Verlet algorithm is that it requires to store two sets of

positions at current and previous steps in memory in order to compute the positions at

the next time step. Moreover, it does not involve velocities explicitly in computations. An

alternative scheme that is used is called velocity Verlet algorithm, which is nothing but

a reformulation of the Verlet algorithm by manipulating the expansions that uses the

velocity directly. In order to derive it, we need to compute the Taylor expansions about

~r(t+δt),~v(t+δt), and ~̇v(t+δt).

~r(t+δt)=~r(t)+~v(t)δt+
~F(t)
m

δt2

2
+O (δt3) (A.5)

~v(t+δt)=~v(t)+
~F
m
δt+~̈v(t)

δt2

2
+O (δt3) (A.6)

~F(t+δt)
m

=
~F(t)
m

+~̈v(t)δt+O (δt2). (A.7)

Substituting ~̈v(t) from Eq. (A.7) into Eq. (A.6), we get, along with Eq. (A.5) the working

formulae for velocity Verlet algorithm:

~r(t+δt)=~r(t)+~v(t)δt+ 1
2m

~F(t)δt2 (A.8)

~v(t+δt)=~v(t)+ 1
2m

(
~F(t)+~F(t+δt)

)
(A.9)

This algorithm has the advantage of using coordinates and velocities at the same instant

t. The flowchart of this algorithm is presented in Fig. A.1.

Given ~r(t) and ~v(t) at t; Compute ~F(t)

Compute~r(t+δt)=~r(t)+~v(t)δt+ ~F(t)
2m δt2

~v
(
t+ δt

2

)=~v(t)+ ~F(t)
m

δt
2

Compute ~F(t+δt) from given~r(t+δt)

~v (t+δt)=~v (
t+ δt

2

)+ ~F(t+δt)
m

δt
2

Repeat

Figure A.1: A basic flowchart of velocity Verlet scheme.
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B
PERIODIC BOUNDARY CONDITIONS

Typical size of the simulation cells employed for molecular dynamics studies is of the

order of nano-meters. The surface atoms of such nano-systems are very different from

that of the bulk (experimental) conditions. In other words, such a simulation cell is far

from being reality. One way to mimic the bulk conditions in such nano-systems is through

the concept of periodic boundary conditions (PBC) that realize an infinite number of

copies of the simulation box, as shown in Fig. B.1 For orthorhombic cells (α=β= γ= 90◦),

Figure B.1: The concept of periodic boundary condition.
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APPENDIX B. PERIODIC BOUNDARY CONDITIONS

PBC can be implemented with the three lines of codes:

x =x−a∗ANINT
(

dx
a

)
, (B.1a)

y=y−b∗ANINT
(

dy
b

)
, (B.1b)

z =z− c∗ANINT
(

dz
c

)
, (B.1c)

where [a,b, c] is the dimension of the simulation box, and ANINT function rounds its

argument to the nearest whole number.

While in most of cases the simulation cell is taken as orthorhombic, in certain cases,

especially for the cases of non-orthorhombic crystals, one might have to consider non-

orthorhombic simulation cells. In these cases, one has to convert the non-orthorhombic

cell to scaled coordinates (a cell of dimensions [1,1,1] with unit volume) and apply the

periodic boundary conditions for orthorhombic cells as given in Eqs. B.1a-1c. For this, one

has to construct what is known as the H-matrix and it’s inverse. The H-matrix elements

are given by,

H11=a, (B.2a)

H21=0, (B.2b)

H31=0, (B.2c)

H12=bcosγ (B.2d)

H22=bsinγ, (B.2e)

H23=0, (B.2f)

H13=ccosβ, (B.2g)

H23= c(cosα−cosβcosγ)
sinγ

, (B.2h)

H33= c
√

1+2cosαcosβcosγ−cos2α−cos2β− cos2γ

sinγ
. (B.2i)

Under PBC, the linear momentum of the system is conserved, but angular momentum is

not conserved.
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C
THERMOSTATS IN MOLECULAR DYNAMICS

In order to carry out simulations in NVT ensembles, we have to select a thermostat.

There are three popular thermostats, discussed below.

Anderson Thermostat: This is based on stochastic collisions between randomly se-

lected particles with the fictitious particles (heat baths) that result in a new velocity

distribution with the desired temperature. The steps that are followed are,

1. Integrate the equations of motions for time ∆t.

2. Number of atoms that undergo collision during ∆t is ν∆t, selected randomly. Here

ν is the coupling constant.

3. Assign new velocities to the selected atoms using Maxwell-Boltzmann distribution

at the desired temperature T0.

Although this thermostat leads to the desired temperature and canonical distribution,

random collisions affect the atomic dynamics, e.g. diffusion coefficient and other dynamic

properties.

Berensden Thermostat: In this approach the equation of motion is modified as follows,

~̇Pi(t)= ~Fi −γ(t)~Pi, (C.1)

where,

γ(t)∝ T(t)−T0

T(t)
(C.2)
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APPENDIX C. THERMOSTATS IN MOLECULAR DYNAMICS

controls the direction of heat flow. This is a direct feedback approach in the sense that if

temperature is more energy is taken away, and added if less than the desired temperature

T0. This thermostat is useful in thermalizing the system to desired temperature during

equilibration. However, it does not lead to correct canonical distribution and energy

fluctuations.

Nosé-Hoover Thermostat: The basic difference of Nosé-Hoover thermostat with the

Berensden thermostat is the fact that it is an integral feedback approach rather than

direct feedback in Berensden thermostat,

γ̇(t)∝ T(t)−T0

T0
. (C.3)

This simple modification leads to proper correct canonical distribution and energy fluctua-

tions. However, if not selected with proper controlling parameters, being an integral feed-

back, it might lead to high oscillations around the mean temperature and non-canonical

distributions. Nosé-Hoover thermostat is the most widely employed thermostats for

molecular dynamics simulations, especially employing on-the-fly methods.
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