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ABSTRACT 

In recent years, as the progress of computational abilities has increased, 

computational chemistry has become an interesting tool for researchers for investigating 

mechanisms of environmental reactions when results of experimental explorations are not 

sufficiently clear. In this research, several environmental reactions have been investigated 

using ab initio and density functional theory (DFT) methods. 

This research investigated the effect of the reaction energy on the reaction 

pathway for C-Cl bond cleavage in carbon tetrachloride (CT). Ab initio and density 

functional theories were used to study adiabatic electron transfer to aqueous phase CT. 

The potential energies associated with fragmentation of the CT anion radical into a 

trichloromethyl radical and a chloride ion were explored as a function of the C-Cl bond 

distance during cleavage. The effect of aqueous solvation was simulated using a 

continuum conductor-like screening model. Solvation significantly lowered the energies 

of the reaction products, indicating that the dissociative electron transfer was enhanced 

by solvation. It was found that reductive dissociation electron transfer of CT undergoes a 

change from an inner-sphere to an outer-sphere mechanism as the reaction energy is 

increased. The results showed a liner relationship between the activation energy for the 

dissociation and the overall energy change, which is in good agreement with the results of 

the Marcus model. 
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This research also investigated the thermodynamic favorability and resulting 

structures for chemisorption of trichloroethylene (TCE) and perchloroethylene (PCE) on 

iron surfaces using periodic DFT with the non-local Perdew-Burke-Enzerhof (PBE) 

functional. Chemisorption structures were obtained for four physically adsorbed initial 

configurations. An initial configuration with two carbons (C-bridge) physically adsorbed 

at bridge sites between adjacent iron atoms was shown to be the most stable configuration 

for TCE, while the mode with two carbons (C-hollow) physically adsorbed at hollow site 

was verified to be the most stable configuration for PCE. C-Fe bonds were formed via 

sigma or pi bonds in the complexes formed at C-bridge, top and hollow site. Upon 

binding with the iron surface, the interaction of the C=C bond still remained as sp2 

hybridization. Moreover, the strong chemisorption induced dissociations of C-Cl bonds 

and formation of Cl-Fe bonds. For both TCE and PCE, modes with two Cl atoms (Cl-

bridge) physically adsorbed at bridge sites were found to be the least favorable 

configuration, in which only two Cl atoms formed bonds with the Fe surface and no C-Fe 

bonds were formed. Negative net Mulliken charges on TCE and PCE indicated they are 

reduced upon adsorption to the iron surface. 

Finally, in this research, we evaluated the accuracies and costs of several DFT 

methods including Harris, PWC LDA, and BLYP GGA functionals for interaction of 

arsenite with ferric hydroxides by comparison to calculated and experimental properties 
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of surface complexes. It was found that the approach of using low-level structures 

coupled with high level single-point energies was much less expensive than the approach 

of using high level functionals for both structures and energies and could obtain similar 

computed binding energies. Further work has been done to investigate the appropriate 

models for interaction of arsenite with ferric hydroxide between pH values of -4 through 

+4. The effect of solvation on single point energy was calculated using COSMO models. 

The bidentate corner-sharing complexes were more energetically favorable than 

monodentate corner-sharing complexes for the entire pH range. Lower binding energies 

at some pH values indicated monodentate binding may contribute to adsorption at low pH 

values and at high pH values. Adsorbed arsenite species were found to be fully 

protonated at low pH values and partly protonated at high pH values for the most 

favorable complex. Models for the interaction of arsenite with ferric hydroxide provided 

a relationship of adsorption and pH values that the adsorption of arsenite increased as pH 

value increased and there was a maximum point around pH 8.5-9. 
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CHAPTER 1 INTRODUCTION 

Groundwater contamination has been gaining more attention as contaminated 

water supplies and knowledge of their consequences have increased in recent years. 

Quality groundwater is essential, since it supplies much of the world’s water use, 

including drinking, irrigation and industrial processing, and maintains the health of many 

ecosystems. Although contaminants in groundwater vary from site to site, halogenated 

hydrocarbons and arsenic are ubiquitous throughout developed countries. Specially, 

contamination of groundwater and drinking water with arsenic and halogenated 

hydrocarbons are critical environmental issues facing some areas of the United States.  

Concentrations of arsenic in soil and water often exceed regulatory limits 

because of the specificity of the geology and environment in these areas. Arsenic is 

present in water systems due to natural sources or leaching into surface waters from mine 

remains. Soils, on the other hand, are contaminated due to wind-born distribution of dust 

from arsenic-laden mine remains. The new EPA drinking water standard mandates 

removal of the arsenic down to a concentration of 10 ppb from water before it can be 

consumed. 

Halogenated hydrocarbons are arguably the most common organic contaminants 

found in groundwater throughout the country (EPA, 2005). Trichloroethylene, 

perchloroethylene and carbon tetrachloride are typical halogenated hydrocarbons 
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occurring in groundwater due to their wide applications in industry during the past years.  

Thus, much research has been done to develop new and more effective methods 

for remediation of arsenic species and these halogenated hydrocarbons from groundwater 

for several decades. As an efficient and supplemental approach, in this research, 

computational chemistry methods have been used to investigate the mechanisms of some 

reactions involving these species which occur in the environment or during water 

treatment which are difficult to be explicitly observed through experiments. The research 

results provide important information for experimental researchers and environment 

engineers to develop and design more effective treatment methods for these species. In 

this section, some background details on these halocarbons and arsenic species will be 

given. 

 

 

1.1 Carbon tetrachloride, Trichloroethylene and Perchloroethylene 

The formulas for carbon tetrachloride (CT), trichloroethylene (TCE) and 

perchloroethylene (PCE) are 4CCl , 32 HClC , and 42ClC respectively. These substances 

are all man-made, colorless, organic liquids with a mild, chloroform-like odor. The vapor 

pressures for CT, TCE and PCE are 0.12, 0.078, and 0.024 bar (at 20 °C) and their soil 
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sorption coefficients are 71, 100, and 210 respectively (EPA, 2005). 

CT has been widely used in the past as a cleaning fluid, a fire extinguishant, and 

is used in the production of refrigeration fluids and as propellants in aerosol cans 

(ATSDR, 2005b). These applications for CT have been banned because of its harmful 

effects in the environment (ATSDR, 2005b). The current main application of CT is for 

chemical synthesis of fluorocarbons and other chemical commodities. Production of CT 

in the United State was 761 million lbs in 1988 (ATSDR, 2005b), and the amount made 

per year has been declining at approximately 7.9% a year due to the adoption of an 

international agreement to reduce environmental concentrations of ozone-depleting 

chemicals (ATSDR, 2005b). 

TCE is mainly used as a vapor degreaser of fabricated metal parts and in the 

textile processing industry to scour cotton, wool, and other fabrics (Kuney, 1986; 

Verschueren, 1983). It is also used as an intermediate in the production of organic 

chemicals, pharmaceuticals, and solvents for dry cleaning and extraction. Production of 

TCE in the United State has been increasing from 260,000 lbs in 1981 to 321 million lbs 

in 1991 (ATSDR, 1997b).  

PCE is mainly used as a solvent in the textile industry for processing, finishing, 

and sizing. It is also a component in dry-cleaning products and used as an intermediate in 

the production of organic chemicals or as an insulating fluid. Production of PCE in the 
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United State was decreased from 547 million lbs in 1983 to 271 million lbs in 1993 

(ATSDR, 1997a). 

According to the Toxics Release Inventory, from 1987 to 1993, 53,000 lbs of 

CT were released to water and 23,000 lbs of CT were released to land (ATSDR, 2005b). 

The total amount of TCE and PCE released to water and land was over 1.34 million lbs 

(ATSDR, 1997a; ATSDR, 1997b; ATSDR, 2005b). 

CT in the environment is easily volatilized due to its high vapor pressure. 

Degradation of CT occurs slowly in the environment, which contributes to the 

accumulation of the chemical in the atmosphere as well as the groundwater. Low levels 

of CT have been detected in many water systems, particularly surface water systems, with 

levels less than 0.5 ppb (Letkiewicz, 1983). Less than 1% of all drinking water systems 

derived from groundwater have been detected to contain CT at levels larger than 0.5 ppb, 

and less than 0.2% of groundwater-derived drinking water systems have levels larger than 

5000 ppb (EPA, 2005). The low levels of CT in waters is still of concern because of 

health effects that will be reviewed in the next few pages. 

TCE is readily transported through soil and has a low potential for adsorption to 

sediments due to its relatively high vapor pressure and low soil adsorption coefficient. 

Unlike CT, TCE has been found in many drinking water systems. Results from an EPA 

groundwater Supply Survey of 945 water supplies from nationwide groundwater sources 
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found TCE in 91 water supplies. The median concentration of the positive samples was 

approximately 1 ppb, with a single maximum level of 130 ppb (EPA, 2005). These 

analyses of U.S. groundwater indicated that TCE was the most frequently detected 

organic solvent, and the one present in the highest concentration (EPA, 2005).  

When PCE is released to soil, it can either evaporate into the atmosphere or can 

leach slowly to the groundwater. PCE has been detected in drinking water sources 

throughout the United States; according to the EPA Groundwater Supply Survey, PCE 

was found in 79 of 945 investigated nationwide water systems using groundwater sources. 

The median level of the positive samples was about 0.75 ppb, with a maximum level of 

69 ppb (EPA, 2005). The CERCLA database showed that PCE was the second most 

frequently detected organic groundwater contaminant (EPA, 2005). 

In this next section, the needs for remediation of the environment regarding the 

three organics to be discussed in this thesis are discussed.  Ingestion or breathing CT can 

cause liver, kidney and central nervous system damage (ATSDR, 2005b). Breathing or 

drinking trichloroethylene may cause impaired heart function, liver, kidney, and nerve 

damage. High concentrations of TCE and PCE can cause dizziness, headaches, sleepiness, 

confusion, nausea, difficulty in speaking and walking, unconsciousness, and death. 

Results from studies suggest that long-term inhalation of CT and PCE may reduce 

fertility for women. Although no studies have been able to determine that CT, TCE and 
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PCE are carcinogenic in humans, CT and PCE have been shown to be carcinogenic in 

animals after chronic inhalation or oral exposure, and some studies of people exposed 

over long periods to high levels of TCE in drinking water or in workplace air have found 

evidence of increased cancer (ATSDR, 1997a; ATSDR, 1997b; ATSDR, 2005b). 

According to the EPA National Priorities List (NPL) CT has been found in at 

least 430 of the 1,662 EPA National Priorities List (NPL) hazardous waste sites, TCE has 

been identified in at least 861 of the 1428 waste sites, and PCE has been found in at least 

771 of the 1430 hazardous waste sites. The frequencies of these NPL sites are shown in 

Figures 1.1, 1.2 and 1.3 at the state level. Based on health effect studies, the US EPA has 

established national drinking water regulations, setting a maximum contaminant level 

(MCL) of 5 ppb for CT, TCE, and PCE, and Maximum Contaminant Level Goals 

(MCLG) for CT, TCE and PCE in drinking water as zero (EPA, 2005). 

 

 



 
 

29 

 

 

Figure 1.1 Frequency of NPL sites with CT contamination (ATSDR, 2005b) 

 

 

Figure 1.2 Frequency of NPL sites with TCE contamination (ATSDR, 1997b) 
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Figure 1.3 Frequency of NPL sites with PCE contamination (ATSDR, 1997a) 

Over the past decade, improved methods for remediation of groundwater 

contaminated by halogenated organic compounds have been significantly developed. One 

of these methods is application of zero-valent metals as a reactive medium for treating 

solvent contaminated groundwater, which was first reported by Sweeny (Sweeny, 1981a; 

Sweeny, 1981b). Reductive reactions occur during the remediation process and have been 

found to depend on the reducing agent and the reaction conditions. Reductive 

dechlorination by metals may involve either physical or chemical adsorption of the 

reactant to the metal surface first. Then, reductive reactions may occur via outer-sphere 

electron tunneling, inner-sphere electron transfer, or reduction by atomic hydrogen 
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produced from water reduction (Boronina and Klabunde, 1995; Brewster, 1954; Li and 

Farrell, 2001; Matheson and Tratnyek, 1994). Recently, considerable research has 

focused on the reduction of chlorinated solvents by zero-valent iron (Campbell et al., 

1997; Gillham and Ohannesin, 1994; Liang et al., 1997; Orth and Gillham, 1996). 

One previous study indicated that the rate of CT reduction by iron was limited 

by the rate of electron transfer, while reduction of TCE and PCE by iron may occur via a 

chemisorption mechanism (Li and Farrell, 2001). Different products were found during 

CT reductive dechlorination due to variable possible reaction pathways which were 

affected by the process of electron transfers (Boronina and Klabunde, 1995; Criddle and 

McCarty, 1991; Li and Farrell, 2000; Li and Farrell, 2001; Wang et al., 2004a). One of 

objectives of this research on chlorinated organics, specifically CT, was to investigate the 

mechanism of electron transfer reactions for CT using ab initio and density functional 

theory (DFT) calculations. Due to unclear chemisorption mechanisms investigated 

through experimental approaches, another objective of this research is to explore the 

chemisorption of TCE and PCE on an iron surface with the aid of DFT approaches. 

Now that the background, importance, and environmental relevance of the 

organic halogenated species have been discussed, the introduction will now shift to a 

description of the importance of arsenic in groundwater. 
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1.2 Arsenic 

Arsenic is a semi-metal element widely present in nature. Arsenic occurs in soil 

and is combined in many minerals with other inorganic elements such as oxygen, 

chlorine and sulfur, and this is referred to as inorganic arsenic. Arsenic combined with 

carbon and hydrogen is referred to as organic arsenic, and is thought to be less harmful 

than inorganic arsenic (ATSDR, 2005a). Most arsenic compounds are white or colorless 

powders that do not evaporate if they can be isolated from water. It is not easy to tell if 

arsenic is present in food, water or air since its compounds have no smell (EPA, 2005). 

Since 1985, arsenic is no longer produced in the United States and all arsenic 

consumed in the United State is imported (Brooks, 2003). As the world’s largest 

consumer of arsenic, the United States used 21,600 tons of arsenic in 2003. Arsenic is 

primarily used for production of wood preservatives, as well as in production of 

fertilizers, herbicides, and insecticides (ATSDR, 2005a). 

Arsenic released to the environment is either from natural sources such as wind-

blown dirt and volcanoes, or from anthropogenic sources such as metal mining, pesticide 

applications, and waste incineration. Arsenic cannot be destroyed in the environment, and 

can only change its form or become attached to particles (ATSDR, 2005a). Arsenic in soil, 

landfills, or slag deposits usually converts into a soluble and mobile form that can 

potentially leach into groundwater or be released to surface waters.  
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In aquatic systems, inorganic arsenic is predominant and occurs primarily in 

two states, As(V) and As(III). In the pH range of natural waters, the predominant As(V) 

species are arsenate ions, −
42 AsOH  and −2

4HAsO , and the predominant As(III) species is 

arsenious acid 33 AsOH . As(V) generally dominates in oxidizing conditions such as those 

found in surface waters and As(III) dominates under reducing conditions such as those 

found in groundwater.  

Arsenic is classified by the US EPA as human carcinogen by both inhalation 

and ingestion (ATSDR, 2005a). Long-term inhalation of inorganic arsenic has been 

reported to cause lung cancer, as well as liver and skin cancers. Long-term oral exposure 

to inorganic arsenic can cause skin lesions which may ultimately develop into skin cancer. 

Long-term ingestion of arsenic has also been believed to increase the risk of cancer in the 

liver, bladder, kidneys, prostate, and lungs. In addition to cancer effects, inhalation and 

ingestion of arsenic also has been linked to some non-cancer effects, including stomach 

pain, nausea, vomiting, diarrhea, partial paralysis and blindness (ATSDR, 2005a). 

Arsenic has been detected in 849 of 1662 NPL hazardous waste sites, 574 waste 

sites for groundwater and 275 waste sites for surface water, as shown in Figure 1.4. 

Although drinking water in the United State generally contains arsenic at an average level 

of 2 ppb, a high level of 20 ppb has been detected in 12% of water supplies from surface 

water sources in the north central region of the country, and 12% of supplies from 
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groundwater sources in the western region (ATSDR, 2005a). EPA released a new rule for 

arsenic with an MCL of 10 ppb, replacing the previous standard of 50 ppb in January 

2001, which was required to be complied with in 2005 January (EPA, 2005). 

 

 

Figure 1.4 Frequency of NPL sites with Arsenic contamination (ATSDR, 2005a) 

 

At neutral pH, both As(III) and As(V) are strongly absorbed onto surfaces of 

iron oxide hydroxide minerals such as goethite, lepidocrocite and hematite (Dixit and 

Hering, 2003; Farrell et al., 2001; Goldberg and Johnston, 2001; Manning et al., 1998; 

Manning et al., 2002; Raven et al., 1998; Roberts et al., 2004; Su and Puls, 2003; 
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Waychunas et al., 1996), which plays an important role in attenuating arsenic toxicity in 

nature. On the other hand, iron and iron oxides have been widely used as adsorbents to 

remove arsenic from drinking water (Melitas et al., 2002; Su and Puls, 2004). Some 

research has indicated that zero-valent iron corrosion produced an efficient iron oxide 

hydroxide adsorbent for arsenic species (Farrell et al., 2001; Manning et al., 2002). 

Recently, considerable work has focused on the adsorption of As(III) and As(V) onto iron 

oxide hydroxide surfaces. Previous studies showed the chemical structure and stability of 

surface complexes formed by arsenic species and iron oxide hydroxide were affected by 

different iron species, reaction time, pH and other factors. One of objectives in this 

research is to apply density functional theory methods to investigate As(III) binding to 

ferric hydroxide. 
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CHAPTER 2 BACKGROUND 

2.1 Introduction to Computational Chemistry 

Computational chemistry, also called molecular modeling, is a set of techniques 

for investigating chemical problems on a computer. Questions commonly investigated by 

computational chemistry include molecular geometries, energies of molecules, chemical 

reactivity, IR, UV, NMR spectra, and the physical properties of substances (Young, 2001). 

In studying these questions, computational chemists can employ various applications 

which can be classified by three broad methods: molecular mechanics (MM), ab initio 

methods, and density functional theory (DFT) methods. Vary large molecules can be 

studied only with MM, because other methods would take too long and require too much 

computational power. Also, novel molecules with unusual structures are best investigated 

with ab initio or DFT calculations, since the parameterization inherent in MM methods 

makes them unreliable for molecules that are very different from those used in the 

parameterization. No matter which methods are applied, the energies and property 

calculations are based on specified structures. The variation of the energy of a molecular 

system with small changes in its structure is described by its potential energy surface. 

 

2.1.1 Potential Energy Surface 

The potential energy surface (PES) is a hypersurface defined by the potential 
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energy of a collection of atoms over all possible atomic arrangements, which expresses 

the mathematical relationship between the energy of a molecule and its geometry 

(Foresman and Frisch, 1996). The PES has 3N-6 coordinate dimensions, where N is the 

number of atoms ≥3 for a nonlinear species (Jensen, 1999). Unfortunately, it is difficult to 

visualize complete PESs for polyatomic molecules because of the large number of 

dimensions that are involved. Typically, we use a slice of a multidimensional diagram in 

which only one or two geometry parameters are involved while all of non-visualized 

geometry parameters have fixed values. 
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Figure 2.1 Potential energy surface (Foresman and Frisch, 1996) 

 

As shown as figure 2.1, a stationary point on a PES is a point at which the 

surface is flat. Mathematically, a stationary point is one at which the first derivative of the 

potential energy with respect to each geometric parameter is zero: 
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Stationary points that correspond to the bottom of a valley on the PES are called 

energy minima. From such a point, any small change in the geometry increases the energy. 

The global minimum is the lowest-energy minimum on the whole PES, and the local 

minimum is the lowest point compared only to nearby points on the surface. The intrinsic 

reaction coordinate (IRC) is the lowest-energy pathway linking the two minima. A point 

which is a maximum along the direction of IRC, but a minimum along all other directions 

is called a saddle point. A saddle point corresponds to a transition state structure 

connecting the two equilibrium structures. The minima and saddle points can be 
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distinguished by their second derivatives. For a minimum, 02
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along the reaction coordinate. 

Locating the geometries and energies of a stationary point on a PES is called a 

geometry optimization. Geometry optimization is done by submitting a plausible input 

structure to a computer algorithm that systematically changes the geometry until it finds a 

stationary point using analytic first derivatives and analytic or numerical second 

derivatives.  

Frequency calculations are usually applied to check the nature of stationary 

points. Since the frequencies of a structure depend on the force constant matrix which 

constitutes the second derivative of the energy with respect to the molecular coordinates, 

a minimum on the PES has all positive frequencies. However, for transition state 

structures that are first order, one and only one of the frequencies corresponding to the 

reaction coordinate direction is negative. Additionally, the calculations of vibrational 

frequencies also report the IR spectrum and provide the zero point energy (ZPE). The 

ZPE is the molecular energy at absolute zero because a molecule still vibrates even at this 

temperature. This energetic contribution is taken into account when more accurate energy 

results are required. 
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2.1.2 Molecular Mechanics 

Molecular mechanics (MM) uses the laws of classical physics to predict the 

structures and properties of molecules (Foresman and Frisch, 1996). It models a molecule 

as a collection of balls held together by springs by describing the atoms as balls and 

bonds as springs. The mathematics of spring deformation can be used to describe the 

ability of bonds to stretch, bend and twist. The form of the mathematical expression for 

the energy and the parameters required to describe the behavior of different kinds of 

atoms and bonds constitute a forcefield and therefore MM methods are also called 

forcefield methods. The potential energy of a molecule is expressed as the sum of various 

aspects of the energy required for distorting a molecule in a specific fashion, such as 

bond stretching, bond bending, torsions, electrostatic interactions, van der Waals forces, 

and hydrogen bonding. Forcefields differ in the number of terms in the energy expression, 

the expressions of those terms, and the constants in those terms.  

MM methods ignore the electronic motions and calculate the energy of system as 

a function of the nuclear positions only, which leads to time-savings and allows the MM 

methods to be used for large systems containing significant numbers of atoms. However, 

the neglect of electrons in the energy expressions induces a drawback of MM methods in 

that they can not model electronic processes such as chemical reactions in which bonds 

are formed and broken. Since each forcefield is parameterized for only limited classes of 
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molecules, no forcefield can be used to model all types of molecular systems (Young, 

2001). Forcefields for describing inorganic elements have not yet been developed as 

much as organic molecule forcefields (Young, 2001). The best available forcefield for 

inorganic systems probably is the universal force field (UFF) which is the most 

promising full periodic table forcefield (Young, 2001). 

 

2.1.3 Ab Initio Methods 

Electronic structure methods apply quantum mechanics to express the energy 

and other related properties of a molecule system by solving the time-independent 

Schrödinger equation: 

ψψ E=Η
∧

        (2.2) 

where 
∧

Η  is the Hamiltonian operator, ψ  is a wave function and E  is the energy. In 

general, the Hamiltonian operator can be written as:  
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where the first term is the kinetic energy of the particles and the second term is the 

potential energy due to Coulombic attraction or repulsion of particles. 

Considering that the nuclei move much slower than the electrons in molecules, 

the solution of the Schrödinger equation can be simplified by separating the nuclear and 
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electronic motions, which is the famous Born-Oppenheimer approximation. The 

Hamiltonian for a molecule with stationary nuclei is: 
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The Schrödinger equation then reduces to:  

elecelecelecelec E ψψ =Η         (2.5) 

and the total energy of system is the sum of the electronic energy and the nuclear 

repulsion term. 

The wavefunction is a function of the electron positions. Once a wavefunction is 

determined, the energy and many properties of the individual molecule can be obtained 

by solving the Schrödinger equation for ψ . 

Exact solutions to the Schrödinger equation are not computationally practical for 

any but the smallest systems. Ab initio methods are a mathematical approximation to its 

solution. As referred to in its name, ab initio calculations are derived directly from 

theoretical principles with no inclusion of experimental parameters. 

 

2.1.3.1 Hartree-Fock approximation 

Hartree-Fock (HF) is the simplest type of ab initio calculation, in which a 

number of approximations are made to solve the Schrödinger equation (Hehre et al., 

1969). For HF calculations, the primary approximation is that the Coulombic electron-
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electron repulsion is taken into account only in an average way. The other approximation 

for HF calculations is that the N-electron wavefunction is described as an 

antisymmetrized product of N one-electron wavefunctions. These approximations make 

the many-electron Schrödinger equation (2.5) fragment into many simpler one-electron 

equations. These are so-called Hartree-Fock equation and are solved by a self-consistent 

field procedure. 

HF calculations can achieve the best approximation that does not take electronic 

correlation into consideration. The HF method is widely used to provide the initial, first-

level predictions for high level calculations due to being inexpensive and executable for a 

large range of systems. The main defect of the HF methods is that it does not treat 

electron correlation. Including correlation generally improves the accuracy of computed 

energies and molecular geometries, especially for some organic systems and transition 

metal systems (Jensen, 1999). Thus, a number of post-SCF methods have been developed, 

which begin with a HF calculation and then correct for correlation. 

 

2.1.3.2 Post-SCF approximations 

Applying Moller-Plesset (MP) perturbation theory (Moller and Plesset, 1934), 

correlations can be added as a perturbation from the HF wave function. In mapping the 

HF wavefunction onto a perturbation theory formulation, HF becomes a first-order 
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perturbation. Thus, the second-order MP2 method adds a minimal amount of correlation. 

The MP2 method is one of the least expensive correlation methods to improve on HF, and 

usually was applied to new chemical systems prior to the widespread usage of DFT 

methods (Foresman and Frisch, 1996). Higher-level MP orders are available when the 

MP2 solution is inadequate, thus third-order (MP3) and fourth-order (MP4) calculations 

are also common. The accuracy of an MP4 calculation is roughly equivalent to the 

accuracy of a CISD calculation (Young, 2001) which will be described later. MP5 and 

higher calculations are seldom done due to the high computational cost. 

A configuration interaction (CI) wave function is a multiple-determinant wave 

function which starts with the HF wave function and makes new determinants by 

promoting electrons from the occupied to unoccupied orbitals. CI calculations can 

provide very accurate approximations, but the cost in CPU time is very expensive (N8 

time complexity or worse). CI calculations are classified by the number of excitations 

used to make each determinant. Single- and double- excitation (CISD) calculations yield 

a ground-state energy that has been corrected for correlation. Triple- and quadruple-

excitation calculations are done only when very-high-accuracy results are desired. The CI 

calculation with all possible excitations is called a full CI, which, using an infinitely large 

basis set, will give an exact quantum mechanical result (Young, 2001). 

Coupled cluster (CC) calculations are similar to CI calculations in that the wave 
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function is a linear combination of many determinants. Often, CC results are a little more 

accurate than the equivalent size CI calculation results because the determinants in CC 

calculations are more complex than those in CI calculations. Quadratic configuration 

interaction calculations (QCI) use an algorithm that combines the CI and CC calculations. 

QCISD is a popular method since it often provides an optimal amount of correlation for 

high-accuracy calculations on organic molecules while using less CPU time than CC 

calculations. 

In general, ab initio methods provide very good qualitative results and can give 

more accurate quantitative results as the molecules in question become smaller (Young, 

2001). The advantage of ab initio calculations is that they eventually converge to the 

exact solution once all the approximations are made sufficiently small in magnitude. The 

approximations generally result from four reasons: (i) the Born-Oppenheimer 

approximation; (ii) the application of an incomplete basis set; (iii) the use of incomplete 

correlation; (iv) ignoring relativistic effects. The relative accuracy of results is  

HF << MP2 < CISD ≅ MP4 ≅ CCSD < CCSDT < Full CI 

The disadvantage of ab initio methods is that they are expensive. These methods often 

need enormous amounts of resource usage, such as CPU time, memory, and disk space. 

The HF method scales as N4, where N is the total number of basis function involved in a 

calculation, which depends on both the system size and the chosen basis set. The more 
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accurate results are only obtainable at the expense of greater computational cost. 

 

2.1.3.3 Compound methods 

As one might expect, high-accuracy energy methods are based on high level 

correlation methods and large basis sets, which will be discussed later (Foresman and 

Frisch, 1996). However, the straightforward application of such large computational 

levels would require unreasonable times. Therefore, a variety of compound methods have 

been developed in order to get accurate simulation results at a reduced computational cost. 

These methods break calculations into several steps, each of which provides an energy 

value, and then summing differences in these energies gives energies close to that 

obtained from very expensive one-step calculations. Gaussian-n (Gn) methods and 

Complete Basis Set (CBS) methods are two families of popular compound methods 

(Foresman and Frisch, 1996). 

The first widely used high accuracy compound methods is the G1 method 

(Curtiss et al., 1990; Pople et al., 1989), which was followed by G2 (Curtiss et al., 1991; 

Curtiss et al., 1992) and G3 (Baboul et al., 1999; Curtiss et al., 1995; Curtiss et al., 1998) 

methods.  

CBS methods (Mayer et al., 1998; Montgomery et al., 1999; Montgomery et al., 

1998; Ochterski et al., 1996; Petersson and Allaham, 1991) have been developed to 
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eliminate some of the empirical correlations included in the Gaussian-n series of methods, 

and still can achieve very accurate energy predications. Since a CBS method is employed 

in this work, the related CBS calculations will be briefly described in this section. There 

are three basic CBS methods: CBS-4, CBS-Q and CBS-QCI, in order of increasing 

accuracy and increasing computer time. CBS-RAD (Mayer et al., 1998) is a modified 

CBS-QCI method. Recently, Blowers and Zheng proposed the economical CBS-

RAD(MP2) method (Zheng and Blowers, 2005) by replacing the time consuming 

geometry optimization level QCISD(fc)/6-31g* in the CBS-RAD calculation with a 

calculation at the MP2(full)/6-31g* level. Their study indicated that CBS-RAD(MP2) 

calculations could give reliable energy results for hydrocarbon systems (Zheng and 

Blowers, 2005; Zheng et al., 2005). The CBS-RAD(MP2) energy calculations involve the 

following steps: 

1. Geometry optimization at MP2(full)/6-31G(d) level; 

2. A ZPE calculation at the optimization level 

3. A CCSD(T)(fc)/6-31+G* single point energy calculation 

4. An MP4(SDQ)(fc)/CBSB4 single point energy calculation 

5. An MP2(fc)/CBSB3 single point energy calculation 

The CBS-RAD(MP2) energy is then obtained by following equation: 
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where 3/)( CBSBHFSCFE =  

  3/3/2)2( CBSBHFCBSBMPMPE −=Δ  

  *316/)(4*316/)()( GSDQMPGTCCSDCCE +−−+−=Δ  

  4/24/)(4)4,3( CBSBMPCBSBSDQMPMPE −=Δ  

  )2(3/)(2)( UMPDECBSBCBSECBSE −=Δ  

  3/)(23/)( CBSBCBSECBSBINTCBSINTE −−=Δ  

  OIiiEMPE *00533.0)( =Δ  
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2.1.4 Density Functional Theory 

Density functional theory (DFT) calculations of the geometry optimization, 

single point energy and other properties of molecule are based on the fact that the 

properties of a molecule in a ground electronic state are determined by the ground state 

electron density (Koch and Holthausen, 2000). 

The electron density is defined as  

NN xdxddxxxxNr rrrrrr
⋅⋅⋅⋅⋅⋅= ∫ ∫ 21

2

211 ),,,(...)( ψρ     (2.6) 

where the ψ  is the wave function of a molecule. The electron density is a function of 

position only, that is, of just three variables, while the wave function of an N-electron 

molecule is a function of 4N variables. No matter how large the molecule is, the electron 
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density still is a function of three variables, while the complexity of the wave function 

increases with the number of electrons. Therefore, DFT is less computationally expensive 

and more accessible than wave function calculation methods with similar accuracy, 

especially for some large systems (Koch and Holthausen, 2000). 

The DFT ground state energy of molecule, which is a function of the ground 

state electron density, can be expressed as:  
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The first term is the potential energy due to the nuclei-electron attraction; the second term 

is the non-interaction electronic kinetic energy; the third term is the classical repulsion 

energy term; the forth term is defined as the remainder after subtraction of the non-

interaction kinetic energy, attraction energy and repulsion energy from the real total 

energy that includes the terms needed for a exact energy. Unlike the HF approximation 

energy, equation (2.7) is an exact energy of system. Once we know the density function 

)(0 rρ  and the exchange-correlation energy functional ][ 0ρXCE , we can get the exact 

energy. The density function )(0 rρ can be calculated using equation (2.6) where the wave 

function can be obtained by solving the Kohn-Sham equation (KS) (Kohn and Sham, 

1965):  
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where the KS
iψ  is the KS spatial orbital function, KS

iε is the KS energy level and XCv  is 

the exchange correlation potential which is defined as the functional derivative of 

)]([ rEXC ρ with the respect to )(rρ :  

)(
)]([

)(
r

rE
rv XC

XC δρ
ρδ

=        (2.9) 

The exchange-correlation energy )]([ rEXC ρ  is a function of )(rρ . The various 

approximations of )]([ rEXC ρ separate the different DFT methods from each other and 

will be discussed next.  

 

2.1.4.1 Local density approximation 

The local density approximation (LDA) is the simplest approximation to 

)]([ rEXC ρ , which assumes the system is a homogeneous electron gas and )]([ rEXC ρ  

depends only on the local value of electron density. Therefore, )]([ rEXC ρ  can be written 

in a simple form:  

∫= drrrE XC
LDA
XC ))(()(][ ρερρ       (2.10) 

where ))(( rXC ρε is the exchange-correlation energy per particle of a uniform electron gas 

of density )(rρ . ))(( rXC ρε  is composed of two parts: 

))(())(())(( rrr CXXC ρερερε +=      (2.11) 

The exchange part represents the exchange energy of an electron in a uniform electron 

gas, and was approximated by Bloch and Dirac (Bloch, 1927): 
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The correlation part was studied by various authors based on sophisticated interpolation 

schemes. The most popular ))(( rC ρε  functional was developed by Vosko, Wilk and 

Nusair (Vosko et al., 1980), and the more recent, and probably the most accurate 

expression of ))(( rC ρε , was the one given by Perdew and Wang (PWC) (Andzelm and 

Wimmer, 1992; Dickson and Becke, 1993; Perdew and Yue, 1986). 

Because of including the exchange-correlation term, LDA approximations are 

more accurate than HF approximations with similar computational cost. Experience has 

shown that the LDA can successfully determine the optimized geometries (Andzelm and 

Wimmer, 1992; Dickson and Becke, 1993) and harmonic frequencies (Johnson et al., 

1993; Zhou et al., 1996) for investigated systems. However, the energies calculated with 

the LDA functional were rather poor due to the assumption of a homogenous electron gas 

in the system (Koch and Holthausen, 2000). 

 

2.1.4.2 Generalized gradient approximation 

The electron density in a real molecule varies greatly from place to place. To get 

a more accurate approximation of the exchange-correlation energy, functionals which 

include not only the electron density, but also the gradient of the electron density were 
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developed. Usually GGA
XCE  is calculated by the sum of the exchange and correlation parts: 

GGA
C

GGA
X

GGA
XC EEE +=       (2.13) 

The most widely used exchange functional was developed by Beck (Becke, 

1988), which was designed to recover the exchange energy density asymptotically far 

from a finite system. It corrects the local spin density approximation result as follows: 
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x is a dimensionless parameter and b  is constant with a value of 1.0042 a.u. The value of 

b  was determined by fitting to the exact exchange HF energies for the noble gas atoms, 

helium to radon. Other common exchange energy functionals include FT97 (Filatov and 

Thiel, 1997) and PW91 (Perdew, 1991).  

One of the most popular correlation functionals is the LYP functional (Lee et al., 

1988). In its original form, correlation energy was expressed as follows: 
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 (2.15) 

a , b , c , d are constants with values 0.049, 0.132, 0.2533 and 0.349 respectively. This 

expression provides both local and non-local components within a single expression and 

the gradient contribution to second order. A combination of the Becke gradient-exchange 
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correction with the LYP correlation functional is currently a popular functional, BLYP. 

The other most widely used choice is the PBE functional (Perdew et al., 1997), which has 

been proven to easily converge for transition metal systems (Eichler, 2002; Jiang and 

Carter, 2005; Wang et al., 2005). The PBE functional applies a simple derivative of GGA 

with all parameters being fundamental constants. In the PBE functional, only general 

features of the detailed construction underlying the PW91 GGA are improved by 

accurately describing the linear response of the uniform electron gas, correct behavior 

under uniform scaling, and a smoother potential. 

Previous studies demonstrated that, for the main group element systems, the 

GGA calculations generally provide better approximations for energy properties than the 

LDA functional, but do not lead to improvement for molecular geometries (Koch and 

Holthausen, 2000). However, for transition metal systems which are limited to carbonyl 

complexes, the GGA usually gives more accurate approximations than LDA methods for 

both geometries and energies (Koch and Holthausen, 2000). 

 

2.1.4.3 Hybrid functional approximation 

Since HF theory does provide an essentially exact means of treating the 

exchange contribution, one attractive option is to add correlation energy derived from 

DFT to the HF energy. Becke has proposed a strategy in which the exchange-correlation 
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energy XCE  is written as the following linear combination form (Becke, 1993):  

GC
CC

GC
XX

LSDA
X

exact
X

LSDA
XCXC EaEaEEaEE Δ+Δ+−+= )(0    (2.16) 

where LSDA
XE  is the exchange energy under the local spin density approximation, exact

XE  is 

the exact exchange energy, GC
XEΔ  is the gradient correction for exchange and GC

CEΔ  is the 

gradient correction for correlation. 0a , Xa , Ca  are empirical data from experimental data. 

An alternative to this expression is to apply the correlations due to LYP and VWN 

functionals, which is the famous B3LYP functional (Stephens et al., 1994): 
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 (2.17) 

 

2.1.4.4 Harris approximation 

A simplified approximate Kohn-Sham scheme for calculating ground state 

properties of molecules was developed by Harris (Harris, 1985). In the Harris 

approximation, self-consistency cycling that is necessary to solve Kohn-Sham equation is 

not required, which can reduce the computational time. The advantage of the Harris 

approximation is also its availability for systems where a complete solution of the Kohn-

Sham problem is not feasible. It has been proven that the Harris approximation can 

accurately describe weakly interacting systems (Harris, 1985) and also can deliver 

reasonable results for strong covalent bonds (Averill and Painter, 1990; Harris, 1985; 
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Kobayashi et al., 1992; Yang, 1998). 

Now that all of the specific tools used in this work have been described, a larger 

description of trade-offs will be described. 

The advantage of DFT is that it can achieve significantly more accurate results 

compared to the HF method at only a modest increase in cost. However, the accuracy of 

results from DFT calculations can be poor to fairly good, depending on the choice of 

basis set and the density functional used (Koch and Holthausen, 2000). The choice of the 

density functional is made more difficult since new functionals are still being created. 

The performance of DFT is not completely known due to its newness, thus testing a DFT 

method is necessary when it is applied for a new system that has not been explored before. 

In recent years, since it is not possible to use the HF and MP methods to 

accurately model transition metal systems, and DFT methods usually can give better 

results than HF and MP methods for investigated systems, DFT methods are more and 

more applied to transition metal systems (Brivio and Trioni, 1999). 

 

2.1.5 Basis Set 

The total electronic wavefunction mentioned above can be approximated by a 

linear combination of orbitals (Jensen, 1999). The orbitals can be expressed as a 

functional form: 
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∑∑ −Υ=
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ijeCC
2ζϕ                                 (2.18) 

where the lmΥ  function gives the orbital the correct symmetry (s, p, d, etc.), )exp( 2r− is a 

Gaussian primitive function, the contraction coefficients ijC  and exponents ijζ  are read 

from a database of standard functions, and do not change over the course of the 

calculation. This predefined set of coefficients and exponents is called the basis set. Large 

basis sets more accurately approximate the orbitals by imposing fewer restrictions on the 

locations of the electrons in space. For the orbital in equation (2.18), we use Gaussian 

function )exp( 2r− , thus it is referred to as Gaussian type orbitals (GTO). The orbitals 

incorporating )exp( rζ− function are called Slater type orbitals (STO). 

The minimal basis sets contain the minimum number of basis functions needed 

for each atom, and use fixed-size atomic-type orbitals. Larger basis sets more accurately 

approximate the orbitals by imposing fewer restrictions on the locations of the electrons 

in space. The basis set can be enlarged by increasing the number of basis functions per 

atom. The double zeta basis set forms all molecular orbitals from a linear combination of 

two sizes of functions for each atomic orbital. Split valence basis sets describe each 

valence orbital using two or more sizes of basis functions, such as 6-31G. Polarized basis 

sets enlarge the basis sets by adding orbitals with angular momentum beyond what is 

required for the ground state to the description of each atom. For example, the notation 6-

31G(d)  indicates that it is the 6-31G basis set with d functions added to heavy atoms. 
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Basis sets with diffuse functions allow orbitals to occupy a larger region of space, which 

is important for systems where electrons are relatively far from the nucleus. 

In order to avoid differences in results due to the application of different basis 

sets, numeric basis sets are employed in many works (Leach, 2001). These basis sets 

describe the electron distribution without using functions with a predefined shape. For 

example, the cubic spline set, a typical numeric basis, includes a large number of third-

order polynomials. Each polynomial describes the wavefunction for just a small range of 

distances from the nucleus. The coefficients of these polynomials are then chosen so that 

the wavefunction and its derivatives will be continuous, as well as to describe the shape 

of the wavefunction. Numerical basis sets can give exact energies for atomic fragments, 

but need to use purely numerical techniques for solving the integrals for the basis 

functions during calculations. 

Basis sets for heavy atoms are handled differently for reducing the amount of 

computation necessary. The core electrons and their basis functions are approximated by 

a potential term in the Hamiltonian, which is called the effective core potential or 

relativistic effective core potential (ECP). The energy obtained from a calculation using 

an ECP basis set is the valence energy, which is incomparable to the total energy with a 

basis set including all electrons. Including more electrons in the core will speed the 

calculation, but results are more accurate if the n-1 shell is outside of the core potential. 
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2.2 Computational Approaches for Solids and Surfaces 

Iron and some iron hydroxide oxides are studied as adsorbents for adsorption of 

carbon chlorides and arsenic species in this research. In this section, we will consider the 

computational approaches for solids and surfaces. First we will briefly review the basic 

knowledge of crystal structures, and then we will focus on the approaches for metal and 

metal oxides surfaces applied in this research. 

 

2.2.1 Crystal Structure 

A crystal structure is a unique arrangement of atoms in a crystal. A crystal 

structure is composed of a unit cell, a set of atoms arranged in a particular way, which is 

periodically repeated in three dimensions on a lattice. The spacing between unit cells in 

various directions is defined by the lattice parameters. 

There are seven unique crystal systems. The simplest and most symmetric one is 

the cubic system. There are three lattices that form the cubic crystal system: simple cubic 

(SC), body-centered cubic (BCC) and face-centered cubic (FCC). 
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(a) Simple cubic  b) Body-centered cubic (c) Face-centered cubic 

Figure 2.2 Structure of simple cubic, body-centered cubic and face-centered cubic.  

 

In the SC unit cell, there is one lattice point at each of the eight corners of a cube. 

Polonium (Po) has been reported to have a SC crystal structure (Askeland and Phule, 

2003). From the packing point of view, this type of arrangement is not stable, and this 

structure type is not common. In the BCC unit cell, there is one lattice point at each 

corner of the cube and one lattice point in the center of the cube. Alkali metals such as Li, 

Na, K, Rb and Cs all have BCC structures. In addition, the vanadium and chromium 

groups also have BCC structures. Furthermore, at room temperature, iron has a BCC 

structure (Askeland and Phule, 2003). In the FCC unit cell, there is one lattice point at 

each corner and one lattice point in each face. Most noble metals such as Cu, Ag, Au, Pd, 

Pt have FCC type structures (Askeland and Phule, 2003). The other six systems, in order 

of decreasing symmetry, are hexagonal, tetragonal, trigonal, orthorhombic, monoclinic 

and triclinic crystals. 
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Iron can be at oxidation states in the form Fe2+ or Fe3+ for its oxides. The 

common iron oxides are ferrous oxide FeO , hematite 32OFe−α , maghemite 32OFe−γ  

and magnetite 43OFe . However, when water is involved, several oxyhydroxides are 

possible. Common oxyhydroxides include goethite FeOOH−α , akaganeite 

FeOOH−β , and lepidocrocite FeOOH−γ . The basic structure of iron oxides and iron 

oxyhydroxides can be described as a close packing of oxygen (or hydroxide) with iron 

ions in the octahedral sites. The structures of goethite and hematite may be describe as an 

approximate hexagonal close packing of O2- or HO- ions with some of the octahedral 

sites occupied by iron ions. Thus, these two types of structures are usually designated as 

α phases. The structures of lepidocrocite and maghemite may be described as an 

approximate FCC packing of O2- and HO- ions with some of the octahedral sites occupied 

by iron ions. Thus, these two types of structures are usually designated as γ phases. 

For geometries, the Miller indices are used to describe planes and directions in a 

crystal. In case of directions, the Miller indices are of the form of [u v w], where the 

integers in the square brackets represent the coordination of the vector in the real space. 

In the case of planes, the Miller indices are of the form (hkl). The Miller indices (hkl) are 

a set of numbers which quantify the intercepts and thus may be used to uniquely identify 

the plane or surface. Considering a cubic crystal system having a cubic unit cell with 

dimensions aaa ××  unit cell, shown in figure 2.3, the procedure used to assign the 
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Miller index of the plane shown in figure 2.4 is following. 

 

a
a
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Figure 2.3 A cubic unit cell with dimensions aaa ×× . 
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Figure 2.4 Plane (100). 
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Step 1: Identify the intercepts of the plane on the x, y, z axes. In this case the 

intercept on the x-axis is at ax = . The surface is parallel to the y and z axes, therefore, 

there is no intercept on these two axes. We consider the intercept to be an infinity (∞) for 

the special case where the plane is parallel to an axis. So the intercepts are: a, ∞, ∞. 

Step 2: Specify the intercepts in fractional coordinates. Coordinates are 

converted to fractional coordinates by dividing by the respective cell dimension. For 

example, a point (x, y, z) in a unit cell of dimensions cba ×× has fractional coordinates 

of (x/a, y/b, z/c). So in this case, the fractional intercepts are: a/a, ∞/a, ∞/a i.e. 1, ∞, ∞. 

Step 3: Take the reciprocals of the fractional intercepts. So, in this case, we find  

the Miller indices to be (100) for this plane. 

The (110) surface and (111) surface for this cubic system are shown in figure 2.5 

& Fig. 2.6. 
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Figure 2.5 Intercepts: a, a, ∞; fractional intercepts: 1, 1, ∞; Miller indices: (110) 
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Figure 2.6 Intercepts: a, a, a; fractional intercepts: 1, 1, 1; Miller indices: (111). 
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The crystallographic planes are fictitious planes linking nodes (atoms, ions or 

molecules). Some planes have a higher density of nodes. For the Fe BCC structure, (110) 

and (111) have higher densities of atoms than (100) (Askeland and Phule, 2003). These 

dense planes have an influence on the adsorption reactions occurring on atoms of iron 

and will be used in this work. 

 

2.2.2 Approaches for Investigating Adsorption Phenomena 

Adsorption is the process that takes place when a gas, known as the adsorbate, 

accumulates on the surface of a solid, known as an adsorbent, forming a molecular film. 

The infinite dimension of the solid makes it difficult to apply quantum chemical methods 

to solid state problems in a straightforward scheme. However, adsorption reactions can be 

simulated using nonperiodic models and periodic models. 

 

2.2.2.1 Cluster models 

Nonperiodic model includes free cluster, saturated cluster and embedded cluster 

models. Cluster models are applied based on the similarity between the chemistry of 

organometallic compounds and the adsorption mode of ligands in surface chemistry 

(Muetterties et al., 1979). Using a cluster model, the substrate is simulated by just a few 

atoms, and one or a few adsorbate molecules are placed at some distance from the cluster. 
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Then, the bonding properties can be determined by one of the computational methods 

described in pervious sections (Pacchioni, 1995). 

Free clusters are the most natural approach for using a nonperiodic model for 

solids. The important point of applying free clusters is to choose an appropriate cluster 

size to present bulk properties, which is dependent on the kind of atoms and the kind of 

solid to be formed. When a free cluster model is used, the geometry of the substrate 

cluster is usually fixed to experimental data (Pacchioni, 1995). 

One problem raised from free cluster models is the edge effect of a cluster. If no 

particular truncation is used, the atoms at the outer edge of the cluster will have dangling 

bonds. In principle, the fewer dangling bonds a cluster has, the smaller the edge effect is. 

Two approaches can be used to reduce the edge effect: one is by saturation of the 

unsaturated atoms, and the other is by embedding. For covalent bonded organic 

compounds, dangling bonds are usually saturated with hydrogen atoms since the 

electronegativity of a hydrogen atom is similar to that of a carbon atom, and H atoms take 

the least amount of computational resources (Young, 2001). For other covalent bonded 

compounds such as metal oxides, hydroxide ions are usually used to saturate the free 

valences of clusters to minimize the edge effects of clusters. For very ionic bonding 

compounds, embedding models are reasonable, which can be achieved either by using 

point charges or by pseudoatoms as a potential influencing the real atoms of the cluster 
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(Jug and Bredow, 2004; Minot and Markovits, 1998). 

Cluster approaches are simple compared to periodic approaches since cluster 

systems can be treated with the same approximation schemes used for gas molecules. 

However cluster models destroy the equivalence of atoms that is present in the crystalline 

solid, which causes the fluctuations of charge distributions and other consequent 

properties. To avoid this problem, a periodic model for the finite cluster is necessary. 

 

2.2.2.2 Periodic models 

In periodic models, the solid is treated as an infinite system and built up of basis 

units that are translated to infinity, in either one dimension (polymers), two dimensions 

(surfaces), or three dimensions (bulk). For a periodic system, the lattice wavefunction is 

subject to Bloch’s periodicity condition (Leach, 2001):  

Tikkk erTr ⋅=+ )()( ψψ                              (2.19) 

where k  is the wavefactor which characterizes the wavefunction, T is a translation vector 

that maps each position into an equivalent position in a neighboring unit cell, and r  is a 

general positional vector. A wavefunction that satisfies Bloch’s periodicity condition 

(2.19) can be written in the following form: 

)()( ruer krikk ⋅=ψ                               (2.20) 

The basis functions that take this condition into account are called Bloch functions.  
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The lattice wavefunction can be constructed by atomic orbitals. In the periodic 

HF approach the element of the Fock matrix are constructed from linear combinations of 

Bloch functions: 

)()()( rkar k
i

k
i ω

ω
ω ϕψ ∑=                       (2.21)  

Each Bloch function is itself a linear combination of atomic orbitals: 

∑ ⋅=
T

kk Tikrr )exp()()( ωω χϕ                        (2.22) 

where k
ωχ  is the ωth atomic orbital in the crystal cell characterized by the lattice vector T. 

The coefficients )(ka iω  are obtained by solving a matrix equation for every value of k  to 

self-consistency. 

The lattice wavefunction can also be constructed by plane waves. Orbital 

wavefunctions can be expressed as a linear combination of plane waves: 

∑ ⋅+= +
G

Gki
k
i rGkiar ))(exp()( ,ψ                       (2.23) 

Where G  is the reciprocal lattice vector, and the Fourier series of terms rGki ⋅+ )(exp(  

is periodic on the real lattice. Many programs designed for periodic DFT approach apply 

this kind of lattice wavefunction. Practical implementations of periodic approaches have 

been realized at both HF and DFT levels (Leach, 2001). 

The periodic models are superior to the cluster models because they explicitly 

take into account translational symmetry as described above. The environment of each 

atom in the unit cell is the same as in the bulk of real crystal. However, periodic 
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calculations are not easily feasible for solids with large unit cells like metal hydroxides. 

So in this research, periodic models were used to investigate the adsorption reactions 

occurring on pure iron surface, and cluster models were used to investigate the adsorption 

reactions occurring on iron hydroxide surfaces. 

 

 

2.3 Computational Approaches for Solvent Effects 

In this section we will consider how the solvent affects the behavior of a system 

since all reactions involved in this research take place in a solvent. 

The geometries, energies and other properties of molecule system can differ 

considerably between the gas phase and solution (Foresman and Frisch, 1996). For 

systems where solvent molecules are so tightly bound that they are effectively an integral 

part of the solute, solvent molecules should be modeled explicitly as a part of the 

molecule system. However, since the number of solvent molecules involved in the system 

is limited by computational feasibility, the prediction of the coordinates of solvent 

molecules in the system is very important for achieving a right configuration for the 

studied system. For systems where the solvent does not directly interact with the solute 

but provides an environment that strongly affects the behavior of the solute, special 

treatment such as mean field theories may be required (Leach, 2001). In some other 



 
 

69 

 

situations, the solvent only acts as a bulk medium, but can still significantly affect solute 

behavior due to its dielectric properties. Our discussion will be restricted to this situation 

since it is mainly used in this research. 

 

2.3.1 Solvation Free Energy  

The solvation energy is the free energy required to transfer a molecule from 

vacuum to solvent. The solvation free energy solGΔ  consists of three terms: 

cavvdwelecsol GGGG Δ+Δ+Δ=Δ      (2.24) 

where elecGΔ  is the electrostatic effect, vdwGΔ  is the van der Waals interaction between 

the solute and solvent, and cavGΔ  is the free energy required to form the solute cavity 

within the solvent. The electrostatic contribution is particularly important for polar and 

charged solutes due to the polarization of solvent, which is modeled as a uniform medium 

with constant dielectric ε. The van der Waals interaction can be a repulsive term or 

attractive dispersion term. The cavity contribution is a positive term and comprises the 

entropic penalty associated with the reorganization of the solvent molecules around the 

solute together with the work done against the solvent pressure in creating the cavity. 

Next, we will discuss the electrostatic contribution to the free energy of 

solvation, and then we will consider the van der Waals and cavity contribution. 
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2.3.2 Electrostatic Energy 

2.3.2.1 Born and Onsager models 

The simplest models for the electrostatic component of the solvation free energy 

were made by Born (Born, 1920) and Onsager (Onsager, 1936). The Born model derived 

the electrostatic component of the solvation free energy of a charge within a spherical 

solvent cavity. In the Born model, the electrostatic energy of an ion is described as: 

)11(
2

2

ε
−−=Δ

a
qGelec        (2.25) 

where q  is the charge on the ion; a  and ε  are the radius of the cavity and the dielectric 

constant of the medium, respectively.  

The Born model is only appropriate to species with a formal charge. Onsager 

extended the Born model to a dipole in a spherical cavity, which is relevant to many more 

molecules. The solute dipole within the cavity induces a dipole in the surrounding 

medium, which in turn induces an electric field within the cavity. The electric field is 

often called the reaction field. The magnitude of the reaction field is determined by: 

μ
ε

εφ 3)12(
)1(2
aRF +

−
=        (2.26) 

where ε  is the dielectric constant of the medium; a  is the radius of the cavity and μ  is 

the dipole moment of the solute. For a polarisable dipole, the energy in a electric field 

RFφ  is μφRF− , and the energy needed to assemble the charge distribution within the 
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cavity is 2μφRF . So the electrostatic energy is modeled as: 

2
μφRF

elecG −=Δ          (2.27) 

If the solute is charged, an appropriate Born electrostatic energy term must also be added. 

The reaction field model can be incorporated into quantum mechanics by adding 

the reaction field as a perturbation to the Hamiltonian of an isolated molecule, which are 

referred as self-consistent reaction field (SCRF) methods. The modified Hamiltonian of 

the system is given by: 

RFtot
∧∧∧

Η+Η=Η 0        (2.28) 

where 0
∧

Η  is the Hamiltonian of the isolated molecule and RF
∧

Η  is the perturbation which 

can be expressed as: 

ψμψ
ε

εμ
∧∧∧

+
−

−=Η 3)12(
)1(2
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T

RF     (2.29) 

where 
∧

μ  is the dipole moment operator and 
T∧

μ  is its transpose. The wavefunction ψ  for 

the modified Hamiltonian is determined from equation (2.29) and then the electrostatic 

contribution to the solvation energy can be given by: 

2
3000 )12(

)1(2
2
1 μ

ε
εψψψψ

a
G totalelec +

−
+Η−Η=Δ                 (2.30) 

where the third term in equation (2.30) is the correction factor corresponding to the work 

done in creating the charge distribution of the solute within the cavity in the dielectric 

medium. 0ψ  is the gas-phase wavefunction. 



 
 

72 

 

There are several ways to define the size of the spherical cavity used in the 

above models (Leach, 2001). It can be calculated from the molecular volume, and can 

also be estimated from the largest interatomic distance within the molecule. The cavity 

size also can also be obtained from a suitable electron density contour. 

The drawback of the Onsager model is that a fixed spherical cavity is used. 

Molecules are rarely exactly spherical in shape. Some other models improve the Onsager 

model by more accurately approximating the cavity. 

 

2.3.2.2 Polarisable continuum model 

The polarisable continuum model (PCM) defines the cavity as a union of a large 

number of small surface elements with a point charge associated with each surface 

element (Miertus et al., 1981). This system of point charges represents the polarizations 

of the solvent, and the magnitude of each surface charge is proportional to the reaction 

field gradient at that point: 

SEq ii Δ
−

−= )
4

1(
πε

ε        (2.31) 

where iE  is the electric field gradient and SΔ  is the area of the surface element. The total 

electrostatic potential )(rφ  at each point can then be obtained as the sum of the potential 

)(rρφ  due to the solute and the potential )(rσφ  due to the surface charges. 

Incorporated into quantum mechanics methods, the PCM algorithm is a series of 
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self-consistent processes. First, the cavity surface is determined from the van der Waals 

radii of the atoms before the surface is divided into a number of small elements using 

specific methods. From the initial surface point charge calculated by equation (2.31), the 

potential )(rσφ  due to the point charges can then be calculated using Coulomb’s law. 

These charges are calculated iteratively until they are self-consistent. The final potential 

)(rσφ  is then add to the solute Hamiltonian ( )(0 rσφ+Η=Η
∧∧

) and the SCF calculations 

are performed until both the solute wavefunction and the surface charge are self-

consistent. Then, the electrostatic energy in the PCM model can be calculated by the 

following equation: 

∫∫ ∫ −Η−Η=Δ drrrddGelec )()(
2
1

000 ρφτψψτψψ                 (2.32) 

where )(rρ  is the charge distribution of the surface elements. 

 

2.3.2.3 Conductor-like screening model 

The conductor-like screening model (COSMO) is a variant on the PCM method 

(Klamt, 1995; Klamt et al., 1998; Klamt and Schuurmann, 1993). In the COSMO model, 

the cavity is considered to be embedded in a conductor with an infinite dielectric constant. 

So the response of the dielectric medium to the charge distribution of the solute can be 

described by the generation of screening charges on the cavity surface. The screening 

effects in the conductor are much easier to handle compared to other PCM models. 
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Therefore, in contrast to other implementations of continuum solvation models, COSMO 

does not require solution of the complicated boundary conditions for a dielectric in order 

to obtain screening charges, but instead can determine the screening charges using a 

much simpler boundary condition for a conductor.  

The screening charges are calculated from the boundary condition of a vanishing 

potential on the surface of a conductor. The total potential equals the sum of the 

potentials due to solute charges and potentials due to the surface charges: 

AqBQrrr +=+= )()()( σρ φφφ                                        (2.33) 

where Q  is the solute charges; q  is the screening charge; and B  and A  are Coulomb 

matrices. For a conductor, the relation 0)( =rφ  must be true, which defines the screening 

charges as: 

BQAq T−=                                                          (2.34) 

To obtain a rather good approximation for the screening charges in a dielectric medium, 

these charges are then scaled by a factor: 

5.0
1

'
+
−

=
r

rqq
ε
ε                                                       (2.35) 

COSMO has proven to be a considerable simplification of the CSM approach 

without significant loss of accuracy. The deviations of the COSMO approximation from 

the exact solutions are rather small (Accelrys, 2001; Leach, 2001). For strong dielectrics 

like water, they are less than 1%, while for nonpolar solvents they may reach 10% of the 
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total screening effects. However, for weak dielectrics, screening effects are small, and the 

absolute error therefore amounts to less than one kcal/mol (Accelrys, 2001). 

 

2.3.3 Nonelectrostatic Contribution to the Solvation Free Energy 

So far, we only discussed the electrostatic contribution to the solvation free 

energy. The other contributions as shown in equation (2.24) can be especially significant 

for solutes which are neither charged nor highly polar. The cavity and van der Waals 

terms are often combined and estimated from a linear function of surface area: 

bSGGG vdwcavelec +=Δ+Δ=Δ γ      (2.36) 

where S  is the total solvent accessible area and γ  and b  are constants. The parameters 

γ  and b  are generally estimated from experimentally determined free energies for the 

transfer of alkanes from vacuum to water. 

 

 

2.4 Electron Transfer Theory 

In this section, some details about electron transfer theory and dissociation 

electron transfer will be given. 
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2.4.1 Electron Transfer Theory 

Electron transfer theory was first proposed by Marcus (Hush, 1958; Marcus, 

1956). From a qualitative aspect, an electron transfer reaction includes three steps as 

shown in figure 2.7: 

1. the reactant reorganizes to some transition state geometry; 

2. actual electron transfer take place at the transition state; 

3. the coordinated species relaxes from the transition state geometry to the 

equilibrium geometry of the product.  
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Figure 2.7 Reaction scheme for an electron transfer reaction. 
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The blue dashed line in figure 2.7 corresponds to the energy profile for a thermal electron 

transfer reaction. 

Marcus-Hush theory in its quantitative form can be expressed as: 

)
4

1(
0

0

0 ≠
≠≠

Δ
Δ

+Δ=Δ
G
GGG      (2.37) 

which provides a quantitative relationship between the free energy of activation ≠ΔG and 

free energy of reaction 0GΔ for a given reaction family as shown in figure 2.8. ≠
≠Δ 0G  is 

the intrinsic barrier which is defined as the activation free energy with the free energy of 

reaction equal to zero. Knowing the driving force for a particular reaction family, the 

barrier height for each individual electron transfer reaction can be obtained from its 

reaction free energy. 
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Figure 2.8 Relationship of ≠ΔG  and 0GΔ  for an electron transfer reaction. 

 

The transfer coefficient is defined as the ratio of the change of activation free 

energy with the change of reaction free energy. It specifies how sensitive the reaction 

barrier is to changes in reaction thermodynamics. From the Marcus equation, the transfer 

coefficient α  can be derived as the following expression: 
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2.4.2 Dissociation electron transfer 

A dissociative electron transfer is a process in which a single electron transfer to 

a molecule is accompanied by bond breaking. Such a reaction bridges single electron 

transfer chemistry and radical chemistry. 
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Reductive cleavage may follow either a concerted process or a stepwise process, 

as discussed during outer and inner sphere electron transfers. The reaction 

−−− +⋅→↔+ XRRXeRX                                     (2.39) 

where the electron transfer and bond breaking are successive is the outer sphere type; and 

the reaction 

−− +⋅→+ XReRX                                            (2.40) 

where the electron transfer and bond breaking are concerted is the inner sphere type. 

Shown in figure 2.9, according to either stepwise or concert mechanism, the primary 

anion radical is derived from a neutral molecule by a reduction process which then 

decomposes into a neutral radical and an anion. The difference of these two mechanisms 

is that the intermediate, radical-anion complex −RX  has a stable state in the stepwise 

process while there is no stable −RX  intermediate during the concerted process. 
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Figure 2.9 Potential energy surfaces of reactant and product for inner sphere and 

outer sphere dissociative electron transfers. 

 

Since electron transfer and dissociation are stepwise for outer sphere electron 

transfer, outer sphere electron transfer process can be described approximately by the 

Marcus-Hush model. Saveant demonstrated that the quantitative Marcus-Hush model can 

be extended to the inner sphere dissociative electron transfer reaction based on some 

approximations and assumptions (Saveant, 1987). In Saveant’s demonstration, the 

dissociative electron transfer reaction is assumed to be adiabatic, and the potential energy 

of the reactant RX  is approximated by the Morse function 

2)))(exp(1( rraDE eqeqR −−=       (2.41) 

and the potential energy of product −+⋅ XR  is approximated by the repulsive portion of 
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the RX  Morse curve 

2)))((exp( eqeqP rraDE −=      (2.42) 

Morse curves for reactant and product for inner sphere electron transfer are shown in 

figure 2.10. 

 

Broken Bond Length

RX 
+e- R• + X-

Po
te

nt
ia

l E
ne

rg
y

Broken Bond Length

RX 
+e- R• + X-

Po
te

nt
ia

l E
ne

rg
y

 

Figure 2.10 Morse curves of the reactants and products at zero driving force. 

 

 

2.5 Applications of Software 

In this research, calculations were carried out applying three software packages. 

They are Gaussian98 and Gaussian 03 packages developed by Gaussian Inc. (Gaussian, 
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1998), the DMol3 package in the Accelrys Materials Studio 2.5 modeling suite (Accelrys, 

2001) and the ADF 2004 package developed by Scientific Computing & Modeling (SCM, 

2005). This section will give some details of these software packages related to this 

research. 

 

2.5.1 Gaussian 

Gaussian (Gaussian, 1998) offers a wide variety of ab initio functionality, such 

as HF, MPn, CI, CC, QCI, CBS and G2 methods. It also supports a large number of DFT 

functionals, including not only exchange correlation functionals but also some hybrid 

functionals such as B3LYP, B3P86, and B3PW91. A number of basis sets and 

pseudopotentials are available.  

Energies, analytic gradients, and true analytic frequencies are available for all ab 

initio and DFT models. The self-consistent reaction field (SCRF) can be used with most 

of the ab initio and DFT energies, optimizations, and frequency calculations to model 

systems in solution. There are a wide range of molecular properties that can be computed, 

such as NMR chemical shifts, nonlinear optical properties, several population analysis 

schemes, vibrational frequencies, and intensities. 

Gaussian has one of the ASCII input formats most convenient to use without a 

graphic interface. Even though the graphic interface Gaussian View is available, 
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researchers still prefer to construct input files manually since they have a much larger 

flexibility in choosing computational methods and molecular geometry constraints. It 

should be noted that Gaussian can take advantage of parallel architectures. Many 

Gaussian calculations in this research were performed on an IBM 690 supercomputer at 

UIUC's NCSA center. 

The Gaussian package has been a very popular software in the area of organic 

halide systems (Bertran et al., 1992; Gutsev and Adamowicz, 1995; Komiha et al., 2001; 

Marakchi et al., 2001; Nonnenberg et al., 2002; Reed et al., 1985; Saveant, 1987; Shaik et 

al., 1997; Zhang et al., 2005a; Zheng et al., 2005). Although lately Gaussian03 has 

expanded to model periodic systems, the Gaussian package has seldom been applied to 

investigate solid systems, especially for metal crystal systems. 

 

2.5.2 DMol3 

DMol3 is a DFT quantum mechanical code that can simulate processes in gas 

phase, solvent, surface, and solid environments (Accelrys, 2001). DMol3 can be used to 

solve solid-state problem via a high-performance internal coordinate optimizer that can 

treat the full range of solid-state systems. The DMol3 code also has the first robust, 

general-purpose internal coordinate optimization scheme for periodic systems. 

The advantage of DMol3 for periodic system and solid problems is that it is 
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operated from within the Materials Studio software environment which provides a user-

friendly interface complying with Windows standards. Materials Visualizer offers a wide 

range of model building and visualization tools that allow users to rapidly construct 

models of periodic or other solid systems. Also, users can easily produce high quality 

graphics of molecular and materials structures, molecular orbitals, electrostatic potentials 

or charge densities. 

DMol3 uses numerical basis sets. The high quality of these basis sets minimizes 

superposition effects and consequently dissociation of molecules is accurately described 

even without diffuse functions being included in the basis sets (Accelrys, 2001). DMol3 

can perform both all electron or pseudopotential calculations. DFT semi-local pseudo-

potentials (DSPP) have been developed specifically for DMol3, which make calculations 

for large systems feasible and efficient. Additionally, application of the Harris algorithm 

with LDA functionals makes optimization of large system executable and provides a 

good first-level prediction of systems for higher level calculations. 

DMol3 offers a wide range of LDA and GGA functionals for which energies, 

optimization of geometry, frequency and other properties are available. However, there is 

no inclusion of any hybrid functionals, making it inconvenient to compare the DMol3 

results with results from other packages at hybrid functional levels. 

In the DMol3 package, solvation effects are simulated via the COSMO model. 
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Although simulations of small particles in water, such as for protons, obtained good 

results applying DMol3 (Mejias and Lago, 2000), solvation energies for systems 

including iron and arsenic atoms from DMol3 calculations are not as satisfying compared 

to results from other packages and experiments in this research. 

The DMol3 package has been widely used to investigating surface and solid 

systems (Delley, 2000; Yanagisawa et al., 2005; Zhang et al., 2005b). 

 

2.5.3 ADF 

The Amsterdam Density Functional package (ADF) (SCM, 2005) is software for 

first-principles electronic structure calculations also based on DFT, which consist of a 

molecular ADF program and a periodic structure program called BAND. It offers the 

very latest meta-GGA and hybrid exchange-correlation functionals, as well as a full range 

of standard functionals including B3LYP.  

ADF is recommended by many researchers because it has been developed 

particularly for transition metal compounds and heavy-element systems. ADF can deliver 

the same stability for complex transition metal compounds as for simpler systems 

containing only light atoms. The relativistic methods and basis sets in ADF enable 

treatment of molecules with transition metal and very heavy elements. Because of this 

ADF is widely used in the research areas of homogeneous and heterogeneous catalysis 
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and inorganic chemistry (Autschbach and Le Guennic, 2004; De Jong et al., 2005; Ensing 

et al., 2004; Olsen et al., 2004; Vincent et al., 2005). 

BAND is a periodic structure program which uses numerical and Slater atomic 

orbitals and avoids pseudo-potential approximations. BAND is very similar to ADF in the 

chosen algorithms, so it is also good for investigating inorganic systems, especially for 

transition metal systems. Since automatic geometry optimization and other features 

requiring analytic gradients are not implemented within BAND, BAND needs to be 

applied combined with another software package which can provide optimized 

geometries for periodic structures. Otherwise, potential energy surfaces have to be made 

in order to determine optimized geometries. 

In this research, these three software packages were used to perform different 

calculations depending on the purposes of calculations and the systems investigated. 
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CHAPTER 3 ELECTRON TRANSFER TO CARBON 

TETRACHLORIDE 

3.1 Introduction 

As mentioned in chapter 1, contamination of groundwater with toxic chlorinated 

compounds may be eliminated via reductive dechlorination reactions that transform 

chlorinated solvents into their nonchlorinated analogs and chloride ions ( Cl−) (Vogel et 

al., 1987). Reductive dechlorination may occur via solvent reaction with Fe(II)-bearing 

minerals in aquifer sediments (Butler and Hayes, 1998; Sivavec and Horney, 1997; 

Sivavec, 1995), or it may be promoted in engineered remedial systems using corroding 

iron (Farrell et al., 2000; Gillham and Ohannesin, 1994; Matheson and Tratnyek, 1994; 

Warren et al., 1995) or metal cathodes (Li and Farrell, 2000; Li and Farrell, 2001; Liu et 

al., 2000) as electron donors. Due to its ubiquity in contaminated groundwater, much 

research has been done to investigate dechlorination reactions of carbon tetrachloride 

( CCl4 ). It has been observed that the products of CCl4  dechlorination depend on the 

reducing agent and the reaction conditions (Boronina et al., 1995; Li and Farrell, 2001). 

In most studies of CCl4  dechlorination by corroding metals and metal cathodes, CCl4  

was completely reduced to methane ( CH4 ), but in some cases formate ( HCOO− ), carbon 

monoxide (CO), and carbon dioxide (CO2) were observed as terminal reaction products 

(Boronina et al., 1995; Criddle and McCarty, 1991). In some cases, CH4  was the first 
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stable species found from CCl4  reduction (Li and Farrell, 2000; Wang et al., 2004a), 

while in other instances, chloroform (Li and Farrell, 2001), methylene chloride, and 

chloromethane were produced as intermediate species. Sequential dechlorination is not 

desirable in permeable barrier treatment systems because the intermediate species are 

also toxic and react much slower than CCl4  (Li and Farrell, 2001). 

Three parallel pathways are believed to be involved in reductive dechlorination 

of CCl4  (McCormick and Adriaens, 2004). In most instances, sequential dechlorination is 

observed via a hydrogenolysis pathway (Vogel et al., 1987). Hydrogenolysis begins with 

a dissociative electron transfer reaction to produce a trichloromethyl free radical ( •CCl3) 

and Cl−  (Criddle and McCarty, 1991; Wade and Castro, 1973). The first stable species 

from this pathway is CHCl3 , which may be produced from abstraction of a hydrogen 

atom by •CCl3 (Kubic and Anders, 1981), or via reduction and protonation of •CCl3. Two 

other pathways for CCl4  reduction involve formation of a diclorocarbene ( •
•CCl2 ) 

intermediate. The dichlorocarbene may either hydrolyze, producing CO, or undergo 

further reduction through a series of reactions, eventually producing CH4  (McCormick 

and Adriaens, 2004). 

In reactions at metal and metal oxide surfaces, electrons are transferred one at a 

time (Schmickler, 1996). Therefore, the first step in CCl4  reduction by iron and Fe(II) 

containing oxides begins with the transfer of a single electron. This reaction may occur 
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via an inner-sphere mechanism in which a concerted electron transfer and bond breaking 

reaction occurs: 

CCl4 + e−→•CCl3 + Cl−     (3.1) 

or via an outer-sphere mechanism that involves only the transfer of a single electron: 

CCl4 + e−→•CCl4
−       (2) 

Several studies using different reducing agents have concluded that the pathway 

producing CH4  without intermediate CHCl3  production does not involve •CCl3 

formation (Lowry and Reinhard, 1999; McCormick and Adriaens, 2004). This suggests 

that production of a stable tetrachloromethyl anion radical ( •CCl4
−) may allow the transfer 

of a second electron prior to loss of the first Cl−  ion. This may prevent •CCl3 formation, 

thereby promoting the 2CCl•
•  pathway. 

Prior ab initio calculations suggested that reduction of CCl4  (Pause et al., 2000) 

and other methyl halides in the gas phase or in organic solvents is initiated by an inner-

sphere electron transfer mechanism (Bertran et al., 1992). However, there have been no 

computational studies of CCl4  reduction in aqueous systems. The high polarity of water 

may offer sufficient stability to a •CCl4
−  species to promote an outer-sphere electron 

transfer. This may lead to the pathway that produces CH4  without intermediate 

production of CHCl3 . 

In this section, electronic factors affecting the reaction pathway from reduction 
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of CCl4  will be elucidated. This information is important for understanding the products 

produced from CCl4  reduction in permeable barrier treatment systems using corroding 

iron as a reducing agent. Towards that end, potential energies for CCl4  and •CCl4
−  species 

will be determined as a function of the C-Cl bond length during cleavage. The effect of 

aqueous solvation will be incorporated using a continuum solvation model. The empirical 

Marcus-Hush model for describing the relationship between activation and reaction 

energies will be validated, and then used to interpret previously published experimental 

data. 

 

 

3.2 Computational Methods 

All ab initio calculations were carried out with the GAUSSIAN 98 program 

(Gaussian, 1998) using a personal computer equipped with a Pentium IV processor 

operating at 1.5 GHz. The choice of basis sets and computational methods required a 

compromise between accuracy and computational time. The appropriate basis sets for 

these reactions must include diffuse functions for describing the anions (Benassi et al., 

1989; Canadell et al., 1980; Gutsev and Adamowicz, 1995; Komiha et al., 2001). The 

effect of the basis set on the calculation accuracy was investigated by comparing results 
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using the 6-31+G* and 6-311+G* basis sets to experimental measurements of molecular 

geometries. 

Geometry optimizations were performed using a correlated Hartree-Fock 

method incorporating a second order Moller-Plesset (MP2) correction (Foresman and 

Frisch, 1996; Moller and Plesset, 1934), and also using density functional theory (DFT) 

(Hohenberg and Kohn, 1964; Koch and Holthausen, 2000). Unrestricted methods were 

used for all open-shell systems. The default criteria for optimization in Gaussian98 were 

used, as were the default temperature and pressure of 298.15 K and 1 atm for frequency 

calculations. Correlation and exchange effects were accounted for in the DFT 

calculations using the B3LYP functional (Becke, 1988; Foresman and Frisch, 1996; Lee 

et al., 1988; Stephens et al., 1994). The B3LYP method was chosen because DFT 

methods have been validated for reductive dechlorination of other halocarbons (Patterson 

et al., 2001; Soriano et al., 2002). A modified CBS-RAD (complete basis set-radical) 

method was also employed due to its speed and accuracy for obtaining thermochemical 

properties (Blowers et al., 2003). The energy minima of all species were corrected 

through the use of scaling factors for the zero-point energies (NIST, 2003). Aqueous 

solvation was incorporated by using the conductor-like screening model (COSMO) as 

implemented in Gaussian 98 (Barone and Cossi, 1998; Gaussian, 1998; Klamt, 1995; 

Klamt and Schuurmann, 1993). Compared with other continuum solvation model (CSM) 
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methods, COSMO offers a good balance between computational speed and accuracy 

(Barone and Cossi, 1998). Limited by implementation of COSMO in Gaussian, Hartree-

Fock and B3LYP methods were used to optimize the geometries in water, and the MP2 

and B3LYP methods were used to calculate the single-point energies for the solvated 

systems. 

On the assumption that the cleaving C-Cl bond length approximates the 

dissociation reaction coordinate, potential energy surfaces for CCl4  and •CCl4
−  were 

determined by calculating single point energies of structures optimized under C3v 

symmetry constraints. In these calculations, one C-Cl bond length was fixed at values 

between 1.5 Å and 3.5 Å in increments of 0.25 Å. Reaction energies were calculated by 

subtracting the reactant energies from the sum of the energies of the product species. 

Mulliken population analysis (Foresman and Frisch, 1996; Mulliken, 1955) was used to 

determine the partial atomic charges on the atoms in •CCl4
−  during bond cleavage. 

 

3.3 Results and Discussion 

 

3.3.1 Vacuum Results 

Calculations in vacuo were used to validate the computational methods. The 
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optimized geometries of CCl4  and •CCl4
−  were determined at the MP2 and B3LYP levels 

using 6-31+G* and 6-311+G* basis sets. Calculated bond lengths and bond angles, along 

with experimentally measured values are shown in Tables 3.1 and 3.2. Both basis sets 

produced structures that were in close agreement with experimental measurements. 

Comparison of the 6-31+G* and 6-311+G* results with experimental values indicates 

that increasing the size of the basis set did not result in more accurate calculations. 

Therefore, all further calculations were performed with the 6-31+G* basis set. 
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Table 3.1 Experimentally measured and optimized bond lengths and bond angles in 

CCl4  calculated at MP2 level with different basis sets. 

Parameters 6-31+G* 6-311+G* Expt. 

C-Cl (Å) 1.7714 1.7718 1.76 

∠Cl-C-Cl (°) 109.4702 109.4888 109.5 

 

Table 3.2 Optimized bond lengths and bond angles in •CCl4
−  calculated at MP2 level 

with different basis sets where C---Cl designates the cleaving carbon-chlorine bond and 

C-Cl represents the remaining bonds. 

Parameters 6-31+G* 6-311+G* 

C---Cl 2.4898 2.4474 

C-Cl 1.7639 1.7687 

∠Cl-C-Cl 107.9914 108.303 

 

The minimum energy MP2 and B3LYP structures for CCl4  and •CCl4
−  using the 

6-31+G* basis set are shown in Figure 3.1 and 3.2. The CCl4  molecule had a Td 

symmetry structure (Ogden, 2001) at the global minimum, and the •CCl4
−  anion had a C3v 
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symmetry structure, with a longer cleaving C-Cl bond length at its global minimum. 
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MP2 level     B3LYP level 

C-Cl=1.771     C-Cl=1.794 

Figure 3.1 Optimized geometries of CCl4  calculated under the Td symmetry 

constraint 

 

 

MP2 level     B3LYP level 

C-Cl=1.746     C-Cl=1.804 

C--Cl=2.490     C-Cl=2.565 

Figure 3.2 Optimized geometries of •CCl4
−  calculated under the C3v symmetry 

constraint.
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Table 3.3 Experimental and calculated properties of CCl4 and •CCl4
−  with the 6-31+G* basis set at different levels of 

theory. 

Parameter Experimen

t 

Other calculations This work 

  MRD-CI MRSDCI MP2 B3LYP CBS 

4CCl C-Cl bond length (Å ) 1.76[1] 1.766[2] -- 1.771 1.794 -- 

•CCl4
−  C-Cl bond length (Å ) -- 2.48[3] -- 2.490 2.565 -- 

•CCl4
− C-Cl bond energy (eV) -- 0.74[1] -- 0.561 0.526 -- 

adiabatic electron affinity 

(eV) 

2.0[4] 0.38[1] 0.74[1] 0.962 1.5 1.01 

vertical electron affinity 

(eV) 

>0[5] -1.69[1] -1.53[1] -0.68 0.48 -0.21 
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4CCl  heat of formation 

(kJ/mol) 

-93.35[6] -- -- -8.05 27.30 -136.54

•CCl4
−  heat of formation 

(kJ/mol) 

-174±33[6] -- -- -73.64 -137.43 -234.30



 
 

97 

 

Resources for Table 3.3: 

[1] (Roszak et al., 1994) 

[2] (Sutton, 1958) 

[3] (Tachikawa, 1997) 

[4] (Lacmann et al., 1983) 

[5] (Guerra et al., 1991) 

[6] (NIST, 2003) 

Bond lengths, bond angles, and heats of formation for CCl4  and •CCl4
−  

calculated using the MP2, B3LYP and modified CBS-RAD methods are given in Table 

3.3 Also shown in Table 3.3 are the adiabatic and vertical electron affinities. The 

adiabatic electron affinity is the energy released by reaction 3.2, where the •CCl4
−  species 

is at its energetically optimized geometry, and the free electron is assigned an energy of 

zero. The vertical electron affinity is the energy released by reaction 2, where •CCl4
−  

retained the optimized geometry for CCl4 . Experimental and other calculated parameter 

values are also shown in Table 3.3. The C-Cl bond lengths and bond energies calculated 

here are in close agreement with experimental and previously calculated values. The 

adiabatic and vertical electron affinities are within a factor of ~2 of experimental values, 

and more closely approximate experimental values than those calculated in previous 

investigations. Calculated electron affinities within a factor of two of experimental values 
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are consistent with the known errors associated with the computational methods (Guerra 

et al., 1991; Roszak et al., 1994). The more accurate electron affinities calculated in this 

study, as compared with prior investigations, indicate the methods employed here were 

appropriate for these compounds. 

For heats of formation, only the modified CBS-RAD method gave results that 

were within 50% of experimental values for CCl4  and •CCl4
− . Although the calculated 

heats of formation using the B3LYP and MP2 methods had large absolute errors, the 

experimental adiabatic and vertical electron affinities were reproduced quite well by the 

calculations. Composite energy methods are sometimes known to systematically 

underestimate heats of formation, but they are still more accurate than MP2 and B3LYP 

methods (Berry et al., 1996). Although there were systematic errors in the calculated 

energies, the relative energies, like heats of reaction calculated via ab initio methods, 

were normally much closer to the experimental values than the heats of formation 

(Blowers et al., 2003). Therefore, MP2 and B3LYP methods were employed to perform 

the rest of the energetic calculations. 

 

3.3.2 Solvent Effects 

The electron transfer and bond breaking mechanisms were investigated by 

calculating the energies of CCl4  and •CCl4
−  as a function of the C-Cl bond distance 
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during cleavage. Vacuum and aqueous phase energy surfaces for CCl4  and adiabatic 

•CCl4
−  as a function of the C-Cl bond elongation during cleavage are described at the 

MP2 level as shown in Figures 3.3 and 3.5 and the B3LYP level as shown in 3.4 & 3.6. 

Figures 3.3 & 3.4 show that solvation of CCl4  did not significantly alter its energy profile, 

except when the C-Cl bond was nearly broken. In contrast, Figures 3.5 & 3.6 show that 

the energy for •CCl4
−  was significantly lowered by solvation. This finding is consistent 

with previously observed solvation effects on charged species in polar solvents (Bertran 

et al., 1992; Soriano et al., 2002). Comparison of the •CCl4
−  potential energy surfaces in 

the gas and aqueous phases in Figures 3.5 & 3.6 show that the solvation energy of the 

anion decreased progressively along the reaction coordinate. This indicates that 

dissociation of •CCl4
−  was enhanced by the solvent. 



 
 

100 

 

-1876.44

-1876.41

-1876.38

-1876.35

-1876.32

-1876.29

1 1.5 2 2.5 3 3.5 4

C-C bond (Å)

En
er

gy
 (h

ar
tre

e)
vacuum

water

 

Figure 3.3 Potential energy surfaces for CCl4 in vacuo and in water at MP2 level. 
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Figure 3.4 Potential energy surfaces for CCl4 in vacuo and in water at B3LYP level. 
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Figure 3.5 Potential energy surfaces for •CCl4
−  in vacuo and in water at MP2 level. 
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Figure 3.6 Potential energy surfaces for •CCl4
−  in vacuo and in water at B3LYP level. 
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According the data shown in Figures 3.3 & 3.4 and Figures 3.5 & 3.6, MP2 and 

B3LYP methods gave similar descriptions of the reactant and product for this electron 

transfer reaction. To be straightforward, the following analyses will only apply the 

B3LYP results to elucidate the mechanisms of electron transfer of CCl4 . Both MP2 and 

B3LYP model results for the relationship between the reaction energy and activation 

energy for this electron transfer will be given at the end of the discussion. 

Assuming the electron transfer step is adiabatic, the crossing point of the 

reactant and product potential energy surfaces represents the transition state, and the 

energy difference between the transition state and energy minimum of CCl4  

approximates the activation energy for the electron transfer. Whether CCl4  reduction 

occurs via an inner-sphere or outer-sphere reaction mechanism depends on the overall 

energy change for the reaction (ΔE ). The overall energy changes for reactions 3.1 and 

3.2 depend on the initial energy of the electron, which also determines the relative 

positions of the potential energy surfaces for CCl4  and •CCl4
− . Aqueous phase energy 

surfaces for CCl4  and •CCl4
−  along the reaction coordinate are shown in Figure 3.7 for 

ΔE = 0. The energy of product fragments at infinite separation was obtained by adding 

the energies of Cl−  and •CCl3  in solution using the COSMO method. The CCl4  and 

•CCl4
−  energy surfaces intersect at a C-Cl bond length of 2.3 Å and an activation energy 

of 18.8 kcal/mol is required to reach the transition state. In the •CCl4
−  energy surface, 
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there are no stationary points for bond elongations greater than 2.0 Å. This indicates that 

the •CCl4
−  species is not stable, and that it will fragment into •CCl3 and Cl− . The absence 

of a stable •CCl4
−  species is consistent with an inner-sphere electron transfer mechanism 

where electron transfer and bond breaking are concerted. 
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Figure 3.7 Potential energy surface for the reactants (CCl4 + e−) and products ( •CCl4
−  

or •CCl3 + Cl− ) in water for ΔE= 0 kcal/mol at B3LYP level. 

 

The shape of the •CCl4
−  energy profile in Figure 3.7 indicates that a stable •CCl4

−  

species may form if the electron is transferred when the C-Cl bond length is less than 2.0 

Å. Figure 3.8 shows the energy profiles for CCl4  and •CCl4
−  for an initial electron energy 
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of 21 kcal/mol. Comparison of Figures 3.7 and 3.8 shows that increasing the potential 

energy of the electron from 0 to 21 kcal/mol shifts the crossing point of the product and 

reactant energy surfaces to a shorter C-Cl bond length. Crossing of the energy surfaces at 

a shorter bond length decreases the activation energy for the reaction to 0.61 kcal/mol or 

less, and also changes the reaction from an inner-sphere to an outer-sphere mechanism. A 

similar observation of a change in mechanism with driving force has been reported for 

reduction of aryldialkyl sulfonium cations (Andrieux et al., 1994). 
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Figure3.8 Potential energy profiles for the reactants (CCl4 + e−) and products ( •CCl4
−  

or •CCl3 + Cl− ) in water for ΔE=-21 kcal/mol calculated at the B3LYP level. 
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The data in Figure 3.8 suggest that if electrons with sufficiently high energy are 

available for CCl4 reduction, a stable CCl4
−•  may form, which may then facilitate the 

•
•CCl2 reaction pathway. When only low energy electrons are available, electron transfer 

occurs only when the C-Cl bond length is sufficiently activated. In this case, CCl4
−• is not 

stable and will dissociate into CCl3
• + Cl− , which favors the pathway leading to CHCl3  

production. 

Further insight into the nature of the electron transfer reaction can be gained 

from changes in the charge distribution on •CCl4
−  as the bond breaking process occurs. 

Figure 3.9 shows the partial atomic charges for the atoms in •CCl4
−  as a function of the C-

Cl bond distance. For a C-Cl bond length of 1.75 Å, the charge on the breakaway Cl  

atom was only -0.065 while the charge on the other Cl  atoms was -0.32. This can be 

attributed to the C-Cl bond length of 1.75 Å being shorter than the bond lengths for the 

three other C-Cl bonds. As the C-Cl bond length was increased, more of the excess 

charge was transferred to the breakaway Cl atom. By the time the C-Cl bond length 

reached 3.0 Å, the breakaway Cl atom carried almost all the negative charge. This 

indicates that the extra electron was gradually transferred from a diffuse orbital to a σ*
CCl 

orbital during the dissociation process. 
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Figure 3.9 Mulliken charge of the breakaway Cl atom in solvated •CCl4
−  at the 

B3LYP level. 

 

The applicability of the empirical Marcus-Hush model (Marcus, 1977) for 

describing the relationship between the activation and overall reaction energies can be 

evaluated from the data used to produce Figures 3.7 and 3.8. Although Marcus-Hush 

theory is not strictly applicable to inner-sphere electron transfer reactions, after some 

modifications (Marcus, 1977; Saveant, 1987) it has been found to be applicable to the 

electrochemical reduction of aliphatic halides (Andrieux et al., 1992; Bertran et al., 1992). 

After modification, the Marcus-Hush model can be expressed as: 

Ea = Ea
o 1+

ΔE
4Ea

o

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

     (3.3) 
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where Ea
o  is the activation energy at equilibrium where ΔE = 0 . Activation energies 

calculated from equation 3 are shown in Table 3.4 along with simulation results in Figure 

3.10. Reasonable agreement between Marcus-Hush theory and the ab initio results 

indicates that the model is valid even for inner-sphere electron transfer to CCl4 , at least 

for driving forces ranging from –20 to +20 kcal/mol. 

 

Table 3.4 Comparison of ab initio and empirical Marcus-Hush model results for 

relating the activation energy to the overall reaction energy. 

Reaction 

energy 

Empirical 

model1 

MP2 

calculation

Empirical 

model2 

B3LYP 

calculation

-20 11.915 10.434 9.202 6.677 

-10 16.010 15.100 13.148 12.263 

0 20.708 20.708 17.797 17.797 

10 26.010 25.499 23.148 22.437 

20 31.915 31.608 29.201 28.027 

Activation energy and driving force in kcal/mol 

1 based on the MP2 calculated value of ΔE. 

2 based on the B3LYP calculated value of ΔE. 
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Results from these simulations appear to corroborate experimental evidence 

showing that the products of CCl4  reduction depend on the energy of the electrons 

involved in the reaction. Balko and Tratnyek reported that reduction of CCl4  via 

photogenerated electrons in the oxide coating iron metal produced a different product 

distribution than was observed for reaction in the dark (Balko and Tratnyek, 1998). They 

proposed that reduction by higher energy electrons in the oxide film favored the 2CCl•
•  

pathway over the CHCl3  producing pathway. 
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Figure 3.10 The relationship between the activation energy and the overall reaction 

energy calculated at B3LYP and MP2 levels. 

In most permeable barrier remedial systems, corroding iron is used as the 



 
 

109 

 

reducing agent. The potential energies of electrons in corroding iron depend on the rate of 

corrosion (Bockris and Reddy, 1970), which depends on the overall concentration of 

oxidants in the system, and on the nature of the oxides coating the iron surface. Thus, the 

overall reaction energies associated with CCl4  reduction in iron remedial systems is 

unknown, and likely varies over time. However, it is possible to estimate reaction 

energies for CCl4  reduction by iron cathodes. Two studies of CCl4  reduction by nearly 

oxide-free iron cathodes reported activation energies for CCl4  reduction between 10 and 

16 kcal/mol (Li and Farrell, 2001; Scherer et al., 1997). The data in Figure 3.10 indicate 

that activation energies that are greater than 10 kcal/mol correspond to reaction energies 

that are less exergonic than -21 kcal/mol. As indicated by the data in Figure 3.7, reaction 

energies less exergonic than -21 kcal/mol are not sufficiently energetic for promoting 

outer-sphere electron transfer. This indicates that CCl4  reduction by iron electrodes must 

occur via the inner-sphere, concerted electron transfer mechanism. Experiments with iron 

cathodes were conducted at potentials below those associated with freely corroding iron. 

Thus, the higher free corrosion potentials associated with corroding iron systems will 

result in reaction energies that are less exergonic than those on iron cathodes. This 

indicates that the concerted mechanism, favoring CHCl3  production, should also 

predominate for CCl4  reduction by corroding iron. 

The fact that CCl4  reduction by corroding iron and iron oxides often occurs via 
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pathways other than the hydrogenolysis pathway suggests that the •
•CCl2 pathway may be 

surface catalyzed. Recently, McCormick and Adriaens presented evidence that the 

pathway producing CH4  from reduction of CCl4  by magnetite is surface catalyzed in that 

chlorinated carbene and carbanion intermediates are stabilized by interactions with 

surface cations (McCormick and Adriaens, 2004). There is substantial experimental 

evidence that oxides do affect the CCl4  reduction pathway at iron surfaces. Magnetite 

coated iron cathodes were found to yield near stoichiometric production of CH4  without 

intermediate production of CHCl3  (Li and Farrell, 2000). In contrast, on iron surfaces 

with minimal oxide coatings, such as polished iron cathodes (Li and Farrell, 2001; 

Scherer et al., 1997) and acid washed filings (McCormick and Adriaens, 2004), near 

stoichiometric production of CHCl3  has been observed from CCl4  reduction. 
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CHAPTER 4 ADSORPTION OF TRICHLOROETHYLENE AND 

TETRACHLOROETHYLENE ON IRON SURFACE 

4.1 Introduction 

The common practice of using zero valent iron as a reactive medium for treating 

solvent contaminated groundwater has promoted considerable research into the reactions 

of chlorinated solvents with iron metal. Reductive dechlorination of chlorinated solvents 

by iron was first reported by Sweeny (Sweeny, 1980). Later, Gillham and others proposed 

exploiting these reactions for in situ remediation of groundwater contaminated by 

chlorinated solvents (Campbell et al., 1997; Gillham and Ohannesin, 1994; Liang et al., 

1997; Orth and Gillham, 1996). Although reaction rates and reaction byproducts of most 

one- and two-carbon chlorinated compounds with iron filings have been measured, little 

is known about the reaction mechanisms. 

Chloroalkane dechlorination has been observed to produce stable intermediates 

containing one fewer Cl atoms than the parent compound (Matheson and Tratnyek, 1994; 

Tratnyek et al., 1997). For reduction of carbon tetrachloride to chloroform, prior 

investigators reported that the reaction mechanism involves the outer-sphere transfer of 

electrons to a carbon tetrachloride molecule physically adsorbed at the iron surface (Li 

and Farrell, 2001). In outer-sphere electron transfer reactions, reduction occurs via 

electron tunneling and no bonds between the surface and the oxidant are formed (Bockris 
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and Reddy, 1970). The weak nature of physical adsorption results in only short-term 

contact between the reactant and the surface, allowing desorption to occur quickly after 

only one Cl atom has been removed. 

In contrast to the sequential dechlorination observed for chloroalkanes, 

reduction of chloroalkenes produces only trace quantities of chlorinated intermediates 

(Campbell et al., 1997; Liang et al., 1997; Orth and Gillham, 1996; Tratnyek et al., 1997). 

The near absence of chlorinated intermediates between TCE and ethene was first 

observed by Orth and Gillham (Orth and Gillham, 1996) who proposed that strong 

interactions between the pi-electrons in TCE and the iron facilitated a sufficiently long 

association with the surface to allow 6 or 8 electron transfer before desorption occurs. In 

contrast to the pi-interactions proposed by Orth and Gillham, Arnold and Roberts 

proposed chloroethenes form di-sigma C-Fe bonds with the iron surface (Arnold and 

Roberts, 2000). These hypotheses that chemical adsorption may be involved in 

choroalkene reduction are consistent with data showing that reduction rates of TCE are 

not controlled by an outer-sphere electron transfer reaction (Li and Farrell, 2001). Other 

indirect evidence for a catalytic role of the iron surface in chloroalkene reduction is the 

observation that alkyl halides, such as 1,2-dichloroethane, are much less reactive than 

vinyl halides, such as 1,2-dichloroethene, despite having a more positive reduction 

potential for a one and two electron reduction (Arnold and Roberts, 2000). Although 
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there is some indirect evidence, actual chemisorption of chloroalkenes may be difficult to 

confirm using spectroscopic methods due to the fact that reactions with the iron metal 

occur beneath the oxide layer coating the iron surfaces (Wang and Farrell, 2003). This 

difficulty makes quantum mechanical modeling approaches attractive for studying the 

importance of surface bound intermediates in dechlorination reactions. 

Density functional theory (DFT) is a quantum mechanical modeling approach 

based on expressing the total energy of a system as a functional of the electron density 

(Hohenberg and Kohn, 1964; Kohn and Sham, 1965; Thomas, 1927). The accuracy of the 

results from DFT is comparable with correlated molecular orbital methods, but require 

substantially less computational effort (Wimmer, 1996). Because of its computational 

advantages, DFT has evolved as the most important quantum mechanical approach in 

solid-state physics (Politzer et al., 1993; Wimmer, 1996), and can handle large, periodic 

systems that are intractable by correlated molecular orbital methods (Politzer et al., 1993; 

Wimmer, 1996).  

In this chapter, the thermodynamic favorability and resulting structures for 

chemisorption of TCE and PCE to iron surfaces have been determined. A more thorough 

understanding of the mechanisms controlling reductive dechlorination may help to 

resolve some apparent contradictions in the literature, and may aid in the development of 

more effective reduction catalysts. Towards that end, DFT calculations will be performed 
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to investigate the possible binding modes of TCE and PCE to iron surfaces. 

 

 

4.2 Computational Methods 

A periodic approach was used in this study (Minot and Markovits, 1998). The 

iron was modeled by a periodic four-layer slab with an 8.6 by 5.7 Å top surface that was 

generated by cutting a body-centered cubic (bcc) iron crystal through its (100) plane. 

Simulations performed on the (110) or (111) crystal planes did not yield chemisorbed 

structures. The absence of chemisorption for the two carbon compounds on the (110) and 

(111) planes of iron has previously been attributed to either too close or too distant 

spacing between adjacent iron atoms to accommodate di-sigma bond formation 

(Anderson and Mehandru, 1984). In order to prevent interactions between the adsorbate 

molecule and the image of the surface, the slab was separated from its image in the z 

direction by a vacuum space. The Fe(100) surface was relaxed by an optimization 

calculation in which the top two layers of iron atoms were flexible while the bottom two 

layers were held rigid. This resulted in Fe-Fe distances of 2.610 Å in the surface layer, 

2.629 Å in the second layer and 2.482 Å in the third and fourth layers. 

DFT calculations were performed using the DMol3 (Delley, 1990) package in 
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the Accelrys Materials Studio modeling suite (Accelrys, 2001) using a personal computer 

operating with a 2.8 GHz Pentium II processor. All simulations used double-numeric with 

polarization (DNP) basis sets (Delley, 1990; Delley, 1996) and the non-local Perdew-

Burke-Enzerhof (PBE) (Hammer et al., 1999; Perdew et al., 1996; Zhang and Yang, 1998) 

functional for exchange and correlation. The nuclei and core electrons were described by 

DFT semi-local pseudopotentials (Delley, 2002) and the Brillouin-zone integrations were 

performed on a 2×3×1 Monkhorst-Pack (Monkhorst and Pack, 1976) grid of k-points for 

the periodic structures. The transition state search was performed using the quadratic 

synchronous transit (QST) method (Accelrys, 2001). 

The optimized surface structure and minimum energy adsorption structure is 

verified by frequency calculation. The imaginary frequencies with values smaller than 10 

cm-1 are considered negligible within the accuracy of the method (Barbosa et al., 2002). 

The transition state is found to represent the correct transition state through a vibrational 

analysis of correct negative frequency behavior. More than one imaginary frequency for 

the transition state is due to the structural constraints on the bottom two layers of iron 

atoms for the optimized calculation. 

Less work has been done to investigate the effect of spin polarization on the 

adsorption on iron surfaces. Both unrestricted calculations and restricted calculations 

were performed for the most stable structure. The structure obtained by restricted 
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calculation is almost the same as the one obtained by unrestricted calculation, and the 

energy of unrestricted structure is slightly lower than that of the restricted structure. The 

restricted approach was used for all calculations since spin polarization was found to be 

insignificant from the above test. This allows the calculations to be done more 

economically while still providing relevant results. 

 

 

4.3 Properties of TCE and PCE Molecules 

Geometry optimizations and vibrational frequency analyses were performed on 

gas phase TCE and PCE molecules to verify applicability of the PBE functional for this 

system and to generate an initial structure for TCE and PCE. Vibrational frequencies 

were calculated using the harmonic approximation and corrected for anharmonicity using 

scaling factors (NIST, 2005). Scaling factor of 0.9725 for TCE and 1.0311 for PCE were 

used to correct the harmonic oscillator frequencies for anharmonicity. Table 4.1 

summarizes the optimized geometry parameters and Table 4.2 lists vibrational 

frequencies for the gas phase TCE and PCE molecules shown in Figure 4.1 & Figure 4.2 

and compares them to experimental results. The calculated results are in good agreement 

with experimental values for both the geometry parameters and vibrational frequencies. 
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Table 4.1 Comparison of experimental and calculated geometry parameters for TCE 

and PCE molecules in the gas phase.  

Parameters(unit: 

Å) 

Calculated 

TCE 

Experimental

TCE (1) 

Calculated 

PCE 

Experimental 

PCE (2) 

C(1)–C(2)  1.342 1.337 1.355 1.354 

C(1)–Cl(1)  1.717 1.713 1.719 1.718 

C(1)–Cl(2)  1.730 1.720 1.719 1.718 

C(2)–Cl(3)  1.715 1.713 1.719 1.718 

C–H / C(2)–

Cl(4) 

1.086 1.080 1.719 1.718 

(1) (Kisiel and Pszczolkowski, 1996), (2) (Hellwege and Hellwege, 1976) 
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Table 4.2 Comparison of experimental and scaled calculated vibrational frequencies 

for TCE and PCE molecules in gas phase. 

Calculated TCE 

frequencies (cm-

1) 

Experimental 

TCE 

frequencies (1) 

Calculated PCE 

frequencies 

Experimental 

PCE 

frequencies (2) 

203.5 215.0 74.8 110.0 

436.9 451.0 182.2 176.0 

788.8 780.0 236.2 237.0 

165.9 178.0 239.8 288.0 

260.63 277.0 315.3 310.0 

368.6 384.0 338.8 347.0 

594.1 630.0 442.4 447.0 

810.8 840.0 514.7 512.0 

886.2 931.0 763.0 777.0 

1248.9 1247.0 878.2 908.0 

1512.0 1586.0 963.6 1000.0 

3148.0 3082.0 1624.5 1571.0 

(1) (Kisiel and Pszczolkowski, 1996) 

(2) (Shimanouchi, 2005) 
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Figure 4.1 Structure for gas phase TCE. 

 

 

Figure 4.2 Structure for gas phase PCE. 
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4.4 TCE Adsorption on Fe (100) 

Four different configurations for physically adsorbed TCE that were used as 

initial structures in the DFT calculations are shown in Figure 4.3. Three of the initial 

configurations placed the plane of the TCE molecule parallel to the Fe (100) surface at 

bridge, top and hollow sites. In the fourth initial structure, the plane of the TCE molecule 

was perpendicular to the Fe(100) surface with two Cl atoms at bridge sites between 

adjacent Fe atoms. 
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A: carbon bridge       B: top 

   

C: hollow       D: chorine bridge 

Figure 4.3 Initial configurations for physically adsorbed TCE. 
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4.4.1 Screening Different Modes for Chemisorption of TCE on Fe(100) 

Surface 

 

Table 4.3 Equilibrium bond lengths (Å) and bond angles (°) for gas phase and 

chemically adsorbed TCE, also physically absorbed and transition state of TCE at C-

bridge site. 

Mode C(1)-
Cl(1) 

C(1)-
Cl(2) 

C(2)-
Cl(3) 

C(2)-H C(1)-C(2) ∠HC(2)C(1) 

gas phase TCE 1.717 1.730 1.715 1.086 1.342 120.9 

C-bridge 3.332 3.262 3.418 1.082 1.299 150.7 

Top 3.929 3.899 1.835 1.092 1.348 128.1 

hollow 1.973 3.387 3.733 1.113 1.355 111.7 

Cl-bridge 3.565 1.649 3.725 1.076 1.236 172.6 

physical C-
bridge  

1.769 1.769 1.790 1.091 1.359 121.5 

transition C-
bridge  

2.168 2.169 2.238 1.099 1.305 129.7 
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Table 4.4 Equilibrium C-Fe and Cl-Fe bonds lengths (Å) for surface complexs formed by adsorption of TCE to the iron 

surface. 

Mode C(1)-Fe -1 C(1)-Fe -2 C(2)-Fe -1 C(2)-Fe -2 Cl(1)-Fe-1 Cl(1)-Fe-2 Cl(2)-Fe-1 Cl(2)-Fe-2 Cl(3)-Fe-1 Cl(3)-Fe-2 

C-bridge 1.895 2.063 2.036 3.173 2.256 2.566 2.243 3.561 2.350 2.398 

top 1.943 1.976 2.996 3.150 2.362 2.365 2.369 2.375 3.975 4.856 

hollow 2.947 3.210 2.035 2.212 2.322 3.691 2.285 2.519 2.367 2.367 

Cl-bridge 5.695 5.737 5.156 5.728 2.244 3.630 6.132 6.706 2.379 2.399 

physical C-
bridge  

4.822  4.806  4.901  4.819  5.013  

transition C-
bridge  

3.943  4.048  4.247  4.135  4.278  
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Figure 4.4a shows the structure resulting from chemical adsorption of TCE at 

the C-bridge site. Both carbon atoms with sp2 hybridization have formed sigma bonds 

with the iron surface; one carbon atom bonds with two iron atoms and the other carbon 

atom bonds with only one iron atom. The overlap in electrostatic potential between the C 

and Fe atoms illustrated in Figure 4.4b is indicative of C-Fe bond formation. As indicated 

in Table 4.4, the C-Fe bond distances of 1.895 ~ 2.063 Å are close to the value of 1.991 Å 

measured for ethene complexes with metallic iron (Lide, 2004). Upon chemisorption at 

the bridge site, the C=C bond length decreased from 1.343 Å to 1.299 Å and the ∠HCC 

bond angle increased from 120.9° to 150.7°. These bond parameters are intermediates 

between those for double and triple bonds, which suggests that the double bond will 

convert to a triple bond upon complete scission of the three C-Cl bonds. 

Complex formation also resulted in elongation of all three C-Cl bonds, from 

~1.7 Å to ~3.3 Å. This degree of bond elongation indicates that all three Cl atoms are 

nearly dissociated from the C atoms. The electrostatic potential diagram in Figure 4.4b 

illustrates there was very little overlap in electrostatic potential between the C and Cl 

atoms. However, there was considerable overlap in potential between Fe atoms and all 

three Cl atoms, as illustrated in Figures 4.4b, c and d. The Fe-Cl bond lengths of ~2.3 Å 

were also close to the value of 2.31 Å observed in crystalline FeCl3 (Young, 1996), which 

is consistent with chemical bond formation between the Fe and Cl atoms. 
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Figure 4.5a shows the final structure resulting from chemical adsorption of TCE 

at the top site. Chemisorption at the top site resulted in a sigma bonded complex between 

one C and two different Fe atoms. The C(1)-Fe bond lengths of 1.943 and 1.976 Å are 

very close to the value of 1.991 Å measured for ethene-iron complexes (Lide, 2004). In 

contrast to complex formation at the bridge site where all three C-Cl bonds became 

activated, only two C-Cl bonds on the C atom nearest the surface became elongated in the 

top site chemisorption structure. However, the C-Cl bond elongation shown in Table 4.3 

was ~0.6 Å greater in the top conformation as compared to the bridge structure. This 

indicates a more complete breakage of the C-Cl bonds in the top structure. Near complete 

breakage of two C-Cl bonds combined with formation of two C-Fe bonds resulted in 

maintaining the bond order of the C=C bond and forming a planar structure CHClCFe2. 

As seen in Table 4.3, the ∠HCC bond angle of 128.1° and the C=C bond length of 1.348 

Å are only slightly increased over their values of 120.9° and 1.343 Å in gas phase TCE. 

This indicates there was little change in bond order for the C=C bond. The electrostatic 

potential diagrams Figure 4.3c and d show overlap in electrostatic potential between Cl(1) 

and Cl(2) and surface Fe atoms, which indicates the formation of Cl-Fe bonds. The 

formation of Cl-Fe bonds are also indicated by the Cl(1)-Fe and Cl(2)-Fe bonds lengths 

are ~2.3 Å, which is close to the experimental Fe-Cl bond length. 

Figure 4.6 shows the complex that forms with TCE physically adsorbed at the 
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hollow site in a plane parallel to the surface. In this complex, the C=C bond length 

increased from 1.343 to 1.355 Å, and the ∠HCC bond angle decreased by 9° as compared 

to gas phase TCE. These small changes indicate that the carbon atoms largely retained 

their sp2 hybridization after complex formation. As illustrated in Figure 4.6b, complex 

formation also resulted in the formation of two bonds between C(2) and adjacent Fe 

atoms with bond lengths of 2.035 and 2.212Å. The C-Cl bond length increases shown in 

in Table 4.3 indicate there was near complete breakage of the C(1)-Cl(2) and C(2)-Cl(3) 

bonds, but only a small activation of the C(1)-Cl(1) bond. As seen in Figure 4.6b, overlap 

in electrostatic potential between Cl(2) and two Fe atoms indicates the formation of 

Cl(2)-Fe bonds. Two Cl-Fe bond lengths were 2.285 Å and 2.519 Å. Overlap of 

electrostatic potential between Cl(3) and two Fe atoms indicates that Cl(3) also bound 

with two Fe atoms with bond lengths of 2.379 Å and 2.399 Å. Different from Cl(3) and 

Cl(2), still binding with C atom, Cl(1) interacted with only one Fe atom with a bond 

length of 2.244 Å. 

Figure 4.7 shows the complex that forms from TCE physically adsorbed at the 

Cl-bridge site. In this complex, both Cl(1) and Cl(3) formed bonds with two adjacent Fe 

atoms with bond lengths of 2.244 Å,3.630 Å, 2.379 Å and 2.399 Å, respectively. This is 

also illustrated by the overlap in electrostatic potential between Cl atoms and Fe atoms 

shown in Figure 4.7b. The C(1)-Cl(1) and C(2)-Cl(3) bonds were completely broken with 
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bond elongations ranging from 1.85 to 2.01 Å. In contrast to the other complexes, no C-

Fe bonds were formed. Near complete scission of two C-Cl bonds resulted in an increase 

in bond order for the C=C bond. The C(1)-Cl(2) bond length decreased from 1.733 to 

1.649 Å, which was almost the same as 1.647 Å for the C-Cl bond length in the C2Cl2 

molecule (NIST, 2005), and the C(2)-H bond length decreased from 1.088 to 1.076 Å, 

which was almost same as the 1.074 Å for the C-H bond length in the C2H2 molecule 

(NIST, 2005). As shown in Table 1, the C=C bond length decreased from 1.343 to 1.236 

Å, which is a value very close to the C≡C bond length, 1.22 Å, in the C2H2 molecule 

(NIST, 2005). The ∠HCC bond angle increased from 120.9 to 172.6° and is also 

consistent with transitioning from a double to a triple bond. 
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Figure 4.4 Structure and electrostatic potential for TCE adsorbed at the C-bridge site. 

a: structure; b, c, d: electrostatic potential diagrams for C, Cl and Fe atoms 
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Figure 4.5 Structure and electrostatic potential for TCE adsorbed at the C-top site. 

a: structure; b, c, d: electrostatic potential diagrams for C, Cl and Fe atoms 
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Figure 4.6 Structure and electrostatic potential for TCE adsorbed at the C-hollow site. 

a: structure; b, c: electrostatic potential diagrams for C, Cl and Fe atoms 
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Figure 4.7 Structure and electrostatic potential for TCE adsorbed at the Cl-bridge site. 

a: structure; b: electrostatic potential diagrams for C, Cl and Fe atoms 
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The binding energies for TCE to the iron surface can be determined from the 

energy differences between the chemisorbed complexes and the isolated adsorbent and 

gas phase TCE. Table 4.5 lists the complexes’ binding energies for each mode. The large 

negative values for the binding energies indicate that chemisorption of TCE on the iron 

surface was highly exothermic. The most exothermic binding energy for the C-bridge 

structure is consistent with the near complete scission of all three C-Cl bonds and the 

formation of three Fe-Cl bonds. The Cl-bridge was the least energetically favorable 

adsorption structure since there were no interactions between the C and Fe atoms. 

 

Table 4.5 Binding Energies Calculated for Chemical Adsorption of TCE. 

Mode Binding Energy (kJ/mol)

C-bridge -691 

top -604 

hollow -522 

Cl-bridge -370 

 

The Mulliken charges were also calculated to gain more insight of the reductive 

dissociation of TCE during the adsorption. The Mulliken charges for atoms in TCE in the 

adsorption complexes are shown in Table 4.6. The charges of Cl atoms became negative 
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as the Cl atoms break away from the TCE molecule and form bonds with Fe atoms. The 

more the C-Cl bonds dissociated and the Cl-Fe bonds formed, the more negative became 

the charge on the Cl atoms. Only Cl(2) in the Cl-bridge adsorption complex retained a 

positive value, because Cl(2) was still bound with the C(1) atom and did not form a bond 

with any Fe atom. The net charges of TCE were calculated by summing Mulliken charges 

of all atoms in the TCE molecule. The negative net TCE charge indicates that the 

chemisorption is accompanied by reduction of TCE on the iron surface. 

 

Table 4.6 Mulliken charges of atoms in the adsorbed TCE molecule for different 

modes. 

 Free TCE C-
bridge 

C-top C-hollow Cl-bridge C-bridge trans C-bridge 
physi 

C(1) -0.037 0.042 -0.006 -0.043 -0.009 -0.032 -0.110 

C(2) -0.105 -0.023 -0.057 -0.236 -0.088 -0.143 -0.121 

Cl(1) 0.037 -0.137 -0.178 -0.048 -0.219 -0.103 0.014 

Cl(2) 0.022 -0.146 -0.181 -0.160 0.043 -0.099 0.010 

Cl(3) -0.009 -0.176 -0.070 -0.172 -0.237 -0.191 -0.065 

H 0.093 0.114 0.144 0.192 0.138 0.144 0.131 

TCE 0 -0.326 -0.348 -0.467 -0.372 -0.424 -0.141 
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4.4.2 Effect of Structure Size on Equilibrium Adsorption Structure 

To verify that the periodic approach and the periodic structure model used 

above are appropriate to investigate this system, more calculations applying clusters 

which included more Fe atoms have also been performed. Due to the limit of 

computational ability, the periodic structures used before included only six Fe atoms in 

each layer. To validate the efficiency of the periodic structure size, large systems were 

employed for cluster calculations. Since optimization calculations applying the PBE 

functional are infeasible for large systems, the Harris functional was employed for cluster 

calculations to obtain optimized geometries for the most energetically favorable mode, 

adsorption at C-bridge site. The metal clusters were built according to lattice parameters 

of the unrelaxed Fe(100)periodic structures. For a small cluster, all Fe atoms are fixed, 

while for medium and large clusters, Fe atoms in the first two layers are relaxed. Figures 

8,9,10 and 11 show the optimized structures for adsorption complexes with the Harris 

functional for small, medium, uncharged large clusters, in addition to the charged large 

cluster, respectively. All cluster simulations obtained similar surface complexes compared 

to that simulated by the periodic calculation in which the C-C bond tilted to iron surface 

and three C-Cl bonds were nearly broken. Carbon atoms also formed bonds with iron 

atoms with bond lengths of 1.7~ 1.8 Å, which was very close to the periodic simulation 

results, considering the slight underestimation of bond lengths by the Harris functional. 
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Results from the small cluster and large cluster are almost the same, which means the size 

of the periodic structure in this work is large enough to correctly model structural 

adsorption phenomena. Comparison of Figures 4.10 and 4.11 indicates the charged 

environment did not change the equilibrium surface complex formed by adsorption of 

TCE on iron surface much. 

 

 

Figure 4.8 Equilibrium structure for TCE adsorbed on the Fe (100) surface at the C-

bridge site simulated with a small cluster. 
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Figure 4.9 Equilibrium structure for TCE adsorbed on the Fe (100) surface at the C-

bridge site simulated with a medium cluster. 

 

 

 

Figure 4.10 Equilibrium structure for TCE adsorbed on the Fe (100) surface at the C-

bridge site simulated with a large cluster with a net charge of zero. 
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Figure 4.11 Equilibrium structure for TCE adsorbed on the Fe (100) surface at the C-

bridge site simulated with a large cluster with a net charge of –3.  

 

4.4.3 Transition State for C-bridge adsorption  

The transition state between physically and chemically adsorbed TCE on the 

carbon bridge site was determined for the most energetically favorable adsorption mode. 

The transition state for the C-bridge complex is compared to the optimized structure for 

physically adsorbed TCE in Figure 4.12. As shown in Table 4.3, all three C-Cl bonds 

were activated in the transition state, which had an activation energy of 49 kJ/mol. 

Activation of all C-Cl bonds in the transition state is consistent with the final complex 

where all three C-Cl bonds are essentially broken. During the adsorption, with C-Cl bond 
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dissociations, the molecule moved toward the iron surface. The small activation energy 

and early transition state indicate that the dissociation reaction could have a fast reaction 

rate. Comparing the Mulliken charge of Cl atoms in the physical adsorption complex, 

transition state and chemical adsorption complex shown in Table 4.6, the charges of Cl 

atoms decreased along the reaction coordinate. As the adsorption progresses, the Cl atom 

becomes more negative. 

 

 

Figure 4.12 Physically adsorbed TCE on Fe(100) surface at the C-bridge site. 
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Figure 4.13 Transition state structure for chemically absorbed TCE on Fe(100) surface 

at the C-bridge site. 

 

For all four TCE complexes, changes in the C=C bond lengths and the HCC 

bond angles are consistent with maintaining the C=C double bond or transitioning to a 

C≡C triple bond. This behavior contrasts with that observed for TCE complexes on noble 

metal catalysts. For example, on Pd catalysts, TCE chemisorption elongates the C=C 

bond by 0.12 Å to a distance that is intermediate between a single and double bond 

(Sriwatanapongse et al., 2001); while on Pt catalysts, the C=C bond length increases from 

1.34 to 1.54 Å, which is the average bond length for a C-C bond (Grassian and Pimentel, 

1988). 
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The reversal of the C=C bond order changes with iron versus noble metal 

catalysts is consistent with the greater degree of molecular fragmentation observed for the 

TCE complexes with iron. The C-Cl bond elongations of more than 1.5 Å in the iron 

complexes were much greater than those calculated for TCE chemisorption on Pd alloys 

(Barbosa et al., 2002), but are consistent with those calculated for TCE reactions with an 

Fe(II)-bearing clay mineral, where a maximum elongation of 1.6 Å was observed 

(Teppen et al., 2002). The greater degree of molecular fragmentation resulting from the 

chemisorption reaction on iron as compared to noble metals may be attributed to the fact 

that in addition to catalyzing the reduction reactions, the iron also serves as an electron 

donor. Because of the higher electronic chemical potential (James and Lord, 1992) of Fe 

(-4.02 eV), as compared to a noble metal, such as Pd (-4.75 eV), equalization of the 

electronic chemical potential between the adsorbate and the metal would result in greater 

charge transfer for the iron complexes as compared to the noble metals (Crispin et al., 

1999). DFT calculations of di-sigma TCE complexes on a Pd-Cu alloy show that the 

maximum activation in the C-Cl bonds is only 0.17 Å, and that the three Cl atoms are 

removed sequentially. This modeling result is consistent with the experimental 

observation that significant amounts of dichloroethene and vinyl chloride are produced 

from TCE reactions with Pd catalysts (Lowry and Reinhard, 2001). 

The modeling results support the prior hypotheses that chemical adsorption is 
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involved in reductive dechlorination of TCE on iron surfaces. Chemical adsorption 

catalyzes the reactions and may explain why reaction rates for reduction of chloroethenes 

are greater than those predicted by linear free energy relationships based on data for 

chloroalkanes (Liu et al., 2000). The chemisorbed structures observed in this study are 

consistent with the observed reaction products. Activation of all C-Cl bonds to their 

breaking points in sigma bonded TCE structures is consistent with completely 

dechlorinated reaction products that have been observed in most studies (Campbell et al., 

1997; Li and Farrell, 2001; Orth and Gillham, 1996; Roberts et al., 1996; Tratnyek et al., 

1997). Activation of two C-Cl bonds on C atoms in the top and hollow sites is consistent 

with observations that trace levels of mono- and di-chloroacetylene are formed from 

reduction of TCE, respectively (Arnold and Roberts, 2000). Activation of multiple C-Cl 

bonds upon chemisorption suggests that the hydrogenolysis pathway that yields products 

containing 1 fewer Cl atoms than the parent compound (Liang et al., 1997; Schreier and 

Reinhard, 1994; Wust et al., 1999) may result from a mechanism involving reduction by 

Fe(II)-containing oxides or uncatalyzed electron tunneling reactions. Mechanisms 

producing slower reacting chlorinated intermediates may therefore become increasingly 

important over time as oxide buildup decreases chloroethene access to the zerovalent iron 

surface. 
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4.5 PCE Adsorption on Fe (100) 

Figure 4.14 shows the four different configurations for physically adsorbed 

TCE that were used as initial structures in the DFT calculations. Three of the initial 

configurations placed the plane of the PCE molecule parallel to the Fe (100) surface at 

bridge, top and hollow sites. In the fourth initial structure, the plane of the PCE molecule 

was perpendicular to the Fe(100) surface with two Cl atoms at bridge sites between 

adjacent Fe atoms. 



 
 

146 

 

    

A: carbon bridge      B: top 

 

    

C: hollow      D: chlorine bridge 

Figure 4.14 Initial configurations for physically adsorbed TCE. 
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4.5.1 Screening Different Modes for Chemisorption of PCE on the Fe(100) 

Surface 

Table 4.7 Equilibrium bond lengths (Å) and bond angles (°) for gas phase and 

chemically adsorbed PCE. 

Mode C(1)-
Cl(1) 

C(1)-
Cl(2) 

C(2)-
Cl(3) 

C(2)-
Cl(4) 

C(1)-C(2) 

gas phase TCE 1.719 1.719 1.719 1.719 1.355 

C-bridge 3.259 2.752 2.915 3.530 1.316 

top 3.702 2.911 2.851 3.105 1.319 

hollow 3.586 3.229 3.444 3.563 1.354 

Cl-bridge 1.665 3.880 1.657 3.941 1.243 
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Table 4.8 Also listed are the geometry parameters for PCE physically adsorbed at the C-bridge site and for the transition 

state for the C-bridge site. 

Mode C(1)-Fe -1 C(1)-Fe -2 C(2)-Fe -1 C(2)-Fe -2 Cl(1)-Fe-1 Cl(1)-Fe-2 Cl(2)-Fe-1 Cl(2)-Fe-2 Cl(3)-Fe-1 Cl(3)-Fe-2 Cl(4)-Fe-1 Cl(4)-Fe-2 

C-bridge 1.963 3.157 1.869 2.116 2.326 2.369 2.300 3.445 2.326 3.437 2.339 2.421 

top 1.952 3.127 1.857 2.117 2.327 2.356 2.387 2.458 2.395 2.531 2.345 2.388 

hollow 1.883 2.106 1.883 2.135 2.325 2.346 2.307 3.626 2.316 2.490 2.309 2.401 

Cl-bridge 6.039 7.071 5.648 6.225 6.048 7.071 2.240 3.428 5.680 5.895 2.393 2.368 

physical 
C-bridge  

            

transition 
C-bridge  
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Figure 4.15a shows the structure resulting from chemical adsorption of PCE at 

the C-bridge site, which is similar to the complex formed by adsorption of TCE at the C-

bridge site. Both carbon atoms still have sp2 hybridization and have formed sigma bonds 

with the iron surface; one carbon atom bonds with two iron atoms and the other carbon 

atom bonds with only one iron atom. The overlap in electrostatic potential between the C 

and Fe atoms illustrated in Figure 4.15b is indicative of C-Fe bond formation. The C-Fe 

bond distances of 1.869 ~ 2.116 Å are close to the value of 1.991 Å measured for ethene 

complexes with metallic iron (Lide, 2004). Similar to interaction of TCE with the iron 

surface at the bridge site, the C=C bond is tilted towards the iron surface. The C=C bond 

length is decreased from 1.345 Å to 1.316 Å, which is a intermediate between a double 

and triple bond, and suggests that the double bond will convert to a triple bond upon 

complete scission of the four C-Cl bonds. 

Complex formation also resulted in elongation of all four C-Cl bonds from ~1.0 

Å to ~1.8 Å, which means all four Cl atoms are nearly dissociated from the C atoms. The 

electrostatic potential analysis indicates that there was very little overlap in electrostatic 

potential between the C and Cl atoms. However, there was considerable overlap in 

potential between Fe atoms and all three Cl atoms, as illustrated in Figures 4.15 c, d, e, f. 

Cl(1) and Cl(4) bound with two surface Fe atoms each, while the other two Cl atoms 

formed bonds with only one Fe atoms. The Fe-Cl bond lengths of ~2.3 Å were close to 
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the value of 2.31 Å observed in crystalline FeCl3 (Young, 1996), which is consistent with 

chemical bond formation between the Fe and Cl atoms. 

Figure 4.16a shows the final structure resulting from chemical adsorption of 

PCE at the top site. Unlike adsorption of TCE, the complex formed by chemisorption of 

PCE at the top site is very similar to the complex formed by chemisorption of PCE at the 

C-bridge site. Interaction of PCE with the iron surface at the top site resulted in formation 

of sigma bonds between two different C and two different Fe atoms, as illustrated in 

Figure 4.16a. The C(1)-Fe bond length of 1.952 and the C(2)-Fe bond lengths of 1.857 Å 

and 2.117 Å are very close to the value of 1.991 Å measured for ethene-iron complexes 

(Lide, 2004). The overlap in the electrostatic potential diagram shown in Figure 4.16b 

also indicated the formation of C-Fe bonds. Like the complex formed at the bridge site, 

all four C-Cl bonds became activated in the top site structure as well. The elongations of 

C-Cl bonds were from 1.1 Å to 2.0 Å, which were slightly greater than those in the bridge 

structure. Compared to chemisorption of TCE at the C-bridge site and the top site, 

chemisorption of PCE on the iron surface resulted in more C-Cl bonds activated but less 

complete breakage of the C-Cl bonds. Near complete breakage of four C-Cl bonds 

combined with formation of three C-Fe bonds resulted in decreasing the C=C bond from 

1.355 Å to 1.316 Å, which was a intermediate between a double and triple bond, and 

suggested that the double bond will convert to a triple bond upon complete scission of the 
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four C-Cl bonds. Different from the complex formed at the C-bridge site, as shown in 

Figures 4.16 c, d, e, f, for the complex at top site, each of four Cl atoms interacted with 

two Fe atoms to form Fe-Cl bonds with bond lengths 2.3 Å ~ 2.5 Å which were close to 

the observed Fe-Cl bond length of 2.31 Å in crystalline FeCl3 (Young, 1996). 

Figure 4.17 shows the complex that forms from PCE physically adsorbed at the 

hollow site in a plane parallel to the surface. Compared to adsorption at top and C-bridge 

sites, the complex formed by adsorption of PCE at the hollow site is more stable. As 

shown in Figure 4.16a, the C=C was closer to the iron surface, and four C-Fe bonds were 

formed between the two C atoms and four Fe atoms with bond lengths of 1.883 Å, 2.106 

Å, 1.883 Å and 2.135 Å, which is consistent with the overlap in electrostatic potential of 

C atoms and Fe atoms illustrated in Figure 4.17b. All C-Cl bonds were broken with bond 

lengths of 3.586 Å, 3.229 Å, 3.444 Å, and 3.563 Å. Breakages of four C-Cl atoms and the 

formation of four C-Fe bonds made the C atoms retain their sp2 hybridization after 

complex formation, which was indicated by the C=C bond length of 1.354 Å in the 

complex compared to 1.355 Å in gas phase PCE. The bond lengths of C-Cl and Cl-Fe in 

Table 4.5 and 4.6 indicated, like at top and C-bridge sites, adsorption of PCE on the iron 

surface at the hollow site also breaks four C-Cl bonds, and at the same time, enables four 

Cl atoms to form bonds with Fe atoms, which are illustrated by the overlap of 

electrostatic potential between the Cl and Fe atoms in Figure 4.17c and d. 
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Figure 4.18 shows the complex that forms from PCE physically adsorbed at the 

Cl-bridge site. In this complex, Cl(2) formed a bond with an adjacent Fe atom with a 

bond length of 2.240 Å, and Cl(4) formed bonds with two adjacent Fe atoms with bond 

lengths of 2.393 Å and 2.368 Å. The two C-Cl bonds which involve the two Cl atoms 

forming bonds with iron atoms were completely broken with bond elongations ranging 

from 2.161 to 2.222 Å. In contrast to other complexes where C atoms formed bonds with 

Fe atoms on the surface, no C-Fe bonds were formed, and C=C was moved away from 

surface in this complex. The large overlap in electrostatic potential between the two C 

atoms in Figure 4.18b illustrated that near complete scission of two C-Cl bonds resulted 

in an increase of bond order for the C=C bond, from a double bond to a triple bond. The 

C(1)-Cl(1) bond length decreased from 1.719 to 1.665 Å and the C(2)-Cl(3) bond length 

decreased from 1.719 to 1.657 Å, which were almost same as the 1.647 Å of C-Cl bond 

length in C2Cl2 molecule (NIST, 2005). As shown in Table 4.5, the C=C bond length 

decreased from 1.355 to 1.243 Å, which was a value very close to the 1.22 Å C≡C bond 

length in the C2Cl2 molecule (NIST, 2005). 
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Figure 4.15 Structure and electrostatic potential for PCE adsorbed at the C-bridge site. 

a: structure; b, c, d, e, f: electrostatic potential diagrams for C, Cl and Fe 

atoms 
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Figure 4.16 Structure and electrostatic potential for PCE adsorbed at the top site. 

a: structure; b, c, d, e, f: electrostatic potential diagrams for C, Cl and Fe 

atoms 
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c 

 

 

d 

Figure 4.17 Structure and electrostatic potential for PCE adsorbed at the hollow site. 

a: structure; b, c, d: electrostatic potential diagrams for C, Cl and Fe atoms 
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a 

 

b 

Figure 4.18 Structure and electrostatic potential for PCE adsorbed at the Cl-bridge site. 

a: structure; b: electrostatic potential diagrams for C, Cl and Fe atoms 
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The binding energies for PCE to the iron surface can be determined from the 

energy differences between the chemisorbed complexes and the isolated adsorbent and 

gas phase PCE structures. Table 4.7 lists the binding energies of the adsorption 

complexes for each mode. The large negative values for the binding energies indicate that 

chemisorption of PCE on the iron surface was highly exothermic. Different from the 

adsorption of TCE on the iron surface, the complex formed at the hollow site has the 

most exothermic binding energy, which is consistent with the near complete scission of 

all four C-Cl bonds and the formation of C-Fe bonds and Fe-Cl bonds. The Cl-bridge was 

the least energetically favorable adsorption structure since there were no interactions 

between the C and Fe atoms. 

 

Table 4.9 Calculated binding energies for chemical adsorption of PCE on Fe(100) 

surface. 

Mode Binding Energy (kJ/mol)

C-bridge -679 

top -644 

hollow -858 

Cl-bridge -404 

 

The Mulliken charges were also calculated to gain more insight into the 
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reductive dissociation of PCE during adsorption. The Mulliken charges for atoms in PCE 

for the adsorption complexes are shown in Table 4.8. The charges of C atoms became 

more positive as the C atoms became more tightly bound with Fe atoms. For the C-bridge 

structure, the C(2) bound with two Fe atoms and the C(1) bound with one Fe atom as 

described before, have charges that increased from -0.085 to 0.060 and  -0.085 to -0.056, 

respectively. Also for the top site, the C(2) bound with two Fe atoms had a charge of 

0.078, and the C(1) bound with only one Fe atom had a charge of -0.066. For the hollow 

site where both C atoms are bound with two Fe atoms, charges of both C atoms were 

positive.  

The charges of Cl atoms became more negative as Cl atoms became bound with 

Fe atoms. The Mulliken charges in Table 4.8 show charges of all Cl atoms, except for 

Cl(1) and Cl(3) which were not bound with Fe atoms, that decrease to negative charges. 

Charges of Cl(1) and Cl(3) in the Cl-bridge structure remained positive since they still 

were bound with C atoms and no bond was formed to Fe atoms. The amount of Mulliken 

charge on the Cl atoms depends on the degree of bond formation between the Cl atoms 

and Fe atoms on the surface. 

The net charges of PCE were calculated by summing the Mulliken charges of 

all atoms in the PCE molecule. The negative net PCE charge indicates that the 

chemisorption is companied by reduction of PCE on iron surface. 
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Table 4.10 Mulliken charges of atoms in the adsorbed PCE molecule for different 

modes. 

 Free PCE C-bridge C-top C-hollow Cl-bridge 

C(1) -0.085 -0.056 -0.066 0.028 -0.013 

C(2) -0.085 0.060 0.078 0.019 -0.011 

Cl(1) 0.043 -0.053 -0.075 -0.106 0.032 

Cl(2) 0.043 -0.093 -0.091 -0.144 -0.215 

Cl(3) 0.043 -0.130 -0.106 -0.126 0.044 

Cl(4) 0.043 -0.080 -0.080 -0.116 -0.212 

PCE 0 -0.452 -0.352 -0.348 -0.375 

 

 

4.5.2 Solvent Effect on Adsorption of PCE on Fe(100) surface 

The solvent effect was investigated by adding some explicit water molecules in 

the super-cell to obtain optimized geometries for the most energetically favorable 

adsorption site, adsorption of PCE at the hollow site. The large size periodic structure 

was applied for calculations with water molecules involved. The Harris functional was 

used due to the expensive cost of GGA calculations for larger systems. Figures 4.19 and 

4.20 show the optimized geometries of complexes formed by adsorption of PCE at the 
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hollow site with four explicit water molecules. 

 

 

 

Figure 4.19 Optimized structure for adsorption of PCE on the Fe(100) surface at the 

hollow site with 4 H2O molecules. 
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Figure 4.20 Optimized structure for adsorption of PCE on the Fe(100) surface at the 

hollow site with 8 H2O molecules. 

 

Harris structures for adsorption of PCE at the hollow site with water molecules 

are similar to the structures simulated without water molecules. In both Figure 4.19 and 

4.20, the C-C bond is close to the surface and form bonds with iron atoms. All four C-Cl 

bonds are nearly broken. The different amounts of H2O molecules involved in these 

structures did not result in many disparities for equilibrium structures. 
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CHAPTER 5 ADSORPTION OF ARSENIC(III) ON FERRIC 

HYDROXIDE 

5.1 Introduction 

Toxic arsenic compounds are often present in water supplies due to the 

weathering of rocks, industrial waste discharges, and agricultural use of arsenical 

herbicides and pesticides (Bhumbla and Keefer, 1994). Under the pH and redox 

conditions of most ground and surface waters, dissolved arsenic exists as the As(V) 

(arsenate) species, H2AsO4
− and HAsO 4

2−, and the As(III) (arsenite) species, H3AsO3
0 and 

H2AsO3
− (Cullen and Reimer, 1989). Both As(V) and As(III) are strongly absorbed by 

ferric oxides and hydroxides, such as, hematite, goethite and lepidocrocite (Appelo et al., 

2002; Cullen and Reimer, 1989; Dixit and Hering, 2003; Farrell et al., 2001; Fendorf et 

al., 1997; Goldberg and Johnston, 2001; Jain et al., 1999; Manning et al., 1998; Manning 

et al., 2002; Raven et al., 1998; Roberts et al., 2004; Su and Puls, 2003; Waychunas et al., 

1995; Waychunas et al., 1996). Adsorption to ferric hydroxides is often used for 

removing arsenic from potable water, and also affects the fate and transport of arsenic in 

soil and groundwater (Melitas et al., 2002; Su and Puls, 2004). Although As(III) species 

are more toxic and water soluble than As(V) species, most prior studies investigating 

arsenic binding to ferric hydroxides have focused on As(V) (Manceau, 1995), and little is 

known about the mechanisms of As(III) adsorption with ferric hydroxides. 
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Previous extended x-ray absorption fine structure (EXAFS) studies suggest that 

As(III) adsorbs on ferric hydroxides by forming inner-sphere surface complexes by 

ligand exchange with OH- or OH2 groups (Manning et al., 1998; Manning et al., 2002). 

However, the type of surface complexes could not be positively identified from the 

EXAFS results. Adsorption of As(III) on goethite was first observed by Manning, et al., 

(Manning et al., 1998) who proposed that As(III) formed bidentate, binuclear surface 

complexes on ferric hydroxides. Additionally, Raven et al. (Raven et al., 1998) proposed 

that a monodenate bonding mechanism might play an important role during As(III) 

adsorption at high pH values. Other arguments were also presented through different 

observations of the adsorption of arsenic (III) with ferric hydroxides. That no oxidation of 

arsenic (III) to arsenic (V) on the goethite surface had occurred was observed by 

Manning et. al (Manning et al., 1998); however, Su and Puls (Su and Puls, 2004) 

proposed that arsenic (III) was oxidized by iron corrosion products. These conflicting 

experimental results led us to use theoretical calculations as a tool for clarifying the 

mechanisms of interactions of arsenic with iron oxides. 

Computational chemistry methods, such as density functional theory, are ideally 

suited for evaluating the different binding modes of arsenite with ferric hydroxides. 

Density functional theory (DFT) as a quantum mechanical modeling approach based on 

expressing the total energy of a system as a functional of the electron density (Hohenberg 
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and Kohn, 1964; Kohn and Sham, 1965; Thomas, 1927) has become more popular than 

other calculational methods in recent years due to its potential ability to give accurate 

results at low computational cost. DFT methods have proven to be favorable methods for 

geometry and energy calculations on transition metal compounds where conventional ab 

initio calculations often give poor results (Bauschlicher et al., 1995; Labonowski and 

Andzelm, 1991). DFT also has been successfully applied to study metal-ligand 

interactions in organometallic and coordination compounds (Duarte et al., 1998; Torrent 

et al., 1998), and to study adsorption processes on metals (Neyman and Rosch, 1994) and 

on oxide surfaces (Matveev et al., 1999; Sherman and Randall, 2003). 

Although a hybrid molecular orbital (MO)/DFT approach has recently been 

used for comparing bidentate As(III) binding to aluminum and iron hydroxides (Kubicki, 

2005), there have been no prior studies using DFT methods for determining the different 

binding modes of As(III) on ferric hydroxides. Unlike ab initio quantum chemical 

methods, DFT is not based purely on fundamental theory, which makes it necessary to 

test and evaluate each DFT method for a particular application (Koch and Holthausen, 

2000).  

In this chapter, first the accuracies and computational costs of several DFT 

methods will be tested for the system of interest in order to determine an appropriate 

scheme. Afterwards, the efficient DFT method will be applied to investigate the 
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mechanism of As(III) binding to ferric hydroxides. The objectives of the investigation are 

as follows: (i) to model the adsorption reaction over a pH range suitable in environmental 

systems; (ii) to determine the adsorbed species of arsenic on the hydroxide surface; (iii) 

to compare the favorability of bidentate binding and monodentate binding; (iv) to 

describe the effect of pH on the adsorption; (v) to analyze the stability of As(III) toward 

oxidation to As(V) during adsorption. 

 

 

5.2 Evaluation of Computational Methods 

 

5.2.1 Simulation Methods 

DFT calculations were performed using the DMol3 (Accelrys, 2001; Delley, 

1990; Delley, 1996; Delley, 2000; Delley, 2002) package in the Accelrys Materials 

Studio® modeling suite (Accelrys, 2001). All simulations used double-numeric with 

polarization (DNP) basis sets (Delley, 1990; Delley, 1996), and the nuclei and core 

electrons were described with DFT semi-local pseudopotentials (Delley, 2002). Geometry 

optimizations and energies were calculated using the Harris approximation (Harris, 1985), 
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Perdew-Wang (PWC) LDA functional (Perdew and Wang, 1992), and the Becke-Lee-

Yang-Parr (BLYP) GGA functional (Becke, 1988; Lee et al., 1988). The effects of spin 

polarization were investigated by comparing calculations using spin restricted and 

unrestricted methods. In the unrestricted calculations, the spin state was determined by 

comparing the energies of optimized structures with different spin states. All geometries 

were optimized in the gas phase without any constraints. Single point energies for 

geometries optimized using Harris, LDA, and restricted GGA methods were also 

calculated using an unrestricted GGA approach. Vibrational frequencies were calculated 

using the harmonic approximation and corrected for anharmonicity using scaling factors 

(Lewars, 2003). 

Ferric hydroxide was simulated using a cluster consisting of two iron atoms in 

octahedral coordination with 10 oxygen atoms, as illustrated in Figure 5.1. This cluster is 

identical to the one used by Sherman and Randall (Sherman and Randall, 2003) for 

simulations of As(V) binding to ferric hydroxides. Three different binding geometries 

were investigated for reactions of different possible As(III) species with ferric hydroxide. 

Binding geometries for bidentate corner sharing, bidentate edge sharing, and 

monodentate corner sharing were studied. The As(III) species used in the calculations 

were: hydrated (H3AsO3) unhydrated (HAsO2) arsenious acid, meta-arsenite (AsO2
-), 

hydrogen arsenite (HAsO3
2-) and dihydrogen arsenite (H2AsO3

-). These species were 
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selected for their relevance to environmental conditions. The pKa of hydrated arsenious 

acid is 9.2 and the ratio of hydrated to unhydrated arsenious acid is approximately 9:1 

under environmental conditions (Pourbaix, 1974). 
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Figure 5.1 Hydrated cluster +4
8222 )()( OHOHFe  used to simulate ferric hydroxides. 

 

 

5.2.2 Properties of the AsH3 Molecule 

Prior to performing calculations of As(III) species binding to ferric hydroxide, 

the three different DFT functionals, the DNP basis set, and core pseudopotentials were 

validated for arsenic by calculating molecular geometries and vibrational spectra of AsH3. 

This species was selected to validate each DFT implementation because it was the only 

arsenic species for which both the geometry and vibrational spectra could be obtained. 

The optimized geometries and vibrational frequencies of AsH3 calculated using spin 

restricted Harris, LDA and GGA functionals are shown in Table 5.1. 
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Table 5.1 AsH3 optimized geometry parameters and vibrational frequencies 

compared with experimental data. 

Parameter Harris LDA GGA Experiment 

As-H length (Å) 1.496 1.534 1.543 1.523 (1) 

H-As-H angle (°) 89.6 90.53 91.3 92 (2) 

Frequencies (cm-1) 880 878 917 906 (3) 

  1001 959 981 1003 (4) 

  2101 2124 2114 2116 (4) 

  2149 2146 2131 2123 (4) 

(1) (Loomis and Strandberg, 1951) 

(2) (Sherman, 1985) 

(3) (Shimanouchi, 1972) 

(4) (Ziegler and Li, 1994) 

 

In all cases, the DFT calculations are in good agreement with the experimental 

results for both the geometry and vibrational frequency. The Harris functional 

underestimated the As-H bond length by 0.027 Å (1.77%) and underestimated the H-As-

H angle by 2.4º (2.61%) as compared to the experimental results. In contrast, the LDA 

and GGA functionals overestimated the As-H bond length by about 0.02 Å (1.31%) and 
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overestimated the H-As-H bond angle by 1.5º (1.63%). GGA and LDA methods gave 

better geometry approximations than the Harris approach, but the GGA results did not 

show an obvious improvement as compared to the LDA method. The scaled GGA 

frequencies are closer to experimental results than the LDA and Harris frequencies. These 

results indicate that the DFT implementations used here can reasonably describe the 

properties of arsenic species. 

 

5.2.3 Evaluation of Methods by Properties of Surface Complexes 

The accuracy of each method for calculating the binding geometry of three 

different surface complexes using the Harris, LDA and GGA methods were determined 

by comparing As-O and Fe-O bond lengths and As-Fe distances with experimental data. 

EXAFS data for As(III) adsorbed on goethite (α-FeOOH) suggest that there is a 

monodentate complex with an Fe-As distance of 3.46 Å, and a bidentate complex of As 

surrounded by 3 oxygen atoms at 1.78 Å and 2 Fe atoms at 3.34 Å (Manning et al., 1998; 

Manning et al., 2002). The complexes for which the calculated As-O and As-Fe distances 

were closest to the experimental data are shown in Figure 5.2. In all three complexes, 

As(III) is bound at corner sites on the iron octahedra. Edge sharing As(III) complexes 

were less energetically favorable and had As-O and Fe-As distances that deviated more 

from experimentally measured values than corner sharing complexes. Therefore, all 



 
 

179 

 

subsequent calculations focused on these three complexes. 
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722232 )()( OHOHFeAsOH  

Figure 5.2 Three As(III) surface complexes with the lowest energies. 

 

Bond lengths in complexes A, B and C calculated using different methods are 

listed in Table 5.2 and compared in Figure 5.3. The As-O bond lengths calculated by all 

methods were within 3.0% of the experimental value of 1.78 Å, with the exception of the 

Harris calculation for complex C. The GGA approach consistently predicted longer As-O 

bonds than the LDA approach, but both methods had errors of similar magnitude as 

compared to experiment. For complexes A and B, the Harris approximation gave As-O 

bond lengths closer to experiment than the LDA and GGA methods. However, for 

complex C, the Harris approach had a much larger error than the other methods. 

For the Fe-As bond lengths, the GGA approach was consistently better than the 

LDA and Harris methods, which had similar errors. The LDA calculations consistently 
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underestimated As-Fe bond lengths by 4 to 10% (0.33 to 0.12 Å). This result is consistent 

with prior studies showing LDA methods generally underestimate metal-ligand bond 

lengths (Koch and Holthausen, 2000). The GGA functional improved over the LDA 

results for As-Fe bond lengths with errors ranging from 1 to 4% (0.13~0.03 Å). 

Although there are no experimental results for Fe-O bond lengths for As(III) 

complexes with ferric iron that can be compared to the calculated results, Fe-O bond 

lengths in other iron oxides have been measured at 1.88 Å (Melitas et al., 2002). The 

GGA calculated Fe-O bond lengths most closely approximate this value. For the Fe-O 

bond lengths, there is a general trend with the GGA method yielding the largest value and 

the Harris method yielding the shortest. In all cases, the calculated values were close to 

1.88 Å, with the largest errors less than 8%. 

Surface complexes formed with ferric oxides may be open-shell systems due to 

iron’s unsaturated electronic configuration (Koch and Holthausen, 2000). This means that 

calculation methods allowing unpaired electrons may be required because spin-restricted 

calculations may lead to mixing configurations with high spin states (Sherman, 1985). 

For all three complexes, the unrestricted LDA calculations produced the lowest energy 

for a spin state of 2, while the GGA calculations produced the lowest energy for a spin 

state of 0. Figures 5.3, 5.4 and 5.5 compare the bond lengths calculated with each method 

and indicates that differences between spin restricted and unrestricted calculations were 
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small, and thus restricted calculations can be used for geometry optimizations for this 

system. This will save substantial computational time since unrestricted calculations may 

take more than twice as long as spin restricted methods. 

The results in Figures 5.3-5.5 also show that the Harris approximation can yield 

reasonably good optimized geometries for this system. The ability to use the Harris 

approximation will be important in modeling clusters larger than those used in this work, 

such as those needed to investigate interactions between adsorbed arsenic species. In 

eight of the nine bond length calculations, the Harris method, with a mean error of 3.8%, 

gave results that were similar in accuracy to the LDA methods, which had a mean error of 

3.4%. However, the error in the Harris approximation for the complex C As-O bond 

length of 13% was the largest error in any of the calculations. This error is larger than 

those previously reported for the Harris approximation, which were found to be less than 

9% for diatomic molecules (Kobayashi et al., 1992). Thus, although the average accuracy 

of the Harris method is on par with the LDA/PWC method, it may sometimes yield 

results with large errors. 
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Table 5.2 Calculated Bond lengths compared to experimental bond lengths for 

As(III)-ferric hydroxide complexes measured using EXAFS (Manning et al., 2002). 

Calculation methods includes: Harris, LDA spin restricted (LDA-re) and unrestricted 
(LDA-un), GGA spin restricted (GGA-re) and unrestricted (GGA-un) methods. 

Bond length (Å) Structure 

Harris LDA-re LDA-un GGA-re GGA-un EXAFS 

Complex A       

As-Fe 3.262  3.216  3.214  3.317 3.307 3.34 

As-O 1.761 1.728 1.734 1.752 1.75 1.78  

Fe-O 1.745 1.816 1.822 1.882 1.872 1.88* 

Complex B       

As-Fe 3.183 3.014 3.103  3.21  3.299 3.34 

As-O 1.796  1.761 1.782  1.794 1.822 1.78 

Fe-O 1.732 1.785 1.775 1.834 1.814 1.88* 

Complex C       

As-Fe 3.598  3.342 3.344  3.422 3.423 3.46 

As-O 2.012 1.764  1.781 1.84  1.829  1.78 

Fe-O 1.842 1.887 1.885 1.879 1.905 1.88* 

*measured Fe-O bond length in Fe3O4 (Melitas et al., 2002). 
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Figure 5.3 Calculated As-O bond lengths in complexes A, B and C by different 

methods. 

 

2.6

2.8

3.0

3.2

3.4

3.6

Complex A Complex B Complex C

A
s-

Fe
 b

on
d 

le
ng

th
 (Å

)

Harris
LDA-restricted
LDA-unrestricted
GGA-restricted
GGA-unrestricted

 

Figure 5.4 Calculated As-Fe bond lengths in complexes A, B and C by different 

methods. 
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Figure 5.5 Calculated Fe-O bond lengths in complexes A, B and C by different 

methods. 

 

Relative energies of the three complexes calculated using the Harris, LDA and 

GGA methods are compared in Figures 5.6, 5.7 and 5.8. The unrestricted GGA 

calculations gave the lowest total energy for all three complexes. This is consistent with 

past results showing that GGA functionals usually deliver much lower energy 

approximations than LDA methods (Koch and Holthausen, 2000). However, in past work 

with transition metal clusters, GGA functionals have been found to yield binding energies 

with errors up to 50% as compared to experimental values (Ziegler and Li, 1994). Figures 

5.6-5.8 show the relative energy error for each method using the unrestricted GGA 
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calculation as the reference value. GGA-un/GGA-un (GGA unrestricted for geometry 

optimization and GGA unrestricted for single point energy) energy for cluster A is -

3.61x106 kJ/mol, for cluster B is -3.81x106 kJ/mol, and for cluster C is -4.01x106 kJ/mol. 

Also shown in Figures 5.6-5.8 are the relative errors associated with the unrestricted 

GGA single point energies for each cluster calculated using the structures determined 

with lower level methods. Relative errors in energy calculated with both the Harris and 

LDA methods were approximately 0.8% for all three clusters compared to higher level 

calculations. However, GGA single point energies calculated with the Harris and LDA 

structures gave much better approximations to the energy calculated using the 

unrestricted GGA geometry. This indicates that high level single point energy 

calculations can be paired with lower level geometry optimizations to yield energies 

similar to those obtained with high level geometry optimizations. This should result in 

considerable savings in computational time since geometry optimizations take much 

longer than single point energy calculations. 

 

 



 
 

188 

 

 

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

Harris LDA-re LDA-un GGA-re

En
er

gy
 e

rr
or

/G
G

A
-u

n 
en

er
gy

Geometry level 
GGA-un

 

Figure 5.6 Energy errors for each method relative to the unrestricted GGA energy for 

complex A. 
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Figure 5.7 Energy errors for each method relative to the unrestricted GGA energy for 

complex B.  
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Figure 5.8 Energy errors for each method relative to the unrestricted GGA energy for 

complex C. 

 

The computational times for complex A using different methods are shown in 

Table 5.3. Cluster geometries optimized using Harris, LDA and GGA methods each 

required approximately 20 minutes to calculate single point energies using the 

unrestricted GGA method. However, the time for geometry optimization varied by a 

factor of 14 between the different methods. Time differences between the unrestricted 

GGA optimization and other methods would increase as the size of the cluster increases. 

Single point energy calculations with the unrestricted GGA method for the LDA 

geometries lowered the average energy error from 0.84 to 0.0021% for the LDA spin 

restricted geometries, and from 0.84 to 0.0019% for unrestricted LDA geometries. Single 

point energy calculations with the unrestricted GGA functional for the Harris geometries 
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reduced the average energy error from 0.78 to 0.0091%. 

Another area where computational time can be saved is by performing restricted 

spin calculations. Unrestricted and spin restricted calculations yielded energies that 

differed by less than 0.0008% which was less than 34 kJ/mol for all clusters. This 

indicates that spin restricted calculations can give reasonable energies for these open-

shell transition metal complexes. 

 

Table 5.3 Computational time for complex A geometry optimizations using different 

methods and unrestricted GGA single point energies for each structure. 

Computational time (min) Harris LDA-re LDA-un GGA-re GGA-un

Geometry optimization  62.8 204 528 627 874 

Single point energy (GGA-un) 19.6 16.5 18.9 20.3 18.2  

 

 

5.2.4 Evaluation of Methods by Binding Energies of Surface Complexes 

Binding energies can be used to determine the most energetically favorable 

surface complex, and for determining the relative affinity of different species for 

adsorption sites on the iron oxide. The binding energy for a surface complex is defined as 

the energy difference between the reactants and products for the adsorption reaction. The 
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reactions for the two bidentate complexes are: 

+++ ++−↔+ OHOHO)(H(OH)FeAsOO)(H(OH)FeHAsO:AComplex 32
3
62222

4
8222

0
2  

(5.1) 

Complex B : H3AsO 3
0 + Fe2(OH)2(H2O)8

4 + ↔ HAsO 3 − Fe2(OH)2(H2O)6
2+ + 2H3O

+   

(5.2) 

and for the monodentate complex the reaction is: 

Complex C : H3AsO 3
0 + Fe2(OH)2(H2O)8

4 + ↔ H2AsO 3 − Fe2(OH)2(H2O)7
3+ + H3O

+    

(5.3) 

The As(III) binding energies for each complex were calculated by subtracting 

the total energy of the reactant species from the total energy of the product species in 

vacuum and are listed in Table 5.4. Systematic errors in the calculations notwithstanding, 

the gas phase binding energies (ΔE) indicate that bidentate complex B is the most 

energetically favorable. This result agrees with EXAFS data for goethite suggesting that 

As(III) forms bidentate, binuclear complexes with octahedrally coordinated Fe atoms 

(Manning et al., 1998). 
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Table 5.4 Binding energies for As(III) complexation reactions. 

Reaction Complex in vacuo 

  ΔE 

2 A -814 

3 B -1208 

4 C -919 

 

Table 5.4 lists the vacuum binding energy errors for each method assuming that 

unrestricted GGA binding energies calculated for complexes with geometries optimized 

using the unrestricted GGA method (GGA-un/GGA-un) are the correct value. Harris 

binding energies calculated for the Harris optimized structures had errors ranging from 

290 to 440 kJ/mol. This is consistent with past speculation that the energies calculated 

with the Harris method are not reliable for strong covalent bonds (Harris, 1985). LDA 

binding energies calculated with the LDA optimized structures consistently yielded 

binding energies that were 16 to 50% more exergonic than the unrestricted GGA binding 

energies. This is consistent with past observations that LDA methods predict stronger 

binding energies than GGA methods (Koch and Holthausen, 2000). Unrestricted GGA 

single point energies calculated for structures optimized at lower levels greatly reduced 

the binding energy errors. With the exception of the Harris method, the maximum binding 

energy error arising from the lower level geometry optimizations was 21 kJ/mol (9.5%), 
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with average errors ranging from 3.2 to 4.4%. 

 

Table 5.5 Binding energy (ΔE) errors for each method using the GGA-un/GGA-un 

binding energy as the reference value & the average of the absolute errors for each 

method. 

Energy Error: (kJ/mol) / (%) Method 

geometry/energy Complex A Complex B Complex C |average| 

Harris/Harris 292/+282% 435/+206% 444/+199% 389/229% 

Harris/GGA-un -3/-3.2% 39/+18% 234/+105% 92/42% 

LDA-re/LDA-re -30/-29.0% -54/-25.5% -106/-47.8% 63/34% 

LDA-re/GGA-un -2/-1.6% 6/+2.96% -19/-8.66% 9/4.4% 

LDA-un/LDA-un -17/-16.3% -45/-21.1% -113/-50.6% 58/29% 

LDA-un/GGA-un 0.6/+0.6% 5/+2.5% -14/-6.5% 7/3.2% 

GGA-re/GGA-re 8/+7.7% 18/+8.7% 2/+1.1% 9/5.8% 

GGA-re/GGA-un -0.7/-0.69% 6/+2.7% 21/+9.5% 9/4.3% 

GGA-un/GGA-un 0 0 0 0 

 

For both the LDA and GGA methods, the unrestricted calculations improved 

both the geometry optimizations and the single point energies. Comparison of errors 

between the LDA-re/GGA-un and LDA-un/GGA-un methods indicates that relaxing the 
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spin restriction improved the geometries slightly and reduced the average error in the 

single point binding energy calculations from 4.4 to 3.2%. For the LDA methods, the 

improvement in the binding energy errors was 5 kJ/mol or less for unrestricted versus 

restricted geometry optimizations. Comparison of errors between the GGA-re/GGA-re 

and GGA-re/GGA-un methods indicates that relaxing the spin restriction improved the 

single point binding energies for complexes A and B, but increased the binding energy 

error for complex C. 

Results from this study indicate that a variety of DFT methods can be used to 

investigate As(III) complexes with ferric hydroxides. In all but one calculation, all 

methods yielded bond lengths that were within 10% of experimental values. This 

indicates that the Harris method may be useful for geometry optimization for large 

clusters where higher level methods may not be able to reach convergence in the self-

consistent field iterations, or may be too time consuming. For geometry optimizations on 

large clusters, the Harris method may be able to reduce computational times by more than 

2 orders of magnitude. Single point energies calculated with the unrestricted GGA 

method yielded gas phase binding energies for LDA geometries that were all within 21 

kJ/mol of the binding energies calculated with the unrestricted GGA geometry 

optimization. This indicates that LDA methods can be used for the time consuming 

geometry optimizations and unrestricted GGA methods are required only for single point 
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energy calculations. This approach will balance the requirements of calculation accuracy 

with the computational affordability, and may increase the tractable cluster size for which 

calculations can be performed. 

The structures investigated in this section represent only a small fraction of the 

possible binding modes of As(III) with ferric hydroxides. There may be other 

energetically favorable binding modes for As(III) on different faces of crystalline iron 

oxides. Additionally, the effects of structural defects and substitutions in the iron oxide, 

surface charge, and interactions between As(III) and other adsorbed species need to be 

considered to determine the full range of environmentally relevant As(III) complexes. 

However, the limited results from this section showing the presence of three energetically 

favorable binding modes for As(III) should be considered when interpreting experimental 

data, or when employing surface complexation models for studying the adsorption 

behavior of As(III) compounds in complex mixtures. 

 

 

5.3 Applied Computational Methods 

The evaluations done in the previous section indicate that a DFT calculation 

scheme in which high level single point energies are obtained using low level optimized 
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geometries can appropriately describe the adsorption of As(III) to ferric hydroxides, 

because this scheme is time saving and low level calculations are more feasible for 

various complex structures compared to high level calculations for geometry optimization. 

Therefore, this scheme will be employed in following study to investigate the adsorption 

of As(III) to ferric hydroxides. 

Optimized geometries for all species were obtained by DFT calculations which 

were performed using the DMol3 (Accelrys, 2001) package in the Accelrys Materials 

Studio® modeling suite (Accelrys, 2001). Geometry optimizations were calculated using 

the Harris approximation. All geometries were optimized without any constraints. All 

simulations used double-numeric with polarization (DNP) basis sets (Delley, 1996), and 

the nuclei and core electrons were described with DFT semi-local pseudopotentials 

(Delley, 2002). 

The Amsterdam Density Functional (ADF) program package (SCM, 2005) was 

used for all single point energy calculations. All single point energy calculations are 

performed using the Becke-88 (Becke, 1988) gradient-corrected exchange functional 

combined with the LYP-88 (Lee et al., 1988) gradient-corrected correction functional. All 

Slater-type basis sets are of triple-ζ quality, augmented with 2p and 3d polarization 

functions for hydrogen, 3d and 4f polarization functions for oxygen, 4d and 4f 

polarization functions for arsenic, 3d, 4p and 4f polarization functions for transition metal 



 
 

197 

 

iron. The 1s shell has been kept frozen for oxygen, 2s shell for iron, and 3s shell for 

arsenic. Solvent effects have been taken into account by using the COSMO (Klamt, 1995; 

Klamt and Jonas, 1996; Klamt and Schuurmann, 1993) (conductor-like screening model) 

as implemented in ADF to describe the implicit effect for a  bulk solvent. The radii of 

atomic spheres used in the COSMO calculations are 1.36, 1.85, 1.52 and 1.2 for Fe, As, O 

and H (Bondi, 1964). 

Ferric hydroxides were again simulated using clusters consisting of two iron 

atoms in octahedral coordination with oxygen atoms similar to that used in the previous 

section, one of them is the structure shown in Figure 5.1. The effect of surface charge was 

investigated by changing the number of protons around the clusters to model the different 

pH environmental conditions. Both bidentate corner sharing biding and monodentate 

corner sharing binding were investigated. 
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5.4 Adsorption of Arsenite on Ferric Hydroxides 

 

5.4.1 Models for Ferric Hydroxide 

Experimental evidence indicated that pH value was an important factor for 

adsorption of arsenic species to ferric hydroxide surfaces. However, it is difficult to 

directly model ferric hydroxides at different pH values since both surface charge and 

surface function group vary at different pH values (Stumm, 1992). To simulate ferric 

hydroxides at different pH values, the cluster approach is preferable to the periodic 

approach due to its simplification and flexibility. In this study, different surface charges 

corresponding to different pH values are simulated by changing the number of protons 

around the ferric hydroxide cluster. At the same time, the surface functional groups at 

different pH values are also taken into account to select appropriate cluster models. 

In this study, the acidity constant for ferric hydroxide is applied as (Stumm, 1992): 

18.7
12 10=⇔+ ++

aKFeOHHFeOH  

82.8
2 10−+− =+⇔ aKHFeOFeOH  

Figure 5.9 shows the compositions of different surface function groups of ferric 

hydroxide at different pH values base on this acidity constant. 
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Figure 5.9 Surface groups contribution as a function of pH. 

 

The clusters used to represent hydrous oxide surfaces at different pH values 

should meet two requirements: including the corresponding surface functional groups 

OH2, OH, and O to obtain certain pH values, and being as symmetric as possible. The pH 

of the point of zero charge of ferric hydroxides is around 7.28 (Stumm, 1992), very close 

to the first acidity constant of hydrous ferric oxide. Shown in Figure 2, at pH 7.28, the 

surface functional groups on uncharged surfaces of ferric hydroxides are OH and OH2. 

Therefore, two uncharged clusters are used to simulate ferric hydroxide structures as 

uncharged surfaces, surface0A with two OH group on the surface and surface0B with two 

OH2 group on the surface, as shown in Figures 5.10 and 5.11. One cluster including two 
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OH2 groups at the surface was used to model the ferric hydroxide surface at a surface 

charge of +4, which represents a pH value around 4 and is shown in Figure 5.1. Similarly, 

ferric hydroxide surfaces at a surface charge of +2, which represents a pH value around 

5.5 were modeled by three clusters, two of them include two OH2 groups, and the other 

one includes two OH groups at the surface. For surface charges of  -2 and -4, where the 

pH is around 8.5or larger than, close to the second acidity constant of ferric hydroxide, 

the surface functional groups include OH and O, so both clusters with OH functional 

groups and a cluster with O functional groups at the surface are applied to model ferric 

hydroxides. 

 

 

 

Figure 5.10 Cluster surface0A used to simulate ferric hydroxide for an uncharged 

surface. 
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Figure 5.11 Cluster surface0B used to simulate ferric hydroxide for an uncharged 

surface. 

5.4.2 Adsorption Reactions at the Uncharged Surface 

Three adsorbed As(III) species HAsO32-, H3AsO30, AsO33-, and a ferric 

hydroxide structure shown in Fig 5.9 are used to simulate the formation of bidentate and 

monodentate complexes at an uncharged surface. Since the pH of the point of zero charge 

of ferric hydroxides is around 7.28 and the pKa1 for arsenite species is 9.2, the H3AsO3 

is regarded as the only reactant for the adsorption reaction at an uncharged surface. Table 

5.6 contains these adsorption reactions and their calculated adsorption energies. 
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Table 5.6 Adsorption reactions and binding energies at an uncharged surface 

Reactions for bidentate complexes B.E. 
(kJ/mol) 

1. 0
2

0
4243

0
426

0
33 2)()()()( OHOHOHFeHAsOOHOHFeAsOH +=⇔+  -65.25 

2. 12
42433

0
426

0
33 2)()()()( −+ +=⇔+ OHOHOHFeAsOHOHOHFeAsOH  138.34 

3. 1
32

1
4243

0
426

0
33 )()()()( +− ++=⇔+ OHOHOHOHFeAsOOHOHFeAsOH  187.06 

Reactions for monodentate complexes  

4. 0
2

0
42532

0
426

0
33 )()()()( OHOHOHFeAsOHOHOHFeAsOH +−⇔+  62.54 

5. 11
42533

0
426

0
33 )()()()( −+ +−⇔+ OHOHOHFeAsOHOHOHFeAsOH  92.00 

6. 1
3

12
4253

0
426

0
33 )()()()( ++− ++−⇔+ OHHOHOHFeAsOOHOHFeAsOH  1237.10 

  

Some results can be identified through this table. First, the bidentate complexes 

are more energetically favorable than monodentate complexes except for the H3AsO3-

complexes. Second, the complexes with HAsO3 as the adsorbed species have more 

negative binding energies than complexes with H3AsO3 and AsO3 as the adsorbed species. 

The adsorption energy for the formation of the most stable complex formed by HAsO3 

with the surface is -65.25 kJ/mol. Experimental evidence suggested that the intrinsic 

constants for bidentate complexation is 9.220 (Manning et al., 1998), which corresponds 

to a ΔGo value of -52.5 kJ/mol. Considering the approximations induced by the 
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computational methods and model simplifications, this calculated adsorption energy can 

be considered to be in agreement with experimental results. 

Some geometry parameters of bidentate surface complexes are listed in Table 

5.7 compared to experimental results (Manning et al., 2002). 

 

Table 5.7 Calculated and experimental geometry parameters (Ǻ) 

 As-O As-Fe 

HAsO3=SurfaceA0 1.75 3.24 

H3AsO3=SurfaceA0 1.97 3.46 

AsO3=SurfaceA0 1.81 3.20 

Experiment 1.78 3.34 

 

The calculated As-O bond length in the table is the average calculated value of three 

predicted As-O distances since the EXASF result is also an average value. Since the 

Harris approximation usually underestimates the bond lengths for a system, the As-O in 

HAsO3 bidentate complexation can be considered in good agreement with experimental 

data within the order of a few hundredths of an Angstrom for this type of calculation. 

Also, the As-Fe bond length in the HAsO3 bidentate complex approximates the observed 

distance better than in other complexes. The disparity of the calculated As-Fe distance 

and observed one is approximately 0.1 Angstrom which is probably due to the modeling 
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approach in which all parameters are relaxed, while in reality some of them are at least 

partially restricted by the bulk of crystal lattice. Not only is the adsorption energy for 

complexation with HAsO3 as the adsorbed species the most stable complex, but also the 

As-O and Fe-As bond distances in the HAsO3 bidentate complexes are closest to the 

results from EXAFS spectra. Consequently, the reaction 1 model should be more 

comparable to the actual adsorption reaction at uncharged surfaces than other reaction 

models. 

 

5.4.3 Absorbed Arsenite Species 

It is difficult to employ experimental approaches to measure the protonation of 

adsorbed arsenite species. Previous experimental evidence suggested that surface 

complexes are bound to H at low pH and are deprotonated at high pH (Manning et al., 

1998). Different models were used to simulate the adsorbed arsenite and arsenate species 

in previous studies (Kubicki, 2005; Sherman and Randall, 2003). We suspect that the 

protonation of adsorbed arsenite species should be affected by pH values in the 

environment, so in this study, a series of calculations are carried out under different 

surface charges which are used to simulate the pH range in the environment. 

To simulate pH situations from 4 to 10, five ferric hydroxides clusters with net 

charges of -4, -2, 0, 2, 4 respectively are applied as adsorbents as described above. For a 
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surface charge of 4, 2, and 0, we consider the pH value in solution to be less than the pKa
1, 

9.2 of the arsenite species, and that the H3AsO3 is the predominant species in the solution; 

while at surface charges of 2 and 4, the pH value is larger than 9.2, and H2AsO3
-1 become 

more favorable as surface charge increases. So, we employ both H3AsO3 and H2AsO3
-1 as 

the adsorbate for modeling adsorption reactions for surface charges between -2 and -4, 

and only H3AsO3 is used as the adsorbate for modeling adsorption reactions for surface 

charges between 0 and 4. Three adsorbed species HAsO3-, H3AsO3-, AsO3- are used as 

adsorbed species to simulate the bidentate complexes, and the H2AsO3-, H3AsO3-, and 

AsO3- species are used as adsorbed species to simulate the monodentate complexes. As 

indicated before, several surface cluster isomers with different surface functional groups 

are calculated to simulate the ferric hydroxide surface for each surface charge. In the 

following simulated adsorption reactions, the minimum energy surface was the reactant 

and the minimum energy complex was used as product at each surface charge. 

Table 5.8 lists the adsorption reactions at different pH values where adsorption 

complexes for each surface include three protonated or unprotonated adsorbed species 

and also provides the corresponding binding energies for each surface complex. The 

adsorption reactions are modeled at each surface charge as described in the former 

section. Although H2AsO3
- is a major arsenic species at surface charges of -2 and -4, from 

a physical view, it cannot form surface complexes with H3AsO3
- as the adsorbed species 
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in alkaline environments. Therefore, no adsorption reaction is modeled for surface 

complexes with H3AsO3
- as adsorbed species when H2AsO3

- is the reactant. 

At a surface charge of 4, the binding energies of reactions in Table 5.8-1 

indicate that the H3AsO3
- bidentate complex is more stable than HAsO3- and AsO3- 

bidentate complexes, while for monodentate complexes, the H2AsO3
- adsorbed species is 

more favorable than the H3AsO3
- and AsO3

- adsorbed species. As the pH value increases 

up to surface charges of +2 and 0, the HAsO3- complexes become more energetically 

favorable than other adsorbed species complexes for the bidentate form while H3AsO3
- 

complexes become more energetically comparable to H2AsO3
- complexes for 

monodentate binding. At larger pH values, the AsO3
- complexes become more important 

than at low pH values for bidentate binding. At surface charges of -2 and -4, when 

H3AsO3
0 is considered as an adsorbate, the adsorption energies of reaction 28 and 38 in 

which AsO3- complexes are formed are slightly higher than adsorption energies of 

reaction 25 and 35 in which HAsO3
- complexes are formed. When H2AsO3

- is considered 

as an adsorbate, the AsO3- complexes have lower binding energies than HAsO3
- 

complexes comparing reactions 26 and 29 and reactions 36 and 39. However, for 

monodentate binding, H2AsO3
- complexes are much more favorable than other 

complexes at higher pH values. Therefore, we can conclude that for bidentate binding, 

H3AsO3
- complexes are relatively favorable at low pH, and HAsO3

- complexes are 
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predominant as the surface charge goes to zero, before the AsO3
- complexes become 

relatively important at high pH values. On the other hand, for monodentate binding, the 

H3AsO3
- complexes are better models when environments are around neutral charge, and 

the H2AsO3- complexes are most favorable on the surface at low and high pH values. 

This result is consistent with experimental evidence which suggested that some arsenic 

adsorbed species were fully protonated at low pH values and partly protonated at high pH 

values (Jain et al., 1999).
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Table 5.8-1 Adsorption reactions and binding energies at a surface charge of 4 

Reactions for bidentate complexes at surface charge 4 B.E. 

(kJ/mol)

7. 1
3

2
6223

4
62222

0
33 2)()()()()( +++ +=⇔+ OHOHOHFeHAsOOHOHOHFeAsOH  65.87 

8. 0
2

4
62233

4
62222

0
33 2)()()()()( OHOHOHFeAsOHOHOHOHFeAsOH +=⇔+ ++  34.15 

9. ++++ ++=⇔+ HOHOHOHFeAsOOHOHOHFeAsOH 3
1

6223
4

62222
0
33 2)()()()()(  860.16 

Reactions for monodentate complexes at surface charge 4  

10. 1
3

3
72232

4
62222

0
33 )()()()()( +++ +−⇔+ OHOHOHFeAsOHOHOHOHFeAsOH  45.34 

11. 0
2

4
72233

4
62222

0
33 )()()()()( OHOHOHFeAsOHOHOHOHFeAsOH +−⇔+ ++  62.97 

12. 1
3

11
7223

4
62222

0
33 2)()()()()( ++++ ++−⇔+ OHHOHOHFeAsOOHOHOHFeAsOH  1511.36 
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Table 5.8-2 Adsorption reactions and binding energies at a surface charge of 2 

Reactions for bidentate complexes at surface charge 2 B.E. 

(kJ/mol)

13. ++ +=⇔+ OHOHOHFeHAsOOHOHOHFeAsOH 3
0
4243

2
42422

0
33 2)()()()()(  18.28 

14. 0
2

2
42433

2
42422

0
33 2)()()()()( OHOHOHFeAsOHOHOHOHFeAsOH +=⇔+ ++  108.74 

15. 1
3

0
2

1
6223

2
42422

0
33 )()()()()( +++ ++=⇔+ OHOHOHOHFeAsOOHOHOHFeAsOH  313.57 

Reactions for monodentate complexes at surface charge 2  

16. 0
2

2
62332

2
42422

0
33 )()()()()( OHOHOHFeAsOHOHOHOHFeAsOH +−⇔+ ++  90.87 

17. 0
2

2
52433

2
42422

0
33 )()()()()( OHOHOHFeAsOHOHOHOHFeAsOH +−⇔+ ++  66.24 

18. 1
3

10
6233

2
62422

0
33 )()()()()( +++ ++−⇔+ OHHOHOHFeAsOOHOHOHFeAsOH  1181.85 
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Table 5.8-3 Adsorption reactions and binding energies at a surface charge of 0 

Reactions for bidentate complexes at surface charge 0 B.E. 

(kJ/mol) 

19. 0
2

0
4243

0
4422

0
33 2)()()()()( OHOHOHFeHAsOOHOHOHFeAsOH +=⇔+  -19.31 

20. 12
42433

0
4422

0
33 2)()()()()( −+ +=⇔+ OHOHOHFeAsOHOHOHOHFeAsOH  225.11 

21. 1
32

1
4243

0
4422

0
33 )()()()()( +− ++=⇔+ OHOHOHOHFeAsOOHOHOHFeAsOH  273.83 

Reactions for monodentate complexes at surface charge 0  

22. 0
2

0
42532

0
22622

0
33 )()()()()( OHOHOHFeAsOHOHOHOHFeAsOH +−⇔+  120.39 

23. 11
42533

0
22622

0
33 )()()()()( −+ +−⇔+ OHOHOHFeAsOHOHOHOHFeAsOH  111.63 

24. 1
3

12
4253

0
22622

0
33 )()()()()( ++− ++−⇔+ OHHOHOHFeAsOOHOHOHFeAsOH  1323.87 
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Table 5.8-4 Adsorption reactions and binding energies at a surface charge of -2 

Reactions for bidentate complexes at surface charge -2 B.E. (kJ/mol) 

25. 10
4243

2
2262

0
33 2)()()()()( −− +=⇔+ OHOHOHFeHAsOOHOHOHFeAsOH  -54.87 

26. 210
4243

2
2262

1
32 )()()()()( −−−− ++=⇔+ OOHOHOHFeHAsOOHOHOHFeAsOH  206.22 

27. 22
42433

2
2262

0
33 2)()()()()( −+− +=⇔+ OOHOHFeAsOHOHOHOHFeAsOH  539.73 

28. 10
2

1
4243

2
2262

0
33 )()()()()( −−− ++=⇔+ OHOHOHOHFeAsOOHOHOHFeAsOH  -42.30 

29. 11
4243

2
2262

1
32 2)()()()()( −−−− +=⇔+ OHOHOHFeAsOOHOHOHFeAsOH  23.28 

Reactions for monodentate complexes at surface charge -2  

30. 11
42432

2
2262

0
33 )()()()()( −−− +−⇔+ OHOHOOHFeAsOHOHOHOHFeAsOH  -31.64 

31. 21
42432

2
2262

1
32 )()()()()( −−−− +−⇔+ OOHOOHFeAsOHOHOHOHFeAsOH  229.45 

32. 20
42433

2
2262

0
33 )()()()()( −− +−⇔+ OOHOOHFeAsOHOHOHOHFeAsOH  243.08 

33. ++−− ++−⇔+ HOHOHOHFeAsOOHOHOHFeAsOH 3
4

2273
2

2262
0
33 )()()()()(  1141.92 

34. 1
3

4
2273

2
2262

1
32 )()()()()( +−−− +−⇔+ OHOHOHFeAsOOHOHOHFeAsOH  468.76 
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Table 5.8-5 Adsorption reactions and binding energies at a surface charge of -4 

Reactions for bidentate complexes at surface charge -4 B.E. (kJ/mol) 

35. 12
2263

4
82

0
33 2)()()()( −−− +=⇔+ OHOHOHFeHAsOOHOHFeAsOH  -264.01 

36. 212
2263

4
82

1
32 )()()()( −−−−− ++=⇔+ OOHOHOHFeHAsOOHOHFeAsOH  -2.92 

37. 20
62233

4
82

0
33 2)()()()( −− +=⇔+ OOHOHFeAsOHOHOHFeAsOH  197.46 

38. 10
2

3
2263

4
82

0
33 )()()()( −−− ++=⇔+ OHOHOHOHFeAsOOHOHFeAsOH  -159.21 

39. 13
2263

4
82

1
32 2)()()()( −−−− +=⇔+ OHOHOHFeAsOOHOHFeAsOH  -93.63 

Reactions for monodentate complexes at surface charge -4  

40. 13
22632

4
82

0
33 )()()()( −−− +−⇔+ OHOHOOHFeAsOHOHOHFeAsOH  -99.70 

41. 23
42432

4
82

1
32 )()()()( −−−− +−⇔+ OOHOOHFeAsOHOHOHFeAsOH  161.39 

42. 22
22633

4
82

0
33 )()()()( −−− +−⇔+ OOHOOHFeAsOHOHOHFeAsOH  -13.13 

43. ++−− ++−⇔+ HOHOHOHFeAsOOHOHFeAsOH 1
3

6
83

4
82

0
33 ))(()()(  1357.58 

44. +−−− +−⇔+ OHOHOHFeAsOOHOHFeAsOH 3
6

23
4

82
1

32 ))(()()(  684.42 
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5.4.4 Bidentate Complexes vs. Monodentate Complexes 

Previous experimental results gave different evidence about formation of 

bidentate and monodentate complexes during adsorption of arsenite with various ferric 

hydroxides (Dixit and Hering, 2003; Manning et al., 1998; Raven et al., 1998). To explain 

these observations, Figures 5.12, 5.13 and 5.14 describe the stability of bidentate and 

monodentate complexes containing different adsorbed species at all surface charges. 

H3AsO3 is applied as the reactant at all surface charges and H2AsO3
-1 is applied as 

reactant only at +2 and +4 surface charges. 

According to Figure 5.12, for complexes with partially protonated arsenite 

species (HAsO3
- for bidentate and H2AsO3

- for monodentate binding), the bidentate 

complexes are more favorable than monodentate complexes, except at very low pH 

values where the monodentate complexes have slightly lower binding energies than 

bidentate complexes. Another noticeable point is the stabilities of bidentate and 

monodentate complexes are very similar at surface charges around -2. The curves in 

Figure 5.13 indicate that for complexes with fully protonated arsenite species, the 

differences between the bidentate bindings and monodentate bindings are small. At very 

low pH values, the bidentate binding energies are stronger than monodentate binding. As 

surface charges decrease, this trend inverts. Fig 5.14 shows very clearly the stability 

difference between bidentate complexes and monodentate complexes with unprotonated 

arsenite adsorbed species. The bidentate complexes are much more stable than 

monodentate complexes at all pH values. As we discussed in the last section, at low pH 

values, the complexes with fully protonated arsenite adsorbed species are most favorable, 
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at medium pH values, the partially protonated arsenite adsorbed species become 

predominant, and at high pH values, the surface complexes with deprotonated arsenite 

adsorbed species may play an important role. Combining the results in this section, we 

can conclude that the formation of monodentate complexes may play an important role 

for adsorption at very low pH values around 4 and again at some high pH value around 

8.5. Experimental evidence also indicated that monodentate binding may contribute to 

adsorption of As(III) to ferric hydroxide surface at low pH values and some high pH 

value (Jain et al., 1999), in agreement with our findings here. 
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Figure 5.12 Binding energies of adsorption reactions HAsO3 as adsorbed species for 

bidentate complexes and H2AsO3 as the adsorbed species for monodentate complexes. 
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Figure 5.13 Binding energies of adsorption reactions H3AsO3 as adsorbed species for 

both bidentate and monodentate complexes. 



 
 

216 

 

-400

0

400

800

1200

1600

-5-3-1135

surface charge

B
.E

.(k
J/

m
ol

)

bidentate with arsenous acid
bidentate with arsenite ion
monodentate with arsenous acid
monodentate with arsenite ion

 
Figure 5.14 Binding energies of adsorption reactions AsO3 as the adsorbed species for 

both bidentate and monodentate complexes. 

 

 

5.4.5 Effect of Surface Charge on the Adsorption Reactions 

Experimental results suggested that the dependence of adsorption of As(III) 

with iron hydroxides on pH value is different from the adsorption of As(V) with iron 

hydroxides (Dixit and Hering, 2003; Manning et al., 1998; Manning et al., 2002; Raven 

et al., 1998). To explain these observations, in this study, various adsorbed species over a 

wide pH value range and possible ferric hydroxide surfaces and adsorbate were 

investigated, so a comparatively integrated picture of the effect of pH value on the 

arsenite adsorption on the ferric hydroxides can be discussed. 

At surface charges of 4, 2, and 0, reactions 8, 13 and 19 simulate bidentate 
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binding adsorption and reactions 10, 17 and 23 simulate monodentate binding adsorption 

and have the lowest reaction energies among the reactions at each surface charge. The 

pKa of H3AsO3 and H2AsO3
-1 is 9.2, therefore, at a surface charge of -2 which 

corresponds to a pH value around 8.5, 17% of arsenic species are H2AsO3
-1, and 83% 

arsenic species are H3AsO3. So, at a surface charge of -2, the binding energy of bidentate 

adsorption is simulated by summing the reaction energies of reactions 25 and 29 

weighted by factors of 0.83 and 0.17, respectively, and similarly, monodentate adsorption 

is simulated by reactions 30 and 31. For a surface charge of -4 corresponding to pH 

around 10, the ratio of H2AsO3
-1 species and H3AsO3 species is about 86:14. Thus, the 

binding energy of adsorption at a surface charge of -4 is simulated by the sum of reaction 

energies of reactions 35 and 39 weighted by factors of 0.14 and 0.86, respectively, and 

similarly monodentate adsorption is simulated by reactions 40 and 41. Consequently, the 

dependence of binding energies on pH values is modeled shown in Figure 5.15. 
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Figure 5.15 Binding energies of adsorption at different surface charges while 

simulated by the most favorable reaction at each surface charge. 

 

The bidentate complexes are more stable than monodentate complexes for all 

pH values. However, at very low pH values and some high pH values, monodentate 

complexes have similar binding energies compared to the bidentate complexes. Although 

the conclusion that bidentate binding is the only form for adsorption of arsenite on ferric 

hydroxides can not be made here, we can say the bidentate binding plays a more 

important role, especially at medium pH conditions. 

Energies of adsorption bindings decrease as the pH value increases, which is 

only partly consistent with experimental results (Manning et al., 1998; Raven et al., 1998). 

Experimental results showed there was a decrease of adsorption when pH is larger than 

8.5~9, while Figure 5.14 shows stronger bindings in this pH range. The bidentate 

adsorption at pH larger than 9 is simulated by reactions: 
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12
2263

4
82

0
33 2)()()()( −−− +=⇔+ OHOHOHFeHAsOOHOHFeAsOH  

and 13
2263

4
82

1
32 2)()()()( −−−− +=⇔+ OHOHOHFeAsOOHOHFeAsOH  

When the products are simulated by more stable complexes 

1
42423 )()( −= OHOHFeAsO  and 2

22623 )()( −= OHOHFeHAsO , the bidentate adsorption 

at a surface charge of -4 can be simulated by: 

121
4243

4
82

0
33 )()()()( −−−− ++=⇔+ OHOOHOHFeAsOOHOHFeAsOH  

molkJEB /39.108.. −=   

and 

212
2263

4
82

1
32 )()()()( −−−−− ++=⇔+ OOHOHOHFeHAsOOHOHFeAsOH  

molkJEB /92.2.. −= . 

These two reactions modeling adsorption at a surface charge of -4 are consistent with the 

experimental results in which a OH- group is released and surface charges are reduced 

due to adsorption. Consequently, the dependence of binding energies of bidentate binding 

on the pH values can be shown as Figure 5.16 where the most negative binding energy 

for bidentate adsorption is at a surface of -2 which corresponding to a pH around 8.5. 

This result is in agreement with experimental results in which the adsorption maximum 

was observed around pH 8~9 for As(III) adsorption to ferric hydroxides (Dixit and 

Hering, 2003; Manning et al., 1998; Raven et al., 1998). 
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Figure 5.16 Binding energies of bidentate adsorption at different surface charges while 

products at surface charge -4 are simulated by more stable complexes. 

 

At low pH values, monodentate binding adsorption has similar binding energies 

compared to bidentate binding, which is simulated by complexes with protonated 

adsorbed species. This result indicates monodentate binding contributes to adsorption at 

low pH values, which is consistent with experimental evidences observed by Jain, et al., 

that both monodentate binding and bidentate binding with protonated arsenic species 

contributed to adsorption at low pH values (Jain et al., 1999). 

However, calculations in this study cannot explain the experimental adsorption 

trend over a wide pH range. One reason is that the simulation of surface coverage of 

arsenite during adsorption is not taken into account in this study with the small cluster 

size, and experiments showing the dependence of arsenite adsorption on the pH values 
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are different for different arsenite surface coverage (Dixit and Hering, 2003; Jain et al., 

1999; Manning et al., 1998; Raven et al., 1998). 

 

5.4.6 Oxidation of Arsenic Species during Adsorption Reaction 

To investigate the oxidation of arsenite to arsenate during adsorption, a 

Mulliken population analysis was carried out for surface complexes. For bidentate 

adsorption, only complexes with HAsO3 adsorbed species, and for monodentate 

adsorption, only complexes with H2AsO3 adsorbed species, are investigated. The 

Mulliken charges of arsenic in the complexes formed by adsorption on different surface 

charged ferric surfaces are shown in Figure 5.17. The net Mulliken charges of adsorbed 

arsenic species HAsO3 for bidentate complexes and H2AsO3 for monodentate complexes 

are calculated from the sum of the Mulliken charge on each atom in the species and the 

difference of net charges from the original -2 for HAsO3 and -1 for H2AsO3 are shown in 

Figure 5.18. 

The Mulliken charge of As increases as the surface charge increases. The 

positive shift of arsenic species for net charge also increases as the surface charge 

increases, and the shifts for bidentate complexes are larger than for monodentate 

complexes. As a more positive shift occurs, more electrons are transferred from the 

arsenite species to the metal oxides. This calculation shows that at decreased pH values, 

the arsenite species are more likely be oxidized to arsenate species, and the arsenite 

species adsorbed through bidentate binding are more easily oxidized than those adsorbed 
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through monodentate binding. 
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Figure 5.17 Arsenic Mulliken charges at different surface charges. 
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Figure 5.18 Net charge shift of arsenic species at different surface charges. 
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CHAPTER 6 CONCLUSIONS 

In this research, several environmental reactions were investigated using ab 

initio methods and DFT methods. Three major sections were included: electron transfer 

to carbon tetrachloride (CT), chemisorption of tetrachloroethene and perchloroethylene 

on iron surfaces, and interaction of arsenite with ferric hydroxides. 

Calculated results in this research indicated that reductive dissociation electron 

transfer of CT undergoes a change from an inner-sphere to an outer-sphere mechanism as 

the reaction energy is increased. The activation energy for the dissociation was found to 

be a linear function of the overall energy change. 4CCl  reduction by iron electrodes and 

corroding iron occur via the inner-sphere electron transfer mechanism since the 

experimentally measured activation energy for 4CCl  reduction by corroding iron and iron 

are insufficiently exergonic for promoting the outter-sphere mechanism. This suggests 

that the different reaction pathways that have been observed for 4CCl  reduction by 

corroding iron and iron arise from different catalytic interactions with the surface, and not 

from differences in energy for the transferred electrons. 

In this research, C-bridge, top, hollow and Cl-bridge configurations were 

investigated for adsorption of TCE and PCE with Fe(100) surface. The C-bridge mode 

was shown to be the most stable configuration for TCE, while the hollow mode was 

verified to be the most stable configuration for PCE. For both TCE and PCE, C-bridge, 

top and hollow adsorption resulted in bonds formed between C atoms and the iron surface 

via sigma or pi bonds. Calculated bond parameters indicated that the interaction of the 

C=C bond still remained as sp2 hybridization upon binding with the iron surface. 
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Moreover, the strong chemisorption induced dissociation of C-Cl bonds and formation of 

Cl-Fe bonds. On the other hand, the Cl-bridge mode was the least favorable configuration 

for adsorption of TCE and PCE, in which only two Cl atoms formed bonds with the Fe 

surface and no C-Fe bonds formed. In the Cl-bridge mode, two C-Cl bond breakages 

induced the conversion of a double C-C bond to a triple C-C bond. Binding energies 

indicated that chemisorption was highly exothermic. The Mulliken charge analyses 

indicate that adsorption is cooperated by reduction of TCE and PCE. This suggests that 

the iron surface may not only be catalytic for chloroethene reduction, but that the iron 

also serves as the electron donor. The chemisorbed structures observed in this study are 

consistent with products observed experimentally. 

This research also investigated the chemisorption of arsenite on ferric 

hydroxides. Several density functional theory methods including the Harris 

approximation with the PWC LDA functional and the BLYP GGA functional were 

evaluated by comparison to calculated and experimental properties of surface complexes. 

The Harris and LDA functionals obtained optimized structures close to both experimental 

data and high level calculated structures. Binding energies calculated with the BLYP 

functional were only weakly dependent on the method used for the geometry 

optimization. The approach of using low-level structures coupled with high level single-

point energies was found to save computational time by 75% with no loss in accuracy of 

the computed binding energies. The bidentate corner-sharing complexes were verified to 

be more stable than monodentate corner-sharing complexes for the entire pH range. 

However, monodentate binding may contribute to adsorption at low pH values and some 
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high pH values. For bidentate binding, adsorbed arsenite species were found to be fully 

protonated at low pH values and partly protonated at high pH values. Appropriate models 

for adsorption were determined to explain experimental observations that the adsorption 

of arsenite increased as pH value increased and there was a maximum point around pH 

8.5-9. Mulliken charge analyses indicate that the arsenite species are more likely be 

oxidized to arsenate species at decreased pH values. Moreover, the arsenite species 

adsorbed through bidentate binding are more easily oxidized than those adsorbed through 

monodentate binding. 
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CHAPTER 7 FUTURE WORK 

7.1 Study of Electron Transfer Reactions 

In the study in chapter 3, electron transfer of CT was assumed to be an adiabatic 

reaction in this research. The crossing point of the potential energy curves of the reactant 

and product was considered to be transition state. Actually, electron transfer reactions are 

usually nonadiabatic reactions in which the reaction pathway avoids the crossing point of 

the potential energy curves (Barzykin et al., 2002). According to Levich and Dogonadze’s 

theory (Levich and Dogonadze, 1959; Levich and Dogonadze, 1960), the electron 

transfer system consists of two electronic states, that is, electron donor and acceptor, and 

the two states are coupled by the electron exchange matrix element, V, determined by the 

overlap between the electronic wave functions localized on different redox sites. The 

energy difference between the transition state and the crossing point is the resonance 

energy as shown in Figure 7.1. To get a more accurate approximation of activation energy 

of electron transfer, consideration of resonance energy is inevitable. 
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Figure 7.1 Plot of the potential energy U of the electron transfer system consisting of 

reactant and product for reaction 7.1 shown on the next page. 

 

The other shortcoming of the quantum treatment in this study is that it did not 

account for large entropies of solvation and reaction. To overcome this, the solvent 

reorganization correction is necessary. A simple electron transfer reaction can be written 

as: 

)()( redAneoxA →+        (7.1) 

A plot of the potential energy of U versus nuclear configuration q for the system is shown 

in Figure 7.1. According to Figure 7.1, the minima of the two curves occur at different 

values of q, which means the equilibrium nuclear configuration of the reactant is different 

potential energy U
 

nuclear configuration q 

ΔU*

ΔU0

R

P

P R



 
 

228 

 

from that of the product. So a fluctuation of coordinate q is needed for the electron 

transfer to occur. Even if the reactant-electrode distance is sufficiently small for 

electronic orbital overlap to occur, the transfer does not occur at the equilibrium value of 

q for the R curve. Only by adsorption of light could the system move from the R curve to 

the P curve at this q. Otherwise the vibrational momentum would not be conserved during 

the electronic transition. The related energy as a part of the activation energy is generally 

expressed as a reorganization energy. There are many models to express reorganization 

energy for electron transfer reactions. An appropriate approximation of activation energy 

including reorganization energy will be an interesting issue for further study for electron 

transfer of CT. Moreover, variational transition state theory can be applied to obtain the 

rate of the electron transfer reaction in solution (Benjamin and Pollak, 1996). 

As described before, one important pathway for detoxifcation of cholorinated 

pollutants in groundwater is reductive dehalogenation which involves a net transfer or 

two electrons from the electron donor to the organohalide. In the future, methods used in 

this electron transfer study can be extended to other organohalides. 

 

 

7.2 Studies of Adsorption on Iron and Ferric Hydroxide Surfaces 

In chapter 4, the effect of a solvent on the adsorption of PCE on iron surfaces 

was modeled by a large system including explicit water molecules in the super-cell. Since 



 
 

229 

 

high level functional calculation is infeasible or too expensive for large systems, a low 

level functional, the Harris functional (Harris, 1985), was used to obtain the optimized 

geometry for the adsorbed species. Despite the Harris structures without water molecules 

being similar to the PBE structures, the results with the Harris functional were found to 

largely depend on initial structure guesses. High level functionals are needed in order to 

get a more accurate approximation of structure parameters. The direction of further 

research is to apply the embedding approach (Jug and Bredow, 2004; Pacchioni, 1995) to 

model this system, in which PCE or TCE and part of the iron surface are approximated 

using high level DFT or quantum mechanical methods, while part of the iron surface and 

water molecules are modeled with molecular mechanical methods. 

Simulations in chapter 5 approximately model the adsorption of arsenite on 

ferric hydroxides. In order to get more delicate models for adsorption, some factors 

neglected in this study should be taken into account in further studies. The effect of 

solvent on the optimized structure of surface complexes can be simulated through 

COSMO optimization calculations (Barone and Cossi, 1998; Klamt, 1995; Klamt and 

Schuurmann, 1993) or the embedding approach (Jug and Bredow, 2004; Pacchioni, 1995). 

Additionally, experimental evidence indicated the adsorption was affected by adsorption 

coverage (Manning et al., 1998; Raven et al., 1998). To simulate adsorption with different 

surface coverages, calculations using larger sized clusters are needed. While studying the 

adsorption on different ferric hydroxides, the same cluster was applied. Experimental 

results for adsorption on different ferric hydroxides showed slightly different results from 

one another (Manning et al., 1998; Raven et al., 1998). To obtain the difference in the 
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mechanisms for different hydroxides, the periodic approach is an efficient approach 

because periodic structures can accurately model real structures of different ferric 

hydroxides. 

A process of adsorption or desorption of a molecule on a metal clearly requires 

the solution of the time-dependent Schrödinger equation (Brivio and Trioni, 1999). 

Another direction of future study for adsorption on metal and metal hydroxide surface is 

simulating the adsorption process using quantum chemical molecular dynamics methods 

(Wang et al., 2004b), which can be performed with the ADF code (SCM, 2005) and the 

DMol3 package (Accelrys, 2001; Delley, 1990; Delley, 1996; Delley, 2000). The rate of 

adsorption reactions can then be calculated using statistic mechanical theories for further 

study (van Santen and Niemanstsverdriet, 1995).  

Further studies could focus on the predication of the whole process of reaction 

of PCE, TCE, or arsenite on metal or metal oxide surface, which actually includes many 

steps such as diffusion, adsorption, and reaction (reduction or oxidation). A microkinetic 

framework is an ideal approach for applying the thermodynamic and kinetic parameters 

provided by quantum mechanics, quantum dynamics, and statistic mechanics to obtain 

overall reaction rates and reactant/product concentration profiles (Dumesic et al., 1993). 
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