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INTRODUCTION 

 

1. Motivation 

Scientists have constantly been paying considerable attention to problems 

related to environmental pollution in which the pollution of water resources remains 

a painful global issue [51], [52]. The development of several large-scale industries 

leads to a continuous release of toxic compounds into wastewater. They are present 

in the environments, gradually accumulated in a significant concentration, and hard 

to be biodegraded. Of the pollutants, the derivatives of phenol, carboxylic acids, and 

medicinal products are directly and dangerously affecting the organisms’ lives [5], 

[86]. In addition, some antibiotics which are extensively used in shrimp farming and 

released in wastewater were found to induce negative effects on both environments 

and living organisms [5], [51], [52], [13]. Over the past few decades, experimental 

and theoretical studies have been reported on advanced materials and nanomaterials 

with high applicability in the fields of science, technology, and environments. Among 

nanomaterials, TiO2 has been known as an essential semiconductor and is widely 

applied in various fields of energy and health care [32], [43], [121]. In addition, solid 

TiO2 is extensively used in the photocatalysis, adsorption, and decomposition of 

organic compounds due to its unique surface properties. The processes usually take 

place on the TiO2 surfaces and depend on the nature, concentration of the substance, 

and the material phases [29], [32], [121], [129]. Notably, the interaction of organic 

molecules on surfaces of TiO2 was observed in the initial steps of catalysis, sensors, 

drug transmission processes [30], [118], [130]... However, research on the 

fundamental nature and role of adsorptive interactions and the mechanism of 

processes that occurred on TiO2 surfaces has not been investigated in detail yet. 

Many previous reports focused on elimination of harmful substances that 

cause negative effects on the environment by using nanomaterials or advanced 

technologies. Several physical, chemical, and biological solutions were proposed to 

achieve the necessary efficiency. Some recent materials have been examined for the 
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adsorption and treatment capacity of organic pollutants, including activated carbon, 

filter membranes, and advanced oxidations. The adsorption of organic molecules onto 

surfaces of materials is a suitable way for removing amounts of pollutants from a 

specific environment, including antibiotics presented in wastewaters [32], [121], 

[122], [136]. However, these approaches require high cost and are too sophisticated 

to use [4], [5], [94], [140]. Thus, several studies have been performed to find out low-

cost, environmentally friendly, and highly effective materials to remove polluted 

compounds from the environment.  

Of the various available materials, scientists have paid a considerable amount 

of attention to clay minerals due to their high adsorption capacity, convenient 

fabrication, and abundant availability in nature and environmental friendliness [19], 

[38], [46], [70], [91], [100], [113], [131], [142], [145]. Clay mineral materials are 

characterized by layered structures and a large spatial surface. The addition or 

replacement of suitable cations on their surfaces could increase the adsorption 

capacity as well as the removal of toxic substances. Investigations of the adsorption 

of organic substances and antibiotic residues using clay mineral materials are feasible 

and have scientific and practical significances. Notably, vermiculite is promised to 

be a potential candidate to treat persistent organic substances, as it eliminates 

antibiotic residues in aquatic environments [130]. However, the role of 

intermolecular interactions and adsorption mechanism on surfaces of minerals has 

not fully been understood yet.  

 Furthermore, to examine the application ability of TiO2 and clay minerals 

materials for an efficent treatement of organic pollutants, we must understand the 

origin and role of surface interactions, and the inherent stability of geometrical 

configurations upon the adsorption process. An insight into the adsorptive 

interactions of organic molecules onto surfaces of materials such as TiO2 and clay 

minerals is the basis for further understanding the interactions between molecules and 

ions with solid-state surfaces. In recent years, modeling studies using molecular 

dynamics and quantum chemical methods for the surface science field have 
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increasingly been carried out thoroughly [37], [78], [81], [92]. The development of 

modern and high-performance computer systems and efficient computer programs 

helped scientists significantly in theoretical studies. Many scientists examined the 

characteristics of TiO2 and clay minerals materials, including structural and electronic 

properties, spectroscopy, and surface processes [8], [20], [35], [109]. In this context, 

theoretical investigations on adsorption and decomposition of organic molecules, 

incredibly polluted compounds on materials surfaces by using quantum chemical 

calculations appear to be an approach of choice to understand the surface phenomena. 

In conclusion, the present theoretical work finds its importance in the detailed 

insights and thereby applicability in future experimental studies to find potential and 

efficient materials for treating organic pollutants. Hence, a theoretical investigation 

with the title: “Study on the adsorption ability of organic molecules on TiO2 and clay 

mineral materials using computational chemistry methods” is of high scientific and 

practical significance. Our calculated results can be served to orient subsequent 

experimental observations and suggest relevant experiments in Vietnam. 

2. Research purpose 

The purposes of our theoretical studies can be summarized as follows: 

i) Determination of the stable structures upon the adsorption of organic 

molecules on different surfaces of TiO2 and clay minerals; 

ii) Investigation and examination of the adsorption ability of various organic 

molecules, antibiotics on TiO2 and clay minerals surfaces; 

iii) Obtention of insights into surface interactions, including their formation 

and role to the stability of complexes and adsorption processes; 

iv) Evaluation of the use of TiO2 and clay minerals in future experimental 

studies on the adsorption and removal of antibiotics and organic pollutants in 

wastewater. 

3. Object and scope of this study 

The selected organic molecules and antibiotics include benzene and its 

derivatives, ampicillin, amoxicillin, benzylpenicillin, enrofloxacin, and tetracycline. 
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The material surfaces considered in this work include TiO2 (rutile, anatase), 

kaolinite, and vermiculite. 

 The scope of this study is theoretical investigations of the adsorption ability of 

organic compounds, especially antibiotics, on the surfaces of TiO2 (anatase, rutile) 

and clay minerals (kaolinite, vermiculite) by using computational chemistry methods. 

4. Research contents 

Part 1 gives an overview of previous studies related to this work. A brief 

description of quantum chemical approaches in solving the Schrodinger equations is 

shown in the first sections of Part 2. In addition, details on computations for selected 

systems are also given in the later sections. 

Chapters 1 and 2  in Part 3 present the calculations and theoretical results on 

adsorptions of organic molecules, especially antibiotics on different material surfaces 

of TiO2 and clay minerals. More particularly, the work that are carried out include i) 

Optimization of the structures of organic molecules containing different functional 

groups (-OH, -COOH, -NH2, -CHO, -NO2, and -SO3H), antibiotics, materials 

including TiO2 (rutile-TiO2 (110) and anatase-TiO2 (101) surfaces), clay minerals 

(vermiculite and kaolinite); ii) Design and optimization to obtain stable structures for 

the adsorption of selected molecules on the surfaces of TiO2 and clay minerals; iii) 

Calculations of interesting parameters, energetic parameters following the adsorption 

of molecules onto TiO2 and clay minerals surfaces; iv) Analysis and evaluation of the 

adsorption ability of organic molecules, antibiotics on different surfaces of TiO2, clay 

minerals and the role of intermolecular interactions formed on the material surfaces 

in the investigated systems. 

In one of the crucial sections, conclusions and outlook, we summarize the 

significant results achieved in the present work and give some outlooks for further 

investigations.  

5. Methodology 

The density functional theory (DFT) methods with suitable and highly 

correlated functionals, such as the PBE, optPBE-vdW, vdW-DF-C09 [25], [72], 
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[104], are considered for the optimization and calculation of characteristic 

parameters, such as geometrical and electronic structures of organic molecules, 

antibiotics, materials surfaces as well as stable configurations. The energy aspects, 

including adsorption, interaction, and deformation energies, are then calculated to 

evaluate molecules' adsorption ability on material surfaces. 

The VASP, GPAW packages [39], [57], [68], and some visualized software 

such as Gaussview, VESTA, and Material Studio are used to simulate the structures 

of TiO2, clay minerals materials, and the configurations formed by the adsorption of 

molecules onto material surfaces. These programs are also used to calculate energetic 

values and other parameters. In addition, to consider the formation and role of 

intermolecular interactions, the calculations on DPE, PA, MEP, topological 

geometry, and EDT are performed by using Gaussian packages (versions 03 and 09), 

AIM2000 and NBO 5.G programs [9], [12], [42], [134].  

Details of calculations and analyses for the investigated systems are presented 

in the computational methods section. 

6. Novelty, scientific and practical significance  

Scientists in Vietnam and worldwide have not yet paid sufficient attention to 

theoretical studies on the adsorption ability of organic molecules containing benzene 

rings onto TiO2 and clay minerals surfaces by using computational chemistry. The 

present results would first provide us with insights into the adsorption ability of 

organic molecules and antibiotics on the material surfaces such as TiO2 and clay 

minerals. It appears that the results of such research in surface phenomena can be 

used to put forward solutions for environmental problems. A better understanding of 

surface interactions is vital for the selection and use of suitable materials to treat 

organic pollutants. The results of this work lead to a good assessment of the 

adsorption processes that take place on the surfaces of TiO2 and clay minerals. This 

study is also an essential investigation for guiding subsequent experimental studies 

to remove or decompose pollutants in the environments.  
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Our present work results give insights into the adsorption ability of organic 

compounds containing different functional groups such as -OH, -COOH, -CHO, 

>C=O, NO2, -NH2, -SO3H on the material surfaces. Remarkably, the role and origin 

of intermolecular interactions contributing to the stability of complexes and the 

adsorption ability of molecules on the TiO2 and clay mineral surfaces can be clarified 

by using quantum chemical methods. The obtained results are valuable references for 

future studies on treatment of polluted compounds in wastewater sources. 

 The novelty of this work has been demonstrated by the papers published in 

peer-reviewed journals such as Surface Science, Chemical Physics Letters, Vietnam 

Journal of Chemistry, Vietnam Journal of Science and Technology, Vietnam Journal 

of Catalysis and Adsorption, Quy Nhon University Journal of Science.  
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PART 1. DISSERTATION OVERVIEW 

 

1. Organic pollutants and antibiotics residues in wastewaters  

In recent decades, as environmental pollution has emerged as a global and 

persistent issue, scientists and policy makers have been paying considerable attention 

to its consequences [45], [146], [149]. Because compounds containing benzene rings 

were accumulated for a long time in large amounts as part of the human living 

conditions [71], it was more and more difficult to completely remove them from 

environments. Besides, several antibiotics that are used for various purposes and 

released in the wastewaters, induce more negative impacts on the environments [5], 

[24], [51], [52], [86], [106], [150]. Antibiotics have been used extensively not only 

for treatment of human and animal diseases but also for industry-scale production of 

aquatic organisms and in the fields of medicine, biology, biochemistry, life science, 

and agriculture [1], [3], [28], [41], [47], [95], [99], [105], [114], [135], [140]. The 

uncontrolled use and release of antibiotics-containing waste are continuously causing 

many environmental and health problems, such as the pollution of aquatic resources 

damaging effects on the growth of living organisms [35], [54].  

On the other hand, the growth and export of shrimp and other seafood bring in 

high economic values and benefits contributing to the development of the country. In 

Vietnam, shrimp farming has been and still is, an essential economic sector [13]. 

There has been increasing attention on both the quantity and quality of shrimp 

production. Many solutions, models, and advanced technologies were proposed to 

achieve the highest results. However, water pollution caused by farming and 

processing of shrimp are not still treated thoroughly. In wastewater, many harmful 

substances that strongly pollute the environment, are present such as antibiotic 

residues, stimulants, nitrogen and phosphorus compounds, and wastes from the 

metabolism of food’s nutrients [27]. Notably, antibiotics such as tetracycline, 

penicillins, and quinolones family were, and still are, widely used in shrimp farming, 

especially in Vietnam, but they were, and still are, not strictly controlled [14], [62]. 
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For the well-being of society, it is imperative to safely remove pollutants, especially 

antibiotics, in wastewater discharged from shrimp farming. 

2. TiO2 nanomaterial and its applications 

Nanotechnologies based on nanomaterials have been recently considered 

effective in solving wastewater problems [14]. Furthermore, nanomaterials contribute 

to development of more efficient treatment processes among advanced water systems 

[98]. Some materials such as amorphous silica, calcium silicate, silica-based 

nanotubes, activated carbon, and graphene oxide were used to remove antibiotics 

fairly effectively [5], [117], [132], [133], [140]. However, most of these materials are 

of high cost or facing disadvantages in their regeneration after adsorption processes.  

Remarkably, TiO2 emerges as one of the most important semiconductor 

materials in photoreaction processes, and it is widely used in the fields of energy, 

health, and food technology. Specifically, TiO2 is commonly used in photocatalysis, 

adsorption, and degradation of toxic compounds to simple molecules based on its 

unique surface properties [33], [43], [60], [61], [144]. Some applications of TiO2-

based implants in biology, and the adsorption of organic molecules onto the TiO2 

surface have been reported in recent investigations [110], [121], [124]. The 

adsorption processes usually occur on the nanostructured surface of TiO2 films, 

depending on the nature of the substance, concentration, type of the heterogeneous 

facet, and other environmental conditions. Understanding the structure and properties 

of TiO2 surfaces important for designing highly active photocatalysts and solar cells. 

It is known that three stable phases of TiO2, including rutile, anatase and brookite, 

were synthesized and applied for various fields of photocatalysis, sensors, and 

medicine transmission [32], [122]. The characteristics of the TiO2 phases were well 

examined, and results showed that rutile is the most stable one. Of the rutile surfaces, 

the most stable plane (110) is considered thoroughly in both experimental and 

theoretical studies [118], [122]. Besides, anatase has recently become the subject of 

intensive interest with high photocatalytic activity in comparison to rutile. For its part, 
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the (101) plane of anatase which was investigated extensively in previous work, is 

the most predominant one [136].  

In addition, TiO2 drives most of photocatalytic and photoelectrocatalytic 

processes [43], [96], [129]. TiO2 was also widely studied and used in many 

applications related to environment because of its strong oxidation abilities, chemical 

stability, nontoxicity, and low cost [43], [96]. When applied for the removal of 

pollutants, both adsorption and photodegradation contribute considerably to the 

purification. Many factors are known to significantly affect on the adsorption step 

and photocatalytic performance of TiO2. Notably, the size, specific surface area, 

crystalline phase, and the exposed plane surfaces, as well as the rate of mass transfer 

for organic pollutant adsorption, are reported [129]. In fact, adsorption is an important 

stage in photocatalytic reactions which are based on chemical reactions on the surface 

of the photocatalyst and also in the operation of sensors [32], [43], [96], [102], [129].  

Noticeably, the adsorption of simple molecules has been examined in recent 

years [80], [81], [138] on different surfaces of TiO2 including rutile and anatase [102], 

[118], [121], [129], [136]. Interactions between organic molecules such as carboxylic 

acids, alcohol, ether, benzene, metals, and metal ions on TiO2 surfaces were also 

evaluated in several reports [82], [84], [101], [103], [119], [124], [138]. Also, the 

investigations of geometrical structures and adsorption ability of amino acids, 

amines, antibiotic molecules on TiO2 surfaces were performed using computational 

chemistry and modelling tools [59], [109], [115], [123], [137], [147]. In recent 

studies, Mahmood, Parameswari and co-workers have reported the details of 

geometrical structures and adsorption of some organic molecules on TiO2 surfaces 

[82], [103]. Accordingly, functionalized organic compounds containing >C=O, -

COOH, -OH, -NH2, -CHO, -CONH- are favorably adsorbed on TiO2 surfaces. 

However, in most of the previous investigations, the authors have neither explained 

in detail the existence and the role of intramolecular interactions nor evaluated the 

stability of complexes, adsorption ability of molecules on TiO2 surfaces. Besides, the 

nature of processes and the role of surface interactions for the adsorption of antibiotic 
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molecules on TiO2 surfaces are not analyzed in detail or received enough attention 

yet.  

3. Clay minerals and their applications in the treatment of pollutants 

Recent investigations have been carried out to discover the suitable materials 

to effectively remove organic pollutants and antibiotics residue from wastewater 

sources [2], [3], [48], [113], [116], [143], [150]. Notably, clay minerals, which are 

essential components of most soil types, were often applied as adsorbents for 

wastewater treatment owing to their exceptional properties such as the high cation 

exchange capacity, good swelling, and high specific surface areas [20], [30], [31], 

[55], [111]. Besides, clay minerals have layered structures that may consist of various 

combinations of tetrahedral and octahedral sheets, which are  known as kaolinite (a 

tetrahedral sheet intercalated by an octahedral sheet, i.e., 1:1) and vermiculite (two 

tetrahedral sheets sandwiching a central octahedral sheet, or 2:1).  

Kaolinite mineral is one of the potential materials used in the water 

purification industry to reduce soil pollution and catalysis for chemical reactions [6], 

[7], [63], [111], [145]. Kaolinite includes two unique surfaces in its structure: the 

hydrogen-rich facet (H-slab) and the oxygen-rich facet (O-slab). Harris and co-

workers conducted studies on the adsorption capacity of organic compounds 

including some dyes on kaolinite and amorphous aluminum oxide [58]. Reported 

results indicated that the H-slab can efficiently adsorb organic compounds and is 

better than its counterpart O-slab and aluminum oxide surface. Moreover, the H-slab 

with a high positive charge density is favorable for the adsorption of organic 

compounds containing electrophilic functional groups such as -OH, -COOH [23], 

[58]. Johnson's study on the adsorption of benzene, n-hexane, pyridine and 2-

propanol on the two kaolinite surfaces indicated that H-slab has a higher adsorption 

ability than O-slab [67]. Chen and co-workers investigated the adsorption of different 

amino/ammonium salts of DDA (Dodecyl amine), MDA (N-methyl dodecyl amine), 

DMDA (N,N-dimethyl dodecyl amine), and DTAC (Dodecyl trimethyl ammonium 

chloride) on the kaolinite surface both theoretically and experimentally [23]. Their 
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results imply that the DDA+, MDA+, DMDA+, and DTAC+ cations can be firmly 

adsorbed on H-slab and O-slab by forming hydrogen bonds. A recent report by Awad 

and co-workers, who examined the adsorption of 5-aminosalicylic acid on kaolinite 

surface [8], suggested that different amino/ammonium cations, amino derivatives 

adsorb more firmly onto the H-slab than onto the O-slab. The investigation on the 

adsorption of benzene derivatives containing -CHO, -COOH, -OH, -NH2, -SO3H 

groups on H-slab is thus of importance for further evaluation of the geometrical 

structure, stability of complexes, effects of functional groups, and the role of 

intermolecular interactions formed on material surfaces. 

In recent studies, clay minerals, especially vermiculite, have been suggested 

as high-potential adsorbents for removing dyes, organic pollutants, and metal cations 

due to their hydrophilicity and high charge density surface, and layered crystalline 

structure [107], [131]. They have recently been used further as excipients in 

pharmaceutical preparations and therapeutic agents in biomedical applications [112]. 

Vermiculite-based derivatives are regarded as potential nanomaterials for use in 

various areas of environmental protection [83], [107], [108], [130]. Some reports 

indicate that the adsorption capacity of molecules on material surfaces mainly 

depends on the cation exchange and surface complexation (e.g. hydrogen bonds) 

between functional groups of organic compounds and the charged sites of adsorbents 

[65], [66]. Besides, the stable configurations result from interactions between 

adsorbed molecules and surfaces such as hydrogen bonds, acid-base, and van der 

Waals forces. Most of the weak interactions, especially hydrogen bonds, play a 

significant role in determining the arrangement of large systems and the eventual 

synthesis of useful compounds. The hydrogen bonds formed between organic 

compounds were extensively investigated in various studies [49], [127], as they 

remarkably contribute to the complexes’ stability. Hence, a better knowledge of the 

nature of intermolecular interactions is necessary for other important purposes, such 

as the customized design of adsorbents for controlling the sorption and separation of 

guest molecules. Moreover, although compounds containing the -OH, -COOH 
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functional groups [8], [20], [23], [148] are found to be conveniently attached to the 

clay minerals, the origin and role of the inherent interactions and transformations are 

not identified and analyzed. 

4. Investigations on materials surfaces using computational chemistry 

It is well known that quantum chemical computations allow us to elucidate the 

sites of molecules adsorbed on clay minerals and TiO2 surfaces. This work can be 

achieved from determination of the relative stabilities of different binding sites and 

identification of the geometrical details that occur to the adsorbent and the surface 

following adsorption. Theoretical investigations into the organic molecules and 

antibiotics adsorbed on the TiO2, kaolinite, and vermiculite surfaces were frequently 

conducted using density functional theory (DFT). The thermodynamic stabilities of 

different adsorbate-surface systems and the specific role in interactions were 

examined in previous studies. However, a deep understanding of the existence and 

effect of surface interactions on the stability of configurations and adsorption process 

was still not reported in detail [1], [48], [130].  

In Vietnam, studies on clay minerals or TiO2 materials, especially regarding 

the adsorption ability of organic pollutants on these material surfaces were not 

thoroughly conducted. There is still a lack of attention to theoretical studies on these 

materials. Up to now, some combined experimental and theoretical investigations 

were focused on other surfaces of graphene, activated carbon, and zeolite [56]. In 

summary, theoretical and experimental investigations on clay minerals and TiO2 are 

still limited. In this context, insights into surface phenomena constitute an attractive 

subject for theoretical studies leading to promising applications.  
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PART 2. THEORETICAL BACKGROUND AND COMPUTATIONAL 

METHODS 

 

1. Quantum chemical approaches 

1.1. Schrödinger equations 

In 1926, based on the combination of Planck's quantum theory and Louis De 

Broglie's particle-wave duality, Erwin Schrödinger formulated the time-dependent 

equation of one-particle system in one dimension, as follows: 

2 2

2

(x, t) (x, t)
V(x, t) (x, t)

i t 2m x

  
    

   
(1.1) 

where h is Plank's constant and 
2

h


 , V(x,t) is the potential field of the system, m 

is the mass of the single-particle, 1i   , Ψ(x,t) the wavefunction describing the state 

of the system depended on both the x-coordinate and t-time variables. The Ψ(x,t) is a 

single-valued, continuous function. In a one-dimensional problem, the probability 

that particle will be found in the region between x and x + dx at time t is determined 

by |Ψ(x,t)|2 [64], [78]. 

           Equation (1.1) is quite complex, especially for many-body systems. 

Particularly in chemistry, most quantum systems are considered in the stationary state 

(the state in which the probability of finding the particle does not change with time, 

only depends on special coordinates (|Ψ(x,t)|2 = |Ψ(x)|2)). Therefore, the simpler 

model used for these systems is the time-independent Schrödinger equation: 

2 (x)
V(x) (x) E (x)

2m x

 
    


 (1.2a) 

This is simply rewritten as: Ψ = EΨ (1.2b) 

where: Ĥ  is the Hamiltonian operator, E is the energy of the system. The (1.2a) and 

(1.2b) are Schrödinger equations that independent of time.  

The Hamiltonian is the total energy operator of the system. For molecules, it 

includes the contributions of five components: the kinetic energy of the electrons, the 

Ĥ
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kinetic energy of the nuclei, the electrostatic attraction of the nucleus to the electron, 

the repulsive force between the electrons, and the repulsive force between the nuclei, 

as shown in the expression: 

n el en ee nn
ˆ ˆ ˆH T T U U U    

 
(1.3) 

where: nT̂  : kinetic energy operator of the nuclei 

   elT̂ :  kinetic energy operator of N e  

   enU : the potential energy of interactions between electrons and nuclei 

   eeU : the potential energy of interaction between electrons  

   nnU : the potential energy of interaction between nuclei 

It is fully represented by the following equation: 

 

(1.4) 

where: A, B: denote for the nuclei A and B 

 MA: mass ratio of nucleus A to one electron 

 p, q: symbol for electrons in the system 

 ZA, ZB: number of units of nuclear charge A, B 

 rpq: distance between the electrons p and q 

 rpA: distance between the electron p and the nucleus A 

 RAB: distance between two nuclei A and B 

 
2 2 2

2

2 2 2x y z

  
   

  
: Laplacian operator  

 In equation (1.4), the fourth term cannot be explicitly determined because of 

the indistinguishable property of electrons. Thus, the Schrödinger equation can only 

be solved, except for systems containing a single nucleus and single electron like a 

hydrogen atom. As for systems with two or more electrons, we can only achieve an 

approximate solution. Solving the Schrödinger equations would yield wave function 

Ψ and the total energy E of the investigated system. 

M N N M M M
2 2 A A B

A p

A 1 p 1 p 1 A 1 p 1 q p A 1 B AA pA pq AB

Z Z Z1 1 1
Ĥ

2M 2 r r R       
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1.2. The Born - Oppenheimer approximation and Pauli’s exclusion principle 

1.2.1. Born – Oppenheimer approximation 

The Born − Oppenheimer approximation is the best-known mathematical 

approximation in molecular dynamics that allows the separation of the motion of the 

nucleus and the electron in a molecule. When the nucleus is stationary relative to the 

electron, the movement of the electron slightly depends on the movement of the 

nucleus [64], [73], [78]. Hence, in equation (1.4), the second term equals zero ( n
T̂ 0

) and the last term is constant ( nn
Û C ). The Hamiltonian for the whole system 

becomes the Hamiltonian operator for electrons corresponding to the total electron 

energy of Eel:           

N N M N N
2 A

el i
i 1 i 1 A 1 i 1 j iiA ij

1 Z 1
Ĥ C

2 r r    

          (1.5) 

For the movement of nuclei in the average field of the electrons, the nuclei operator 

has the form: 

  
M M M

2 A B

nucl A elec A
A 1 A 1 B AA AB

1 Z Z
Ĥ E R

2M R  

     
 

(1.6) 

According to the Born − Oppenheimer approach, the complete wavefunction for the 

system containing N electrons, M nuclei can be rewritten: 

            i A el i A nucl Ar , R r , R R     (1.7) 

The Schrödinger equation can not be solved accurately for a multi-electron system 

because the interactions between electrons i and j can not be determined clearly. It is 

impossible to learn their position in space explicitly. Instead only the electron density 

can be determined. That is the probability of the existence of a particle at a given 

position.  

1.2.2. Pauli’s exclusion principle 

The Ĥ el operator in equation (1.4) only depends on the spatial coordinates of 

the electrons, meaning that it only acts on the space part of the wave function. 

However, to fully describe electron properties, it is necessary to specify the spin term 
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and add the electron spin into the space part of the wave function. Let (ω) and (ω) 

be two spin functions corresponding to spin-up and spin-down. These two spin 

functions can be chosen to be orthogonal and normalized (orthonormal) as follows: 

*()()d = *()()d = 1 or  =  = 1 (1.8) 

*()()d = *()()d = 0 or  =  = 0 (1.9) 

Hence, an electron is not only described by spatial coordinates r but also spin 

coordinates ω, denoted by x = {r, ω}. The wave function of N-electrons system is 

then written: ψ(x1, x2,..., xN) and must be antisymmetrical with the exchange 

(swapping) of coordinates x (including space and spin) of any two electrons p, q (p ≠ 

q):  

ψ(x1,…, xp,…, xq,…, xN) = -ψ(x1,…, xq,…, xp,…, xN) (1.10) 

The exclusion principle is the consequence that, if xp = xq for p ≠ q, then ψ(x1,…, 

xp,…, xq,…, xN) = 0 (1.11). This means that none of the n particles may be in the 

same state (Pauli’s exclusion principle) [64], [73], [78]. 

1.3. The variational principle 

 The accurate solution of the Schrödinger equations for systems with many 

nuclei and electrons is not possible. There are helpful approximated methods that can, 

in many cases, reduce the complete problem to a much simpler one, which is based 

on the variational principle [26], [64], [73], [78]. In particular, we consider a 

Hamiltonian H and a function Ψ with the sole condition that it stays normalized. We 

can calculate the expectation value of the energy for such function: 

*H H dr    (1.12) 

where r represents all the integration coordinates. 

The functions Ψ for which H  is stationary – i.e. does not vary to first order in slight 

variations of Ψ - are the eigenfunctions of the energy. In other words, the Schrödinger 

equation is equivalent to a stationarity condition. For the eigenfunctions Ψn of a 

Hamiltonian H, with associated eigenvalues En: 

H Ψn = En Ψn (1.13) 
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We label the ground state with n = 0 and the ground-state energy as E0. The 

variational principle states, quite simply, for any different function Ψ,  

*

0*

H dr
H E

dr

 
 

 




 (1.14) 

 This simple result is significant. It indicates that any function Ψ yields the 

expected energy an upper estimation of the energy of the ground state. For the 

unknown ground state, an approximation to the ground state can be found by varying 

Ψ inside a given set of functions and determining a function that minimizes H . 

1.4. Basis sets 

The basis set is the set of mathematical functions from which the wave 

function is constructed. To obtain the best approximate solution for Schrödinger 

equations we need to improve computational methods and choose the suitable basis 

sets for investigated systems. The more extensive basis set would yield a closer 

description of electrons in the system to reality and a better approximation, and vice 

versa. For each system, a consideration of the basis sets to achieve a good result is 

necessary and must be done carefully [26], [64], [73], [78]. 

1.4.1. Slater and Gaussian orbitals 

There are two basic function types used in electronic structure calculations: 

Slater-type orbital (STO) and Gaussian-type orbital (GTO) with corresponding 

expressions in spherical coordinates:  

STO n 1 .r

,n,l,m l,m
(r, , ) N.Y ( , ).r .e 


        (1.15) 

2GTO 2n 2 1 .r

,n ,l,m l,m
(r, , ) N.Y ( , ).r .e  


        (1.16) 

where N is the normalized factor; r = | rorbital-RA |, where rorbital is the orbital coordinate 

vector; RA is the nuclear coordinate A; Yl,m is a spherical function; ξ is an exponent 

of the corresponding STO and GTO functions. 

In general, to achieve a comparable accuracy, the number of GTO functions 

must be three times the number of STO. However, GTO is more advantageous for 

computational costs than STO because it is convenient to three- and four-centered 
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integrals. Thus, GTO is often used in electronic structure calculations. Many basis 

functions have focused only on describing the importance of energy (inner shell 

electron region) and have not paid attention to the chemically significant composition 

(valence-shell electron region). In order to describe well the outer valence shell, it is 

crucial to have a large enough basis set; although it can take a long time for 

computations. Hence, combining the complete set of primitive gauss type orbital 

(PGTO) with a smaller basis set is necessary. Such a linear combination is called a 

contracted basis set and therefore obtains a simplified function (CGTO) as follow: 

k
CGTO PGTO

i i
i

a .    (1.17). 

In equation (1.17), ai is the reduction coefficients and k is the reduction order. The 

ΨCGTO is more similar to ΨSTO.  

1.4.2. Some popular basis sets 

i) Pople basis sets 

STO-nG: a combination of n PGTOs to represent an STO, with n = 2 ÷ 6. The 

optimum combination of speed and accuracy was achieved for n = 3 as compared to 

calculations using STOs. The STO-3G has been applied for most of the atoms and is 

known as a ‘minimal’ basis set. 

k-nlmG: (split-valence basis set) where k is the number of PGTO functions 

used for one core orbital. The set of nlm presents the number of valence shell orbital 

functions divided into calculations and the number of the PGTO function used in the 

combination. Each basis set can again add diffusion functions, polarization functions, 

or both of them. The diffusion function is usually the s- and the p- function that 

precedes the letter G, denoted by the sign "+" or "++" in which the first sign "+" 

indicates adding diffusion functions s-, p- for heavy atoms, the second "+" implies 

the addition of diffusion function s- for H atoms. After the letter G, the polarization 

function is denoted by lowercase letters (or the * and **). Some basis sets are used 

widely in quantum chemical calculations such as 6-31+G(d,p); 6-31++G(2d,2p), 6-

31G*, 6-311G**. 
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ii) Correlation consistent basis sets 

Dunning and coworkers have proposed a somewhat smaller set of primitives 

that yields comparable results to the atomic natural orbital basis sets. Several different 

sizes of correlation consistent (cc) basis set are available, including cc-pVDZ, cc-

pVTZ, cc-PVQZ, cc-pV5Z and cc-pV6Z (correlation consistent polarized Valence 

Double/ Triple/ Quadruple/ Quintuple/ Sextuple Zeta). The basis sets are then created 

by adding polarization functions to improve the electronic space and better describe 

the distribution of the electrons. Therefore, the ‘cc-’ basis sets are supplemented by 

diffusion functions and denoted by aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ, aug-

cc-pV5Z. These basis sets yield highly approximated results and of course, describe 

efficiently systems that consist of weak or non-covalent interactions. Besides, these 

basis sets are used to extrapolate to a complete basis set. 

iii) Polarization consistent basis sets 

Remarkably, the low angular moment functions are more critical for the 

Hatree-Fock (HF)/ Density Functional Theory (DFT) methods than for correlation 

methods in the case of using large basis sets. The polarization consistent (pc-) basis 

sets are developed similarly to the cc-, however, they are optimized for the DFT 

methods. Furthermore, these basis sets focus on describing the polarization of the 

electron density on the atoms rather than describing the correlation energy. Some 

types of pc- functions include pc-0, pc-1, pc-2, pc-3, pc-4, and generally denote by 

pc-n. The -n value corresponds to the number of polarization functions with 

considerable angular momentum. 

1.5. Hartree-Fock approximation 

The Hartree Fock (HF) method is one of the simplest approximations, based 

on the physical conception of the average effective potential field for each electron 

to have a solution of the Schrödinger equation for the N-electron system. The field is 

combined by the electrostatic attraction of the nucleus and the average repulsive 

potential of all other electrons [64], [73], [78]. The most straightforward wave 

function to describe the ground state of the N-electron system is a Slater determinant: 
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el i 1 j 2 k N(x ) (x )... (x )      (1.18) 

According to the variational principle, the wave function with the lowest energy: 

0 0 0
ˆE H    (1.19) 

Minimizing the energy for the choice of spin orbitals can draw HF equations: 

i i if̂ (1) (1) (1),i 1,2,...N      (1.20) 

in which f̂ (1)  is Fock operator: 

j j

j

ˆ ˆ ˆˆ ˆ ˆf (1) h(1) J (1) K (1) h(1) V(1)     
   (1.21) 

 This expression allows the determination of the optimal spin-orbital. Thus, the 

HF method is used by replacing the N-electron systemwith N one-electron systems, 

in which e-e repulsive interactions are handled by average field. The HF equations 

are non-linear differential; therefore, they must be solved using an iterative method. 

The procedure for solving these equations is called the self-consistent field (SCF) 

method. The SCF method is an iterative method that involves selecting an 

approximate Hamiltonian, solving the Schrödinger equation to obtain a more accurate 

set of orbitals, and then solving the Schrödinger equation again with theses until the 

results converge. 

1.6. Density functional theory 

In solving quantum problems as well as Schrödinger equations, electron 

densities are practical, and reasonably accurate approximations, especially for many-

body systems [26], [64], [73], [78]. Density Functional Theory (DFT) comes from 

the view that the energy of a system can be expressed as a function of its electron 

density (r). 

1.6.1. The Hohenberg-Kohn theorem 

Theorem 1: Electron density (r) determines the external potential Vext((r)), 

the wave function φ((r)) as well as other properties of the system at the ground state. 

The external potential (and hence the total energy) is a unique functional of the 

electron density. 
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Theorem 2: The functional that delivers the ground-state energy of the system 

gives the lowest energy if and only if the input density is the actual ground-state 

density. In other words, the energy of the Hamiltonian reaches its absolute minimum, 

i.e., the ground state, when the charge density is that of the ground state. 

(r)dr N   → oE[ (r)] E   (1.22) 

1.6.2. Kohn-Sham equations 

 The foundation for using DFT methods in computational chemistry is the 

introduction of orbitals, as suggested by Kohn and Sham (KS). The idea in the KS 

approach is to split the kinetic energy functional into two parts. One can be computed 

precisely and a small correction term. For the systems of non-interacting electrons, 

the energy functional is divided into specific components, in particular 

               neni ee ni eeE ρ r T ρ r V ρ r V T ρ r V(r) (r)      
 

(1.23) 

where the terms correspond to the kinetic energy of the non-interacting electrons, the 

nuclear-electron interaction, the classical electron-electron repulsion, the correction 

to the kinetic energy, and all non-classical corrections to the electron-electron 

repulsion energy. 

 Within an orbital expression for the density, the equation (1.23) can be 

rewritten as 

S XC Ne

1 2
S 1 2 XC Ne

12

N N N N M
22 22 A

i i i i j j 1 2 XC i 1 1

i i j i A12 1A

E[ (r)] T [ ] J[ ] E [ ] E [ ]

(r ) (r )1
T [ ] dr dr E [ ] V (r)dr

2 r

Z1 1 1
| | (r ) (r ) dr dr E [ (r)] (r ) dr

2 2 r r

        

 
      

           

 

    

 (1.24) 

The resulting equations are given as follow: 

M
2 22 A

2 XC i eff 1 i i i

A12 1A

1 (r ) Z 1
dr V (r) V (r )

2 r r 2

    
                 

   
  

(1.25) 

in which εi is the Kohn − Sham orbital energy; Veff(r) is determined by expression: 

M
2 A

eff 2 XC

A12 1A

(r ) Z
V (r) dr V (r)

r r


    (1.26) 
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and VXC[ρ] is the exchange-correlation potential. The derivative of EXC is defined by 

the expression: 

 XC

XC

dE ρ
V

dρ


 
(1.27) 

 Solving the Kohn-Sham equations would yield the orbital orbits of one 

electron Ψiri, if EXC[ρ] is known and VXC[ρ] is calculated. Thus, Kohn-Sham orbitals 

allow the calculation of ρ(r) by the formula:  

N 2

i i
i 1

(r) (r )


    (1.28) 

The solution to Kohn − Sham equations is carried out using the self-consistent field 

(SCF) method. It is customary to separate EXC into two parts in later works, a pure 

exchange EX and a correlation part EC. Each exchange and correlation energy is often 

written in terms of the energy per particle (energy density), εx and εc. 

XC X C X CE [ ] E [ ] E [ ] (r) [ (r)]dr (r) [ (r)]dr               (1.29) 

1.6.3. Local density approximation 

In the Local Density Approximation (LDA), the local density can be treated 

as a uniform electron gas. The exchange energy for uniform electron gas according 

to the Dirac formula is calculated as follows: 

EX
LDA[ρ] = – Cx∫ ρ4/3(r)dr (1.30) 

In the general case, α-electron and β-electron densities are not equal, LDA has been 

replaced by the Local Spin Density Approximation (LSDA) as shown in Eq. (1.30). 

EX
LSDA[ρ] = – 21/3Cx ∫ [ρα

4/3 + ρ
β

4/3
] dr (1.31) 

LSDA can be written by total density and spin polarization function.  

EX
LSDA[ρ] = −

1

2
Cxρ1/3[(1 + ζ)4/3 + (1– ζ)4/3] (1.32) 

In addition, the correlation energy of uniform electron gas is determined by 

Quantum Monte Carlo methods for many different density values. The LSDA method 

is an exact DFT method for a particular case of uniform electron gas. For molecular 

systems, the LDSA approximation underestimates the exchange energy by ~10%, 
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creating errors that are larger than the whole correlation energy. Besides, the bond 

strengths are overestimated by ~100 kJ.mol-1. In general, the LDSA method provides 

results with an accuracy similar to HF methods. 

1.6.4. General gradient approximation 

To improve LSDA, considering the non-uniform electron gas is necessary. It 

means that the exchange-correlated energy depends not only on the electron density 

but also on its derivative. In Generalized Gradient Approximation (GGA) methods, 

the first derivative of the density is included as a variable. GGA methods are 

sometimes referred to as non-local methods. In the GGA, the exchange-correlation 

energy EXC is given as follows: 

 GGA

XC
E , f , , , dr

     
           (1.33) 

In practice, 
GGA

XC
E is often split into its exchange and correlation terms 

GGA GGA GGA

XC X C
E E E  . (1.34) 

The exchange part of 
GGA

XC
E  can be written as  

GGA LDA 4/3

X X

4/3

E E F(s ) (r)dr

(r)
s (r)

(r)

 








  






 (1.35) 

where sσ is to be understood as a local inhomogeneity parameter.  

The correlation part is similarly written as an enhancement factor added to the 

LSDA functional. The t variable is related to the x variable utilizing yet another spin-

polarization function. 

   

GGA LDA

C C

1
LDA2

3 2 C

3 2 2 4 3

3
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3 3

E H(t)

E1 At
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1 At A t cf

1
f ( ) 1 1 ; t 2(3 ) f x

2





  

     
        

       

             

 (1.36) 

The a and b parameters are non-empirical. 
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1.6.5. Hybrid functionals 

The basic idea of this approach is to use the exact exchange energy and rely 

on approximate functionals only for the part missing in the HF method, i.e., the 

electron correlation,  

exact KS

XC X C
E E E  where 

KS

exact 0 1 X 1 2

X 1 2

12

(r )h (r , r )1
E dr dr

2 r


   (1.37) 

with the exact density ρ0. 

For atoms, this concept indeed delivers good results. However, it does not live 

up to the expectation at all for molecules and chemical bonding.  

In a different avenue to exploit the exact exchange outlined by Becke, the 

exchange-correlation energy (EXC), is defined by integation over the λ-dependent 

exchange-correlation potential energy. The non-classical e-e interaction (Encl) 

corresponds to the pure potential energy contribution and dependens on λ. 

1

XC ncl

0

E E d   (1.38) 

The simplest approximation for this approach is to assume 
ncl

E is a linear function in 

λ, as follows:  

HH 0 1

XC XC XC

1 1
E E E

2 2

   . (1.39) 

This equation represents the so-called half-and-half (HH) combination of exact 

exchange and density functional exchange-correlation. 

It is noted that the most popular hybrid functional is known as B3LYP in which 

the exchange functional is utilized by Beck, and correlation functional is proposed by 

Lee, Yang, and Parr (LYP). The B3LYP exchange-correlation energy expression is  

B3LYP LSD 0 B88 LYP LSD

XC X XC X C C
E (1 a)E aE bE cE (1 c)E        (1.40) 

in which a, b, c are the coefficients determined by Becke as follows: a ~ 0.20; b ~ 

0.72; c ~ 0.81. 
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1.6.6. Van der Waals functionals 

Recently, DFT has been widely applied with approximate local and semilocal 

density functionals for the interactions for molecules and materials. For 

biomolecules, soft matter, and van der Waals (vdW) complexes, the functionals, 

including vdW forces, need to be added and considered to describe cohesion, bonds, 

structures, and other properties [34], [64], [78]. The exchange-correlation energy now 

can be written as:  

EXC = EX
GGA + EC

LDA + EC
nl  (1.41) 

where EC
nl is the nonlocal correlation-energy part. The simple form of EC

nl is 

nl 3 3

C

1
E d rd r 'n(r) (r, r ')n(r ')

2
    (1.42) 

where (r, r ')  is a function depending on r r ' and the density n in the vicinity of r  

and r ' . For full potential approximation, exacted at the long distances between 

separated components, the EC
nl can be expressed as: 

nl

C 0

du
E tr ln(1 V ) ln

2




     

  (1.43) 

in which χ is the density response to a fully self-consistent potential with long-range, 

V is the interelectronic Coulomb interaction, ε an approximated dielectric function, 

and u the imaginary frequency. 

For the layered structures, the scheme obtained by expanding EC
nl equation 

above to second order in S ≡ 1- ε-1 is given 

2

nl 2

C 20

du S. V
E tr S .

4 4 e

    
   

    
  (1.44) 

In a plane-wave presentation, Sq,q’ is followed to conditions and approximated 

by the plasmon-pole model: Sq,q’ = ½(S q,q’ + S -q’,-q). (1.45) 

For considering nonlocal exchange-correlation energy, in general, the EXC
nl is 

given in the form: 
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nl 2

XC q,q ' q ',q0
q,q '

du
E 1 (q,q ') S S .

4


  
 

  (1.46) 

1.7. Pseudopotential and plane-wave methods 

In the solid states, pseudopotentials and plane-wave basis sets are essential 

features, providing consistent and highly accurate results for investigated systems 

[37]. For natural materials, one needs to solve the Schrödinger equation using the 

proper potential υ(r), as shown in eq. (1.47), 

21
(r) (k, r) E(k) (k, r)

2

 
       
 

(1.47) 

and it will soon become clear how the potential determines both the band-structure 

method and its associated essential functions. This kind of basis functions strongly 

differs between molecules and extended solids due to the underlying translational 

symmetry. Bloch suggested a theorem that contains the basis functions for 

translational invariant solid, namely a plane wave (eikr) which is the symmetry-

adapted wave function to a crystal’s boundary conditions. It means that any type of 

crystal wave function ψn(k,r) can be expressed as a plane-wave expansion and written 

as 

i(k K)r ikr iKr

n n n
K K

(k, r) c (k,K)e e c (k,K)e    (1.48). 

Here, K is a reciprocal lattice vector, and the contribution coefficients cn must be 

sought, either analytically or numerically.  

Due to the simplicity of plane waves, they are convenient to perform 

computations, especially if they are applied to simple (non-chemical) potential. For 

the realistic potential, plane waves can become complicated. For instance, as 

illustrated in Figure 1, the 3s radial function of Na atom from a self-consistent 

calculation has two radial nodes close to the characteristic of the electron kinetic 

energy, reflecting the significant nuclear potential. 

Outside the atom, there is a smooth exponential decay of the valence function. 

For crystalline Na, the new situation will also reflect different regions with step 
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potential valleys or a relatively smooth potential in the bonding region, as shown in 

Figure 2. 

 

Figure 1. Radial part of the 3s atomic orbital of the Na atom [ref. 37]. 

 

Figure 2. Schematic drawing of a 3s-derived Bloch function of one-dimensional 

crystals of Na atoms [ref. 37]. 

The process of the symmetric adaptive wave function (Bloch function) of one-

dimensional Na crystals may not reflect both potential types. The local 3s atomic 

function has been transformed previously into a fully delocalized function. Therefore, 

there must be enough variational freedom to simultaneously exhibit core-like 

behavior close to the atom and enough typical plane-wave properties between atoms. 

The size of the plane-wave basis set, which is proportional to Z3, will be tourable for 

a band-structure calculation on the diamond. For larger systems, it will 

computationally explode and make realistic calculations almost impossible. Three 

different approaches have been proposed to address this issue by i) ignoring the core 

functions, ii) modifying the potential, also ignoring the core functionals, and iii) 

modifying the basis sets and splitting the functional into core and beyond-core 

functions.  

 In addition, for where the low-lying core orbitals core
  of an atom are known, 

it is impossible to construct plane waves representing the valence levels by forcing 

these plane waves to be orthogonal to the core levels for a specified k, as follow: 

OPW ikr

core core
core

(k,r) e c (k) (k,r)    (1.49). 
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This is the original approach of the orthogonal plane wave (OPW) method by using 

a k-weighted combination of OPWs to extend the Bloch function. Consequently, an 

OPW oscillates at the core and acts as a plane wave in the outer regions of the atom.  

A more systematic way to address the oscillations of the core functions is 

given by the pseudopotential method. This approach aims to remove these 

oscillations by replacing a strong ion-electron potential with a weaker 

pseudopotential (as shown in Fig. 3). The atom can thus be considered as a small 

perturbation of the electron gas. Pseudopotential theory - called the combined 

approximation method - was given firstly by Hellmann. Pseudopotentials nowadays 

can be known as effective core potentials. 

 

Figure 3. The graph shows the first random substitution for two alkali metals Na, 

Cs according to Hellmann [ref. 37]. 

Furthermore, substitution methods have been considered for solid-state by 

replacing the OPW orthogonality recipe with an efficient potential. Indeed, the 

pseudopotential theory is applied not only to solid-state but also to molecular 

quantum chemistry. In contrast to Hellmann’s simple, the local pseudopotential 

(Figure 3) for the alkali metals,  

 2 r

pseudo

1
(r) 1 Ae

r

     (1.50), modern pseudopotentials are either semilocal or 

nonlocal. Mathematically, a projection operator Pl for each l channel ensures, in the 

semilocal case, that each orbital feels its correct pseudopotential, 

pseudo l l
l 0

(r) (r)P




   . (1.51) 
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 Over the past decades, new methods have been proposed, promising both 

accuracy and faster performance. They enable one to describe complex systems of 

chemistry and physics. In the first approach, the inner, atom-like wave functions are 

discarded altogether and replaced by a much weaker potential. In the second 

approach, the outer wave functional augments exactly these atom-like partial waves. 

One solution is then given by combining two ideas into a unified electronic structure 

method. The projector augmented wave (PAW) can be considered a pseudopotential 

method in which the pseudopotential is immediately adapted to the electronic 

environment. This is a possible way for ab-initio molecular dynamics to be performed 

using an all-electron method and to treat massive chemical systems composed of 

several thousands of atoms.  

1.8. Atoms In Molecules and Natural Bond Orbitals approaches 

1.8.1. Atoms In Molecules analysis 

In Atoms In Molecules (AIM) theory, the topology of the charge distribution 

is dominated by the electron-nuclear force, causing the electron density (ρ(r)) to 

exhibit maxima at the nuclear positions, thereby imposing the atomic form on the 

structure of matter [87]. The electron density (ρ(r)) is the square of the wave function 

and is integrated over (Nelec-1) coordinates. 

 (1.52) 

 If a molecule can be broken down into several volumetric parts, each with a 

specific nucleus (A in this case), then the electron density can be integrated to obtain 

the number of electrons present in each atomic basin and atomic charge, 

 (1.53) 

QA is the atomic charge, ZA is the nuclear charge, ΩA is the atomic pot. 

 The division of atomic confinement space in a molecule requires a "choice" 

for a volume factor in space to possess a nucleus. The most logical way is the AIM 

method of Richard Bader. This method uses electron density as the starting point 

because the electron density is a genuine problem, measured experimentally or 

   
elec elec1 1 2 3 N 2 3 Nρ r  = Ψ r ,r ,r ,...,r  dr dr ...dr

A

A A

Ω

Q  = Z - ρ(r)dr
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theoretically, deciding shape and material formation. Thus, some properties of 

interactions in investigated systems are clarified based on electron density (ρ(r)) 

which is determined by the gradient vector (∇ρ(r)).  

 (1.54) 

Here, ux, uy, and uz are three unit vectors perpendicular to the surface of electron 

density and point to the lowest slope. A sequence of infinitesimal gradient vectors 

corresponds to a gradient path. Because gradient vectors have one direction, this line 

also has a direction: going up or down. All of them are attracted to one point in space, 

and this point is called the "attractor". All nuclei are "points of attraction", and the set 

of gradients that each nucleus is called "atomic pot". This is the most important thing 

about AIM theory because the "atomic pot" constitutes the space that locates an atom. 

The second important point of AIM theory is the definition of association. The critical 

point (CP) is when the electron density is very large or the gradient vector ∇ρ(r) = 0. 

The CPs are classified based on the individual values λ1, λ2, and λ3 of the electron 

density Hessian matrix: 

 (1.55) 

All individual values λ1, λ2, and λ3, are different from zero, and their signs are used 

to define the CP type. The Laplacian of the electron density (∇2ρ(r)) is the sum of the 

eigenvalues of the Hessian density matrix, with the expression: 

∇2ρ(r) = λ1 + λ2 + λ3 (1.56) 

 It is noted that the electron density (ρ(r)) at the bond-critical point (BCP) is 

the most important parameter. The magnitude of ρ(r) is used to determine the strength 

of bonds. In general, the larger value of ρ(r), the stronger bonding, and conversely, 

the smaller value of ρ(r), the weaker bonding. Besides, the ∇2(ρ(r)) values describe 
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the type of bonding. For instance, it is a covalent bond if the ∇2(ρ(r)) < 0 and it can 

be an ionic bond, a hydrogen bond, or a van der Waals interaction if the ∇2(ρ(r)) > 0.  

 AIM analysis also gives the local kinetic energy density (G(r)) and the local 

potential energy density (V(r)) at BCPs, which are related to Laplacian according to 

the expression: 

 (1.57) 

The total energy density of electrons (H(r)) localized in BCP includes G(r) and V(r). 

H(r) = G(r) + V(r) (1.58) 

Moreover, at BCPs, Espinosa and et al. [40] examined the correlation of hydrogen 

bonding energy and its potential energy density, as expressed in the empirical 

formula: 

EHB = 0.5V(r) (1.59). 

1.8.2. Natural Bond Orbitals analysis 

 Some characteristics in Natural Bond Orbital (NBO) approach include natural 

(semi-)localized molecular orbitals (NLMOs), natural atomic orbitals (NAOs), 

natural bond orbitals (NBOs), natural population analysis (NPA), and also donor-

acceptor scheme upon interactions and complex formations [77], [134]. The NBO 

method uses only the first-order reduced density matrix of the wave function and 

hence applies to wavefunctions of general mathematical form. In the open-shell case, 

the analysis is performed in terms of different NBOs for different spins, based on 

different density matrices for α and β spin.  

 According to the simple bond orbital, each bonding NBO σAB can be written 

by two directed valence hybrids (NHOs) hA, hB on atoms A and B, and corresponding 

polarization coefficients cA, cB,  

σAB = cA hΑ + cB hB (1.60). 

The bonding characteristic is determined as covalent (cA = cB ) or ionic (cA >> cB ) in 

in nature. Each valence bonding NBO (1.60) has a corresponding valence antibonding 

NBO σAB* given by expression  

 21
(r) 2G(r) V(r)

4
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σAB* = cB hΑ - cA hB (1.61). 

The “Lewis”-type (donor) NBOs (1.60) are thereby complemented by the “non-

Lewis”-type (acceptor) NBOs (1.61) that are formally empty. Weak occupancies of 

the valence antibonding (1.61) signal irreducible departures from actual 

delocalization effects. The energetic stabilization due to such σ → σ* donor-acceptor 

interactions can be considered by second-order perturbation theory, particularly for 

the σi → σj* interaction,  

*

2
*

i j
(2)

i j

ij

F
E 2



 
  

  
 (1.62) 

where F  is the effective orbital Hamiltonian and *

* *

i i i j jj
F , F        are 

the respective orbital energies of donor and acceptor NBOs. As a result, valence 

antibondings (1.61) lead to a far-reaching extension of elementary Lewis structure 

concepts to provide delocalization corrections in simple NBO perturbative estimated 

as in the Eq. (1.62). As a result of each σi → σj
* perturbation, the starting NBO 

acquires a weak antibonding “tail” in the final (doubly occupied) NLMO Ωi. In 

general, each semi-localized NLMO Ωi can be expressed as a linear combination of 

the parent Lewis-type NBO σi (with coefficient cii ≈ 1) and weak residuals(cji ≈ 0) 

from non-Lewis (NL) NBOs σj
* 

NL
*

i ii i ji j
j

c c      (1.63) 

that reflect the irreducible physical effect of σi → σj
* delocalizations. Despite the 

compact, recognizable forms of NLMOs and their close connection to chemical 

structure concepts, it is essential to recognize that a Slater determinant of doubly 

occupied NLMOs is equivalent to the usual MO wavefunction. Hence, the simplicity 

of NBO-based expansions such as (1.63) is achieved with no loss of accuracy in the 

description of ψ.  
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2. Computational methods 

2.1. TiO2 systems 

Geometrical structures of organic molecules, antibiotics, and surfaces are 

taken into account experimental data [18], [97], [126] and then optimized using the 

VASP program [57], [68]. The unit cells are chosen with four layers (two layers are 

frozen and two layers are relaxed) or two layers (relaxed) for rutile-TiO2 (110) surface 

(r-TiO2) and two layers (relaxed) for anatase-TiO2 (101) surface (a-TiO2) to 

investigate the adsorption of molecules on surfaces with an acceptable computational 

cost. The surface structures contain the double-bonded and neighbor bridging oxygen 

atoms (Ob) and five-fold and six-fold coordinated titanium (Ti5f, Ti6f) atoms with in-

plane threefold coordinated oxygen atoms as shown in Figure 4 [6], [123].  

   

r-TiO2 – four layers r-TiO2 – two layers a-TiO2 – two layers 

Figure 4. The slab models of rutile-TiO2 (110) and anatase-TiO2 (101) surfaces  

The simulated surfaces of r-TiO2 are set up with acceptable dimensions: a = 

13.24 Å; b = 9.10 Å; c = 25.00 Å, a = 17.82 Å; b = 13.15 Å; c = 35.00 Å, and a = 

14.85 Å b = 13.15 Å; c = 35.00 Å for adsorptions of organic molecules (formic acid, 

acetic acid, benzene derivatives), enrofloxacin (ER), ampicillin (AP); amoxicillin 

(AX); tetracycline (TC) antibiotics, respectively. Similarly, the a-TiO2 is selected 

with special parameters: a = 11.42 Å, b = 10.43 Å, c = 20.00 Å, a = 15.22 Å, b = 

20.87 Å, c = 30.01 in considering the adsorption of benzene derivatives and AP, AX 

antibiotics, respectively. The automatically generated Γ-center k-points grids are used 

for all the surface-related calculations. The k-points in the reciprocal space are 

considered and selected at the Gamma center with a ratio of 2 x 2 x 1 or 2 x 3 x 1 for 

r-TiO2 and 2 x 2 x 1 or 4 x 3 x 1 for a-TiO2 based on cell size of investigated systems. 

The converged plane-wave cut-off energy controlling the number of plane-wave basis 
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functions for our calculations is chosen at 500 eV. The interaction between the 

valence electrons and the core is described by the projected augmented wave (PAW) 

method implemented by Kresse and Joubert [75]. Relaxations of the allowed ionic 

positions are performed using the conjugate gradient algorithm until the forces on all 

atoms were smaller than 0.01 eV/Å. 

In the present study, the Perdew-Burke-Ernzerhof (PBE) version of 

generalized-gradient approximation (GGA) accounting for the exchange-correlation 

effects selected for all the calculations if noted otherwise [104]. Adsorption energy 

(Eads) and interaction energy (Eint) are calculated as in the following expressions: 

Eads = Ecomp – (Esurf + Emol) (1.64);  

Eint = Ecomp – (Esurf
* + Emol

*) (1.65) 

where Ecomp, Esurf and Emol are the energies of the optimized surface-adsorbate system, 

surface, and molecule, respectively; and Esurf
* and Emol

* are single-point energies of 

the surface and molecule geometries which are kept fixed as in the surface-adsorbate 

optimized structure. The deformation energies of the adsorbate molecule (Edef-mol) and 

rutile surface (Edef-surf) upon the adsorption process are computed as the differences 

between Emol
* and Emol and Esurf

* and Esurf, respectively. The optPBE-vdW functional 

is then considered in some calculations for a full evaluation on adsorption energies 

[72], [104].   

2.2. Clay mineral systems 

2.2.1. Adsorption of organic molecules on kaolinite surfaces  

Kaolinite, whose chemical formula is Al2Si2O5(OH)4, includes a series of 

uncharged layers connected by a network of hydrogen bonds between hydrogen-rich 

facet (kaolinite (001) surface, denoted by H-slab) and oxygen-rich facet (kaolinite 

(001) surface, denoted by O-slab). The surfaces of kaolinite are shown in Figure 5. 

The geometric structures of benzene derivatives and kaolinite surfaces are considered 

and optimized by VASP program. The K+-supported kaolinite (001) surface (denoted 

by K+-slab), as shown in Figure 5, is later observed to consider the effect of cation on 

adsorption ability of molecules on kaolinite. 
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Figure 5. The structure of kaolinite surfaces 

In the investigated systems, for H-slab of kaolinite with/without K+ cation, cell 

size is designed with dimensional parameters: a = 10.43 Å; b = 9.06 Å; c = 25.00 Å, 

including a vacuum space ca. 15 Å. The cutoff energy is surveyed and selected at 500 

eV. The PBE functional is used in all calculations. The optPBE-vdW functional is 

also considered in the later systems of K+-slab to have a full evaluation of adsorption 

energies [72], [104]. Some particular parameters, including adsorption energy (Eads), 

interaction energy (Eint), and deformation energies, are computed using the 

expressions (1.64) and (1.65) above.  

2.2.2. Adsorption of antibiotics on vermiculite surface 

Geometrical structures of the systems considered were optimized using the 

GPAW package [39]. This software uses the projector-augmented wave (PAW) 

method and describes wave functions in real-space orthorhombic grids, following a 

finite-difference approach. Besides, to model the vermiculite surface, a periodic slab 

was constructed from crystallographic data available in American Mineralogist 

Crystal Structure Database [36]. This model is illustrated in Figure 6. In this study, 

the vermiculite surface contains exclusively Mg2+ as the octahedral ions. The Si4+ 

cations in tetrahedral sheets are substituted by Al3+ cations in a ratio of 1:3. To 

perform calculations for the large size of the adsorbed molecule, a single unit cell of 

the structure was expanded by replication into a 2 x 1 super-cell defined by a = 10.70 

Å, b = 18.51 Å, c = 46.64 Å and α = 90.00o, β = 97.12o, γ = 90.00o lattice parameters 

(monoclinic structure). 
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Figure 6. The model slab of vermiculite surface (red, yellow, grey, pink, and white 

colors displayed for O, Mg, Si, Al, and H atoms, respectively) 

For a simplified model, the water molecules hydrating the Mg2+ cations 

external to the surface were removed, and the obtained surface was used as such for 

all DFT calculations. In the present work, the PBE and the vdW-DF-C09 functionals 

[25] were selected for geometry optimization and energy calculation. Adsorption 

energy (Eads) and interaction energy (Eint) are thus calculated using both PBE and 

vdW-DF-C09 functionals by the expressions (1.64) and (1.65). In addition, the 

deformation energies of the adsorbate molecule (Edef-mol) and of vermiculite surface 

(Edef-surf) are computed similarly to TiO2 systems. 

2.3. Quantum chemical analyses 

To have a deeper understanding of the nature of interactions between small 

organic molecules, antibiotics, and TiO2 (rutile, anatase) and clay minerals (kaolinite, 

vermiculite) surfaces , we perform calculations on proton affinity (PA) and de-

protonation enthalpy (DPE) for the molecules using the Gaussian 09 program [42] at 

B3LYP/6-31++G(d,p) level. Topological analysis, electron density (ρ(r)) and 

Laplacian of the electron density (2(ρ(r))) at bond-critical points (BCPs) are 

identified using the atoms-in-molecules theory using the AIM 2000 program at the 

B3LYP/6-31+G(d,p) level [9], [12]. The density potential energy (V(r)) and density 

kinetic energy (G(r)) at the BCPs are calculated by the expressions [40], [88]: 

2 2/3 5/3 23 1
G(r) (3 ) (r) (r)

10 6
      (1.66); 21

V(r) (r) 2G(r)
4

    (1.67). 
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Moreover, the molecular electrostatic potential (MEP) maps for antibiotic 

molecules were estimated at B3LYP/6-31++G(d,p) level with charge regions ranging 

from -5.10-5 e to 0.15 e to probe the stability of interactions between charged regions 

in the molecules and the vermiculite surface. Natural bond orbital (NBO) analysis 

was performed using NBO 5.G software to evaluate electron density transfer between 

interaction counterparts [134].  
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PART 3. RESULTS AND DISCUSSION 

CHAPTER 1. ADSORPTION OF ORGANIC MOLECULES ON 

MATERIALS SURFACES 

 

1.1. Adsorption of organic molecules on rutile-TiO2 (110) surface 

1.1.1. Optimized structures 

Performing calculations on adsorption of formic, acetic, and benzoic acids and 

phenol, nitrobenzene molecules on rutile-TiO2 (110) surface (r-TiO2), we obtained 

the most stable complexes of each adsorbate corresponding to P1, P2, P3, P4, and 

P5 as shown in Figure 1.1.  

 
  

P1 (adsorbate: HCOOH) P2 (adsorbate:CH3COOH) P3 (adsorbate:C6H5COOH) 

  

 

P4 (adsorbate:C6H5OH) P5 (adsorbate:C6H5NO2)  

Figure 1.1. Stable complexes for the adsorption of organic molecules on rutile-TiO2 

(110) surface 

Table 1.1. Charge distribution in molecules at the B3LYP/6-31+G(d,p) level 

 HCOOH CH3COOH C6H5COOH C6H5OH C6H5NO2 

q(O)(a) -0.585 -0.451 -0.474 - -0.393 

q(O)(b) -0.706 -0.556 -0.583 -0.664 - 

q(H)(c) 0.494 0.408 0.412 0.409 - 

(a),b)for O atoms in C(N)=O and O-H groups, (c)for H atoms in OH groups. 
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The NBO charge distribution at atoms in molecules is calculated at B3LYP/6-

31+G(d,p) level and tabulated in Table 1.1. Some parameters of optimized structures 

upon complexation such as interaction distances, bond angles are given in Table 1.2. 

Table 1.2. Some selected parameters of stable complexes at PBE functional 

(distance (r) in Å; angle (α) in degree) 

 Ti∙∙∙O O∙∙∙H α(TiOC(N)) α(OHO) ∆r(C(N)-O) ∆r(O-H) ∆r(Ti-O) 

P1 1.95 1.05(1)/1.49(2) 149.4 178.0 0.09 0.51 0.28 

P2 2.07 1.50 154.5 176.9 0.04 0.07 0.14 

P3 2.06 1.50/2.39* 153.1 176.8 0.04 0.07 0.16 

P4 2.22 1.74; 2.17* 145.7 159.0 -0.004 0.03 0.10 

P5 2.35/2.38  127.5/126.8 - 0.01 - 0.05 

*for C-H∙∙∙O; (1)for O atom in surface, (2)for O atom in formic acid 

As displayed in Figure 1.1 and Table 1.2, the distances of Ti∙∙∙O of 1.95 to 

2.35 Å between the O atoms of organic molecules and Ti atoms of the surface are 

close to the Ti-O bond lengths of the r-TiO2 (1.80-2.20 Å) [18]. Hence, it is roughly 

predicted that these are strong interactions upon adsorption. Also, the distances of 

O∙∙∙H hydrogen bonds range from 1.49 Å to 2.39 Å upon complexation. Therefore, 

these contacts can be regarded as stable hydrogen bonds. It is noted that the H atom 

in -COOH group in P1 tends to shift to r-TiO2 to form Ob-H covalent bond with a 

bond length of 1.05 Å. In short, the stability of these complexes is contributed by 

both Ti∙∙∙O interaction and O(C)-H∙∙∙O hydrogen bond for P1 to P4 and only Ti∙∙∙O 

interaction for P5. The role of -COOH or -OH groups in the stability of complexes is 

also examined in the previous studies [84], [89], [90], [123], [139]. 

Considering the complex formation, the Ti∙∙∙O strong interactions are 

favorably formed by the Ti atoms of the surface and the highest negative charged O 

atoms of C=O or O-H group of the molecule, whereas the O(C)-H∙∙∙O hydrogen bonds 

are formed between the O atoms of the surface and the largest positive charged H 

atoms of O-H, C-H bonds of the molecules (cf. Table 1.1). Besides, the Ti∙∙∙O 

distances increase in the order of the P1 < P2 ≈ P3 < P4 < P5 complexes. The 
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α(TiOC(N)) angles for these interactions range from 126.8 to 154.5o in which the 

α(TiOC) angles in P1, P2, P3 and P4 are larger than the α(TiON) in P5. The O∙∙∙H 

hydrogen bonds distance increases going from P1 to P2 via P3 and then finally to P4 

complexes. It is noted that the interaction angles of H-O∙∙∙H hydrogen bonds are in 

the range of 159.0-178.0o in which the largest value appears in P1 and the smallest 

one is in P4. These values in P1, P2, and P3 are close to that of the classical hydrogen 

bond type (so-called “red-shifting” hydrogen bond) [49]. Consequently, they are 

evaluated as strong interactions upon complexation. 

Further, changes of selected bonding lengths upon adsorption phenomena are 

also given in Table 1.2. The changes of O-H, C-O, N-O, and Ti-O bond lengths in 

isolated monomers/surface are quite small, within the range of 0.01 to 0.16 Å for P2, 

P3, P4, and P5. For P1, however, the changes of O-H and Ti-O distances are 

significantly large with the elongation value of 0.51 and 0.28 Å, respectively. This 

large change leads to the breaking of the O-H bond of the adsorbate to form the new 

O-H bond on the surface, and accordingly, the Ti atom of the surface tends to move 

to the molecular adsorbate to form the new Ti-O bond. 

1.1.2. Energetic aspects 

To evaluate the adsorption process of the molecules on the TiO2 surface, the 

adsorption, interaction, and deformation energies (Eads, Eint and Edef-mol, Edef-surf, 

respectively) are calculated with the PBE functional and given in Table 1.3. 

Table 1.3. Adsorption, interaction, and deformation energies (all in kcal.mol-1) for 

the adsorption processes on rutile-TiO2 (110) surface 

 P1 P2 P3 P4 P5 

Eads -24.2 -26.5 -28.8 -18.5 -18.5 

Eint -114.3 -40.8 -43.9 -24.4 -22.6 

Edef-surf 27.7 8.1 8.9 5.1 2.5 

Edef-mol 62.4 6.2 6.2 0.8 1.6 
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Accordingly, the adsorption energies of the investigated organic compounds 

on r-TiO2 are highly negative and in the range of -18.5 to -28.8 kcal.mol-1. The 

adsorption energies of configurations increase in the order of benzoic acid < acetic 

acid < formic acid < phenol ≈ nitrobenzene. Accordingly, these molecules are 

strongly adsorbed on r-TiO2 in which the ability of adsorption decreases from acids 

to phenol and nitrobenzene. Hence, these processes are characterized as chemical 

adsorption because of their large negative adsorption energies. Furthermore, the 

transfer of H atom from O-H bond in the acid molecules to the r-TiO2 surface and 

then to form the complex with O∙∙∙Ti electrostatic attractive interactions is a possible 

way for anion carboxylate which is dissociated forms on the surface. This result is 

consistent with the previous studies for adsorption of formic, acetic and benzoic acid 

on rutile-TiO2 surface [15], [74], [84], [89], [90], [120], [121], [123]. 

The interaction energies of these stable complexes, which have not been 

investigated before, are quite negative, in the range of -22.6 to -114.3 kcal.mol-1. 

Consequently, the Ti∙∙∙O and O-H∙∙∙O interactions on the surface are strong and lead 

to form stable configurations. As presented in Table 1.3, these energy values decrease 

in going from nitrobenzene to phenol and finally to acids, in which the largest 

negative value is obtained for formic acid. This is understood due to the large negative 

charge densities at O atoms in C=O and C-O bonds and the large positive charge 

densities at H atoms in O-H bonds for molecules, which decrease in going from acids 

to phenol and nitrobenzene molecules. The highest values of interaction energy for 

P1 result from the formation of the Ob-H covalent bond on r-TiO2. As a result, the 

stability of Ti∙∙∙O and O-H∙∙∙O hydrogen bond interactions in the complexes decreases 

in the order of P1 > P3 > P2 > P4 > P5. Hence, we can see that the interactions 

between the r-TiO2 and the -COOH groups in P1, P2, P3 are stronger than those of -

OH, -NO2 groups in P4, P5. 

Deformation energy is an important parameter for evaluating the ability to 

separate the substrate and the surface from their stable configurations. As shown in 

Table 1.3, the deformation energy values for the surface are slightly larger than that 
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for the molecules, except for P1 case where the energy for the dissociation of formic 

acid is larger than that of the surface. Therefore, the ability of separating and then 

forming stable structures for the surface is less favorable than that for the adsorbed 

molecules (except for separated monomers in P1).  

1.1.3. The quantum chemical analysis for the interactions on the surface 

To get deeper insights into the interactions between the aforementioned 

molecules with the r-TiO2, the charge density, and topological analysis are examined 

and plotted in Figures 1.2, 1.3, and given in Table 1.4.  

   

P1 (HCOOH) P2 (CH3COOH) P3 (C6H5COOH) 

  

 

P4 (C6H5OH) P5 (C6H5NO2)  

Figure 1.2. The charge density between adsorbent and adsorbates in stable complexes 

  
 

P1 (HCOOH) P2 (CH3COOH) P3 (C6H5COOH) 

  

 

P4 (C6H5OH) P5 (C6H5NO2)  

Figure 1.3. The topological analysis for the first-layered structures  

The charge distribution upon formation of interactions occurs significantly on 

the first two-layered structures (see Figure 1.2). In addition, the orbital overlaps 
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between the atoms directly involved in the interactions further corroborate their 

formation. The electron density overlaps in P1, P2, P3 are more significant than those 

of P4, P5, indicating larger stability of interactions in P1, P2, P3 relative to in P4, 

P5. Hence, the interaction between –COOH group and rutile surface is more 

favorable than that of –OH and NO2 groups following the adsorption process. 

Table 1.4. The characteristic parameters for topological analysis (all in au) 

BCP P1 P2 P3 P4 P5 

ρ(r) 

O∙∙∙Ti 0.097 0.067 0.069 0.045 
0.034 

0.032 

O-H∙∙∙O 

 

0.257 (1) 

0.075 (2) 

0.073 

 

0.073 

0.011 (C)* 

0.042 

0.017 (C)* 
 


2(ρ(r)) 

O∙∙∙Ti 0.516 0.389 0.400 0.253 
0.167 

0.152 

O-H∙∙∙O 

 

-1.084 (1) 

0.187 (2) 

0.190 

 

0.187 

0.036(C)* 

0.120 

0.053 (C)* 
 

*for C-H∙∙∙O hydrogen bonds; (1), (2) shown in Fig. 1.3 (P1). 

The presence of BCPs in Figure 1.3 and the values of electron density, its 

Laplacian in Table 1.4 indicate the existence of intermolecular interactions of O∙∙∙Ti 

and H∙∙∙O as displayed in Figure 1.1. The considerable ρ(r) values of 0.042-0.075 au 

at BCPs of O-H∙∙∙O contacts indicate significantly strong interactions of O-H group 

of the molecules with the O site on the surface. In addition, the ρ(r) values at BCPs 

of Ti∙∙∙O intermolecular contacts decrease in the order of P1 > P3 > P2 > P4 > P5, 

thus the interaction of Ti sites with >C=O groups is stronger than with –OH and –

NO2 groups upon complexation. Consequently, P1, P2, and P3 are more stable than 

P4, P5. Furthermore, the small electron density values of 0.011 and 0.017 au at BCPs 

of C-H∙∙∙O intermolecular contacts in P3 and P4 show a slight contribution of the C-

H∙∙∙O hydrogen bonds to the stability of two complexes. Besides, the high values of 

ρ(r) and 2(ρ(r)) at BCP H∙∙∙Ob corresponding to 0.257 au and -1.084 au clarify the 

shifting H atom in HCOOH to r-TiO2 to form Ob-H covalent bond.   
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1.1.4. Summary 

The stable complexes of adsorption of acids (formic, acetic, benzoic), phenol, 

and nitrobenzene on rutile-TiO2 (110) surface (r-TiO2) are observed using DFT 

calculations. The adsorption energy of the model organic molecules on the r-TiO2 is 

estimated to be in the range of -18.5 to -28.8 kcal.mol-1. Both O∙∙∙Ti strong interaction 

and O-H∙∙∙O hydrogen bond significantly contributed to the stability of complexes. 

Remarkably, the additional role of C-H∙∙∙O weak hydrogen bonds to the stability of 

complexes has been observed for the first time. The adsorption on r-TiO2 is more 

favorable for >COOH group than –OH and –NO2 ones. These processes are 

characterized as chemical adsorption. The electron density overlap and AIM results 

provide a clearer understanding of the formation and role of O∙∙∙Ti and O(C)-H∙∙∙O 

intermolecular interactions following complexation. 

1.2. Adsorption of benzene derivatives on rutile-TiO2 (110) and anatase-TiO2 

(101) surfaces 

1.2.1. Geometrical structures 

Some parameters of geometrical structures of benzene derivatives, rutile-TiO2 

(110) and anatase-TiO2 (101) surfaces (denoted by r-TiO2 and a-TiO2) calculated at 

PBE functional by VASP are compared to the experiment as shown in Table 1.5. The 

calculated results indicate that the slight difference of the bond length and angle in 

the range of 0.00-0.08 Å; 0.5-2.4o, respectively, is achieved in this work as compared 

to experimental results [18], [97], [126]. Accordingly, the PBE functional selected in 

the present work is quite reliable for considering this system. 

In addition, by using DFT calculations, we obtained 12 stable complexes for 

each system of interactions between the benzene derivatives, including C6H5CHO, 

C6H5COOH, C6H5NH2, C6H5OH, and C6H5SO3H and r-TiO2, a-TiO2 which denoted 

by r-PiX, a-PiX (i = 1- 4, X = -CHO, -COOH, -NH2, -OH, -SO3H), respectively. 

These optimized structures are shown in Figures 1.4 and 1.5. Besides, the selected 

parameters for complexes are gathered in Tables 1.6 and 1.7.  
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Table 1.5. Some selected parameters of molecules and TiO2 surfaces  

 Parameters Calc./Expt.  Parameters Calc./Expt. 

C6H5CHO 

r(C=O) 1.23 Å/1.21 Å 

C6H5NH2 

r(N–H) 1.01 Å/- 

r(C–H) 1.12 Å/1.12 Å r(C–N) 1.40 Å/1.43 Å 

r(C-C) 1.48 Å/1.48 Å α(HNH) 112.2o/113.8o 

α(OCC) 124.9o/123.6o α(HNC) 115.4o/114.9o 

C6H5COOH 

r(H–O) 0.98 Å/0.95 Å 

C6H5OH 

r(O–H) 0.97 Å/0.96 Å 

r(C–O) 1.37 Å/1.36 Å r(C–O) 1.38 Å/1.36 Å 

r(C=O) 1.22 Å/1.22 Å α(HOC) 108.8o/106.4o 

r(C-C) 1.49 Å/1.48 Å 

C6H5SO3H 

r(S=O) 1.44 Å/- 

a-TiO2 Ti-O 
1.81-2.10 Å/ 

1.89-2.07 Å 

r(O–H) 0.98 Å/- 

r(C–S) 1.78 Å/- 

r-TiO2 Ti-O 
1.83-2.07 Å/ 

1.80-2.20 Å 
 

  

 

    

r-P1CHO r-P2CHO r-P1COOH r-P2COOH 

    

r-P1NH2 r-P2NH2 r-P1OH r-P2OH 

    

r-P1SO3H r-P2SO3H r-P3SO3H r-P4SO3H 

Figure 1.4. Stable complexes of adsorption of benzene derivatives on rutile-TiO2 

(110) surface 



46 

 

 
 

Table 1.6. Interaction distance (d, Å), bond angle (α, o), and changes in the length 

of bonds (r, Å) following the adsorption process for rutile systems 

Complex d(Ti5f‧‧‧O/N) d(O/C/N-H‧‧‧Ob) α(Ti5f-O/N-C/S) α(O/C/N-H-Ob) Δr(Ti-O) Δr(O/C/N-H) 

r-P1CHO 2.22 2.03 128.1 156.1 0.02 -0.01 

r-P2CHO 2.17 2.33* 153.4 153.4 0.02 -0.01 

r-P1COOH 2.11 1.56/2.50* 152.3 174.4 0.05 0.05 

r-P2COOH 2.19 1.73 136.4 136.4 0.02 0.03 

r-P1NH2 2.37  121.6 121.0 0.02 0.01 

r-P2NH2 2.38 - 122.3 - 0.02 0.01 

r-P1OH 2.32 1.88/2.16* 125.6 158.1 0.04 0.03 

r-P2OH 2.30 1.90/2.47* 145.7 153.3 0.04 0.03 

r-P1SO3H 2.18a)/2.14b) 1.00/1.73(i) 125.2a)/127.8b) 158.1 0.14 0.75 

r-P2SO3H 2.17  1.46/2.72* 158.3  174.3 0.05 0.08 

r-P3SO3H 2.28  1.66/2.24* 137.7  137.7 0.05 0.05 

r-P4SO3H 2.41 1.74 146.6 157.6 0.04 0.03 

a), b) for Ti‧‧‧O (O1, O2 of -SO3H group with 2 atoms of Ti1, Ti2); * for C-H⸱⸱⸱O; (i) for Ob-H‧‧‧O (Ti5f 

and Ob on TiO2 surfaces as displayed in Fig. 4 in Part 2) 

 

Table 1.7. Distance of intermolecular interactions (d, Å), bonding angle (α, o), and 

changes of bond length (Δr, Å) upon adsorption process for anatase systems 

Complex d(Ti5f‧‧‧O) d(H‧‧‧Ob) α(C/S-O-Ti5f) α(X-H-Ob) Δr(Ti-O) Δr(X–H) 

a-P1CHO 2.24  117.8 168.2 0.02 -0.01 

a-P2CHO 2.22 2.48 128.8 128.8 0.00 -0.01 

a-P1COOH 2.13 1.42 132.5 164.2 0.07 0.08 

a-P2COOH 2.18 1.66 132.4 164.6 0.00 0.03 

a-P1NH2 2.34  118.1 118.1 0.01 0.02 

a-P2NH2 - 2.02/2.35* - 162.2 0.01 0.01 

a-P1OH 2.35 2.07/2.16* 152.7 109.0 0.03 0.01 

a-P2OH 2.33 2.66* 119.5 - 0.01 0.01 

a-P1SO3H 2.131)/2.202) 1.00/1.75(i) 124.51)/126.42) 154.7 0.17 0.77 

a-P2SO3H 2.03 1.03/1.50(i) 136.4 160.7 0.13 0.52 

a-P3SO3H 2.26 1.61 138.6 174.7 0.00 0.05 

a-P4SO3H 2.101)/2.222) 0.99/1.78(i) 126.21)/126.82) 154.1 0.17 0.80 

X = C,N,O; * for C-H···O; 1). 2) for Ti···O (Fig. 1.5); (i) for Ob-H···O (Ti5f and Ob on TiO2 surfaces as 

displayed in Fig. 4 in Part 2) 
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a-P1CHO a-P2CHO a-P1COOH a-P2COOH 

   
 

a-P1NH2 a-P2NH2 a-P1OH a-P2OH 

    

a-P1SO3H a-P2SO3H a-P3SO3H a-P4SO3H 

Figure 1.5. Stable structures of adsorption of benzene derivatives on anatase-TiO2 

(101) surface  

Tables 1.6 and 1.7 imply that the distances of Ti5f···O/N and O/C/N-H···O in 

the complexes are in the range of 2.03-2.41 Å and 0.99-2.72 Å, respectively. These 

values are all smaller than the total van der Waals radius of the atoms involved in the 

interactions (the total radius of the atoms Ti and O; Ti and N; O and H are 3.67 Å, 

3.85 Å, and 2.72 Å, respectively). Therefore, it is initially suggested that Ti···O/N 

and O/C/N-H···O intermolecular contacts exist following the complexation. Notably, 

the H atom in -SO3H group tends to attach at Ob in r-TiO2 and a-TiO2 to form Ob-H 

covalent bonds upon complexation. The stable complexes are formed by interactions 

between functional groups with the five-coordination Ti atoms (Ti5f) and O atoms at 

the bridge sites (Ob) on the r-TiO2 and a-TiO2 (as shown in Fig. 4 in Part 2). 

In addition, the interactive angles such as α(Ti-O/N-C/S) range from 117.8o to 

158.3o, in which α(Ti-O-C/S) angles are bigger than α(Ti-O-N). The bonding angles 
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of α(O/C/N-H-O) are in the range of 109.0o-174.7o, where the largest and smallest 

angles are found in the r-P2SO3H; a-P4SO3H and r-P1NH2; a-P1OH, respectively. 

The magnitude of these angles is close to the bonding angles in the formation of O/C-

H···O hydrogen bonds in previous studies [49], [127]. Also, the lengths of Ti-O and 

O/C/N-H bonds are increased in the range of 0.02-0.17 Å and 0.01-0.80 Å, 

respectively. Remarkably, the changes of O-H and Ti-O bonds in r-P1SO3H, a-

P1SO3H, a-P4SO3H are more significant than those in other complexes. This is due 

to the high flexibility of the H atom in the -SO3H group for shifting to the r-TiO2 as 

well as a-TiO2 as compared to other groups. The tendency of flexible H atom 

transferred in acid functional groups is consistent with the previous reports [85], 

[121]. Hence, the obtained complexes are stabilized by Ti5f···O interactions and 

O/N/C-H···O hydrogen bonds. 

1.2.2. Energetic aspects of the adsorption process 

The energy aspects for stable configurations are listed in Tables 1.8 and 1.9.  

Table 1.8. Adsorption, interaction, and deformation energies of adsorption of 

benzene derivatives on rutile-TiO2 (110) surface (all in kcal.mol-1) 

Complex Eads Eint Edef-surf Edef-mol 

r-P1CHO -18.0 -22.8 3.8 1.0 

r-P2CHO -17.2 -21.8 3.7 0.9 

r-P1COOH -24.2 -35.0 6.4 4.4 

r-P2COOH -18.0 -25.5 5.2 2.3 

r-P1NH2 -19.0 -23.0 2.9 1.0 

r-P2NH2 -15.2 -19.7 3.3 1.2 

r-P1OH -15.3 -20.0 3.9 0.8 

r-P2OH -14.0 -18.9 4.0 0.9 

r-P1SO3H -31.1 -146.7 25.2 90.3 

r-P2SO3H -20.5 -33.2 5.8 6.9 

r-P3SO3H -18.6 -28.8 6.7 3.5 

r-P4SO3H -12.9 -16.4 3.4 0.0 
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Table 1.9. Energetic aspects of adsorption of benzene derivatives on anatase-TiO2 

(101) surface (all in kcal.mol-1) 

Complex Eads Eint Edef-surf Edef-mole 

a-P1CHO -14.7 -18.7 3.3 0.7 

a-P2CHO -15.1 -19.6 3.7 0.7 

a-P1COOH -22.8 -34.4 6.3 5.3 

a-P2COOH -15.8 -23.7 5.6 2.3 

a-P1NH2 -18.6 -22.7 3.1 1.0 

a-P2NH2 -3.4 -3.9 0.1 0.3 

a-P1OH -9.7 -12.6 2.1 0.7 

a-P2OH -9.8 -12.7 1.7 1.2 

a-P1SO3H -27.8 -146.2 28.6 89.8 

a-P2SO3H -21.7 -104.5 16.1 66.7 

a-P3SO3H -12.2 -20.4 5.1 3.0 

a-P4SO3H -29.1 -151.5 29.4 92.9 

 

The adsorption energy values of the complexes are largely negative, ranging 

from -12.9 to -31.1 kcal.mol-1 and from -3.4 to -29.1 kcal.mol-1 for rutile and anatase 

systems, respectively. It is noted that adsorption energy values increase in the 

following order: -SO3H < -COOH < -NH2 < -CHO < -OH when they are adsorbed on 

r-TiO2 or a-TiO2. Thus, the adsorption ability of these molecules on r-TiO2 and a-

TiO2 decreases in the ordering of -SO3H > -COOH > -NH2 > -CHO > -OH. This 

result shows that organic molecules containing acid functional groups (-SO3H, -

COOH) have stronger adsorption on TiO2 surfaces than other ones (containing -OH, 

-CHO, -NH2 groups). This is also similar to the previous investigation on adsorption 

of organic molecules on rutile-TiO2 surface [85]. 

In addition, the interaction energy is also an important characteristic for 

evaluating the adhesion of molecules on material surfaces. As shown in Tables 1.8 

and 1.9, the Eint values are in the range of -16.4 to -146.7 kcal.mol-1 and -3.9 to -151.5 

kcal.mol-1 for rutile and systems, respectively. It is remarkable that, the interaction 



50 

 

 
 

energy values increase in the sequence: -SO3H << -COOH < -NH2 < -CHO < -OH 

derivatives. The significantly negative values obtained for -SO3H derivatives are 

understood by the convenient transfer of the H atom in the -SO3H group to the TiO2 

surfaces upon formation of the Ob-H covalent bonds.  

Furthermore, deformation energy is also a special parameter to consider the 

changes in structures of molecule and surface upon the adsorption process. Tables 

1.8 and 1.9 show that the deformation energy values are relatively small (excepted 

for complexes of -SO3H), in which the values are smaller for the molecule than for 

the surface. Therefore, the structures of molecules are less distorted than the surfaces. 

For -SO3H derivative, the significant changes are found in both molecule and surface. 

The molecule is a good proton-donor (at -SO3H group) whereas the surface is 

regarded as a potential proton-acceptor (at O sites). This is expressed from shifting 

of H in -SO3H to r-TiO2 and a-TiO2 in the geometrical analysis above. As a 

consequence, the distortion of molecules in their complexes decreases in going from 

-SO3H to -COOH, -NH2, -CHO, and finally to -OH. 

1.2.3. Formation and role of intermolecular interactions 

1.2.3.1. MEP maps and NBO charge of molecules 

To evaluate the interactive ability at the sites of molecules, we perform 

calculations on molecular electrostatic potential (MEP) and NBO charge for 

benzene’s derivatives. The results are illustrated in Figure 1.6 and tabulated in Table 

1.10.  

     

C6H5CHO C6H5COOH C6H5NH2 C6H5OH C6H5SO3H 

Figure 1.6. MEP maps of benzene derivatives (isovalue = 0.02 au, charge region 

taken in the range of 2.10-3 to 0.15 e) 

Colors displayed on the MEP maps correspond to the charge density regions 

that change from negative to positive regions in the ordering of red (most negative) 



51 

 

 
 

< orange < yellow < green < blue (most positive). As shown in the MEP maps, the 

positive charge density is mainly located at H atoms in O-H, N-H, C-H groups, in 

which the density is reduced from O-H to N-H and finally to C-H. The negative 

charge density is found at O, N atoms in functional groups. As a matter of fact that, 

the electrostatic interaction would be preferred formed between Ti4+ (Ti5f) and O2- 

(Ob) sites on the surface and high charge density regions at O/N and H atoms of 

molecules, respectively.  

Table 1.10. NBO charges at atoms in functional groups involved in interactions in 

complexes 

 R-CHO R-COOH R-NH2 R-OH R-SO3H 

q(O)a) -0.542 -0.507 - - -0.936/-0.907 

q(O)b) - -0.732 -0.873 -0.714 -0.929 

q(H) 0.152 0.525 0.414 0.509 0.538 

q(C,S) 0.393 0.802 - - 2.367 

R = C6H5-; a) for O atoms in C/S=O groups; b) for O/N atoms in O/N-H groups 

In addition, Table 1.10 presents the negative charge density at O/N atoms in 

functional groups decreases in the ordering of -SO3H > -NH2 > -COOH > -OH > -

CHO. Similarly, the positive charge density at H decreases in the sequence of -SO3H 

> - COOH > -OH > -NH2 > -CHO. Hence, the ability to form electrostatic interactions 

of Ti···O/N and H···O in complexes is more favorable for -SO3H derivatives than for 

-COOH and much stronger than -NH2, -OH, -CHO. Hence, the strength of complexes 

decreases in the order of -SO3H > -COOH > -OH > -NH2 > -CHO derivatives. 

1.2.3.2. Deprotonation enthalpy and proton affinity at sites of molecules 

To clarify the formation of stable interactions, some characteristic 

thermodynamic quantities including proton affinity (PA) and deprotonation energy 

(DPE) are calculated at B3LYP/6-31++G(d,p) and given in Table 1.11.  

Table 1.11 indicates the PA values obtained at the B3LYP/6-31++G(d,p) level 

are close to the experimental values (errors of 0.2-8.5%) [97]. The PA values at O/N 

atoms in the functional groups decrease in the following order: -NH2 > -CHO > -
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COOH > -SO3H implying that the ability of formation Ti5f‧‧‧N electrostatic 

interactions is stronger than that for Ti5f‧‧‧O. The trend of Ti5f‧‧‧O formation in 

derivatives has followed the ordering of -CHO > -COOH > -SO3H > -OH. 

Table 1.11. Proton affinity (PA) at O and N atoms and deprotonation enthalpy 

(DPE) of O-H and N-H bonds in functional groups and C-H bonds in the benzene 

ring of derivatives (in kcal.mol-1) 

 Molecules PA DPE 

C6H5CHO 203.2* 199.3** 404.3a) 397.4b) 401.8c) 400.2d) 

C6H5COOH 195.7* 196.2** 356.4a) 407.2b) 405.2c) 402.9d) 

C6H5NH2 210.4* 210.9** 383.7a) 409.5b) 415.3c) 416.7d) 

C6H5OH 178.8* 195.5** 362.5a) 409.5b) 412.1c) 413.0d) 

C6H5SO3H 192.2*  341.1a) 391.1b) 394.9c) 391.0d) 

* for O/N atoms in functional groups; ** experimental value; a) for C/O/N-H in 

functional groups; b),c),d) for the C-H bonds in the benzene ring at the ortho-, 

meta-, and para- sites, respectively 

Besides, the deprotonation energy (DPE) values at the O/N/C-H bonds in 

molecules decrease in the sequence of -SO3H > -COOH > -OH > -NH2 > -CHO. This 

leads to the ability to form stable hydrogen bonds reduces in going from O-H‧‧‧O to 

N-H···O and finally to C-H···O. Further, DPE values at O/ N/C-H bonds in functional 

groups are smaller than at C-H bonds in benzene rings. Therefore, the C-H···O 

hydrogen bonds formed at sites of benzene ring are pretty weak in comparison to 

other O/N/C-H‧‧‧O contacts. 

1.2.3.3. AIM and NBO analyses 

To gain insight into the origin and role of intermolecular interactions in the 

adsorption of derivatives on r-TiO2 and a-TiO2, we perform quantum chemical 

analyses based on AIM, and NBO approaches. The first-layered structures of the most 

stable structures are considered suitably in these computations. The topological 

geometries and EDT maps are displayed in Figures 1.7, 1.8, 1.9, and 1.10. Some 

selected parameters are presented in Tables 1.12 and 1.13. 
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r-P1CHO r-P1COOH r-P1NH2 r-P1OH r-P1SO3H 

Figure 1.7. Topological geometry of the first-layered structures of the most stable 

complexes for rutile systems 

 

  
  

 

a-P2CHO a-P1COOH a-P1NH2 a-P2OH a-P4SO3H 

Figure 1.8. Topological geometry of the first-layered structures of the most stable 

complexes for anatase systems 

 

     

r-P1CHO r-P1COOH r-P1NH2 r-P1OH r-P1SO3H 

Figure 1.9. EDT maps of investigated structures for rutile systems  

 

     

a-P2CHO a-P1COOH a-P1NH2 a-P2OH a-P4SO3H 

Figure 1.10. EDT maps of investigated structures for anatase systems 
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Table 1.12. Characteristic parameters for topological geometry (ρ(r), 2(ρ(r)), 

H(r), in au), EDT (in e) for rutile systems 

Complex BCPs ρ(r) 2ρ(r) H(r) EDT 

r-P1CHO 
Ti···O2 0.048 0.232 0.006 

0.09 
C-H···O1 0.023 0.068 -0.001 

r-P1COOH 

Ti···O2 0.062 0.319 0.007 

0.13 O1-H1···O3 0.061 0.160 -0.006 

C2-H2···O4* 0.008 0.027 0.001 

r-P1NH2 

Ti···N 0.044 0.019 0.001 

0.24 N-H2···O2 0.005 0.167 0.005 

N- H1···O1 0.004 0.020 0.001 

r-P1OH 

Ti···O1 0.038 0.167 0.005 

0.07 
O1-H1···O2 0.028 0.080 -0.001 

C1-H2···O3* 0.009 0.031 0.001 

C2-H3···O2* 0.006 0.022 0.001 

r-P1SO3H 

Ti1···O1 0.053 0.261 0.006 

-0.73 
Ti2···O2 0.059 0.287 0.006 

O-H···Ob  0.309 -1.739 -0.500 

Ob-H···O 0.039 0.122 -0.003 

* BCP of C-H group in benzene ring with O atom of the surface 

As shown in Figures 1.7, 1.8, the BCPs of Ti···O and O/C/NH···O contacts 

exist in the complexes. This further implies the formation of intermolecular contacts 

between functional groups in organic molecules and r-TiO2, a-TiO2 as suggested 

above. Additionally, the electron density values at BCPs are quite large, in the range 

of 0.004-0.091 au, and Laplacian (r) values are in the range of 0.016-0.333 au 

(except for H···Osurf in complexes of -SO3H) (cf. Tables 1.12, 1.13). It is noted that 

all of these values are within the range of values for the formation of non-covalent 

interaction [9], [49], [50], [76], these Ti···O and O/C/N-H···O contacts are thus 

evaluated to be stable noncovalent interactions.  
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Table 1.13. Characteristic parameters for topological geometry (ρ(r), 2(ρ(r)), 

H(r), in au), EDT (in e) for anatase systems 

Complex BCPs ρ(r) 2ρ(r) H(r) EDT 

a-P2CHO 

Ti···O 0.048 0.238 0.007 

0.14 C-H···O(1) 0.012 0.048 0.002 

C-H···O(2) 0.010 0.032 0.001 

a-P1COOH 
Ti···O 0.060 0.307 0.006 

0.09 
O-H···O 0.091 0.146 -0.032 

a-P1NH2 

Ti···N 0.045 0.172 0.003 

0.53 N-H···O 0.004 0.016 0.001 

C-H···O 0.011 0.038 0.001 

a-P2OH 
Ti···O 0.038 0.172 0.005 

0.12 
C-H···O 0.006 0.021 0.001 

a-P4SO3H 

Ti···O(1) 0.065 0.333 0.006 

-0.52 
Ti···O(2) 0.048 0.237 0.006 

O-H···Ob 0.325 -1.821 -0.524 

Ob-H···O 0.037 0.108 -0.003 

(1), (2) as shown in Fig. 1.5 

For complexes of -SO3H, the electron density values at Ob···H BCPs (ca. 

0.309 - 0.325 au) are considerably predominant in comparison to other ones. Further, 

the r and H(r) at these BCPs have large negative values, indicating the Ob···H 

bonds are covalent. This result suggests that the H atom in the -SO3H group shifts to 

the surfaces of r-TiO2 and a-TiO2 to form Ob-H bonds and then Ob-H···O hydrogen 

bonds following the complex formation. Moreover, the high values of r at Ob-

H···O BCPs in r-P1SO3H and a-P4SO3H ca. 0.04 au imply that Ob-H···O contacts 

are quite strong and remarkably contribute to the stability of complexes. 

Besides, the tendency of changes in the strength of interactions in complexes 

is observed in detail. The electron densities at BCPs of Ti···O/N contacts decrease in 

the order of -COOH ≈ -SO3H > -CHO ≈ -NH2 ≈ -OH derivatives. Similarly, the r 
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values at BCPs of C/N/O-H···O are reduced in the sequence: -SO3H >> -COOH > -

OH ≈ -CHO ≈ -NH2. Hence, Ti···O and O-H···O interactions are significantly vital 

in complexes of -SO3H derivatives and reduced following the order: -SO3H >> -

COOH > -CHO ≈ -NH2 ≈ -OH. This result is consistent with the change of interaction 

energy of these complexes. 

In addition, EDT is also an important characteristic to clarify the formation of 

intermolecular interactions. As shown in Figures 1.9 and 1.10, the overlaps of 

electron density at atoms involved in interactions are found following formations of 

Ti···O and H···O contacts. The EDT values in most of the complexes are positive (in 

the range of 0.07-0.53 e) (except for -SO3H derivative), indicating that the electron 

transfers are from molecules to r-TiO2 or a-TiO2 surface stronger than the reverse 

transfers are. For complexes of -SO3H derivative, the large negative EDT values 

(ranging from -0.52 to -0.73 e) imply that the transfers of electron density from the 

surface to molecules are substantial and more than the converse transfer. This result 

gives the superior strength of interactions such as O-H‧‧‧O in the complexes of -SO3H 

derivative as compared to other ones.   

1.2.4. Summary 

Twenty-four stable structures are obtained of the adsorption of organic 

molecules containing benzene rings on the surfaces of TiO2 (r-TiO2 and a-TiO2). The 

adsorption energy values are in the range of -12.9 to -31.1 kcal.mol-1 and -3.4 to -

29.1 kcal.mol-1 for rutile and anatase systems, respectively. These processes are 

determined as chemical adsorptions. Besides, the interaction between functional 

groups of molecules and surface is considerably strong with associated energy in the 

range of -16.4 to -146.7 kcal.mol-1 for rutile’s complexes and of -3.9 to -151.5 

kcal.mol-1 for anatase ones. The quantum chemical analyses indicate the stability of 

the complexes is significantly contributed by both Ti···O/N and O/C/N-H···O 

intermolecular interactions for remaining derivatives. Overall, the adsorption ability 

of molecules on r-TiO2 and a-TiO2 decreases in the ordering of -SO3H > -COOH > -

NH2 > -CHO > -OH derivatives. 
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1.3. Adsorption of benzene derivatives on kaolinite (001) surface 

1.3.1. Optimized geometries 

 The optimized structures of benzene derivatives adsorbed onto kaolinite (001) 

surface (denoted by H-slab) are based on configurations: i) vertical structure in which 

the interactions are formed between functional groups and surface (P1 type), and ii) 

parallel structure in which the interactions are focused at the benzene ring (P2 type). 

These complexes are shown in Figure 1.11. Accordingly, the stability of P1 

complexes is contributed by O/N/C-H‧‧‧O contacts. For P2 complexes, the H‧‧‧π and 

O/N/C-H‧‧‧O are significant terms in stabilization. Some selected parameters of 

complexes’ structures are tabulated in Table 1.14. 

Figure 1.11. Stable structures of adsorption of derivatives on H-slab 

    

P1-CHO P2-CHO P1-COOH P2-COOH 

    

P1-NH2 P2-NH2 P1-OH P2-OH 

   

P1-SO3H P2-SO3H P3-SO3H 
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Table 1.14. Distances of intermolecular contacts (d), changes in the bond lengths 

(Δr) involved in interactions in complexes (all in Å) 

Complex d(H‧‧‧O) d(H‧‧‧C/N) ∆r(C/S-O) ∆r(C/O/N-H) ∆r(C/S=O) ∆r(H-O)c) 

P1-CHO 1.77/2.58a) - - 0.00 0.01 0.02 

P2-CHO 2.07 3.12 - -0.01 0.01 0.01 

P1-COOH 1.72/1.61a)/2.52 - -0.03 0.06 0.02 0.02 

P2-COOH 2.12 3.25 -0.01 0.00 0.01 0.01 

P1-NH2 1.92a) 2.81b) - 0.02 - 0.01 

P2-NH2 - 3.18/2.25b) - 0.00 - 0.00 

P1-OH 1.87/ 2.51/1.75a) - 0.00 0.03 0.03 0.01 

P2-OH 2.38 2.61 0.01 0.00 - 0.00 

P1-SO3H 1.05a)/1.48(i)/1.92/1.81 - -0.13 - - 0.02 

P2-SO3H 2.05/2.33 2.84 -0.01 0.00 0.01 0.01 

P3-SO3H 1.06a)/1.46(i)/1.80/2.13 - -0.12 - 0.04 0.02 

a) for O-H‧‧‧Osurf (surface), b) for H‧‧‧N, c) for O-H of surface, (i) for Osurf-H‧‧‧O     

Table 1.14 shows the distances of H‧‧‧O, H‧‧‧N and H‧‧‧C/π (benzene ring) in 

the complexes are in the range of 1.46-2.58 Å, 2.25-2.81 Å, and 2.61-3.25 Å, 

respectively. These values are mostly smaller than the total van der Waals radius of 

the two atoms involved directly in interactions (the Van der Waals radius of H, C, N, 

O are 1.20 Å, 1.70 Å, 1.55 Å, and 1.50 Å, respectively). Therefore, it can be suggested 

that the hydrogen bonds of O/N/C-H‧‧‧O/π are formed in investigated complexes. For 

P1-NH2 and complexes of P2 type, the H‧‧‧N and H‧‧‧C(π) contacts exist although 

their distances are ca. 2.81 Å and 2.61-3.25 Å, respectively, slightly larger than the 

total van der Waals radius of H and N/C atoms. Furthermore, the changes of C-H, 

C=O, S=O, S-O, N-H, O-H bonds length in molecules are pretty small, ca. 0.06 Å. 

Some C-O (in C-O-H) and S-O (in S-O-H) bonds are shortened in the range of 0.01-

0.13 Å upon complexation. In general, the formation of stable complexes leads to 

small changes in the geometrical structures of molecule and surface.  

Remarkably, the H‧‧‧Osurf distance in P1-SO3H and P3-SO3H is ca. 1.0 Å, 

close to the O-H bond length in the organic molecules (ca. 0.98 Å, [97]). This implies 

that the H atom in the -SO3H group strongly shifts to the H-slab of kaolinite to form 
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Osurf-H covalent bond following the adsorption process. The hydrogen bonds of Osurf-

H‧‧‧O (-SO3-) are then formed upon adsorption with associated distances of 1.5 Å. 

The tendency of shifting of H atom in the strongly polarized bonds of acid groups 

such as -COOH, -SO3H to material surfaces in this work is reasonable with the 

previous studies [85], [121]. 

1.3.2. Energetic aspects of the adsorption process 

To gain an evaluation about the ability of adsorption of molecules on the H-

slab surface, the characterized parameters, including adsorption energy (Eads), 

interaction energy (Eint) of complexes, and deformation energies of molecules (Edef-

mol) and surface (Edef-surf) are calculated and given in Table 1.15. 

Table 1.15. Energetic parameters of complexes, molecules and surface upon 

adsorption processes (in kcal.mol-1) 

Complex Eads Eint Edef-surf Edef-mol 

P1-CHO -7.7 -9.3 0.9 0.8 

P2-CHO -5.5 -6.9 0.8 0.6 

P1-COOH -16.2 -23.4 2.9 4.3 

P2-COOH -3.5 -4.6 0.6 0.5 

P1-NH2 -5.4 -6.8 0.8 0.6 

P2-NH2 -4.8 -5.9 0.8 0.3 

P1-OH -11.0 -15.1 1.7 2.4 

P2-OH -3.0 -3.6 0.5 0.1 

P1-SO3H -24.8 -99.2 14.6 59.8 

P2-SO3H -6.0 -7.6 1.4 0.2 

P3-SO3H -19.6 -94.2 16.7 58.0 

 

As shown in Table 1.15, the adsorption energy of the complexes is in the range 

of -3.0 to -24.8 kcal.mol-1, in which complexes of P1 type have more negative energy 

than those of P2 type. Therefore, P1 complexes are more stable than P2. In addition, 

interactive energy values of P1, P2 complexes range from -6.8 to -99.2 kcal.mol-1 
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and -3.6 to -7.6 kcal.mol-1, respectively. This confirms the higher strength of P1 

complexes in comparison to P2.  

When considering the most stable complexes for derivatives containing 

different functional groups, it can be found that the changes of Eads and Eint values are 

in the increasing order: -SO3H < -COOH < -OH < -CHO < -NH2. Hence, the stability 

of complexes decreases in the sequence: -SO3H > -COOH > -OH > -CHO > -NH2. 

The results also indicate that these processes are mostly regarded as physical 

adsorptions (excepted for -SO3H derivative) and reduced to -COOH, -OH, -CHO, and 

finally to -NH2. The chemisorption is found out for -SO3H derivative due to its highly 

negative adsorption energy. 

Moreover, the Eads and Eint values of P1-SO3H and P3-SO3H are more highly 

negative than P2-SO3H (in complexes of -SO3H derivative) and other complexes due 

to H atom in the -SO3H group is conveniently shifted to the kaolinite surface upon 

the formation of Osurf-H covalent bond. The transfer of H atom in functional groups 

would lead to considerable changes in molecular and surface structures. This is 

clarified by the deformation energy (Edef-mol, Edef-surf) of molecules and surface which 

are separated from stable configurations. The deformation energy values in P1-SO3H 

and P3-SO3H are about 60 kcal.mol-1 for molecules and about 17 kcal.mol-1 for 

surface, respectively. For the rest of the complexes, the deformed energies are ca. 

0.1-4.3 kcal.mol-1 (cf. Table 1.15). Thus, the geometrical structures of molecule and 

surface in complexes of -SO3H derivative are considerably distorted, whereas the 

changes in geometry for other derivatives’ complexes are weak.  

1.3.3. Formation and role of intermolecular interactions  

1.3.3.1. Deprotonation enthalpy of bonds and proton affinity at atoms in molecules  

To gain a deeper insight into the existence and strength of intermolecular 

interactions, we carried out calculations on DPE of O-H, C-H, N-H bonds, and PA at 

O, N atoms involved in the interactions, as well as the NBO charge for atoms in 

functional groups at the B3LYP/6-31+G(d,p) level of theory. The calculated results 

were presented in Tables 1.10 and 1.11. 
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The negative charge densities are located mainly at the O/N atoms in the 

functional groups, ca. -0.507 to -0.936 e. They thus easily interact with the positively 

charged regions of the H-slab, particularly at H atoms, to form O/N‧‧‧Hsurf electrostatic 

interactions. Similarly, the positive charges are in the range of 0.152-0.538 e focused 

mainly at H atoms in the functional groups, thus, they also conveniently form H‧‧‧Osurf 

electrostatic interactions upon complexation. For the C6H5SO3H molecule, the O 

atoms in the -SO3H group have highly negative charge densities leading to form 

stronger O‧‧‧H interactions with the H-slab in comparison to other derivatives. Results 

imply that the ability to form O‧‧‧H interactions in complexes decreases in the 

ordering of -SO3H > -COOH > -OH > -CHO derivatives.  

In addition, the proton affinity at the O atom and the ability of deprotonation 

of O-H/C-H bonds in functional groups are observed to clarify the formation ability 

of intermolecular contacts. As presented in Table 1.11, the PA values at O atoms 

range from 178.8 to 203.2 kcal.mol-1 and increase in the sequence of -OH < -SO3H < 

-COOH < -CHO, leading to the formation ability of O‧‧‧Hsurf intermolecular contacts 

increases with the same order. On the other hand, DPE values in O-H/C-H bonds vary 

from 341.1 to 404.3 kcal.mol-1 and follow to the ordering: -SO3H < -COOH < -OH < 

-CHO < -CHO, indicating the strength of O/C-H‧‧‧Osurf interactions reduces as 

follows: -SO3H > -COOH > -OH > -CHO. Besides, the negative charge density and 

PA at N atom in C6H5NH2 are higher than those at O atoms in other derivatives, 

however, the ability of deprotonation for N-H bond is less preferred than O-H bonds 

due to the higher DPE(N-H) in comparison to DPE(O-H). Therefore, the formation 

of H‧‧‧Osurf contacts for the -NH2 group is slightly weaker than that for -SO3H, -

COOH, and -OH ones. Further, DPE values of C-H bonds at the benzene ring are ca. 

391.0 - 416.7 kcal.mol-1 higher than that for O-H, N-H bonds in functional groups. 

Hence, the H‧‧‧C/π intermolecular contacts at the benzene ring can be less stable 

interactions as compared to O/N‧‧‧Hsurf ones. 

1.3.3.2. AIM analysis 

The topological geometries of the complexes are displayed in Figure 1.12. The 
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particular parameters for AIM analysis such as electron density (ρ(r)), Laplacian of 

electron density (
2
ρ(r)), total electron density energy (H(r)) at the bond critical 

points (BCPs) are given in Table 1.16. 

     

P1-CHO P1-COOH P1-NH2 P1-OH P1-SO3H 

Figure 1.12. Topological geometry of the most stable complexes for adsorption of 

organic molecules on H-slab 

Table 1.16. Characteristics of topological geometries (ρ(r), 
2
ρ(r), H(r), in au) and 

EDT (in e) at the B3LYP/6-31+G(d,p) level 

Complex BCPs ρ(r) 

2
ρ(r) H(r) EDT 

P1-CHO 
O1H1 0.038 0.107 0.000 

0.02 
H2O2 0.008 0.026 0.001 

P1-COOH 

H3O2 0.056 0.144 -0.005 

-0.28 O1H1 0.041 0.124 0.000 

O1H2 0.007 0.028 0.001 

P1-NH2 
NH1 0.006 0.018 0.001 

0.00 
H2O 0.028 0.080 -0.001 

P1-OH 

O2H2 0.030 0.087 -0.001 

0.00 O2H3 0.008 0.029 0.001 

H1O1 0.040 0.115 -0.001 

P1-SO3H 

H1O3 0.264 -1.252 -0.388 

-0.76 
OH1 0.080 0.128 -0.032 

O1H2 0.034 0.097 0.000 

O2H3 0.025 0.070 0.000 

The presence of BCPs in Figure 1.12 and the values of electron density ρ(r), 

Laplacian (
2
ρ(r)) in Table 1.16, that are primarily within the range of values for 
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noncovalent interactions [9], [49], [50], indicate that the O/N/C-H‧‧‧O hydrogen 

bonds exist in investigated complexes. Especially for P1-SO3H, the values of ρ(r) 

and 
2
ρ(r) at Osurf‧‧‧H BCP are much higher than that at other BCPs and out of the 

range for noncovalent interactions. Additionally, the 
2
ρ(r) and H(r) at this Osurf‧‧‧H 

BCP are largely negative, ca. -1.252 au and -0.388 au, respectively. Therefore, this 

contact is regarded as a covalent bond. This result suggests the trend of shifting the 

H atom in the -SO3H to the H-slab to form the Osurf-H covalent bond in P1-SO3H. 

Moreover, the large values of ρ(r) and 
2
ρ(r) at Osurf-H‧‧‧O BCP ca. 0.080 au and 

0.128 au, respectively, reveal the high stability of Osurf-H‧‧‧O hydrogen bond. The 

H(r) at Osurf-H‧‧‧O BCP is negative (ca. -0.032 au) and constitutes a leading 

contribution of the covalent part to its strength.   

In addition, as presented in Table 1.16, the ρ(r) values at O/N/C-H‧‧‧O BCPs 

in complexes range from 0.006 to 0.264 au and decrease in the sequence of 

derivatives: -SO3H > -COOH > -OH > -CHO > -NH2. It can be suggested that the 

strength of the interactions and thus lead to stability of configurations tend to reduce 

in the same order. Furthermore, the H(r) values at BCPs in complexes (excepted for 

P1-SO3H) are small negative, ca. -0.005 au, indicating these hydrogen bonds have a 

small part of covalent nature. With other BCPs of H‧‧‧O/N intermolecular contacts, 

the H(r) values are slightly positive (0.001 au), so these contacts have only non-

covalent. 

1.3.3.3. NBO analysis  

The existence of hydrogen bonds in complexes and their strengths can be 

further observed by analyzing the total electron density (EDT) transfers following 

complexation, as shown in Figure 1.13 and Table 1.16. The overlap of electron 

density between the atoms involved in interactions implies the existence of O/N/C-

H‧‧‧O hydrogen bonds in the investigated complexes (see Fig. 1.13). The EDT values 

are obtained with different signs based on the electron density transfers upon complex 

formation. For P1-COOH and P1-SO3H, EDT values are negative due to the electron 

transfer from the surface to the molecules is stronger than the opposite transfer, from 
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molecule to surface. In contrast, for P1-CHO, P1-OH, P1-NH2, EDT values are 

small positive. This results from the stronger electron density transfer from the 

molecule to the surface in comparison to the reversed transfer from the surface to the 

molecule. It is noted that the electron density transfers from the surface to the 

molecule in P1-COOH and P1-SO3H are quite strong. Further, it implies the 

remarkable shifting of H atom in the -COOH, -SO3H groups to the H-slab surface to 

form Osurf-H bond and Osurf-H‧‧‧O hydrogen bonds upon complex formation. 

     

P1-CHO P1-COOH P1-NH2 P1-OH P1-SO3H 

Figure 1.13. Schematic of total electron density of complexes at the 

B3LYP/6-31+G(d,p) level 

1.3.4. Summary 

By performing a theoretical investigation on adsorption of benzene’s 

derivatives on the H-slab surface of kaolinite, we obtained eleven stable complexes 

corresponding to two special structures: i) vertical arrangement with forming 

interactions between functional groups and surface (P1 type) and ii) parallel 

arrangement with the existence of interactions at benzene ring (P2 type). The 

adsorption energy of complexes ranges from -3.0 to -24.8 kcal.mol-1 in which the 

values are more negative for P1 than for P2. . Remarkable, highly stable 

intermolecular contacts are found in complexes of -SO3H derivative. The stability of 

the complexes is mainly contributed by O/N-H‧‧‧O and H‧‧‧C/π hydrogen bonds. All 

results indicate that the adsorption ability of molecules on the H-slab of kaolinite 

decreases in the order of -SO3H > -COOH > -OH > -CHO > -NH2. Further, the 

interaction between these molecules and the H-slab surface forms favorably the 

complexes of P1 type as compared to P2. 
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1.4. Adsorption of benzene derivatives on K+-supported kaolinite (001) surface 

1.4.1. Stable complexes 

To examine further the role of cation supported on a kaolinite surface, we 

continue to perform calculations for the interaction between some derivatives of 

benzene and K+-supported kaolinite (001) surface (denoted by K+-slab). The 

optimized adsorption configurations of C6H5-X (X = -CHO, -COOH, -NH2, -OH) on 

K+-slab are displayed in Figure 1.14. Similar to the H-slab of kaolinite, the stable 

structures of benzene’s derivatives adsorbed onto K+-slab are formed with two trends: 

i) interactions are mainly formed between functional groups and surface (P1 type) 

and ii) interactions are focused at the benzene ring (P2 type).   

 

 

 

 

P1CHO P2CHO P1COOH P2COOH 

 

 

 

 

P1NH2 P2NH2 P1OH P2OH 

Figure 1.14. The stable complexes of molecules adsorption on K+-slab 

The distances are in the range of 2.45-2.97 Å and 2.84-3.34 Å corresponding 

to K‧‧‧O/N and K‧‧‧π. In P1COOH and P2NH2, the H‧‧‧O/N distances range from 

2.22 Å to 2.64 Å. All these values are smaller than the total of van der Waals radii of 

atoms involving in interactions. In particular, the van der Waals radii of O, N, C, H, 

K atoms are 1.52 Å, 1.55 Å, 1.70 Å, 1.20 Å, and 2.75 Å, respectively [11]. Therefore, 
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it can be suggested that these contacts are formed in configurations upon adsorption 

and thus contribute to the stability of configurations.  

In addition, MEP maps and NBO charges evaluate the formation ability of 

electrostatic interactions between sites at the surface and molecules in complexes (cf. 

Fig. 1.6 and Table 1.10). Accordingly, the K‧‧‧O/N and K‧‧‧π electrostatic interactions 

are formed favorably and thereby play an important role in the strength of P1 and P2 

configurations, respectively. The H‧‧‧O hydrogen bonds in P1COOH and P2NH2 are 

also regarded as an additional term in stabilization. Moreover, the small movement 

of the K+ site on the surface is found following the adsorption of derivatives, 

especially for C6H5COOH and C6H5NH2.   

1.4.2. Adsorption energy 

The adsorption energy values of configurations calculated by using the PBE 

and optPBE-vdW functionals are presented in Table 1.17. 

Table 1.17. The adsorption energy of the stable complexes (in kcal.mol-1) 
 

PBE optPBE-vdW 

P1CHO -20.6 -21.7 

P2CHO -18.6 -22.7 

P1COOH -17.4 -22.8 

P2COOH -12.2 -17.4 

P1NH2 -7.6 -16.1 

P2NH2 -10.2 -19.1 

P1OH -4.8 -8.7 

P2OH -5.8 -11.2 

 

The formation energy (Ef) of K+-slab is -6.2 kcal.mol-1 (at PBE functional) 

which is computed by the expression: Ef = EK+-slab – EH-slab – EK+. Here, the EK+-slab, 

EH-slab, and EK+ are energies of optimal structures of K+-slab, H-slab, and K+ ion, 

respectively. Consequently, the K+-slab is slightly stable, and K+ ion can be favorably 
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shifted to other sites upon adsorption of molecules. This is expressed in forming of 

stable configurations as displayed in geometrical structures.  

The adsorption energy of configurations is in the range of -4.8 to -20.6 

kcal.mol-1 and -8.7 to -22.8 kcal.mol-1 for PBE and optPBE-vdW functional, 

respectively. It can be indicated that the inclusion of vdW forces in calculations leads 

to improvement of adsorption energy values, ca. 1.1-8.9 kcal.mol-1. The difference 

of Eads values from PBE and optPBE-vdW calculations is consistent with previous 

report [20]. Noticeably, that the Eads increases in the ordering of -CHO ≤ -COOH < -

NH2 < -OH derivatives for both functionals PBE and optPBE-vdW. As a 

consequence, the stability of configurations as well as adsorption ability of -CHO, -

COOH derivatives on K+-slab is higher than that for -NH2, -OH ones.  

Furthermore, the energy values for P1 type are more negative than that for P2 

in -COOH systems, indicating the important role of K‧‧‧O electrostatic interactions to 

the stability of complexes, consistent with results of H-slab systems (without cation 

K+). For -NH2 and -OH derivatives, the P2 configurations have more negative energy 

than the P1 ones leading to the considerable contribution of K‧‧‧π intermolecular 

interactions (in P2) in stabilization, as compared to K‧‧‧O/N contacts (in P1). For -

CHO derivative, the P1 configuration is more stable than P2 by using PBE 

calculation, whereas using vdW calculation, the P2 is more slightly stable than P1. 

Therefore, the K‧‧‧O/N/π contacts and vdW forces play an important role in the 

stability of the configurations in these investigated systems.  

1.4.3. AIM and NBO analyses 

To have a closer look at the formation and strength of intermolecular contacts 

in complexes, we carry out AIM and NBO calculations at the B3LYP/6-31+G(d,p) 

level. The results are illustrated in Figures 1.15, 1.16 and given in Table 1.18.  

The appearance of bond critical points (blue rings, BCPs) in topological 

geometries (Fig. 1.15) indicates the existence of intermolecular contacts of K‧‧‧O/N/C 

and H‧‧‧O/N. The electron density (ρ(r)) and Laplacian (2ρ(r)) values are in the 

range of 0.001-0.028 au and 0.002-0.150 au, respectively. These values are within 
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the range of values for noncovalent interactions [9], [49], [50]. With the small 

electron density, these contacts are evaluated as weak interactions. 

 

 

 

 

P1CHO P2CHO P1COOH P2COOH 

 

 

  

P1NH2 P2NH2 P1OH P2OH 

Figure 1.15. The topological geometries of the stable complexes for K+-slab 

systems 

 

 

  

P1CHO P2CHO P1COOH P2COOH 

 

 

 

 

P1NH2 P2NH2 P1OH P2OH 

Figure 1.16. The EDT maps of the stable complexes for K+-slab systems  

Further, the ρ(r) values at K‧‧‧O BCPs decrease in the sequence of -CHO > -

COOH > -OH derivatives. Similarly, the ρ(r) values at K‧‧‧C/π BCPs reduce in the 

ordering of -CHO > -COOH > -OH > -NH2. Hence, the stability of complexes is 

mainly contributed by K‧‧‧O/N/C interactions and tends to decrease in the order of -
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CHO > -COOH > -OH > -NH2 derivatives. Besides, H‧‧‧C/N/O contacts are regarded 

as additional terms in stabilization.  

Table 1.18. The characteristics for topology analysis and total of electron density 

transfer (EDT) for K+-slab systems at the B3LYP/6-31+G(d,p) level 

Configurations BCPs ρ(r) 
2(ρ(r)) EDT 

P1CHO K‧‧‧O 0.028 0.150 0.01 

P2CHO 
K‧‧‧C 0.018 0.072 

0.02 
O‧‧‧H 0.001 0.002 

P1COOH 

K‧‧‧O 0.027 0.150 

0.00 O‧‧‧H 0.007 0.023 

H‧‧‧H 0.002 0.006 

P2COOH K‧‧‧C 0.017 0.069 0.02 

P1NH2 

K‧‧‧N 0.013 0.048 

0.02 
H‧‧‧C 0.002 0.005 

H‧‧‧C 0.003 0.010 

O‧‧‧C 0.001 0.002 

P2NH2 

K‧‧‧C 0.010 0.035 

0.03 
H‧‧‧C 0.001 0.002 

N‧‧‧H 0.017 0.042 

N‧‧‧H 0.003 0.010 

P1OH 
K‧‧‧O 0.019 0.082 

0.01 
K‧‧‧H 0.005 0.021 

P2OH K‧‧‧C 0.011 0.039 0.02 

 

Furthermore, the electron density transfers (EDT) in configurations are also 

examined to clarify the formation of intermolecular interactions. The electron density 

overlaps between atoms involved in interactions imply the formation of these 

intermolecular contacts, as shown in Fig. 1.16. Besides, the EDT values in 

configurations are small positive. This is understood by the stronger electron density 
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transfers from molecules to surface as compared to the reverse transfers from surface 

to molecules.   

1.4.4. Summary 

By using DFT calculations, we evaluated the adsorption of benzene 

derivatives on a K+-slab. Two trends are found following the adsorption processes: i) 

interactions locate at functional groups (P1 type) and ii) interactions focus at benzene 

ring (P2 type). Results indicate that the processes of adsorbing these organic 

molecules on kaolinite are weak chemical adsorption and reduce in the order of -

COOH ≈ -CHO > -NH2 > OH. Stability of complexes is contributed by K‧‧‧O/N/π 

electrostatic interactions between K+ site on surface and high negative charge regions 

of molecules. The inclusion of vdW forces leads to an improvement in adsorption 

energy and structural arrangement of molecules and K+-slab. Besides, the existence 

of K+ cation on the kaolinite surface increases the adsorption ability of molecules.  
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CHAPTER 2. ADSORPTION OF ANTIBIOTIC MOLECULES ON TiO2 

AND VERMICULITE SURFACES 

 

2.1. Adsorption of enrofloxacin molecule on rutile-TiO2 (110) surface  

2.1.1. Stable structures 

Structures of enrofloxacin (ER) molecule and rutile-TiO2 (110) surface (r-

TiO2) are optimized using PBE functional and shown in Figure 2.1. The 

corresponding MEP of ER is calculated at the B3LYP/6-31++G(d, p) level and 

illustrated in Figure 2.1.  

 

(structure) 

 

MEP (isovalue = 0.02 au/Å3)  

Enrofloxacin r-TiO2 

  

ER1 ER2 

Figure 2.1. Optimized structures of enrofloxacin, rutile-TiO2 (110) surface, and two 

stable adsorption configurations 

The adsorption of ER on r-TiO2 gives rise to two stable configurations 

corresponding to assigned symbols ER1, ER2 (cf. Figure 2.1). The vertical 

arrangement of ER onto r-TiO2 is found upon optimization. Some selected geometric 

parameters following complexation are given in Table 2.1. 
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Table 2.1. Some selected parameters for two stable complexes using PBE 

functional 

Complex ER1 ER2 

d(O∙∙∙Ti5f) 2.00 2.20/2.05 

d(O-H∙∙∙Ob) 1.41 (O)  

OHOb 175.2 (O)  

ObTiO1(2) 179.41 179.01/178.82 

CO1(2)Ti5f 151.11 173.31/172.92 

∆r(C=O1)  0.030 

∆r(C=O2) -0.117 -0.161 

∆r(O-H) 0.435  

∆r(Ti-Oa) 0.300 0.177 

∆r(Ti-Ob) 0.052 0.067 

(1, 2, a, b for O atoms in >C=O, -COOH groups of the molecule, O sites in the plane, 

and at the bridge of surface, respectively; d and ∆r are in Å,   in o) 

As shown in the MEP of ER, the high negative charge regions are found at O 

atoms, whereas the high positive charge regions are located at H atoms. Accordingly, 

O and H atoms are favorable interacting sites when ER molecules are adsorbed on r-

TiO2. Figure 2.1 shows that the ER1 is formed by adhesion of –COOH group of ER 

on the surface, while the ER2 is obtained by arranging ER molecules along rows 

containing Ti five-fold coordination (Ti5f) sites due to the interaction between two 

>C=O groups of ER and those of Ti5f sites. The Ti∙∙∙O interactions are formed by Ti5f 

sites of surface and O atoms in >C=O, -OH groups of the adsorbed molecule. Besides, 

an O-H∙∙∙O hydrogen bond emerges between the bridging O (Ob) site of r-TiO2 and 

H atom in the O-H bond of ER. The distances of intermolecular interactions presented 

in Table 2.1 are in the range of 2.00-2.20 Å and 1.41 Å for Ti5f∙∙∙O and O-H∙∙∙Ob, 

respectively. All these values are significantly smaller than the total van der Waals 

radii of Ti and O (3.82 Å), O and H (2.72 Å) atoms involving in the interactions. It is 

noteworthy that the Ti5f∙∙∙O distances in the investigated complexes are close to those 
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of the Ti-O bonds in the TiO2 bulk (ranging from 1.86 Å to 2.20 Å). Therefore, the 

Ti5f∙∙∙O and O-H∙∙∙Ob contacts are predicted to be strong interactions during the 

adsorption process. 

In addition, the values of 178.8o to 179.4o, 151.1o to 173.3o, and 175.2o are 

observed for the O-Ti-O1(2), C-O1(2)-Ti, and the O-H-Ob angles, respectively. Besides, 

the changes of bond length for C=O, O-H, and Ti-O in ER and r-TiO2 are determined. 

The lengths of C=O bonds of the carbonyl group are elongated by ca. 0.03 Å whereas 

that of carboxyl groups are shortened with an amount within the range of 0.12-0.16 

Å. The largest value of 0.43 Å is found for the O-H bond in ER upon interaction. 

Also, the Ti-O bonds of the surface are elongated in the range of 0.05 to 0.30 Å. This 

indicates that the bond lengths and angles at atoms involving in interactions change 

considerably due to complexation.  

2.1.2. Energetic aspects of the adsorption process 

To evaluate the adsorption ability of r-TiO2 for ER and the stability of 

configurations, adsorption (Eads), interaction (Eint), and deformation (Edef-surf, Edef-mol) 

energies are given in Table 2.2, which are calculated employing the PBE functional. 

Table 2.2. Energies for adsorption of Enrofloxacin on rutile-TiO2 (110) surface (in 

kcal.mol-1) 

Complex Eads Eint Edef-surf Edef-mol 

ER1 -26.4 (-40.0) -55.6 19.3 9.9 

ER2 -35.1 (-61.0) -54.9 16.7 3.1 

(italic values in parentheses are obtained at optPBE-vdW functional) 

As presented in Table 2.2, the adsorption energies of ER on r-TiO2 are highly 

negative and of -26.4 and -35.1 kcal.mol-1 corresponding to ER1 and ER2; therefore, 

ER2 is more stable than ER1. Due to large negative adsorption energies and the form 

of strong interactions on the surface, the process of adhesion ER on r-TiO2 is 

characterized as strong chemisorption. The stability of ER2 illustrated in Figure 2.1 

is mainly contributed by two Ti5f∙∙∙O interactions, whereas the ER1 is stabilized by 

both Ti∙∙∙O and O-H∙∙∙Ob intermolecular interactions. The contribution of Ti5f∙∙∙O and 
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H∙∙∙Ob interactions following adsorption of some organic molecules on r-TiO2 has 

been found in the previous studies [84], [123], [147]. It is remarkable that the 

including of van der Waals forces in single-point energy calculations at optPBE-vdW 

functional leads to obtain the more negative values of adsorption energy, ca. 14 

kcal.mol-1 and 26 kcal.mol-1 for ER1 and ER2 as compared to PBE calculations.  

Further, a good understanding of interactions between adsorbed molecules and 

the material surfaces can provide better insights into the various aspects of the 

adhesion process of molecules on surfaces. The interaction energies of ER1 and ER2 

are -55.6 and -54.9 kcal.mol-1, respectively (cf. Table 2.2). Hence, the Ti5f∙∙∙O and O-

H∙∙∙Ob contacts formed in these complexes can be regarded as strong interactions. 

The highly negative values of Eint for ER1 as compared to those of ER2 counterpart 

implies a significant contribution of O-H∙∙∙Ob hydrogen bond to the overall stability 

of the complexes.  

The deformation energy is a characteristic parameter for evaluating the ability 

of separating the substrate and the surface from its stable adsorption configuration 

[20]. As tabulated in Table 2.2, these energy values for TiO2 surface are larger than 

those for ER molecule. For this reason, the ability of separation and then to form 

stable structures are less convenient for r-TiO2 than for ER. These obtained results 

are consistent with the remarkable changes of the structure of r-TiO2 as compared to 

ER in the aforementioned stable configurations. 

2.1.3. Characteristics of interactions on the surface 

To get more insight into the origin and role of intermolecular interactions, the 

AIM and NBO analyses are carried out at the B3LYP/6-31+G(d,p) level of theory. 

Some characteristic parameters are given in Table 2.3 and presented in Figure 2.2. 

The presence of Bond Critical Points (BCPs) topology in Figure 2.2 and their 

large electron density (ρ(r)). Laplacian of electron density values (2(ρ(r))) in Table 

2.3 proves the existence of stable intermolecular interactions between O∙∙∙Ti, H∙∙∙O 

as shown in Figure 2.1. The ρ(r) value of O-H∙∙∙Ob BCP is 0.093 au and slightly larger 

than that of Ti5f∙∙∙O BCP in ER1. As a result, the O-H∙∙∙Ob hydrogen bond is highly 
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stable and plays an important role in the stability of ER1 as compared to Ti5f∙∙∙O 

interaction. Remarkably, the ρ(r) values of O-H∙∙∙Ob and Ti5f∙∙∙O interactions in ER1 

are larger than those of Ti5f∙∙∙O interactions in ER2. This result leads to the strength 

of interactions formed in ER1 being more significant than that in ER2. As a 

consequence, the interaction energy for ER1 is larger than that for ER2 and in good 

agreement with the values shown in Table 2.2. The existence of O∙∙∙O chalcogen-

chalcogen interaction in ER1 with an electron density of 0.011 au indicates a slight 

contribution to the stability of ER1. 

  

 
 

ER1 ER2 

Figure 2.2. The topology and electron density transfer maps for the first-layered 

structures of ER1 and ER2 at the B3LYP/6-31+G(d, p) level 

Table 2.3. The topological analysis and EDT of investigated structures at the 

B3LYP/6-31+G(d, p) level 

 BCPs ρ(r) 
2(ρ(r)) H(r) EDT 

ER1 

O1∙∙∙Ti 0.080 0.452 -0.005 

0.22 O-H∙∙∙O 0.093 0.112 -0.046 

O∙∙∙O 0.011 0.038 0.002 

ER2 
O1∙∙∙Ti 0.042 0.254 0.007 

0.36 
O2∙∙∙Ti 0.068 0.404 0.001 

1.2- for O atoms in >C=O and -COOH groups 

In addition, the 2(ρ(r)) values for Ti5f∙∙∙O BCPs are large and in the range of 

0.254 to 0.452 au, therefore, they are regarded as highly stable interactions. The 


2(ρ(r)) values for O-H∙∙∙Ob and O∙∙∙O interactions are 0.038 and 0.112 au, 

respectively, falling within the range for weak interactions [9], [49]. It should be 
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noted that the negative values of H(r) for O-H∙∙∙Ob and Ti5f∙∙∙O BCPs in P1 (cf. Table 

2.3) imply that these interactions are stabilized by the covalent component. In 

contrast, the H(r) values for O∙∙∙O (ER1) and Ti5f∙∙∙O (ER2) BCPs are all positive, 

suggesting that they are non-covalent interactions.  

Moreover, the total electron density map shown in Figure 2.2 and the values 

given in Table 2.3 corroborate the formation of the aforementioned interactions. This 

can be understood due to the high electron density overlaps between H and Ob, O and 

Ti5f atoms directly involved in the Ob∙∙∙H hydrogen bond and Ti5f∙∙∙O interaction, 

respectively. The larger overlap in ER2 leads to its stronger stability as compared to 

ER1 and in good agreement with adsorption energies in Table 2.2. Hence, the Ti∙∙∙O 

and O-H∙∙∙O intermolecular contacts are regarded as strong interactions. 

2.1.4. Summary 

Two stable configurations formed by the interaction between ER and r-TiO2 

were optimized by using the VASP program and employing the DFT method. The 

adsorption of ER molecule onto the r-TiO2 is a strong chemical adsorption with 

energies of -26 and -35 kcal.mol-1 (PBE) and of -40 and -61 kcal.mol-1 (optPBE-vdW) 

for ER1 and ER2 complexes, respectively. The stability of the complexes formed 

significantly depends on the strong O∙∙∙Ti5f electrostatic interactions. The O-H∙∙∙Ob 

hydrogen bond found in ER1 plays an important role in stabilizing this adsorbate-

adsorbent system. The adsorption of ER on r-TiO2 preferably forms >C=O∙∙∙Ti5f 

interactions. Also, the O∙∙∙O chalcogen interaction examined in ER1 slightly 

contributes to the complex’s strength.  

2.2. Adsorption of ampicillin, amoxicillin, and tetracycline molecules on rutile-

TiO2 (110) surface 

2.2.1. Stable complexes 

Structures of ampicillin (AP), amoxicillin (AX), tetracycline (TC) molecules, 

and r-TiO2 are considered based on experimental reports and then optimized using 

the PBE functional as shown in Figure S1 in Appendix. Some parameters for the 

optimized geometries in comparison with references are given in Table S1 
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(Appendix). Differences in bond lengths and angles are small, in the range of 0.01-

0.06 Å and 1o-3o as compared to experimental data, respectively. The adsorption 

configurations of AP, AX, and TC molecules on r-TiO2 are further optimized using 

DFT computations. The stable complexes corresponding to ampicillin, amoxicillin, 

tetracycline systems assigned symbols AP1; AP2, AX1; AX2; AX3, and TC1; TC2; 

TC3 are shown in Figure 2.3 by leaving out two layers at the bottom. Some selected 

parameters following the complexation are given in Table 2.4. 

 
 

AP1 AP2 

 

 
 

AX1 AX2 AX3 

 
  

TC1 TC2 TC3 

Figure 2.3. Stable complexes for adsorption of antibiotic molecules on rutile-TiO2 

(110) surface 
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Table 2.4. Some selected parameters for stable adsorption configurations 

Parameter AP1 AP2 AX1 AX2 AX3 TC1 TC2 TC3 

d(O∙∙∙Ti) 2.11 2.231)/2.212) 2.08 2.231)/2.202) 2.26 2.401)/2.172) 
2.151)/2.702)/ 

2.423) 
2.06 

d(X-H∙∙∙O) 

1.48a) 

2.48/2.65c) 

2.51/2.62b) 

2.53/2.69c) 
1.52 

2.52/2.60b) 

2.53/2.71c) 
1.71 1.96/2.11a) 

2.05/2.69a) 

2.40/2.53b) 

2.51c) 

1.63b) 

α(X-H∙∙∙O) 
171.9a) 

155.8/142.6c) 

120.2/173.5b) 

126.2/137.6c) 
176.3 

119.8/173.6b) 

127.8/138.2c) 
161.7 

166.8/123.2a) 

148.7/137.8c) 

144.8/162.6a) 

103.1/159.8b) 

164.0c) 

171.8b) 

α(C-O∙∙∙Ti) 146.8 146.8/134.4 150.4 146.5/134.4 150.5 133.8/151.8 
146.1/162.7/ 

138.1 
153.6 

∆r(C=O) 0.037 0.019/0.019 0.033 0.018/0.019 0.025 0.016/0.015 
0.027/-0.009/ 

-0.004 
0.013 

∆r(X-H) 0.079 
0.007b)/ 

-0.002c) 
0.072 

0.007b)/ 

-0.002c) 
0.035 

0.006b)/ 

-0.036c) 

-0.027a)/0.004b)/ 

-0.004c) 
0.031b) 

∆r(Ti-Ob) 0.126 0.092/0.117 0.110 0.092/0.120 0.091 0.176/0.054 
0.093/0.029/ 

0.103 
0.206 

a), b), c)- for X = O, N, C atoms involving in hydrogen bonds; 1,2,3)- for O atoms in antibiotic molecules, d: 

distance in Å, α: angle in degree, ∆r: change of bond length, in Å. 

 

As displayed in Figure 2.3, the optimized structures of antibiotics adsorbed on 

r-TiO2 are stabilized by the contributions of both Ti∙∙∙O and O(C,N)-H∙∙∙O contacts. 

The Ti∙∙∙O interactions are formed at Ti sites of r-TiO2 with O atoms in >C=O or O-

H groups of the antibiotic molecules while the O(C,N)-H∙∙∙O hydrogen bonds are 

formed between O atoms at bridging sites (Ob) of the surface and H atoms in O-H, 

C-H, N-H bonds of molecules. As a result, the stable configurations are obtained by 

either interaction between -COOH, -OH groups of molecules with the surface of TiO2 

(AP1, AX1, AX3) or between >C=O groups in an arrangement of molecules along 

with Ti five-fold coordination (Ti5f) sites (AP2, AX2). For the tetracycline system, 

the stability of configurations receives contributions of several intermolecular 

interactions between >C=O, -OH, -NH2 groups with Ti5f, Ob sites of the surface (TC1, 

TC2, TC3).  
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In addition, the distances of intermolecular interactions presented in Table 3.4 

are in the range of 2.06 to 2.70 Å, 1.48 to 2.69 Å, 2.48 to 2.71 Å, and 1.63 to 2.62 Å 

for Ti∙∙∙O, O-H∙∙∙O, C-H∙∙∙O, and N-H∙∙∙O contacts, respectively. All these values are 

smaller than the total van der Waals radii of Ti and O (3.82 Å), O and H (2.72 Å), C 

and H (2.90 Å), N and H (2.75 Å) atoms involved in the interactions [11], [97]. The 

O(C,N)-H∙∙∙Ob contacts are thus estimated as hydrogen bonds and contribute to the 

complexes’ stability. Besides, the Ti5f∙∙∙O distances in the investigated complexes are 

close to those of the Ti-O bonds in the TiO2 bulk and surfaces (ca.1.84-2.17 Å, ref. 

[17], [18], [125]). Therefore, the Ti5f∙∙∙O intermolecular contacts are predicted to be 

quite strong interactions upon the adsorption process.  

Furthermore, the changes of C=O, O-H, C-H, N-H, Ti-O bond lengths, and the 

C-O-Ti, O(C,N)-H-O bonding angles upon interactions with the surface are also 

calculated and shown in Table 2.4. The value ranges from 134o to 163o, 126o to 164o, 

103o to 174o, and 123o to 176o are noted for C-O-Ti, C-H-Osurf, N-H-Osurf, and O-H-

Osurf angles, respectively. Also, the changes of bond length for C=O, O-H, and Ti-O 

in antibiotics and surface are given in Table 2.4. The lengths of C=O bonds of 

carbonyl or carboxyl groups are elongated by ca. 0.013 to 0.047 Å (except in TC2 

where the bond length is shortened by ca. 0.009 Å). The bond lengths of O(C,N)-H 

bonds involved in hydrogen bonds are elongated in the range of 0.004-0.079 Å. 

Following the formation of O-H‧‧‧O (in TC2), N-H‧‧‧O (in TC1), C-H‧‧‧O (in AP2, 

AX2, TC2) hydrogen bonds, the O(N,C)-H bonds are shortened by 0.002-0.036 Å. 

Also, the Ti-O bonds of the surface are elongated in the range of 0.029 to 0.206 Å 

upon adsorption. In general, the bond lengths and angles at atoms involved in 

interactions are not uniformly changed upon complexation.  

2.2.2. Energetic aspects of the adsorption process 

To evaluate the adsorption ability of antibiotic molecules on r-TiO2, and also 

the strength of intermolecular interactions, we calculate some characteristic 

parameters including the adsorption energy (Eads), interaction energy (Eint), and 

deformation energies (Edef-surf; Edef-mol) for the systems considered (Table 2.5). The 
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opt-PBE-vdW functional is subsequently computed for improving the Eads values for 

further consideration of the adsorption ability of antibiotic molecules. 

Table 2.5. Energies for adsorption processes using both PBE and optPBE-vdW 

functionals (kcal.mol-1) a) 

 AP1 AP2 AX1 AX2 AX3 TC1 TC2 TC3 

Eads 

-23.0 -25.3 -26.1 -26.6 -15.4 -19.1 -24.1 -21.7 

-42.7 -64.9 -42.9 -66.5 -28.4 -58.9 -66.6 -45.1 

Eint -37.5 -43.6 -37.6 -44.7 -22.1 -42.5 -50.0 -40.6 

Edef-surf 7.4 11.5 5.9 11.7 4.4 13.5 13.0 12.1 

Edef-mol 7.1 6.9 5.5 6.5 2.2 9.9 12.9 6.8 

a) Italic values of Eads are obtained using the optPBE-vdW functional. 

As presented in Table 2.5, the adsorption energies of these molecules on r-

TiO2 are highly negative and in the range of -15 to -27 kcal.mol-1 and -28 to -67 

kcal.mol-1 for the PBE and optPBE-vdW functionals, respectively. The adsorption 

energies Eads are slightly different ca. 1-2 kcal/mol-1 for the AP, AX, and TC systems. 

The adsorption ability of these molecules on the r-TiO2 is thus quite strong and similar 

to each other. Furthermore, the adsorption of AP, AX, and TC molecules on r-TiO2 

can be characterized as chemisorptions, and they are evaluated as weaker processes, 

in comparison to those for vermiculite, by ca. 12 kcal.mol-1. This can be explained 

by the strong electrostatic interactions of Mg2+ sites of a vermiculite surface and O 

atoms in >C=O groups of molecules as compared to Ti‧‧‧O contacts in the 

aforementioned configurations. It is noteworthy that the Eads values for optPBE-vdW 

are more negative than that for PBE functional, similarly with results for ER system 

above. Here, the inclusion of vdW interactions in the geometry optimization tends to 

affect the total electronic energy of complexes, resulting in more negative adsorption 

energy values for the optPBE-vdW functional in comparison to the values obtained 

by the PBE functional [123]. Besides, the differences of Eads values when using the 

PBE functional are small, ~1 kcal/mol-1 for AP, AX systems, and of 2 kcal/mol-1 for 

TC one. These differences are larger for optPBE-vdW computations: a range of 22-
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24 kcal/mol-1 is obtained for AP, AX, while a difference of 8-21 kcal.mol-1 is derived 

for TC. The AP2, AX2, TC2 are the most stable complexes for the investigated 

systems. As a consequence, the contribution of two Ti‧‧‧O contacts to the stabilization 

is more significant than that of one Ti‧‧‧O with H‧‧‧O contact as displayed in Figure 

2.3. The important addition of O/N-H∙∙∙O hydrogen bonds along with Ti∙∙∙O 

interactions in these adsorbate-adsorbent systems is consistent with previous reports 

on interactions between organic molecules and rutile surfaces [80], [81], [84], [119], 

[122], [123], [124]. Hence, in the formation of stable configurations, the role of 

>C=O‧‧‧Ti contacts can be regarded as more substantial than that of O/N/C-H‧‧‧O 

hydrogen bonds. 

On the other hand, the interaction energies Eint of investigated configurations 

are largely negative and amount in a range of -22 to -50 kcal.mol-1 and increase in 

going from TC to AX and finally to AP, as given in Table 2.5. Consequently, the 

strength of interactions slightly decreases in the order of TC > AX ≈ AP. The larger 

negative values of Eint for AP2, AX2, and TC2, as compared to the AP1, AX1, AX3, 

TC1, and TC3 counterparts, imply the significant contributions of the Ti5f∙∙∙O 

electrostatic attractions and O/N/C-H∙∙∙O hydrogen bonds to the stability of these 

complexes. This result is similar to the ordering of adsorption energy changes 

obtained by the optPBE-vdW functional mentioned above.  

The deformation energy is one of the important parameters for evaluating the 

ability to separate the adsorbed molecules and the adsorbent from its stable 

configuration as shown in sections above. Calculated results indicate that Edef-surf 

values for r-TiO2 are inherently larger than those for AP, AX, and TC molecules. It 

can be suggested that the ability of separation and then the formation of stable 

structures are less convenient for the surface than for the molecules considered. This 

is consistent with the considerable changes in structure observed for the surface as 

compared to the molecules in the aforementioned stable configurations. These results 

are similar to previous investigations on the adsorption of molecules onto solid 

surfaces [143]. Furthermore, the separation of antibiotic molecules from stable 
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configurations is reduced in the following order: AX ≈ AP > TC. The formation of 

stable interactions between functional groups and the surface for the TC system leads 

to significant changes in the structure of TC as compared to its optimized geometry. 

Furthermore, the interaction in configurations of TC is stronger than that for AP, AX 

systems as expressed by the higher interaction energy (cf. Table 2.5). As a 

consequence, the separation of TC in the stable configuration is more inconvenient 

than for AP and AX. On the other hand, the similar separation of stable configurations 

found in AP and AX systems is consistent with the small differences in structures for 

AP, AX molecules, and their configurations (cf. Fig. 2.3). 

2.2.3. Characteristic properties of intermolecular interactions  

2.2.3.1. Ability to form stable interactions on TiO2 surface at different sites of 

molecules 

To have a better understanding of the nature of the interactions in the 

configurations as well as to estimate the formation ability and stability of the 

interactions, NBO charge distributions and MEP maps of the antibiotic molecules, 

the vertical proton affinity (PA), and de-protonation enthalpy (DPE, without 

geometry re-optimization) were considered and illustrated in Figures S2 and S3 and 

gathered in Table S2 (Appendix).  

The MEP maps of the molecules (shown in Figure S3) are displayed by 

different colors representing the electrostatic potential values, increasing from red to 

orange, yellow, green, and finally to blue colors. The most negative charge density 

(red color) is located considerably at the O sites of C=O, C-O groups, and N sites (in 

C-N, N-H bonds). Conversely, the most positive charge density (blue color), centered 

on H atoms, is higher on the O-H than on the N-H and C-H bonds. These evaluations 

are further characterized by NBO charge distributions collected in Figure S2 (SI). In 

particular, the charge density values at O/N and H atoms are in the range of -0.5 to -

0.9 electron and 0.2 to 0.5 electron, respectively. As a matter of fact, the electrostatic 

interactions are formed favorably between O/N atoms and Ti5f sites (Ti4+); H atoms, 

and Ob sites (O2-).  
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In addition, the PA(O) values given in Table S2 (Appendix) indicate that the 

gas-phase basicity of the O atoms of the >C=O, -COOH groups is quite strong due to 

their large proton affinities ranging from 183 to 235 kcal.mol-1. This implies that an 

attractive interaction of the O atoms of these groups with Ti5f sites on the surface is 

significant, leading to the formation of O∙∙∙Ti stable contacts in the resulting 

configurations. For the hydrogen bond formation on the rutile surface, stronger 

intermolecular contacts are obtained with the participation of O-H covalent bonds as 

compared to N-H, and also C-H bonds. This can be understood from the fact that the 

O-H bonds are more polarized than the N-H bonds, and much more than C-H bonds 

which is due to the smaller DPE value for the former in comparison with the latter, 

corresponding to the values in the range of 333-359 kcal.mol-1 (for O-H bonds) and 

in the range of 344-356 kcal.mol-1 (for N-H) and 362-392 kcal.mol-1 (for C-H). Hence, 

the stability of hydrogen bonds formed on r-TiO2 tends to decrease from O-H∙∙∙O to 

N-H∙∙∙O and finally to C-H∙∙∙O in the investigated systems.  

On the other hand, the ability of forming orbital interactions is considered by 

looking at the valence band (VB) and conduction band (CB) as related to the Fermi 

level (EF) of r-TiO2 and the frontier molecular orbitals of the adsorbed molecules as 

presented in Figure 2.4. The highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels of the molecule interacting with the 

TiO2 surface are known to play an important role in molecular adsorption [69]. As 

displayed in Figure 2.4, the HOMO and LUMO energies of the molecules 

(determined relatively to the VB of TiO2) are close to the VB and CB regions of 

rutile-TiO2 calculated at the same level of theory using PBE functional. The stable 

orbital interactions are more favorably formed between the HOMOs of an antibiotic 

molecule and the CB of TiO2 as compared to other ones, similar to previous studies 

[69], [128]. Here, stable interactions between antibiotic molecules and r-TiO2 are 

formed by electron transfers from HOMOs of molecules to the Lewis acid Ti sites of 

surface (Ti5f) (cf. Figures 2.5 and S5 (Appendix)). Besides, the formation of these 
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interactions is expected to lead to a slight change in the band energy of TiO2 solid by 

ca. 0.2 eV (cf. Fig. S5, Appendix). 

 

Figure 2.4. DOS plot of rutile-TiO2 (110) surface and HOMO, LUMO levels of 

adsorbed antibiotic molecules  

2.2.3.2. The existence and role of interactions upon complexation  

To have a clearer view of the existence and role of adsorption interactions, the 

topological geometries of complexes are determined and illustrated in Figures 2.5 and 

S4 (Appendix). Some characteristic parameters are tabulated in Table S3 (Appendix). 

Additionally, the density of states (DOS), electron transfers, and electronic charge 

distribution for the most stable configurations are considered and displayed in Figures 

2.5 and S5 (Appendix).  

The formation of intermolecular contacts O/N∙∙∙Ti, H∙∙∙O in complexes is 

revealed by the presence of bond critical points (BCPs, marked by blue circles) in the 

topologies depicted in Figure 2.5(a). Additionally, as listed in Table S3 (Appendix), 

the electron density ρ(r) values of Ti5f∙∙∙O, O/N-H∙∙∙Ob, and C-H/C∙∙∙Ob BCPs are in 

the range of 0.017 - 0.070 au, 0.018-0.078 au, and 0.005-0.013 au, respectively. The 

Ti∙∙∙O interactions and O/N-H∙∙∙O hydrogen bonds are thus highly stable and play an 

important role in the stability of complexes. The C-H∙∙∙O hydrogen bonds and C∙∙∙O 

weak interactions are regarded as cooperative terms to the stability of configurations 

because of their small ρ(r) values. Besides, the Laplacian 2(ρ(r)) values for Ti5f∙∙∙O 
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BCPs range from 0.05 to 0.38 au indicating that these contacts are noncovalent 

interactions. Similarly, for O/N-H∙∙∙O hydrogen bonds, the 2(ρ(r)) values are in the 

range of 0.02-0.15 au, falling within the range for noncovalent interactions [9], [49]. 

Negative values of H(r) are found out at BCPs of O/N-H∙∙∙Ob and Ti5f∙∙∙O contacts in 

AP1, AX1, AX3, and TC3 (cf. Table S3) indicating that these interactions have a 

certain part of covalent nature. In contrast, the H(r) values for other contacts are all 

positive suggesting that they have a non-covalent nature.  

  

 

AP2 (a) AX2 (a) TC2 (a) 

   

AP2 (b) AX2 (b) TC2 (b) 

Figure 2.5. a) Topological critical points and b) electronic charge density transfer 

of the most stable complexes 

The formation of intermolecular contacts is further considered as two-electron 

transfers upon complexation. The first transfer is from HOMOs of the molecule, 

particularly at the lone pair LP(O) and π(C=O) orbitals to Ti-3d orbitals in the CB 

region of r-TiO2 (110) to form Ti‧‧‧O interactions. The second one is from the electron 

density at O-2p orbitals in the VB of the surface to LUMOs of the molecules 

including σ*(O/N/C-H) orbitals to form O/N/C-H‧‧‧O hydrogen bonds. These 

overlaps of electron density would lead to the shifting of DOS to the CB regions in 

configurations as compared to TiO2 (cf. Figure S5). Besides, the transfers are further 

demonstrated by the electron density transfer (EDT) and electronic charge 
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distributions shown in Figures 2.5(b) and S5 (Appendix). Furthermore, the charge 

density distributions in most stable configurations are displayed by yellow and cyan 

colors in Figure 2.5(b). Accordingly, the cyan color is assigned for regions of reduced 

charge density while the yellow color is assigned for regions of enhanced charge 

density in comparison to initial monomers. As a consequence, the charge density is 

mainly located at the Ti‧‧‧O site whose electrostatic attractions lead to the formation 

of complexes.  

2.2.4. Summary 

Adsorption of the ampicillin (AP), amoxicillin (AX), and tetracycline (TC) 

antibiotics on the rutile-TiO2 (110) surface (r-TiO2) were investigated in detail using 

density functional theory calculations. The adsorption energies of the antibiotic-

surface systems are calculated to be in the range of -15 to -27 kcal.mol-1 and -65 to -

67 kcal.mol-1 as obtained from the PBE and optPBE-vdW functionals, respectively. 

Such a large difference indicates the importance of the inclusion of van der Waals 

interactions in the functional. These processes are regarded as strong chemical 

adsorptions. The ability of interactions between functional groups of antibiotics and 

r-TiO2 is regarded approximately for AP, AX, and TC. The formation and nature of 

surface interactions were fully considered based on quantum chemical approaches. 

The adsorption configurations are stabilized by the significant contribution of O∙∙∙Ti5f 

electrostatic attractions and an additional role of the O/N-H∙∙∙Ob hydrogen bonds. The 

C-H∙∙∙O or C∙∙∙O weak interactions are also examined following complexation as 

cooperative terms. Consequently, adsorption of AP, AX and TC molecules on r-TiO2 

occurs favorably in a horizontal arrangement with predominant interactions of >C=O 

or -COOH groups of the molecules and Ti5f sites of the surface.  

2.3. Adsorption of ampicillin and amoxicillin molecules on anatase-TiO2 (101) 

surface  

2.3.1. Stable structures 

The optimized geometries of anatase-TiO2 (101) surface (a-TiO2) and 

ampicillin (AP), amoxicillin (AX) molecules are displayed in Figure 2.6. Some 
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characterized parameters including bond length, angle are compared to experimental 

data and calculated results in previous studies [102], [118], [121], [136]. Accordingly, 

the calculated parameters in this work are in good agreement with previous reports in 

which the changes of bond lengths and angles are ca. 0.01-0.05 Å and 1-3o, 

respectively.  

   

a-TiO2 AP AX 

Figure 2.6. Optimized structures of anatase-TiO2 (101) surface and ampicillin, 

amoxicillin molecules 

 
  

AP-1 AP-2 AP-3 

 
 

AX-1 AX-2 

  

AX-3 AX-4 

Figure 2.7. The optimized structures of ampicillin, amoxicillin adsorbed on 

anatase-TiO2 (101) surface 
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The ground states of adsorption configurations of AP and AX molecules onto 

a-TiO2 are illustrated in Figure 2.7. These structures are denoted by AP-i and AX-i (i 

= 1-4), following different arrangements of AP, AX molecules on the surface to have 

a conventional look. The AX-4 is found out only for AX system due to the interaction 

of -OH group attached to the benzene ring as compared to AP system. Besides, the 

distances of intermolecular contacts and changes of bond lengths, angles are tabulated 

in Table 2.6. 

Table 2.6. Some characteristic parameters of the stable complexes 

 d(Ti‧‧‧O) d(H‧‧‧O) a(COTi) a(O/N/CHO) r(C=O) r(X-H) r(Ti-O)** 

AP-1 2.163 1.49 131.7 164.1 0.036 0.070 0.015 – 0.062 

AP-2 2.131/2.282 1.64 153.31/135.0 161.9 0.044/0.018 0.029 0.007 – 0.033 

AP-3 2.222/2.393 1.86 163.2/130.83 143.8 0.014/0.014 0.001 -0.018 – 0.011 

AX-1 2.193 1.52 131.9 164.2 0.035 0.062 0.004 – 0.067 

AX-2 2.111/2.302 1.66 153.61/135.5 161.7 0.027/0.018 0.028 -0.003 – 0.040 

AX-3 2.262/2.423 1.89 163.8/130.33 142.1 0.013/0.013 0.001 -0.026 – 0.019 

AX-4 2.161/2.434 2.28/2.26* 151.1/125.94 160.0/160.2* 0.023/0.0174 0.011/0.005* 0.023 – 0.027 

1,2,3,4-for O atoms in Fig.2; *-for O-H‧‧‧O; **-for O atoms at bridging sites; a: angle (o); d: distance (Å)  

 

As shown in Figure 2.7, the stable complexes obtained for two systems have 

similar geometrical structures, particularly for AP-1 and AX-1, AP-2 and AX-2, AP-

3 and AX-3. Table 3.6 indicates that the distances of Ti‧‧‧O and O/N/C-H‧‧‧O contacts 

are in range of 2.11 to 2.43 Å and 1.49 to 2.28 Å, respectively. These values are 

smaller than the total of van der Waals radii of atoms involved in contacts including 

Ti and O (3.82 Å), O and H (2.72 Å), C and O (3.22 Å) atoms [11]. Besides, the 

angles of C-O‧‧‧Ti and O/N/C-H‧‧‧O are corresponding to values of 125.9-163.8o and 

142.1-164.2o, consistent with binding angles of C=O interactions or hydrogen bonds. 

Therefore, it can be suggested that the Ti‧‧‧O and O/N/C-H‧‧‧O intermolecular 

interactions are formed following complexation. Also, the geometrical changes for 

the surface and molecule are quite small in comparison with their initial structures. 

The change of Ti-O, C=O, X-H bonds is ca. 0.07 Å, 0.04 Å, and 0.07 Å, respectively. 
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The AP, AX molecules tend to arrange in horizontal sequence onto a-TiO2 to form 

various intermolecular contacts, similarly to r-TiO2 systems. 

2.3.2. Adsorption energy 

The adsorption energies (Eads) are presented in Table 2.7. The Eads values for 

AP and AX systems range from -17.7 to -31.1 kcal.mol-1. The strength of adhesion 

of AP, AX on a-TiO2 is comparable to that of antibiotics on r-TiO2. Accordingly, 

these processes are considered as chemical adsorptions and slightly stronger for a-

TiO2 than for r-TiO2. Moreover, the adsorption ability of these molecules onto TiO2 

surfaces is weaker than that on vermiculite. This is understood by the significant 

contributions of electrostatic interactions between Mg2+ cation sites on vermiculite 

and O atoms in >C=O groups of molecules.  

Table 2.7. Adsorption energy (Eads, kcal.mol-1) of stable complexes 

i 1 2 3 4 

AP-i -22.9 -31.1 -18.6  

AX-i -21.0 -29.3 -17.7 -25.5 

 

In addition, the stability of configurations in this system is contributed by both 

Ti‧‧‧O attractive interactions and O/N/C-H‧‧‧O hydrogen bonds as displayed in Figure 

2.7. The contributions of two Ti‧‧‧O intermolecular contacts of >C=O groups and one 

N-H‧‧‧O hydrogen bond lead to the considerable stability of AP-2, AX-2 in 

comparison to the rest of the configurations for AP, AX systems. In the case of AX-

4, one Ti‧‧‧O interaction is formed by Ti5f site and O in –OH group. As given in Table 

2.7, AX-4 is slightly less stable than AX-2 of 4 kcal.mol-1. This result is due to the 

proton affinity (PA) at B3LYP/6-31++G(d,p) level and charge density at O atoms in 

the C=O groups (PAs are in the range of 200-216 kcal.mol-1) are higher than those in 

-OH group (PA is ca. 185 kcal.mol-1), leading to the fact that Ti‧‧‧O (C=O) becomes 

more stable than Ti‧‧‧O (OH). Besides, the difference of Eads values for AP-2 and AX-

2 is small ca. 2 kcal.mol-1. The approximation of PA and deprotonation enthalpy 

(DPE) values at O atoms and N-H bond in AP and AX molecules as analyzed in the 
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previous section indicates the equally stable interactions in these configurations. In 

general, the adsorption ability of AP and AX onto a-TiO2 is slightly different.  

On the other hand, one Ti‧‧‧O and one O-H‧‧‧O contacts (AP-1, AX-1) or two 

Ti‧‧‧O and one C-H‧‧‧O contacts (AP-3, AX-3) have important roles in their stability. 

The adsorption energy increases in the order of AP-2 < AP-1 < AP-3 and AX-2 < 

AX-4 < AX-1 < AX-3 for AP, AX systems, respectively. This is explained by 

reducing the ability of forming stable hydrogen bonds in configurations. The strength 

of hydrogen bonds increases in going from C-H‧‧‧O to N-H‧‧‧O and finally to O-H‧‧‧O 

as estimated in the vermiculite system. Following this report, the significant 

contribution of O-H‧‧‧O hydrogen bonds leads to the more stable configurations of 

AP-1 and AX-1 as compared to AP-3, AX-3, respectively. In summary, the stability 

of configurations depends on the arrangement of molecules on the surface to form 

stable interactions and is resulted by significant contribution of Ti‧‧‧O electrostatic 

interactions and addition of O/N-H‧‧‧O hydrogen bonds.  

2.3.3. AIM and NBO analyses 

To gain an insight into the existence and role of adsorptive interactions, we 

perform topology analysis including electron density (ρ(r)), Laplacian of electron 

density (2(ρ(r))), a total of electron density energy (H(r)) and electron density 

transfers for the first layer of AP-2, AX-2 most stable structures as displayed in 

Figure 2.8. The electron density transfers between molecules and the surface are 

investigated further to confirm the existence of intermolecular contacts. Some 

characteristic parameters are gathered in Table 2.8. 

 

    

AP-2 AX-2 

Figure 2.8. The topological geometries and EDT maps of the first-layered 

structures  
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Table 2.8. The topological analysis (ρ(r), 2(ρ(r)), H(r), au), electron density 

transfers (EDT, e), and hyper-conjugation energies (E2, kcal.mol-1) 

 BCPs ρ(r) 
2( ρ(r)) H(r) EDT Transfers E2 

AP-2 

O1‧‧‧Ti 0.056 0.325 0.004 

0.12 

π(C=O)/LP(O) →  

LP*(Ti)/σ*(Ti-O) 
23.6 

O2‧‧‧Ti 0.039 0.204 0.004 
π(C=O)/LP(O) →  

LP*(Ti)/σ*(Ti-O) 
16.9 

N-H‧‧‧O 0.052 0.153 -0.008 LP(O) → σ*(N-H) 22.6 

AX-2 

O1‧‧‧Ti 0.058 0.340 0.003 

0.10 

π(C=O)/LP(O) →  

LP*(Ti)/σ*(Ti-O) 
22.6 

O2‧‧‧Ti 0.037 0.194 0.004 
π(C=O)/LP(O) →  

LP*(Ti)/σ*(Ti-O) 
17.0 

N-H‧‧‧O 0.050 0.147 -0.007 LP(O) → σ*(N-H) 19.3 

 

The calculated results imply that the Ti‧‧‧O and N-H‧‧‧O intermolecular 

contacts exist. The electron density (ρ(r)) and Laplacian of electron density (2(ρ(r))) 

values at Ti‧‧‧O BCPs range from 0.037 to 0.058 au and from 0.194 to 0.340 au, 

respectively. Also, the ρ(r) and 2(ρ(r)) at N-H‧‧‧O BCPs correspond to 0.050-0.052 

au and 0.147-0.153 au. All these values are within the region of ρ(r) and 2(ρ(r)) for 

noncovalent interactions [9], [49]. Therefore, the Ti‧‧‧O and N-H‧‧‧O are regarded as 

noncovalent interactions and hydrogen bonds, respectively. The H(r) values at BCPs 

of N-H‧‧‧O contacts are slightly negative, indicating that these interactions have a 

small part of covalent nature. Besides, the stability of AP-2, AX-2 is additionally 

contributed by O‧‧‧C weak interactions with the small ρ(r) of 0.01 au. The ρ(r) values 

at Ti‧‧‧O and N-H‧‧‧O BCPs in AP-2 and AX-2 are mostly approximate, hence, 

strength of interactions in these configurations is nearly equal. As a result, the 

stability of AP-2 and AX-2 is considered to be approximate. 

Furthermore, the formation of adsorptive interactions is clarified by electron 

density transfers from molecules to surface and vice versa (cf. Fig. 2.8). As given in 
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Table 2.8, the EDT value is small positive, of 0.1 e due to the prominent transfers 

from molecules to surface. The existence of Ti‧‧‧O contacts is confirmed by the 

transfers of electron density from lone pair of O atoms (LP(O)) and bonding orbitals 

of C=O (π(C=O)) in molecules to unoccupied lone pair of Ti sites (LP*(Ti)) and anti-

bonding orbitals of Ti-O (σ*(Ti-O)) of a-TiO2. The N-H‧‧‧O hydrogen bonds is 

formed by the electron density transfers from LP(O) of surface to σ*(N-H) of 

molecules. These transfers of electron density are evaluated clearly by hyper-

conjunction energies (E2) (cf. Table 2.8). Accordingly, the E2 values for formations 

of Ti‧‧‧O and N-H‧‧‧O interactions are in the range of 17-24 kcal.mol-1 and 19-23 

kcal.mol-1, respectively. Moreover, the stability of interactions is determined by 

electrostatic term based on charge densities at sites of molecule and surface. The high 

charge density at sites leads to forming strong electrostatic interactions. Following 

NBO calculations, the charge densities at O, H atoms (in AP, AX) and Ti, O sites (in 

a-TiO2) are in the ranges of -0.65 to -0.74 e; 0.47 to 0.48 e; 1.61 to 1.72 e; -0.97 to -

0.98 e, respectively. Therefore, Ti‧‧‧O interactions are stronger than N-H‧‧‧O 

hydrogen bonds upon complexations. This result also leads to the fact that EDT 

values are positive values for AP-2 and AX-2. 

2.3.4. Summary 

In the present work, we investigated the adsorption of ampicillin and 

amoxicillin molecules on anatase-TiO2 (101) surface (a-TiO2) using density 

functional theory calculations. Obtained results show that the adsorption of these 

antibiotics on the a-TiO2 is considered as chemical adsorption. The stable complexes 

are contributed significantly by Ti‧‧‧O electrostatic interactions along with O/N/C-

H‧‧‧O hydrogen bonds. The existence and role of adsorptive interactions in the most 

stable structures AP-2 and AX-2 are clarified on the basis of the electron density 

transfers and charge density distribution. Generally, the adsorption of ampicillin on 

a-TiO2 surface is slightly stronger than that of amoxicillin, ca. 2 kcal.mol-1. The 

arrangement of molecules on the a-TiO2 tends to be preferable in a horizontal 

configuration and occurs on a large surface area to form stable interactions. 
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2.4. Adsorption of chloramphenicol molecule on a vermiculite surface 

2.4.1. Geometrical structures 

Geometry optimization of chloramphenicol (CP) and vermiculite surface was 

performed using the PBE functional, and their most stable conformation on the 

potential energy surface is presented in Figure 2.9. The MEP map of chloramphenicol 

calculated at the B3LYP/6-31++G(d,p) level with an electron density of 0.02 au and 

the region of -5.10-5 to +0.15 au is also illustrated in Figure 2.9. The adsorption of CP 

molecule to the vermiculite surface was studied using the GPAW program and the 

results are shown in Figure 2.10. Remarkably, the optimized structure of CP in this 

work is in good agreement with the experimental data in ref. [79]. 

 

  

(a) (b) (c) 

Figure 2.9. Optimized structures of a) vermiculite surface, and b) chloramphenicol 

molecule, and c) the MEP map of chloramphenicol (electron density of 0.02 au, 

from -5.10-5 to 0.15 au region). 

Four stable complexes, denoted as CP1, CP2, CP3, and CP4, arising from 

adsorption and interaction of chloramphenicol with the surface of vermiculite were 

found. In these structures, the adsorption sites of chloramphenicol on vermiculite are 

located on either the Mg2+ ions external to the surface (without water molecules) or 

the O2- ions on the surface. Conversely, the molecule attaches to these sites on the 

surface through its high charge density regions. The stabilizing interactions for this 

adsorption process are formed between the Mg2+ ion (surface) and O, Cl atoms at 

negatively charged regions (molecule); and between O atom (surface) and H atoms 

of positively charged regions (molecule).  
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CP1 CP2 

  

CP3 CP4 

Figure 2.10. Stable adsorption configurations of chloramphenicol on the 

vermiculite surface  

As shown in Figure 2.10, the distances of Mg∙∙∙O, Mg∙∙∙Cl, O-H∙∙∙O, and C-

H∙∙∙O intermolecular contacts are relatively short, in the range of 1.88-1.98 Å, ~2.60 

Å, 1.60-2.05 Å, and 2.52-2.58 Å, respectively. These values are in agreement with 

previous studies on the adsorption of organic compounds on clay mineral surfaces 

[20], [35]. For adsorption of (4-chloro-2-methylphenoxy) acetic acid (MCPA) and 2-

(4-chlorophenoxy)-2-methylpropionic acid (clofibric acid, CA) on a mica surface, the 

stable complexes are formed by O-H∙∙∙O and O∙∙∙K intermolecular interactions. The 

corresponding intermolecular distances are in the range of 2.35-2.52 Å and 2.64-2.67 

Å, respectively [111]. In addition, the distances related to the N∙∙∙Mg interactions in 

the stable complexes of benzodiazepines and vermiculite surface are from 2.11 to 
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2.17 Å [20]. All distances of O∙∙∙Mg and O-H∙∙∙O interactions are longer than those 

in our investigated system, and as a result, the stable configurations in the present 

work turn out to be more stable than those in previous studies. 

2.4.2. Adsorption, interaction, and deformation energies 

To get some insights into the adsorption process and the interactions of the 

adsorbed molecule on the solid surface, we performed calculations on their 

characteristics such as adsorption energy (Eads), interaction energy (Eint), and 

deformation energies of the molecule (Edef-mol), and surface (Edef-surf). The deformation 

energy is also one of the important parameters to emphasize the requirements for the 

chloramphenicol molecule and the vermiculite surface to adjust (deform) their 

geometries, with the aim to better fit and interact with each other. All these values are 

calculated at PBE and vdW-DF-C09 functionals and listed in Table 2.9. 

Table 2.9. Energetic aspects of adsorption of chloramphenicol on the vermiculite 

surface (all in kcal.mol-1) 

 PBE functional  vdW-DF-C09 functional 

 Eads Eint Edef-surf Edef-mol  Eads Eint Edef-surf Edef-mol 

CP1 -84.7 -109.0 11.9 12.4  -106.5 -128.4 12.9 9.0 

CP2 -27.2 -44.1 9.3 7.6  -43.5 -57.8 10.3 4.0 

CP3 -38.6 -71.3 19.8 12.9  -54.0 -83.4 20.5 8.9 

CP4 -64.9 -84.7 11.2 8.6  -81.9 -99.0 12.6 4.6 

 

Table 2.9 shows that the adsorption energies of the located configurations, 

calculated with both the PBE and C09-vdW functionals, are large and increase in the 

order: CP1 < CP4 < CP3 < CP2. This energetic quantity lies in the range of -43.5 to 

-106.5 kcal.mol-1 by the vdW-DF-C09 functional, and of -27.2 to -84.7 kcal.mol-1 by 

the PBE functional. It is noteworthy that using the vdW-DF-C09 functional that 

includes a consideration of van der Waals interactions, results in energy values ca. 

12 - 22 kcal.mol-1 more negative than with the PBE counterparts. The CP1 

configuration emerges as the most stable and favorable structure for adsorption of 
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chloramphenicol on vermiculite, with a larger adsorption energy of about 20-25 

kcal.mol-1 than the second stable configuration CP4. The formation of interactions 

upon the adsorption process is illustrated in Figure 2.10. According to results shown 

in Table 2.9, the interaction energies are significantly negative in the range of -44 to 

-109 kcal.mol-1 by the PBE functional and -58 to -128 kcal.mol-1 for the vdW-DF-

C09 functional. Accordingly, these processes can be assigned as chemical adsorption. 

The interaction energy decreases from CP1 to CP4 to CP3 and finally to CP2, 

similarly to the order of adsorption energies. Accordingly, the stability of these 

configurations is in the decreasing ordering of CP1 > CP4 > CP3 > CP2. The 

interaction energies are more negative than their corresponding adsorption energies 

because the adsorption process also involves the endothermic deformations of the 

separated monomers. However, the ratio of deformation on the adsorption energies 

is relatively small and does not affect qualitatively the comparison between the four 

configurations. Therefore, similar to the trend of adsorption energy, the interaction 

energy of CP1 is more negative than that of CP2, CP3, and CP4. As a consequence, 

the interaction between chloramphenicol and vermiculite surface is also the most 

favorable for CP1 which has two strong Mg∙∙∙O electrostatic interactions and two 

H∙∙∙O hydrogen bonds formed upon the adsorption process. 

The deformation energies of surface and molecule range from 9 to 21 kcal.mol-

1 and from 4 to 13 kcal.mol-1, respectively, for different configurations. This result 

indicates that the deformation of a molecule is more convenient than that for the 

vermiculite surface. Considering the vermiculite surface, the deformation energy 

obtained using vdW-DF-C09 functional is larger than that using PBE functional by ~ 

1 kcal.mol-1. Conversely, the deformation energy for chloramphenicol using vdW-

DF-C09 functional is smaller than that using PBE functional by ~ 4 kcal.mol-1.  

Generally, the adsorption ability of the chloramphenicol molecule by the 

vermiculite surface is quite strong. The adsorption of chloramphenicol is thus 

stronger than those of other organic compounds on vermiculite and other clay mineral 

surfaces as reported in previous studies [20], [35], [92]. In particular, the adsorption 
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energies of gemfibrozil, mefenamic acid, and naproxen molecules on vermiculite 

surface using the PBE functional are -66.9, -41.8, and -46.4 kcal.mol-1, respectively 

[35]. The stability of these structures is due to the contribution of interactions between 

the –COOH group of the molecules and the Mg2+ ions or O atoms on the surface. 

Unfortunately, the role of weak hydrogen bonds (e.g. C-H∙∙∙O) and the nature of other 

interactions are not evaluated in the previous investigation. Carvalho and co-workers 

performed some calculations on the adsorption of benzodiazepines to vermiculite 

surface using the PBE functional. Reported results showed that the adsorption energy 

of configurations that are stabilized by N∙∙∙Mg interactions is about -24 kcal.mol-1 

[20]. Additionally, the adsorption energies of 2-(4-chlorophenoxy)-2-

methylpropanoic acid and (4-chloro 2-methylphenoxy) acetic acid on a mica surface 

calculated using the PBE functional ranges from -14 to -20 kcal.mol-1 [111]. All these 

values are thus less negative than those of the present work. That can be understood 

considering the significant contributions of the Mg∙∙∙O, O-H∙∙∙O intermolecular 

interactions and cooperative C-H∙∙∙O weak hydrogen bond to the stability of 

configurations. Moreover, Mignon and co-workers reported that the N-H∙∙∙O and O-

H∙∙∙O hydrogen bonds play an important role in the stability of complexes of DNA 

bases including adenine, cytosine, guanine, and the surface of montmorillonite [92]. 

Their interaction energies are in the range of -44 to -50 kcal.mol-1, about twice smaller 

than those of configurations found in the present work.  

2.4.3. Characteristics of stable interactions upon adsorption process 

To clarify the property of interactions, the vertical proton affinity (PA) and de-

protonation enthalpy (without any re-optimization. DPE) are calculated at B3LYP/6-

31++G(d,p) and gathered in Table 2.10.  

As presented in Table 2.10, the PA(O) indicates the gas-phase basicity of the 

two O atoms of the –NO2 group (201.1 kcal.mol-1) is slightly larger than that of the 

O atom of the >C=O group (199.9 kcal.mol-1) and larger than that of the hydroxyl 

group –OH (193.2 kcal.mol-1) and Cl atoms of the –CHCl2 group (171.1 kcal.mol-1). 

This implies that an attractive interaction of each O atom of the -NO2 group is slightly 
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stronger than that of the O atom of the >C=O group and much more than that of 

O(OH) or Cl (-CHCl2) atoms in chloramphenicol. Consequently, the electrostatic 

interaction between both Mg2+ and the O atoms of -NO2 is slightly stronger than that 

with the other O and Cl atoms. This leads to the larger strength of the Mg∙∙∙O (-NO2, 

>C=O) contact as compared to the Mg∙∙∙O (-OH) and then to Mg∙∙∙Cl (-CHCl2).  

Table 2.10. Proton affinity (PA) at O and Cl atoms and vertical de-protonation 

enthalpy (DPE) of O-H and C-H bonds of chloramphenicol molecule (in kcal.mol-1) 

 O, Cl sites and O-H, C-H bonds 

PA 199.0 (at O14)a 201.1 (at O19)b 193.2 (at O12)c 171.1 (at Cl16)d 

DPE 356.0 (O-H)e 345.4 (O-H)f 380.5(C-H)g 366.1(C-H)h 375.8 (C-H)i 371.0 (C-H)j 

a-in >CO; b-in -NO2; 
c-in -OH; d-in -CHCl2; 

e-O12-H30. 
f-O15-H32; 

g-C6-H25. 
h-C2-H22; 

i-C7-H26; 
j-C1-H21 

 

For the proton acceptor at vermiculite surface, the stronger hydrogen bond 

should be obtained with the participation of O15-H32 covalent bond as compared to 

O12-H30, and also C-H bonds. This can be understood from the fact that the O15-H32 

bond is slightly more polarizable than the O12-H30 bond and much more than C-H 

bonds. The reason is due to the smaller DPE value for the former in comparison with 

the latter, corresponding to the values of 345, 356, and in the range of 366 - 381 

kcal.mol-1. Thus, the stability of the configurations obtained upon the interaction 

between the chloramphenicol molecule and the surface of vermiculite tends to 

decrease in going from CP1 to CP4 to CP3 and finally to CP2.  

In addition, different values of the MEPs at the surface are represented by 

different colors, with potential values increasing in the order: red (more negative) < 

orange < yellow < green < blue (more positive). As displayed in Figure 2.9, the H 

atoms of -OH groups have a considerably positive charge, whereas the O atoms of -

OH, -NO2 and >C=O groups carry a significantly negative charge. It can be seen that 

the green color surrounding H atoms in CH2 of the -CH2OH group and CH of the -

CHOH group, which is lighter than that of H atom in -OH group, indicates electron 

density with the less positive charge on H atoms of the -CH and -CH2 groups. 

Consequently, the hydrogen bonds involving a -CH group in -CH2OH and -CHOH 
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groups are less stable than those in -OH groups. Otherwise, two Cl atoms surrounded 

by yellow color have much less negative potential, and their interaction with a 

positive counterpart becomes weaker than those of the O atoms of the -OH, -NO2, 

and >C=O moieties in chloramphenicol. Thus, the stability of configurations 

decreases in going from CP1 to CP4 to CP3 and finally to CP2 (Table 2.9). 

To elucidate the results on interaction strength and the order of configuration 

stabilization, an AIM analysis was performed for intermolecular contacts with the 

first layer of the vermiculite surface interacting with chloramphenicol, tabulated in 

Table 2.11 and also illustrated in Figure 2.11. The hydrogen bonding energy (EB) 

formed upon the adsorption process is calculated with the expression: EB = -0.5V(r) 

[40] and also given in Table 2.11. 

  

CP1 CP2 

  

CP3 CP4 

Figure 2.11. Topological features for the first layered structures of complexes  

The presence of BCPs at intermolecular contacts as shown in Figure 2.11 and 

Table 2.11 implies that intermolecular interactions between atoms exist. The larger 

electron density at BCP points out to a stronger bond, and vice versa. Both values 

2ρ(r) > 0 and H(r) > 0 imply a weak hydrogen bond and, conversely, 2ρ(r) < 0 and 

H(r) < 0 indicate a strong hydrogen bond. A hydrogen bond is partially strong when 

2ρ(r) is positive and H(r) negative. The latter case represents a partly covalent bond 

in nature. For hydrogen bonds or weak interactions, the 2ρ(r) and ρ(r) are in the 
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range of 0.02-0.15 and 0.002-0.035 au, respectively [44]. In our studies, the 2ρ(r) 

and ρ(r) values at BCPs of blue-shifting hydrogen bonds are in the range close to 

these values [127]. 

Table 2.11. Topological analysis at the bond critical points (BCPs) of 

intermolecular contacts (in au), hydrogen bond energy (in kcal.mol-1), and total 

electron density transfer (EDT, in e) of complexes  

 BCP ρ(r)a) 2(ρ(r))b) G(r)c) V(r)d) H(r)e) EB
 EDT (e) 

CP1 

N-O∙∙∙Mg 0.041 0.367 0.075 -0.059 0.017  

0.02 
H-O∙∙∙Mg 0.042 0.359 0.074 -0.059 0.015  

O-H∙∙∙O 0.058 0.185 0.056 -0.065 -0.010 20.5 

C-H∙∙∙O 0.008 0.031 0.006 -0.005 0.002 1.4 

CP2 

O-H∙∙∙O 0.021 0.071 0.017 -0.015 0.001 4.8 

0.12 C-Cl1∙∙∙Mg 0.017 0.088 0.018 -0.014 0.004  

C-Cl2∙∙∙Mg 0.018 0.091 0.019 -0.014 0.004  

CP3 

>C=O∙∙∙Mg 0.045 0.433 0.088 -0.068 0.020  

0.02 O-H∙∙∙O 0.027 0.085 0.021 -0.021 0.001 6.5 

C-H∙∙∙O 0.009 0.034 0.007 -0.005 0.002 1.6 

CP4 

>C=O∙∙∙Mg 0.050 0.499 0.103 -0.081 0.022  

-0.01 
O-H∙∙∙O 0.050 0.167 0.047 -0.053 -0.006 16.7 

C-H(benz)∙∙∙O 0.008 0.031 0.006 -0.005 0.002 1.4 

C-H∙∙∙O 0.008 0.029 0.006 -0.004 0.002 1.4 

a) electron density; b) Laplacian of electron density; c) the electron kinetic energy density; d) the 

electron potential energy density; e) the total electron energy density 

The hydrogen bond energies in both CP1 and CP4 configurations are quite 

large amounting up to 20.5 and 16.7 kcal.mol-1 as given in Table 2.11. Additionally, 

the negative value of H(r) at BCP of OH∙∙∙O intermolecular contact indicates its partly 

covalent characteristic. The largest value of electron density at BCP (0.058 au) and 

hydrogen bond energy (20.5 kcal.mol-1) of OH∙∙∙O in CP1 implies its significant 

strength relative to the rest of hydrogen bonds in the four configurations. Notably, in 

both CP1 and CP4 configurations, their stability is also contributed by strong Mg∙∙∙O 

interactions with high electron densities (in the range of 0.041 to 0.050 au). Hence, 
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the intermolecular interactions in CP1 are stronger than those in CP4, and 

significantly stronger than those in CP2 and CP3.  

Furthermore, the contribution of the strong Mg∙∙∙O interactions with 0.045 au 

electron density, and weak H∙∙∙O interactions with 0.009-0.027 au electron densities 

makes CP3 quite stable, becoming stronger than CP2 which has both weak Mg∙∙∙Cl 

and H∙∙∙O interactions. The energies of these hydrogen bonds are relatively small, in 

the range of 1.6 - 6.5 kcal.mol-1. Thus, the interaction of chloramphenicol on a 

vermiculite surface is the most favorable for the CP1 configuration as compared to 

the rest. Accordingly, the O-H∙∙∙O hydrogen bond formed between the O-H group of 

chloramphenicol molecule and the O site on the vermiculite surface plays a 

considerable role in stabilizing the complex configuration. 

For a clearer understanding, the interaction on the first layer of the vermiculite 

surface is also considered from the natural bond orbital (NBO) approach. The total 

electron density transfer (EDT) between molecule and surface calculated at the 

B3LYP/6-31+G(d,p) level is illustrated at Figure 2.12 and presented in Table 2.11.  

 
 

CP1 CP2 

  

CP3 CP4 

Figure 2.12. Total electron density distributions of the first-layered structures 

The intermolecular interactions are formed in stable configurations because of 

the high electron density overlap between atoms involved in the interactions. The 

overlap of electron density in CP1 is in fact larger than those for CP2, CP3, and CP4. 

NBO analysis results show that there are two transfers of electron density upon 
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complex formation in two opposing directions. The first transfer occurs from the lone 

pair of O atom (n(O)) of chloramphenicol to the Mg2+ ion of the surface, thereby 

establishing the Mg∙∙∙O interactions. The second transfer is from the n(O) atom of the 

surface to σ*(O-H), σ*(C-H) anti-bonding orbitals of the molecule to establish O(C)-

H∙∙∙O hydrogen bonds. For CP1, CP2, and CP3 the first transfer is slightly larger 

than the second one leading to their positive EDT values. For CP4, the first transfer 

is slightly smaller than the second one causing its negative EDT value. It is noted that 

the charge transfer from the n(O) atom of the surface to the σ*(C-H) anti-bonding 

orbital of the molecule significantly contributes to the formation of C-H∙∙∙O hydrogen 

bonds and EDT value. Consequently, the C-H∙∙∙O hydrogen bonds act as an additional 

contribution to the stabilization of the investigated complexes. 

2.4.4. Summary 

In the present theoretical work, the adsorption of chloramphenicol to a 

vermiculite surface was studied using DFT calculations with the PBE and vdW-DF-

C09 functionals. Four minima on the potential energy surface denoted as CP1, CP2, 

CP3, and CP4, are characterized as stable configurations upon interaction with the 

surface. Adsorption energies for these stable configurations are significantly negative 

and increase in the sequence CP1 < CP4 < CP3 < CP2. The adsorption process is 

characterized as chemical adsorption, and largely favorable in the CP1 configuration. 

The adherence of molecule to the surface is attained due to the effect of stabilized 

interactions between Mg2+, O2- ions of vermiculite surface and O, Cl, H atoms at the 

high charge density regions of chloramphenicol. The characteristics of Mg∙∙∙O, 

Mg∙∙∙Cl, and H∙∙∙O interactions formed between molecule and surface were analyzed 

in some detail using the AIM, MEP and NBO approach. Remarkably, the O-H∙∙∙O 

hydrogen bonds and Mg∙∙∙O electrostatic interactions play an important role in the 

stability of adsorbate- surface complexes. The AIM analysis suggests that O-H∙∙∙O 

hydrogen bonds in CP1 and CP4 have a part of covalent nature. The weaker C-H∙∙∙O 

hydrogen bonds bring in also an important contribution to the complex stability and 

the charge transfer upon the adsorption process.  
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2.5. Adsorption of β-lactam antibiotics on vermiculite surface 

2.5.1. Stable structures  

Stable complex configurations formed from adsorption of β-lactam antibiotics 

molecules including ampicillin (AP), amoxicillin (AX), and benzylpenicillin (BP) on 

a vermiculite surface are optimized using the vdW-DF-C09 functional and performed 

by using the GPAW program. The minima on the potential energy surface located 

upon optimization are illustrated in Figure 2.13. Some characteristic parameters for 

optimized geometries are given in Table 2.12. The adsorption configurations for each 

interacting adsorbent-adsorbate system for the AP, AX, and BP molecules, denoted 

as APi, AXi, and BPi, respectively, with i = 1-5 corresponding to specific structures. 

The geometries for the AP system are in general similar to those for AX as well as 

BP following complexation. 

Calculated results imply that the interactions in the resulting complexes are 

dominated by those between the Mg2+ ion (surface) and O, S atoms or π-electron 

aromatic ring at negatively charged regions (on molecules), and between the O2- sites 

(surface) and H atoms at positively charged regions (on molecules). Details of the 

discussion are shown in the following section of MEP analysis. Consequently, the 

adhesion of these antibiotics molecules onto a vermiculite surface is favorable to form 

C-O/S∙∙∙Mg or Mg∙∙∙π and O-H∙∙∙O interactions between functional groups (eg. -

COOH, -NH2, -OH in most the complexes), especially in the horizontal arrangement 

of molecules, as illustrated in complexes AP5, AX1, AX2, AX5, BP5, which is in 

agreement with previous results. Furthermore, formation of electrostatic interactions 

or/and hydrogen bonds on material surface found here is also consistent with results 

in previous reports [16], [20], [23], [35], [53], [111], [141]. Noticeably, the Mg∙∙∙π 

intermolecular contact, which is observed for the first time, formed between cations 

and π-electron rings plays an additional role in stabilizing the structures. Accordingly, 

the attractive electrostatic interactions between cations (Mg2+) on clay mineral 

surface and negative charge sites of the molecule (O, N, Cl), and hydrogen bonds of 

O/N/C-H∙∙∙O types tend to contribute significantly to the stabilization of complexes.   
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Figure 2.13. Stable complexes of adsorption of AP, AX and BP on a vermiculite 

surface 
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Table 2.12. Some selected parameters for optimized complexes shown in Figure 

2.13 (bond distances in Angstrom (Å) and angles in degree (o), values from DFT 

computations) *) 

 
Mg∙∙∙X 

(r1X) 

Y-H∙∙∙O 

(r2Y) 
C-X∙∙∙Mg Y-H∙∙∙O ∆r(C-X) ∆r(Y-H) 

AP1 1.96a)  159.0a)  0.020a)  

AP2 1.93a)  178.2a)  0.021a)  

AP3 1.92a) 2.56a) 157.7a) 138.7a) 0.022a) 0.012a) 

AP4 1.90a) 1.49a) 153.1a) 167.5a) 0.041a) 0.095a) 

AP5 2.48d)/2.40c) 
2.37/2.52b) 

2.34/2.67c) 

131.1/91.1d) 

76.1/70.3c) 
147.3b)/122.3c) 0.018a) 0.012b)/0.015c) 

AX1 1.92a)/1.95a) 2.64a) 161.5/124.0a) 147.4/88.1a) 0.025/0.072a) 0.008a)/0.002d) 

AX2 1.94/2.04a)  157.2/116.2a)  0.030/0.076a)  

AX3 1.93a) 2.56a) 157.5a) 138.2a) 0.027a) 0.012a) 

AX4 1.90a) 1.49a) 153.0a) 167.2a) 0.046a) 0.095a) 

AX5 2.47d)/2.36c) 
2.50/2.46b) 

2.34/2.71c) 

130.6/92.9d) 

90.0c) 
117.5b)/174.2c) 0.024c)/0.029d) 0.008b)/0.009c) 

BP1 1.96a)  159.5a)  0.021a)  

BP2 1.93a)  178.4a)  0.024a)  

BP3 1.95a) 1.56a) 128.8a) 125.8a) 0.042a) 0.066a) 

BP4 1.91b) 1.49a) 127.5a) 125.5a) 0.047a) 0.094a) 

BP5 2.48d)/2.41c) 2.31/2.67c) 
131.2/91.4d) 

70.0/99.8c) 
126.8/128.1c) 0.023d)/0.018c) 0.009c) 

*) X = O, S, C (in benzene ring); Y = O, N, C; a), b), c), d) for O, N, C, S atoms involving directly in 

intermolecular interactions 

 

The distances of Mg∙∙∙O(S,C) and O(N,C)-H∙∙∙O intermolecular contacts range 

from 1.90 Å to 2.48 Å and from 1.49 Å to 2.71 Å, respectively (Table 2.12). All 

values are smaller than the sum of van der Waals radii of atoms involving in 

interactions. Particularly, the total radii of atoms are 3.25 Å. 3.53 Å. 3.43 Å and 2.72 

Å corresponding to Mg∙∙∙O, Mg∙∙∙S, Mg∙∙∙C, and H∙∙∙O contacts [11]. Therefore, it is 

initially suggested that the Mg∙∙∙O(S,C/π), O(N,C)-H∙∙∙O intermolecular interactions 
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are formed between functional groups in antibiotic molecules with Mg2+ and O2- sites 

on the vermiculite surface. Complex configurations obtained for AP, AX and BP 

systems are quite similar upon surface interactions and their stability is only slightly 

different from each other. In AP5, AX1, AX2, AX5, BP5 configurations, the 

inclusion of interactions such as electrostatic, cation-π interactions, and hydrogen 

bonds is involved. Although these interactions are associated with large distances, the 

interacting molecule is horizontally arranged on the vermiculite surface in the most 

stable molecule-surface complex. This aspect will be analyzed in more detail in the 

following section.  

Consideration of the changes of bonds upon formation of complexes, the 

C=O/S/C and O/N/C-H bonds involved in interactions are slightly elongated in the 

range of 0.02-0.08 Å and 0.00-0.10 Å, respectively. The COMg and C-S/CMg bond 

angles gathered in Table 2.12 are in the range of 116o-178o and 70o-131o, respectively. 

The COMg bond angles increase in the ordering of AP4 < AP3 < AP1 < AP2, AX4 

< AX2 < AX3 < AX1 and BP4 < BP3 < BP1 < BP2 for the complexes formed, and 

they are slightly different for those of monomers. The various arrangements of 

antibiotic molecules onto the surface and interactive effects of functional groups upon 

complexation can be correlated with the trend for bond angles. Moreover, the 

Mg∙∙∙S/π electrostatic interactions found in AP5, AX5, and BP5 complexes bring in 

a significant contribution to the stability of complexes. The CSMg angles are nearly 

equal in three molecules and the CCMg is smaller in AP5 than in AX5 or BP5. 

Besides, the O/N/CHO angles range from 88o to 174o in which the largest value is for 

N-H∙∙∙O angle in AX5, and the smallest one for O-H∙∙∙O in AX4. Further, the OCO 

and COH angles for the -COOH group change only slightly ca.1o-5o and 1o-19o upon 

C=O∙∙∙Mg interactions and O-H∙∙∙O hydrogen bonds, respectively, in which the larger 

change in BP1 implies the stronger O-H∙∙∙O hydrogen bonds. Overall, interactions 

that occurred on the surface lead to small changes in bond distances and angles in the 

resulting complexes. 
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2.5.2. Energetic aspects of the adsorption process 

Some energetic parameters including adsorption energy (Eads), interaction 

energy (Eint), and deformation energies of molecules (Edef-mol) and surface (Edef-surf) 

are calculated and shown in Table 2.13. 

Table 2.13. Adsorption energies (Eads), interaction energies (Eint) and deformation 

energies for antibiotics and vermiculite surface (Edef-mol, Edef-surf) (in kcal.mol-1) 

Complexes Eads Eint Edef-mol Edef-surf 

AP1 -34.7 -47.0 4.5 7.8 

AP2 -37.8 -50.7 5.5 7.4 

AP3 -35.6 -54.7 10.7 8.4 

AP4 -47.2 -77.7 19.4 11.2 

AP5 -77.6 -100.2 13.1 9.5 

AX1 -67.2 -97.4 14.5 15.8 

AX2 -71.7 -94.7 15.4 7.6 

AX3 -57.2 -79.8 14.2 8.5 

AX4 -42.6 -77.7 23.9 11.2 

AX5 -67.9 -99.2 20.4 10.9 

BP1 -35.2 -46.9 4.0 7.7 

BP2 -38.5 -50.7 4.9 7.3 

BP3 -46.9 -70.3 8.8 14.6 

BP4 -58.3 -83.8 12.0 13.5 

BP5 -72.5 -91.5 10.5 8.6 

 

Adsorption of an antibiotic molecule on the surface is evaluated, per 

convention, as a strong process with a highly negative adsorption energy Eads. The 

amount is in the range of -34.7 to -77.6 kcal.mol-1; -42.6 to -71.7 kcal.mol-1 and -35.2 

to -72.5 kcal.mol-1 for AP, AX and BP systems, respectively (Table 2.13). Hence, 

these processes can be assigned as strong chemical adsorptions. Besides, the 

adsorption energies decrease in the sequence of AP1 > AP3 > AP2 > AP4 > AP5 for 
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AP system. As a matter of fact that the ampicillin molecule is favored to adsorb to 

the vermiculite surface by horizontal arrangement (in AP5).  

Similarly, in AX system, the trend of adsorption energy is going in the 

decreasing ordering of AX4 > AX3 > AX1 > AX5 > AX2. The amoxicillin molecule 

is also adsorbed favorably to the vermiculite surface by a horizontal arrangement (in 

AX1, AX2, AX5). Such a trend of changes in adsorption energy values for the AP 

and AX systems is again found out for the BP system. The adsorption energy Eads is 

decreased in going from BP1 to BP2 to BP3 to BP4 and finally to BP5 (for the 

benzylpenicillin molecule). Consequently, it should be underlined that the horizontal 

attachment appears to induce the most stabilizing interaction, likely due to the fact 

that in this configuration, the molecule is placed on a larger surface area upon 

adsorption process as compared to other possible arrangements. 

The AP5, AX2, and BP5 configurations emerge as the most favorable and thus 

stable structures characterized by the largest negative adsorption energies. In each of 

these complexes, stabilization is contributed by the Mg∙∙∙S/π electrostatic interactions 

for AP5, BP5, and Mg∙∙∙O one for AX2. The adsorption energy Eads tends to increase 

in the sequence of ampicillin (AP5) < benzylpenicillin (BP5) < amoxicillin (AX2), 

even though their difference is quite small. This suggests that there is only a small 

difference in the adsorption ability of antibiotics molecules on the vermiculite 

surface, which marginally decreases in going from AP to BP and then to AX 

molecule. 

Generally, adsorptions of the AP, AX, and BP molecules on the vermiculite 

surface are quite strong with large negative values. and more substantial than for other 

organic compounds [20], [35], [111]. In particular, the adsorption energies calculated 

using the PBE functional of gemfibrozil, mefenamic acid, and naproxen molecules 

adsorbed on the similar vermiculite surface amount to -67, -42, and -46 (kcal.mol-1), 

respectively [35]. Similarly, adsorption of benzodiazepines onto vermiculite surface 

was investigated by Carvalho and co-workers in which the complexes are mainly 

stabilized by Mg∙∙∙N interactions, leading to adsorption energy of ca. -24 kcal.mol-1 
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using the PBE functional [20]. Attachment of 2-(4-chlorophenoxy)-2-

methylpropanoic acid and (4-chloro 2-methylphenoxy) acetic acid on a mica surface 

was observed and the corresponding adsorption energy values range from -19 to -20 

kcal.mol-1 (using the PBE functional) [111]. The N-H∙∙∙O and O-H∙∙∙O hydrogen 

bonds significantly contribute to the stability of complexes of RNA/DNA bases 

including adenine, cytosine, guanine, and the montmorillonite surfaces, an important 

type of clay mineral [92], [93]. The adsorption of the antibiotics on the vermiculite 

surface in the present work is estimated to be significantly stronger than that on 

activated carbons with an adsorption energy of ca. 10 kcal.mol-1 which can be 

regarded as physisorption [114]. This observation can result from a considerable 

electrostatic attraction of Mg2+ sites of the vermiculite surface on the adsorption 

process as reported similarly for Na+, Ca2+ cations on kaolinite, pyrophyllite, 

montmorillonite surfaces [53], [95]. Therefore, it would be noteworthy for the 

adsorption process that one needs to consider the important role of both Mg∙∙∙S and 

Mg∙∙∙π or two Mg∙∙∙O electrostatic interactions in the stabilization of structures.  

The appearance of interactions from adsorption processes of antibiotic 

molecules is illustrated in Figure 2.13. The strength of interactions formed on the 

material surface is also given. Interaction energies of complexes range from -46.9 to 

-100.2 kcal.mol-1 and increase from AP to AX and finally to BP system (Table 2.13). 

The interaction energies of complexes decrease in the ordering of AP1 > AP2 > AP3 

> AP4 > AP5; AX4 > AX3 > AX2 > AX1 > AX5 and BP1 > BP2 > BP3 > BP4 > 

BP5. The most negative values are obtained for AP5, AX5, and BP5 configurations 

that are induced in horizontal arrangements. In other words, adhesion of antibiotic 

molecules onto vermiculite is preferred at both Mg2+ sites on the surface. Molecules 

containing the -COOH, -CS-, -OH groups, or π-electron rings could also strongly 

interact with vermiculite surface at its Mg2+, O2- ions sites.  

On the other hand, interaction energies are more negative than the 

corresponding adsorption energies, due to the inherent endothermic deformations of 

separate monomers. This effect is consistent with previous reports of adsorption of 
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the organic molecules on the mineral surfaces [20], [148]. Deformation energies are 

in the range of from 4.0 to 23.9 kcal.mol-1 and 7.3 to 15.8 kcal.mol-1 for molecules 

(Edef-mol) and surface (Edef-surf), respectively. Geometrical changes in both molecule 

and material surface are important characteristics. The molecular structure is, as 

expected, distorted more conveniently than that of the surface because of its freedom 

of motion. Structural changes in complexes are larger for AX than those for AP and 

BP systems. As a consequence, the complexes of AX have less negative adsorption 

energies than those of BP although they receive more negative interaction energies. 

In addition, the change of geometrical structure of monomers in AX2 is less than that 

in AX5, leading to the more negative adsorption energy of AX2 as compared to AX5. 

2.5.3. Existence and role of different interactions upon complexation 

2.5.3.1. Characteristic properties of molecules 

To have a deeper understanding of the formation and strength of surface 

interactions, and also to evaluate the stability of complexes, we carry out calculations 

for the molecular electrostatic potential (MEP) maps (isovalues = 0.01 e/Å3; charge 

regions taken from -5.10-5 to 0.15 electron) as well as the DPE, the PA at different 

atoms and bonds of the free antibiotic molecules at the B3LYP/6-31++G(d,p) level. 

All results are illustrated in Figure 2.14 and listed in Table 2.14. 

   

AP AX BP 

Figure 2.14. Molecular electrostatic potential (MEP) of free antibiotic molecules 

The different colors of the MEPs represented to potential values in Figure 2.14 

change from red (more negative) < orange < yellow < green < blue (more positive). 

Accordingly, the negative charge density (red color) is mostly located at O sites of 

C=O, C-O groups and higher than that at S atom (in C-S bond) or N atoms (in C-N, 

N-H bonds). Furthermore, the high negative charge density regions are located at π-
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electron rings (benzene rings) in Figure 2.14. Conversely, positive charge density 

regions (blue color) are found predominantly at H atoms, higher in O-H than in N-H, 

C-H bonds. For the vermiculite surface, the high charge densities are, as expected, 

focused at Mg sites (positive charge) and O sites (negative charge). Hence, the 

electrostatic interactions are formed favorably between O/N/S or benzene ring, H 

atoms in molecules, and Mg2+, O2- sites in vermiculite surface. This result is further 

specified by DPE and PA analyses at different sites of the molecule. 

Table 2.14. Proton affinity (PA) at atoms or π-ring and deprotonation enthalpy 

(DPE) of O(N,C)-H bonds of molecules (kcal.mol-1, obtained from B3LYP/6-

311++G(d,p) computations)*) 

                                  PA                   DPE 

 O1 O2 O3 O4 S N π-ring C-H N-H O1-H O2-H 

AP 182.8 200.3 215.6  200.6 202.8 223.2 389.5 355.4 333.4  

AX  183.0 200.6 216.2 184.8 201.1 203.2 224.0 389.7 355.7 333.6 351.4 

BP 183.6 200.9 216.1  200.0 203.0 218.0 385.3/369.5 352.8 335.2  

*) (O1, O2, O3, O4 at –COOH, >C=Oring, >C=O, -OH groups; C-H, N-H, O1-H, O2-H in –CH3, -

NH-, -COOH, -OH groups, respectively) 

Calculated results tabulated in Table 2.14 indicate that DPE values of C-H 

bonds are in the range of 369.5 – 389.7 kcal.mol-1. Corresponding values for N-H 

bonds are from 352.8 to 355.7 kcal.mol-1. Similarly, the DPEs amount to 333.4 – 

351.4 kcal.mol-1 for O-H bonds. Accordingly, DPEs tend to decrease in the ordering 

of C-H > N-H > O-H leading to an increase of deprotonation ability to form H∙∙∙Osurf 

(Osurf: O sites on vermiculite surface) hydrogen bonds in going from C-H to N-H and 

finally to O-H bonds. In addition, the PA is decreased from π-electron ring to O atoms 

of the >C=O groups, to S, N atoms of the C-S, C-N groups, and finally to O atoms in 

-OH groups. Remarkably, the PA at a π-electron ring is larger by ca. 10-20 kcal.mol-

1 than those at other sites (O, S, N atoms). Attractive interactions of π-electron ring 

with a positive charge region are thus considerably stronger than other interactions. 

This result specifies further for the difference of adsorption energies ca. 10-20 

kcal.mol-1 found for AP5, AX5, BP5 with respect to other complexes (excepted for 
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AX1, AX2) as given in Table 2.13. Attractive interactions at O atoms (in >C=O 

groups) with positively charged species are slightly stronger than those at S, N atoms. 

Consequently, the strength of Mg∙∙∙π/O interactions is more significant than that of 

Mg∙∙∙S/N ones. A combination of Mg∙∙∙π and Mg∙∙∙S or two Mg∙∙∙O electrostatic 

interactions leads to higher stability of AP5, AX5; AX1; AX2, BP5 complexes as 

compared to the rest of the structures. This is overall in good agreement with the 

analysis given above. In short, the MEP maps and DPE, PA parameters specified for 

the β-lactam antibiotics indicate that the Mg∙∙∙π intermolecular interactions found in 

the AP5, AX5, and BP5 structures play a considerable role in the stabilization of 

structures due to the adsorption process. 

2.5.3.2. AIM and NBO analyses 

To further probe the strength and role of interactions in the most stable 

complexes AP5, AX2, and BP5, an AIM analysis including the evolution of electron 

density (ρ(r)), Laplacian of electron density (2(ρ(r)) and total electron energy 

density (H(r)) is now carried out for intermolecular contacts in the first layered 

structures. Some special parameters are tabulated in Tables 2.15, S4, S5, S6 

(Appendix), and their topologies are displayed in Figure 2.15 and Figure S6 

(Appendix). The hydrogen bonding energies (EB) are also considered following the 

expression: EB = -0.5V(r) [88]. The presence of Mg∙∙∙O/S/π and O/N/C-H∙∙∙O BCPs 

at intermolecular contacts as shown in Figures 2.15, S6 (Appendix) and electron 

density values in Table 2.15 and Tables S4, S5, S6 (Appendix) implies the existence 

of these interactions. 

 

   

AP5 AX2 BP5 

Figure 2.15. Topological features for the most stable adsorption configurations 
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Table 2.15. Topological analysis (ρ(r), 2ρ(r), au) at the bond critical points 

(BCPs), hydrogen bond energy (EB, kcal.mol-1) and total electron density transfer 

(EDT, e) of the most stable complexes at the B3LYP/6-31+G(d,p) level 

 BCP ρ(r) 2(ρ(r)) H(r) EB
 EDT 

AP5 

Mg∙∙∙S 0.031 0.132 0.002  

0.16 

C-H1)∙∙∙O 0.009 0.036 0.001 -1.4 

C-H2)∙∙∙O 0.014 0.047 0.002 -2.7 

N-H∙∙∙O 
0.010 0.035 0.002 -1.7 

0.011 0.036 0.001 -2.0 

C∙∙∙O 0.008 0.027 0.001  

Mg∙∙∙C/π 0.025 0.099 0.002  

AX2 

Mg∙∙∙O* 0.045 0.387 0.016  

0.08 Mg∙∙∙O** 0.039 0.282 0.011  

O∙∙∙O 0.009 0.032 0.002  

BP5 

Mg∙∙∙S 0.031 0.131 0.002  

0.16 

C-Ha)∙∙∙O 0.010 0.026 0.001 -1.4 

C-Hb)∙∙∙O 0.014 0.048 0.002 -2.8 

Mg∙∙∙C/π 0.024 0.097 0.002  

C∙∙∙O 0.008 0.027 0.001  

a),b)for H atoms in –CH3 and –CH groups, *,** for O atoms in –C=O/-COOH, -OH groups 

The electron density values at BCPs of intermolecular contacts in the 

complexes ranging from 0.039 – 0.052 (au), 0.031 – 0.032 (au), 0.024 – 0.027 (au) 

and 0.064 – 0.077 (au) for Mg∙∙∙O, Mg∙∙∙S, Mg∙∙∙π. O-H∙∙∙O, respectively, are within 

values of electron density for strong interactions [10]. Besides, the electron density 

values of 0.010 – 0.011 (au), 0.006 – 0.014 (au), 0.008 – 0.009 (au) correspond to N-

H∙∙∙O, C-H∙∙∙O, C/O∙∙∙O contacts. All these values are lying within the typical non-

covalent interactions (the 2ρ(r) and ρ(r) are in the range of 0.020-0.150 and 0.002-

0.035 (au), respectively) [10], [87]. Therefore, the stability of investigated complexes 
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arises considerably from Mg∙∙∙O/S/π, O-H∙∙∙O strong interactions, and cooperative 

addition from N/C-H∙∙∙O, C/O∙∙∙O weak interactions. 

Considering the AP5, AX2, AX5, and BP5 highly stable configurations, it can 

be suggested the Mg∙∙∙O/S/π intermolecular contacts with high electron density 

ranging from 0.024 to 0.052 (au) play an extremely important role in their stability. 

The electron density values at C/N-H∙∙∙O BCPs in the range of 0.006 – 0.014 (au) and 

the values of hydrogen bonding energy are small, in the range of 1.4 – 2.8 kcal.mol-

1. Hence, these hydrogen bonds additionally contribute to the stabilization of 

complexes along with the Mg∙∙∙O/S/π interactions. Furthermore, as the ρ(r) values at 

BCPs in AP5, BP5, AX5 are nearly similar, the strengths of interactions in these 

complexes are only slightly different from each other. The high electron density 

values of 0.039 – 0.045 (au) at BCPs of Mg∙∙∙O contacts indicate a considerable 

contribution of the Mg∙∙∙O interactions in stabilizing AX2; this complex is thus 

slightly more stable than AX5. A stronger electrostatic attraction of Mg∙∙∙O as 

compared to Mg∙∙∙S contacts also lends support for this trend. 

Notably, the hydrogen bond energies in configurations for AP4, AX4, and 

BP3, BP4 are quite large ranging from 22.1 to 28.4 kcal.mol-1 (cf. Tables S4, S5, S6). 

The negative values of H(r) at BCPs of these O-H∙∙∙O intermolecular contacts indicate 

their partly covalent nature. The large values of electron density at BCPs and binding 

energy of O-H∙∙∙O hydrogen bonds in these complexes specify their high strength as 

compared to the rest of hydrogen bonds in investigated systems. The stability of AP4, 

AX4, and BP3, BP4 complexes is also cooperatively contributed by Mg∙∙∙O 

interactions with high electron densities (in the range of 0.047 to 0.052 (au)). 

Consequently, interactions between -COOH groups in AP, AX, BP molecules with 

the vermiculite surface are stabilized by both Mg∙∙∙O and O-H∙∙∙O intermolecular 

contacts upon complexation. 

On the other hand, the genesis of interactions on the vermiculite surface can 

be revealed by using the NBO approach. Total electron density transfer (EDT) maps 

between molecules and surface are illustrated in Figures 2.16 and S7 (Appendix), and 
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typical values are given in Table 2.15 and Tables S4, S5, S6 (Appendix). More 

importantly, the molecular orbitals responsible for electron density transfer to induce 

interactions in complexes are displayed in Figures S8, S9, and S10 (Appendix). 

Intermolecular contacts are formed due to an electron density transfer and overlap 

between species involved in interactions (cf. Figure 2.16 and Figures S7, S8, S9, and 

S10 (Appendix)).  

   

AP5 AX2 BP5 

Figure 2.16. Total electron density maps of the most stable complexes  

The overlaps of electron density in AP5, AX1, AX2, AX5, and BP5 are in fact 

larger than those for the rest of the structures. Hence, these complexes are expected 

to be more stable. NBO results show two distinct electron density transfers upon 

complexation. The first transfer is from the lone pair of O atoms LP(O) on the surface 

to σ*(O/N/C-H) anti-bonding orbitals of molecules to form O/N/C-H∙∙∙O hydrogen 

bonds. This is confirmed further by MOs images in Figures S8, S9, and S10 

(Appendix). The second one is originated from bonding orbitals of π(C=O) in –

COOH, σ(C-O/S) in –COH, -CS groups, π(C=C) in benzene ring and lone pair of O, 

S atoms (LP(O/S)) in molecules to the Mg sites (LP*(Mg)) at the surface to form 

Mg∙∙∙O/S/π intermolecular interactions. This result is displayed by the MOs images 

in Figure S8, S9, and S10 (Appendix). In addition, the overall EDT values become 

slightly positive ranging from 0.003 to 0.160 e for most of the complexes (given in 

Tables 2.15, S4, S5, and S6), because the first transfer is slightly smaller than the 

second. Conversely, EDT values for AP4, AX4, and BP3, BP4 complexes are 

negative, ca. -0.070 e, since the first transfer is slightly stronger than the other 

counterpart. Moreover, the weak EDT from the n(O) orbital at the surface to the 

σ*(C/N-H) anti-bonding orbitals of antibiotics forming C/N-H∙∙∙O hydrogen bonds 

adds an extra term to EDT values, and in the stabilization of complexes.  
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2.5.4. Summary 

In the present theoretical work, the adsorptions of β-lactam antibiotics onto a 

vermiculite surface were investigated in detail by using DFT calculations. The 

minima on the potential energy surfaces were located upon interactions between the 

ampicillin (AP), amoxicillin (AX), and benzylpenicillin (BP) antibiotic molecules 

and the vermiculite surface. A horizontal trend of antibiotic molecules is 

geometrically preferred when they are adsorbed on the vermiculite surface. 

Adsorption energies for these stable complexes are large, in the range of -35 to -78 

kcal.mol-1, and slightly increase in the sequence of AP < BP < AX. Such stabilizing 

quantities confer these processes as strong chemical adsorption. Adhesion of 

antibiotics to vermiculite is favorable at the Mg2+, O2- sites of the surface, and the 

>C=O, C-O, C-S, π-electron ring, O/N/C-H groups with the highly charged regions 

of the molecules. It is found that the Mg∙∙∙O/S/π electrostatic interactions and O-H∙∙∙O 

hydrogen bonds determine the stability of complexes, in which the Mg∙∙∙π interaction 

has been detected for the first time, and plays an important role in the complexes 

stabilization.  

The existence and stabilizing factors of interactions in complexes were 

thoroughly analyzed based on the AIM and NBO approaches. Remarkably, an AIM 

analysis indicates that most of these interactions have a non-covalent nature. NBO 

results also show that transfers of electron density from π(C=O/C), σ(C-S/C) and 

LP(O/S) orbitals in the molecules to the LP*(Mg) orbital to form Mg∙∙∙O/S/π 

intermolecular interactions and from the LP(O) orbital in the surface to the σ*(O/N/C-

H) orbital to form O/N/C-H∙∙∙O hydrogen bonds are confirmed by the orbital shapes 

and electron density transfer maps.   
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CONCLUSIONS AND OUTLOOK 

 

1. Conclusions 

In this doctoral study, we performed quantum chemical calculations, using 

mainly density functional theory (DFT), to determine the main characteristics of the 

adsorption processes of organic and antibiotic molecules on materials surfaces 

including TiO2 (both anatase and rutile forms) and clay minerals (such as kaolinite, 

vermiculite). The most important results have emerged as follows: 

1. Concerning the mechanism of the adsorption of organic molecules including 

benzene derivatives and formic, acetic acids on rutile-TiO2 (110) and anatase-TiO2 

(101) surfaces (r-TiO2 and a-TiO2), the adsorption processes are determined as 

chemisorptions characterized by high adsorption energies in the range of -10 to -31 

kcal.mol-1. Stability of the adsorptive configurations is mainly contributed by 

Ti‧‧‧O/N electrostatic interactions with addition of O-H‧‧‧O hydrogen bonds. 

Computed results indicate that the adsorption ability of these molecules on both r-

TiO2 and a-TiO2 surfaces decreases in the order of -SO3H > -COOH > -NH2 > -NO2 

> -CHO > -OH. Besides, the adsorption of these molecules on r-TiO2 is slightly 

stronger than that on a-TiO2.  

2. For kaolinite, calculated results on the adsorption of benzene derivatives on 

H-slab and K+-slab surfaces show that adsorption energies of the resulting complexes 

range from -3 to -25 kcal.mol-1 (PBE functional) for H-slab and from -5 to -21 (PBE), 

-9 to -23 (vdW) kcal.mol-1 for K+-slab. The stability of the configurations is mainly 

governed by O/N-H‧‧‧O intermolecular contacts for H-slab and by O/N-H‧‧‧O and 

K‧‧‧O/N/C(π) for K+-slab. The adsorption ability of these molecules on kaolinite 

decreases in the order of -SO3H > -COOH > -OH > -CHO > -NH2 (H-slab) and -

COOH ≥ -CHO > -NH2 > -OH (K+-slab).  

3. Regarding the adsorption of antibiotics molecules, including ampicillin 

(AP), amoxicillin (AX), enrofloxacin (ENR), and tetracycline (TC) on r-TiO2 and a-

TiO2, it is found that adsorption of these molecules occurred onto r-TiO2 and a-TiO2 
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are characterized as chemisorption processes with associated energies of ca. -24 to -

35 kcal.mol-1 and -29 to -31 kcal.mol-1 (PBE), respectively. The adsorption ability of 

these antibiotics on r-TiO2 slightly decreases in the order of TC ≥ AX ≥ AP ≥ ENR, 

while for a-TiO2, the adhesion of AP is slightly more favorable than that of AX. 

Quantum chemical analyses further illustrate the significant contributions of Ti‧‧‧O 

electrostatic interactions and O/N/C-H‧‧‧O hydrogen bonds to the stabilization of 

adsorption configurations. Remarkably, the most stable complexes tend to be formed 

preferably in horizontal arrangement along with Ti4+ sites on the r-TiO2 and a-TiO2 

to form Ti‧‧‧O strong electrostatic interactions. Moreover, the adsorption of AP and 

AX antibiotics on r-TiO2 is slightly weaker than that on a-TiO2.  

4. The adsorption processes of chloramphenicol (CP) and β-lactam antibiotics, 

including ampicillin (AP), amoxicillin (AX), and benzylpenicillin (BP), on the 

vermiculite surface were thoroughly investigated. They are strong chemisorption 

processes characterized by large adsorption energies of ca. -72 to -107 kcal.mol-1. 

The stability of the configurations mainly arises from Mg‧‧‧O/Cl/S/π attractive 

electrostatic interactions and O/C-H‧‧‧O hydrogen bonds. Each molecule prefers to 

arrange horizontally on the surface to form Mg‧‧‧S and Mg‧‧‧π contacts, or two Mg‧‧‧O 

electrostatic interactions between S atom in -CS, π-electrons of a benzene ring or O 

atoms of -COOH, -OH groups in molecules and Mg2+ sites on the surface. Noticeably, 

an important role of the Mg‧‧‧π interaction in the complex stabilization has been 

observed in the β-lactam antibiotics systems for the first time.  

5. Some intermolecular contacts, including Ti‧‧‧O, O/N-H‧‧‧O, have slightly 

negative H(r) values at their BCPs and thus, they have a small covalent part. The 

existence of cations such as K+, Mg2+ on clay minerals surfaces (kaolinite, 

vermiculite) plays a crucial role in the adsorption ability of organic compounds.  

From a methodological viewpoint, the vdW forces included in computations 

induce a considerable effect on geometrical structure, adsorption energy, and the 

nature of interactions between functional groups and surfaces. Overall, vermiculite 
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emerges to offer an efficient adsorption surface and can be used as a suitable material 

to remove antibiotics from wastewaters in comparison to kaolinite and TiO2.  

2. Outlook  

Reactions and processes that occurred at materials surface phenomenon 

represent an important field of current research, and theoretical studies are expected 

to play a key role in the understanding of inherent mechanisms that are in turn of 

importance in materials science. Hence, we would suggest the following theoretical 

studies on different subjects such as:  

1. Investigation of other surfaces of TiO2 in adsorption of organic molecules;  

2. The cations exchange on clay minerals to enhance the efficient adsorption 

and removal ability of antibiotics and organic molecules; 

3. Theoretical calculations to evaluate the adsorption ability of antibiotics 

containing in wastewater (eg. tetracycline, enrofloxacin) on other materials such as 

graphene, graphene oxide, and activated carbon;  

4. Study of 2D materials for photocatalytic activities, chemical and 

biochemical sensors, batteries, and many other applications; 

5. Use of DFT methods in conjunction with vdW functionals, hybrid 

functionals in order to evaluate the structure and energy properties of adsorption of 

molecules and ions on material surfaces. 
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Appendix 

 

1/ Section 2.2. From paper ‘Insights into adsorptive interactions between antibiotic molecules and 

rutile-TiO2 (110) surface’, Surface Science, 2021, 703, 121723(1-8). 

Figures: 

  
 

Ampicillin (AP) Amoxicillin (AX) Tetracycline (TC) 

Figure S1. Optimized structures of antibiotic molecules using the PBE functional (C, H, O, N, F 

and S atoms are depicted in brown, white, red, cyan, green and yellow colors, respectively). 

 

  
 

Ampicillin Amoxicillin Tetracycline 

Figure S2. The distribution of NBO charge density for molecules at B3LYP/6-31++G(d,p) level. 

 

  
 

Ampicillin (AP) Amoxicillin (AX) Tetracycline (TC) 

Figure S3. Molecular electrostatic potential maps for antibiotic molecules (isovalue = 0.01 au/Å3; 

charge regions: -5.10-5 to 0.10 e). 
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AP1 AP2  

 
  

AX1 AX2 AX3 

   

TC1 TC2 TC3 

Figure S4. Topological analysis for complexes at B3LYP/6-31G(d,p) level. 

 

   

   

AP2 AX2 TC2 

Figure S5. The total electron density transfer (EDT) and density of states (DOS) for the most 

stable configurations. 
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Tables: 

Table S1. Some parameters of the optimized structures for the molecules and r-TiO2 (110) surface. 

 C-H N-H O-H C=O C-S(F) C-N C-C 

AP 
1.09-1.10 

1.09-1.10 

1.02-1.02 

1.02 

0.98 

0.98 

1.22-1.36 

1.21-1.36 

1.82/1.87 

1.83/1.86 

1.40-1.47 

1.36-1.47 

1.40-1.58 

1.38-1.54 

AX 
1.09-1.10 

1.09-1.10 

1.02-1.02 

1.02 

0.97/0.981 

0.97/0.98 

1.22-1.36 

1.21-1.36 

1.82-1.87 

1.83/1.86 

1.40-1.47 

1.36-1.47 

1.40-1.58 

1.38-1.54 

TC 
1.09-1.11 

1.09-1.10 

1.02/1.02 

1.01/1.02 

0.97-1.02 

0.97 

1.22-1.46 

1.23-1.43 
 

1.41-1.48 

1.37-1.46 

1.37-1.58 

1.34-1.56 

 Ti-Oa Ti-Ob TiOTi OTiO    

r-TiO2 

(110) 

1.86 

1.84±0.03 

1.85±0.02 

2.12 

(duoi) 

2.06±0.07 

2.07±0.03 

1.83 

1.79±0.09 

1.87±0.03 

1.98 

1.92±0.08 

1.97±0.03 

2.07 

2.08±0.13 

1.97±0.05 

109.6 

106±2 

128.8 

128±4 

131±2 

 

79.6 

81±7 

80±2 

99.8 

101±3 

97±2 

99.1 

101±6 

98±2 

   

(italic values are taken from the experiment in ref.46 and PubChem online) 

 

Table S2. Proton affinity (PA) at O atoms and de-protonation enthalpy (DPE, without re-

optimization) of C/N/O-H bonds of molecules involved in interactions, all values are given in 

kcal.mol-1. 

PA Oi/Oii(ii’)(for –OH) O1/O2/O3 (for >C=O1/2/3)  

Amoxicillin 183.0/184.8 200.6/216.2  

Ampicillin 182.8 200.3/215.6  

Tetracycline 202.5-235.1  

DPE Oi/Oii(ii’)-H N-H C-H 

Amoxicillin 333.6/351.4 355.7 389.7 

Ampicillin 333.4 355.4 389.5 

Tetracycline 333.1-359.0 344.2 362.1-391.9 

(1,2,3 for O atoms assigned in Figures 2,3,5; i,ii(ii’) for O atoms in –COOH and –OH groups, 

respectively; italic values is taken from ref.34) 
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Table S3. The topological analysis of complexes at B3LYP/6-31G(d,p) level. 

 BCPs ρ(r) 
2(ρ(r)) H(r)  BCPs ρ(r) 

2(ρ(r)) H(r) 

AP1 

O‧‧‧Ti 0.060 0.346 0.002 
AX3 

O‧‧‧Ti 0.041 0.222 0.005 

O-H‧‧‧O 0.078 0.133 -0.030 O-H‧‧‧O 0.044 0.111 -0.007 

C-H‧‧‧O(ch3) 0.009 0.030 0.001 

TC1 

O1‧‧‧Ti 0.035 0.130 0.000 

C-H‧‧‧O2 0.008 0.025 0.001 O2‧‧‧Ti 0.054 0.273 0.001 

AP2 

O‧‧‧Ti1 0.043 0.225 0.004 O1-H‧‧‧O 0.025 0.069 0.000 

O‧‧‧Ti2 0.051 0.237 -0.001 C-H‧‧‧O 0.005 0.018 0.001 

N-H‧‧‧O 0.006 0.022 0.001 O2-H‧‧‧O 0.018 0.061 0.002 

C-H‧‧‧O 0.009 0.031 0.002 

TC2 

O1‧‧‧Ti 0.053 0.286 0.003 

O‧‧‧C 0.007 0.024 0.001 O2‧‧‧Ti 0.017 0.046 0.001 

AX1 
O‧‧‧Ti 0.065 0.378 0.002 O3‧‧‧Ti 0.029 0.119 0.002 

O-H‧‧‧O 0.069 0.146 -0.022 N-H1‧‧‧O1 0.007 0.026 0.002 

AX2 

O‧‧‧Ti1 0.043 0.244 0.005 N-H1‧‧‧O2 0.014 0.053 0.002 

O‧‧‧Ti2 0.048 0.258 0.004 O-H‧‧‧O 0.020 0.057 0.001 

N-H‧‧‧O 0.006 0.023 0.001 C-H‧‧‧O 0.013 0.049 0.002 

N-H‧‧‧O2 0.010 0.037 0.002 
TC3 

O‧‧‧Ti 0.070 0.367 -0.004 

C-H‧‧‧O 0.009 0.031 0.002 N-H‧‧‧O 0.051 0.152 -0.008 

C-H‧‧‧O2 0.006 0.023 0.001      

O‧‧‧C 0.007 0.023 0.001      

C-H‧‧‧O3 0.005 0.020 0.001      

1,2- for O atoms in >C=O and -COOH groups 
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2/ Section 2.5. From paper ‘A molecular level insight into adsorption of β-lactam antibiotics on 

vermiculite surface’, Surface Science, 2020, 695, 121588(1-8). 

 

 
 

 

AP1 AP2 AP3 

   

AP4 AP5 AX1 

   

AX2 AX3 AX4 

   

AX5 BP1 BP2 

   

BP3 BP4 BP5 

Figure S6. Topological features of all first layered structures. 
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AP1 AP2 AP3 

 
  

AP4 AP5 AX1 

  
 

AX2 AX3 AX4 

   

AX5 BP1 BP2 

  
 

BP3 BP4 BP5 

Figure S7. Total electron density maps of all first layered configurations (isovalue = 0.01 au/Å3). 
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MO-262 MO-268 MO-250 MO-258  

AP1 (LP(O), π(C=O) --> LP*(Mg)) AP2 (LP(O), π(C=O) --> LP*(Mg))  

    

 

MO-251 MO-256 MO-258 MO-262  

AP3 (LP(O), π(C=O) --> LP*(Mg); LP(O)--> σ*(O-H) (MO-251))  

     

MO-250 MO-252 MO-254 MO-255 MO-258 

   

  

MO-262 MO-268 MO-281   

AP4 (LP(O), π(C=O) --> LP*(Mg); LP(O)--> σ*(O-H) (MO-250,262))  

     

MO-261 MO-262 MO-263 MO-267 MO-268 

     

MO-271 MO-278 MO-281 MO-283 MO-284 

    

 

MO-285 MO-291 MO-293 MO-295  

AP5 (LP(S), π(C=C) --> LP*(Mg); LP(O)--> σ*(N/C-H) (MO-283,284,285,291,293,295)) 

Figure S8. MOs specifying the formation of interactions in complexes observed for AP system 

(isovalue = 0.005 au/Å3) (HOMO is MO-310) 
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MO-256 MO-259 MO-260 MO-261 MO-262 

   

  

MO-266 MO-272 MO-283   

AX1 (LP(O), π(C=O), σ(C-O) --> LP*(Mg))  

     

MO-248 MO-249 MO-251 MO-252 MO-285 

   

  

MO-286 MO-287 MO-288   

AX2 (LP(O), π(C=O), σ(C-O) --> LP*(Mg))  

     

MO-255 MO-261 MO-266 MO-269 MO-276 

AX3 (LP(O), π(C=O) --> LP*(Mg); LP(O)--> σ*(O-H) (MO-255))  

    

 

MO-266 MO-267 MO-272 MO-285  

AX4 (LP(O), π(C=O) --> LP*(Mg); LP(O)--> σ*(O-H) (MO-266,272))  

     

MO-264 MO-267 MO-269 MO-271 MO-272 

     

MO-287 MO-288 MO-290 MO-294 MO-296 

AX5 (LP(S), π(C=C) --> LP*(Mg); LP(O)--> σ*(N/C-H) (MO-264,266,269,288,294,296)) 

Figure S9. MOs specifying the formation of interactions in complexes observed for AX system 

(isovalue = 0.005 au/Å3) (HOMO is MO-314). 
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MO-259 MO-265 MO-248 MO-255  

BP1 (LP(O), π(C=O) --> LP*(Mg)) BP2 (LP(O), π(C=O) --> LP*(Mg))  

     

MO-248 MO-250 MO-251 MO-252 MO-256 

  

   

MO-272 MO-284    

BP3 (LP(O), π(C=O) --> LP*(Mg); LP(O)--> σ*(O-H) (MO-250,251,256)) 

     

MO-246 MO-247 MO-249 MO-251 MO-253 

   
 

 

MO-255 MO-257 MO-272 MO-280  

BP4 (LP(O), π(C=O) --> LP*(Mg); LP(O)--> σ*(O-H) (MO-246,247,249,251,253)) 

   
  

MO-268 MO-271 MO-275 MO-276 MO-278 

   

  

MO-279 MO-281 MO-282   

BP5 (LP(S), π(C=C) --> LP*(Mg); LP(O)--> σ*(N/C-H) (MO-279,281,282)) 

Figure S10. MOs specifying the formation of interactions in complexes observed for BP system 

(isovalue = 0.005 au/Å3) (HOMO is MO-306). 
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Table S4. Topological analysis at the bond critical points (BCPs) (10-3au), hydrogen bonding energy 

(kcal.mol-1) and total electron density transfer (EDT, 10-3 electron) of AP complexes. 

 BCP ρ(r) 2(ρ(r)) H(r) EB
 EDT 

AP1 Mg∙∙∙O 42.0 356.3 15.1  41.8 

AP2 Mg∙∙∙O 45.7 407.1 17.2  39.8 

AP3 Mg∙∙∙O 47.1 416.8 17.1  36.0 

AP4 
Mg∙∙∙O 52.2 464.2 17.7  

-70.8 
O-H∙∙∙O 75.9 127.1 -28.4 -27.8 

AP5 

Mg∙∙∙S 31.3 131.8 2.0  

155.1 

C-Ha)∙∙∙O 9.4 35.7 0.9 -1.4 

C-Hb)∙∙∙O 13.9 47.6 1.7 -2.7 

N-H∙∙∙O 
9.6 35.4 1.7 -1.7 

11.2 36.1 1.4 -2.0 

C∙∙∙O 7.6 27.3 1.4  

 Mg∙∙∙C/π 25.0 99.4 2.2  

a),b) for H atoms in –CH3 and –CH groups 

 

Table S5. Topological analysis at the bond critical points (BCPs) (10-3au), hydrogen bonding energy 

(kcal.mol-1) and total electron density transfer (EDT, 10-3 electron) of AX complexes. 

 BCP ρ(r) 2(ρ(r)) H(r) EB
 EDT 

AX1 
Mg∙∙∙O* 49.0 396.8 14.2  

61.5 
Mg∙∙∙O** 46.0 411.0 17.3  

AX2 

Mg∙∙∙O* 45.0 387.1 15.9  

75.3 Mg∙∙∙O** 39.2 281.6 10.5  

O∙∙∙O 8.8 31.8 1.6  

AX3 Mg∙∙∙O 42.4 358.1 15.0  31.7 

AX4 
Mg∙∙∙O 52.2 463.4 17.7  

-71.4 
O-H∙∙∙O 76.3 126.4 -28.9 -28.0 

AX5 

Mg∙∙∙S 31.9 134.7 2.0  

25.4 

C-Ha)∙∙∙O 8.8 24.6 1.0 -1.3 

C-Hb)∙∙∙O 13.9 47.7 1.7 -2.7 

N-H∙∙∙O 
9.6 32.5 1.5 -1.6 

9.7 35.8 1.7 -1.7 

Mg∙∙∙C/π 27.0 108.4 2.0  

C∙∙∙O 8.4 28.7 1.4  

a),b) for H atoms in –CH3 and –CH groups; *,** for O atoms in –C=O/-COOH, -OH groups 
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Table S6. Topological analysis at the bond critical points (BCPs) (10-3au), hydrogen bonding energy 

(kcal.mol-1) and total electron density transfer (EDT, 10-3 electron) of BP complexes. 

 BCP ρ(r) 2(ρ(r)) H(r) EB
 EDT 

BP1 Mg∙∙∙O 42.2 358.3 15.2  41.8 

BP2 Mg∙∙∙O 45.7 406.9 17.2  38.0 

BP3 
Mg∙∙∙O 46.9 388.8 14.9  

-50.0 
O-H∙∙∙O 63.7 146.4 -17.0 -22.1 

BP4 

Mg∙∙∙O 51.5 443.4 16.5  

-69.1 O-H∙∙∙O 77.0 126.9 -29.4 -28.4 

C-H∙∙∙O 6.1 22.0 1.2 -0.9 

BP5 

Mg∙∙∙S 31.2 131.0 2.0  

160.1 

C-Ha)∙∙∙O 9.5 25.9 0.9 -1.4 

C-Hb) ∙∙∙O 14.3 48.0 1.6 -2.8 

Mg∙∙∙C/π 24.4 96.6 2.2  

C∙∙∙O 7.6 27.0 1.4  

a),b) for H atoms in –CH3 and –CH groups 

 

 


