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Abstract 

Composite materials have attracted the attention of the scientific community due to their 

outstanding properties and promising applications. Materials interfaces play a crucial role in 

many of these applications. In the present work of thesis, different types of oxide/C-based layer 

interfaces have been considered for a quantum chemical investigation. The titanium dioxide 

surface has been interfaced with both inorganic bidimensional (graphene) and densely packed 

organic (enediols and silanes) C-based monolayers. 

The work aims at revealing the peculiar phenomena that occur at the interface, due to the 

complementary properties of the two components, that might be relevant for catalysis and bio-

functionalization. 

The theoretical investigation is based on two levels of theory: self-consistent charge density-

functional tight-binding (SCC-DFTB) and density functional theory (DFT) The approximate 

SCC-DFTB method allows to investigate the dynamical and structural properties of the 

complex systems, while the most accurate DFT calculations enable to refine the models and 

study their electronic properties.  

The first part of the work is devoted to the modelling of the interface between TiO2 anatase 

(101) surface and graphene with defects, since they are often observed in real samples. 

Furthermore, we have considered the presence of water molecules and their reactivity at the 

interface to propose possible reaction paths and to investigate the undercover effects due to the 

reaction confinement. 

The second part of the work presents the study on a model of spherical TiO2 nanoparticle 

decorated with a densely packed monolayer of two organic molecules: the enediol DOPAC and 

the organosilane TETT, that are excellent linkers. 

DOPAC is a catechol derivative bearing an extra carboxylic group. An extensive set of 

adsorption modes on the TiO2 curved surface have been investigated. Molecular dynamics 

(MD) simulations have also been performed to elucidate the affinity of the carboxylic groups 

toward the TiO2 surface and to investigate the thermal effect on the structural conformation of 
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the hybrid inorganic/organic system. Since TiO2 is an excellent UV light absorbant, we have 

studied the TiO2/DOPAC system photoexcitation. 

TETT is an organosilane molecule with a propyl chain bearing an ethylenediamine group, 

further functionalized with three carboxylic groups. Due to the size and complexity of TETT 

fully-decorated TiO2 nanoparticle, we have sampled the configurational space through several 

MD runs. 

To conclude, the investigation of different hybrid (metal oxide/C-based layer) systems 

performed in this works has allowed, on one side, to rationalize the reactivity at the 

TiO2/graphene interface, and, on the other side, to perform a comparative analysis between two 

different types of organic monolayers (by enediols or silanes) on TiO2 and to assess their 

potential as linkers for biomolecules attachment and transport.
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Chapter 1 Introduction  

Titanium dioxide (TiO2) has been widely studied as one of the most promising photocatalysts 

due to its excellent activity, chemical stability and low cost. However, TiO2 presents some 

limitations such as a poor absorption of visible light and a rapid recombination of 

photogenerated electron/hole pairs. For these reasons, many studies have been devoted to TiO2 

modifications. The new properties that arise in TiO2 hybrid materials can be exploited for 

technological applications. For example, to name a few, doped or sensitized TiO2 materials 

absorb solar energy and increase the quantum efficiency of photocatalytic process. 

In this context, three types of composite materials obtained by interfacing titanium dioxide, 

in the anatase phase, with carbon-based monolayers will be presented in this work of thesis. 

The carbon-based component is either an inorganic or an organic system: in the first case it is 

a single layer of carbon atoms, i.e. graphene, whereas in the other cases it is a dense monolayer 

of organic molecules, i.e. enediols or silanes. 

First, we are interested in the mechanism of interaction between the two components at the 

interface. Therefore, we have studied, at the atomic scale, the structural and electronic 

properties of these hybrid materials through quantum mechanical calculations. 

Then, the hybrid systems (TiO2/graphene, TiO2/DOPAC, TiO2/TETT) may present a 

different behaviour with respect to the single component system. For example, the composites 

present modified optical properties, conductivity and biological stability as compared with 

pristine TiO2. Moreover, the C-based component can be used to tether bioactive molecules for 

biomedical applications.  

Since titanium dioxide is used in different fields, we start by presenting the fundamental 

properties of TiO2 and its modifications (section 1.1), that make it versatile for different 

applications, such as photocatalysis (section 1.2.1), catalysis (section 1.2.2), photovoltaics 

(section 1.2.3) and biomedicine (section 1.2.4). The state-of-the-art of the models and of the 
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computational approaches to study TiO2 is presented in section 1.3. The last section 1.4 clarifies 

the aim and illustrates the structure of this work of thesis 

Fundamental properties of TiO2 

TiO2 exists in three natural polymorphs: rutile, anatase and brookite (Figure 1-1). All three 

crystals have different adsorption and photo responses properties due to different electronic 

structure.1 Rutile is the most thermodynamically stable form in bulk phase, while anatase is 

very common and stable in nanomaterials.2, 3 These two crystalline structures can be described 

in terms of chains of TiO6 octahedra, where each Ti4+ ion is surrounded by an octahedron of 

six O2- ions. The two crystal structures differ in the distortion of each octahedron and in the 

assembly pattern of the octahedra chains. In the rutile structure, each octahedron is in contact 

with 10 neighbour octahedrons (two sharing edge oxygen pairs and eight sharing corner oxygen 

atoms), while, in the anatase structure, each octahedron is in contact with eight neighbours 

(four sharing an edge and four sharing a corner). These differences in lattice structures cause 

different mass densities and electronic band structures between the two forms of TiO2.
4  

The unique physicochemical properties of TiO2 crystals are affected not only by the crystal 

structures but also by their size and shape. In particular, intensive research attention has been 

paid to the design and synthesis of TiO2 with highly-reactive facets. For a long period, tailored 

synthesis of faceted anatase TiO2
 single crystals has been a great challenge. Recently, on the 

basis of theoretical predictions, Yang et al.5 successfully synthesized for the first time uniform 

anatase TiO2 single crystals with 47% of the highly reactive facets. 
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Figure 1-1 Crystal structures of TiO2 rutile (tetragonal, P42/mmm), brookite (orthorhombic, Pbca) and anatase 

(tetragonal, I41/amd) polymorphs. Reprinted with permission from ref. 6. 

However, for practical applications, the band gap of TiO2 (3.2 eV for anatase and brookite, 

3.0 eV for rutile) is so large that it can be only activated under ultraviolet (UV) irradiation, 

which is only a small fraction of the solar spectrum (<10%). 

Photon-induced electron and hole in TiO2 

When TiO2 nanoparticles absorb a photon with energy larger than the band gap value, electrons 

are excited from the valence band into the unoccupied conduction band, leading to excited 

electrons in the conduction band and positive holes in the valence band. After the excitations, 

these charge carriers can recombine, dissipating, non-radiatively or radiatively, the absorbed 

energy as heat (as shown in Figure 1-2), or they can migrate to the surface of the photocatalyst. 

All these steps can be drastically affected by the crystal structure, crystallinity and particle size. 

Lastly, the electrons and the holes can get trapped at the surface and react with electron donors 

(D) or acceptors (A) adsorbed on the surface of the photocatalyst, as shown in Figure 1-2. The 

competition between these processes determines the overall efficiency for various reactions 

following the photon absorption process.7 
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Nevertheless, many modification strategies have been proposed to overcome the weaknesses 

of low separation probability of the photoinduced electron–hole pairs and the narrow light-

response range of pristine TiO2. 

 

Figure 1-2 Schematic representation of the photo-induced electron and hole in TiO2 materials: (1) generation 

of charge carriers by photon absorption; (2) thermal or irradiative recombination of the electron–hole pair; (3) 

migration and trapping of conduction band electrons to and in titanium sites and (4) of valence band holes to 

oxygen sites on the surface; (5) oxidative (D -> D+) and (6) reductive (A ->A−) reactions initiated by trapped holes 

and electrons, respectively. 

1.1 Modification of the TiO2 nanomaterials  

The existing and promising applications of TiO2 nanomaterials include paint, toothpaste, UV 

protection, photocatalysis,8 photovoltaics,9 catalysis, sensing10 and nanomedicine.11 Although 

applications as a pigment and photocatalyst are possible using pure TiO2, it is clear that this is 

less feasible for photovoltaic and biological applications. Consequently, a lot of effort has been 

devoted to the construction of nanoscaled TiO2 composite materials. 

To improve the performance of TiO2 nanomaterials, we should increase their optical activity 

by shifting the onset of the response from the UV to the visible region. There are several ways 

to achieve this goal. First, doping TiO2 nanomaterials (section 1.1.1) with other elements, metal 

or non-metals, can modify the electronic properties and, thus, alter the optical properties of 

TiO2 nanomaterials. Second, sensitizing TiO2 (section 1.1.2) with colourful inorganic or 
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organic compounds can improve its optical activity in the visible light region. Third, interfacing 

TiO2 (section 1.1.2) with carbon based materials, like nanotubes, graphene etc. highly enhances 

the photo-activity of TiO2 under visible light irradiation.12 Fourth, the biofunctionalization of 

TiO2 (section 1.1.3) with a self-assembled organic monolayer is an approach to extend the 

optical absorption to the visible region in biological/medical fields. 

1.1.1 Bulk chemical modification: doping 

The chemical composition and the properties of TiO2 can be altered by doping. Specifically, 

the metal (titanium) or the non-metal (oxygen) component can be replaced and new energy 

levels are introduced into the band gap of TiO2. 

The presence of these new states induces the red-shift of the lowest electron transition and 

the visible light absorption. In the case of a transition metal dopant this is due to a charge 

transfer between the d electrons of the dopant and the conduction band of TiO2. 

Choi et al.13 performed a systematic study of TiO2 nanoparticles doped with 21 metal ions 

and found out that the presence of metal ion dopants influenced the photoreactivity, charge 

carrier recombination rates, and interfacial electron transfer rates. The dopants should act as 

both electron traps and hole traps to be photoactive. Trapping either an electron or a hole alone 

is ineffective because the immobilized charge species quickly recombines with its mobile 

counterpart. Mo6+ and Mo5+ coexist in the TiO2 lattice where they act as an electron trap and a 

hole trap, respectively. This is consistent with the high photoactivity of Mo-doped TiO2. 

Nagaveni et al.14 prepared W, V, Ce, Zr, Fe, and Cu ion-doped anatase TiO2 nanoparticles 

and found out that the transition metal ions doping negatively influences the photoactivity 

because it increases the recombination rate of hole/electron pairs, as confirmed by the 

photoluminescence studies. Thus, these results suggest that substituted metal ions may act as 

recombination centres instead of suppressing electron-hole recombination.   

Since, transition-metal-doped TiO2 showed thermal instability, various non-metal elements, 

such as B, C, N, F, S, Cl, and Br, were successfully doped into TiO2 nanomaterials. Non-metal 

atoms form strong covalent chemical bonding and form a localized state in the gap. Theoretical 

and experimental studies have shown that the desired band gap narrowing of TiO2 can be 

achieved.  



16 Introduction 

 

 

Carbon doping of TiO2, substitutional to O or interstitial, induces a series of localized 

occupied states in the band gap, which can explain the absorption edge shift (up to 2 eV) 

observed experimentally.15, 16 

The substitutional doping of N was the most effective because its p states contribute to the 

band-gap narrowing by mixing with O 2p states, just above the top of the valence band. 

Although doping with S shows a similar band-gap narrowing, it would be difficult to 

incorporate it into the TiO2 crystal because of its large ionic radius, as evidenced by a much 

larger formation energy required for the substitution of S than that required for the substitution 

of N.17 In anatase, these dopant states caused a red shift of the absorption band edge towards 

the visible region, thus favouring the formation of oxygen vacancies. The concomitant presence 

of C or N species and O vacancies was observed experimentally by X-ray photoelectron 

spectroscopy and electron paramagnetic resonance.18, 19 The presence of defects was shown to 

be responsible for the improved photocatalytic activity in the visible region. However, the 

increased photoactivity of doped TiO2 may be associated with more-complex phenomena than 

the simple presence of the impurity atoms, such as, the changes in the stoichiometry of the 

sample. 

1.1.2 Surface chemical modification: sensitization of TiO2 

The great success of TiO2 based materials mostly relies on the possibility of surface chemical 

modification that allows to finely tune the electronic, optical, and charge transport properties 

of the material.  

The sensitization process is referred to the generation of a photocurrent with light energy 

less than the band gap of semiconductor and the sensitizer is the light adsorbing dyes. Any 

materials with a narrower band gap or adsorption in the visible or infrared regime can be used 

as a sensitizer for TiO2 materials. These materials include inorganic semiconductors with a 

narrow band gap, metals, organic dyes and carbon base materials like graphene. How 

efficiently the sensitized TiO2 can interact with the light depends on how efficiently the 

sensitizer interacts with the light. The key step in the photosensitization of TiO2 is the efficient 

charge transfer from the excited sensitizer to TiO2, and the resulting charge separation. The 

match between the electronic structures of the sensitizer and TiO2 plays a role in this process, 



Introduction 17 

 

 

and so does the structure of the interface between the sensitizer and TiO2. Careful design is 

needed to avoid the charge trapping and recombination, which eventually damage the 

performance of sensitized TiO2. 

Quantum dot semiconductors 

The small band gap semiconductors can photosensitize large band gap semiconductors with no 

absorption in the visible, due to the band alignment between the two materials. 

Sant and Kamat20 found out that quantum size effects played an important role in the 

interparticle electron transfer in the CdS-TiO2 hybrid systems: the electron transfer from 

photoexcited CdS to TiO2 was found to depend on the size of TiO2 nanoparticles. Charge 

transfer were observed when TiO2 nanoparticles were sufficiently large (>1.2 nm) and the 

conduction band of the nanoparticles was located below that of CdS nanoparticles. 

Hoyer et al.21 reported the sensitization of TiO2 by small PbS nanoparticle (< 2.5 nm). The 

PbS size is chosen so that photogenerated excess electrons are directly injected from the PbS 

to the TiO2 and they found out a strong photoconductance in the visible region.  

Metal nanoparticles  

Metal nanoparticles such as Ag or Au can efficiently sensitize TiO2. Tian and Tatsuma22 found 

out that nanoporous TiO2 films loaded with Ag and Au nanoparticles exhibited an effective 

charge transfer in response to visible light irradiation. 

Therefore, metal particles deposited on TiO2 enhance the photocatalytic activity because they 

enhance the separation of the electron-hole pairs in the semiconductor.  

Organic dyes 

Organic dyes have been widely employed to improve optical properties of TiO2 in dye-

sensitized solar cells (DSSCs). Organic dyes are usually transition metal complexes, such as 

polypyridine complexes, phthalocyanine, and metalloporphyrins. The metal centres for the 

dyes include Ru(II), Zn(II), Mg(II), Fe(II), and Al(III), while the ligands include nitrogen 

heterocycles molecules with delocalized π or aromatic ring systems. The complex is coloured 

because the valence π electrons can be excited by visible light.23 

These organic dyes are linked to TiO2 nanoparticle surface via functional groups. There are 

various interactions between the dyes and the TiO2 nanoparticle substrate: (a) covalent 
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attachment by directly linking groups of interest, (b) electrostatic interactions via ion exchange, 

ion-pairing, or donor-acceptor interactions, (c) hydrogen bonding, (d) and van der Waals 

forces, etc. Most dyes of interest link in the first way. Groups such as silanyl (-O-Si-), amide 

(-NH-(C=O)-), carboxyl (-O-(C=O)-), and phosphonato (-O-(HPO2)-) have been shown to 

from stable linkages. Both carboxylic and phosphonic acid react spontaneously with the surface 

hydroxyl groups on TiO2 substrates to form esters and phosphonate ester, respectively. 

However, the most successful functionalization processes are based on carboxylic acids.  

The most common mechanism of the dye sensitization of TiO2 nanoparticles involves the 

excitation of the dye and the charge transfer from the dye to TiO2 nanoparticles, which 

ultimately reduces the semiconductor. The metal to ligand charge transfer and the ligand-

centered (π-π*) excited states of these complexes are quite long-lived, allowing them to 

participate in electron-transfer processes. As an efficient photosensitizer, the dye has to meet 

several requirements. First, the dye should have high absorption efficiency and light absorption 

in the visible, near-IR, or IR regions. Second, the excited states of the dye should have a long 

lifetime and a high quantum yield. Third, the dye should match the electronic structures of the 

TiO2 nanoparticles to ensure the efficient charge transfer between them; the energy level of the 

excited state of the dye should be lower than the conduction band of TiO2.
24  

Carbon base sensitizer  

The light harvesting efficiency of conventional DSSC can be improved with other sensitizer. 

Carbon-based systems like graphene, C-nanotubes, graphene quantum dots, graphene oxide are 

used as a photosensitizer, because of their large optical absorptivity.  

Pristine graphene is known to have a broad and strong absorption profile, absorbing about 

2.3% of light.25 Thus, carbon base materials can replace the traditionally used ruthenium 

complexes as visible light absorbers for high-efficiency solar energy conversion. 

The carbon base material can be interfaced with large band gap semiconductor, such as TiO2 

or ZnS, to obtain, as fast as possible, charge injection processes, due to the band alignment 

when the two materials are interfaced.26  

Kenrick J. Williams et. al concluded that photoinduced electron transfer from the graphene 

quantum dot to the TiO2 conduction band occurs on the ultra-short time scale of <15 fs (Figure 
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1-3). They ascribed the ultrafast electron injection to strong electronic coupling between the 

graphene quantum dot and the TiO2 conduction band through the carboxylate linker.27  

 

Figure 1-3 Energy level diagram of the graphene quantum dot (GQD) on the TiO2 surface. VBM: valence band 

maximum; CBM: conduction band minimum. The thick arrow illustrates hot electron injection into TiO2 

conduction band. Reprinted with permission from ref. 27. 

1.1.3 Surface chemical modification: biofunctionalization of TiO2 

TiO2 nanoparticle can be used in bio-nanotechnology due to the strong oxidizing power after 

illumination, which can kill bacteria, as observed for Escherichia coli suspensions. However, 

in contrast to biologically inert bulk TiO2, nanoparticles are cytotoxic28, 29 and have to be pre-

treated to be safely used in a clinical context.  

The recent trends in bio-nanotechnology are to nanostructure and functionalize the inorganic 

nanoparticles to create a nanoconjugate, by joining the nanomaterials science and the 

biomedical research fields: the unique properties available in nanoparticles are combined with 

the inherent structural, specific recognition, or functional properties of biomolecules.30  

Through chemical modifications of the nanoparticle surface it is possible to regulate 

chemical reactivity and introduce functionalities for specific biological activities.31 An efficient 

biofunctionalization strategy involves covering the nanoparticle with densely packed 

monolayers of small organic molecules,32, 33 surfactants, or incapsulating the nanoparticle with 

dendrimers and polymers.34, 35  

Similarly to the sensitization of TiO2 with dye, presented in section 1.1.2, where dyes are 

linked to TiO2 nanoparticle surfaces via functional groups, in bioconjugation the bioactive 

molecule can be anchored to the inorganic nanoparticle by means of small organic molecules. 
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The organic molecule (linker) acts as a “spacer” between the inorganic and organic components 

in order to preserve the biological activity of the biomolecules, such as carbohydrates, proteins, 

DNA and antibodies. The linkers are usually bifunctional so that, one group is bound to the 

nanoparticle surface, and the other can be used to tether the bioactive molecules (Figure 1-4).35, 

36, 37 

 

Figure 1-4 Nanoparticle functionalization scheme with different biomolecules through covalent conjugation 

of bifunctional linker. 

Catechol derivatives 

The ortho-dihydroxyaryl compounds, named catechols, represent a biomimetic approach for 

surface functionalization. Initially found in mussel adhesive proteins, dihydroxyphenylalanine 

(DOPA) or dopamine-derived catechols were successfully used in surface modifications, since 

cathecols strongly bind to the metal oxides in aqueous media. Furthermore, the presence of 

additional, electron-withdrawing substituents in the catechol derivatives allows to tune the 

binding strength.38 

Well-defined catechol-based monolayers with specific functionalities, like stabilization of 

nanoparticles, light absorption, and reversible redox chemistry are essential for biomedical 

applications (Figure 1-5).39, 40 
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Figure 1-5 Schematic illustration of the ortho-dihydroxyaryl compounds (catechols) on the TiO2 nanoparticle 

surface. 

Silanes  

Surface modification with alkylsilanes is one of the most commonly used methods to assemble 

monolayers on oxides. The general formula of organosilanes is RSiX3, R2SiX2, or R3SiX, 

where R is an alkyl group and X is a leaving group, such as chloride, alkoxy, or hydride which 

can be hydrolysable, follow by the condensation of the organosilanes with the OH-bearing 

surfaces. After the formation of covalent linkage between the substrate and the anchoring 

group, it is possible to further functionalize the monolayer without altering its stability.   

Commonly, silanes have terminal group at the end of the alkyl chain, which can be used for 

further biofunctionalization. For example, 3-aminopropyltriethoxysilane (APTES) is 

commonly used to obtain amine-terminated surfaces, which are applied to promote protein 

adhesion and cell growth on biological implants.41 Other terminal functional groups in silanes, 

such as alkenes or carboxylic acids, have been used to tether a wide range of other 

biomolecules.42 

Phosphonates 

Phosphonic acids (R-PO3H2) and their phosphonate ester derivatives (RPO3R2) (R = alkyl, aryl) 

are attractive anchoring group, due to their ability to self-assemble and react with inorganic 

substrates, in wide variety of solvents including water.43 The mechanism of chemisorption of 

phosphonic acids on metal oxide substrates is greatly affected by reaction conditions, such as 

temperature, pH value, concentration and solvent. Phosphonic acids and phosphonate esters 

possess excellent binding properties, in particular on metals and metals oxides of high 

oxidation state. Owing to the stability of the PO–metal linkages these monolayers are more 

resistant to hydrolysis than silane or carboxylic acid-derived monolayers,44, 45 and almost 

comparable to catechol based or alkene/alkyne-based monolayers. 
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The three oxygen atoms on the phosphonates can either bind to the surface in mono-, bi-, 

and tri-dentate modes or with hydrogen bonds. An overview of the resulting complexity in 

binding modes is depicted in Figure 1-6. 

 

Figure 1-6 Binding modes of phosphonic acids on a metal oxide (M) surface: monodentate (a and b), bridging 

bidentate (c and d), bridging tridentate (e), chelating bidentate (f and g), chelating tridentate (h), and additional 

hydrogen-bonding interactions (i–l). Reprinted with permission from ref 36. 

To better understand the binding modes of phosphonic acids, Mutin et al. made use of high-

field 17O magic-angle spinning NMR to study the binding of 17O-enriched phosphonic acids 

deposited on a titania anatase support.46 The resonance signal provides direct evidence for the 

formation of the PO-Ti linkage, suggesting the existence of multiple binding modes. 
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Carboxylates 

Carboxylic acids have been widely studied to anchor dyes, therefore the binding modes of 

carboxylic acids on oxide surfaces have been systematically investigated, as reported in 

(Figure 1-7).  

 

Figure 1-7 Possible binding modes of COOH or COO- groups to metal oxide surfaces. Reprinted with 

permission from ref. 36. 

Carboxylic acid groups are capable of binding to the oxide surface through H-bond 

interactions or through coordinative bonds between the carboxylate oxygen and the metal ions. 

The binding mode observed depends on the substrate, the carboxylic acid and the preparation 

conditions.  

Regarding TiO2, the binding of carboxylates to the oxide surface47 is typically weaker and 

less hydrolytically stable than silanes, phosphonates and alkenes, due to the protonation of the 

carboxylate group at low pH and hydrolysis at pH > 9. 

Alkenes/alkynes 

The photochemical grafting of alkenes is an alternative method of anchoring organic molecules 

to -OH terminated surfaces when illuminated with ultraviolet (UV) light at 254 nm. The 

photochemical reactions produce a well defined monolayer. The Hamers group demonstrated 

the reaction mechanism on TiO2.
48 This reaction is quite surprising, because TiO2 is a widely 

employed photocatalyst to degrade organic molecules. The mechanism for grafting is depicted 

in Figure 1-8, in which photoexcitation of electron-hole pairs leads to charged Ti-OH groups. 

These groups interact with the terminal (R) carbon of the molecule, transferring a hydrogen 

from the -OH group to the β carbon. The finite number of Ti-OH sites on the surface can limit 

the reactions. 
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Figure 1-8 Reaction mechanism for the UV grafting of the terminal alkenes to the anatase surface. The 

absorption of a photon creates an electron and hole, with the electron trapped on Ti4+ to create Ti3+, and the hole 

trapped on a surface hydroxyl group. The charged hydroxyl group interact with the vinyl group, binding to the R 

carbon and transferring a H atom to β carbon. Reprinted with permission from ref. 36. 

By using alkenes with a protected amino group at the distal end, the resulting layers of 

alkenes provide a starting point for the preparation of DNA-modified TiO2 thin films exhibiting 

excellent stability and good biomolecular recognition properties.49 

1.2 Applications of modified titanium dioxide materials  

The modification of the TiO2 nanomaterials surface with another semiconductor, metal, 

organic/inorganic molecules or carbon-based material may lead to new properties in the 

composite material, properties which are not normally present in the single component.50 Such 

advantages include the ability to tune the surface properties, i.e., acidity/basicity of the resultant 

materials, which is important for the adsorption of molecules, a critical factor relevant to 

catalysis, photovoltaic, biofunctionalization and further modification. The following section, 

shows the fields in which the composite TiO2 materials can be used, based on the modifications 

illustrated in the section 1.1 and within. 

1.2.1 Photocatalytic applications  

The role of photocatalyst is to initiate or accelerate specific reduction and oxidation (redox) 

reactions. When the semiconductor catalyst is illuminated with photons whose energy is equal 

to or greater than their band-gap energy, firstly, an electron is promoted from the valence band 
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(VB) into the conduction band (CB), leaving a hole behind. Secondly, the excited electrons and 

holes migrate to the surface. Thirdly, the electrons in the CB should have a chemical potential 

of +0.5 to -1.5 V versus the normal hydrogen electrode (NHE) and exhibit a strong reduction 

capacity, while holes in the VB should have a chemical potential of +1.0 to +3.5 V versus the 

NHE and exhibit a strong oxidative potential. Electrons and holes can act as reductants and 

oxidants to react with electron donors (D), and electron acceptors (A) adsorbed on the 

semiconductor surface. Besides, they can get trapped in metastable surface states. It should be 

noted that, the excited state conduction-band electrons and valence-band holes can recombine 

and dissipate the input energy in the form of heat or emitted light (Figure 1-2). The 

recombination is often facilitated by a scavenger or crystalline defects, which can trap the 

electron or the hole. Therefore, a better crystallinity with few defects can usually minimize the 

trapping states and recombination sites, resulting in an increased efficiency in the use of the 

photogenerated carriers for desired photoreactions. Based on the fundamental principles of 

semiconductor photo-catalysis, the recombination between the electron and the hole is 

detrimental to the efficiency of a semiconductor photocatalyst. For higher photocatalytic 

efficiency, the electron–hole pairs should be efficiently separated, and charges should be 

rapidly transferred across the surface/interface to slow down the recombination. It is shown 

that particle size is a crucial factor in the dynamics of the electron/hole recombination 

process.51 

The heterogeneous photocatalysts with multiple integrated functional components could 

combine the advantages of different components to overcome the drawbacks of single 

component photocatalysts. A wide range of heterostructures, including metal/semiconductor, 

semiconductor/semiconductor and molecule/semiconductor, have been explored for improved 

photocatalysts by increasing the light absorption, promoting the charge separation and 

transportation and enhancing the redox catalytic activity.52 

Additionally, composites, which combine carbon-based materials (graphene) and semi-

conductor photocatalysts (TiO2), could potentially offer desirable efficiency for separating 

electron–hole pairs.  

Recently, Zhouet al.53 demonstrated that uniform dispersion of anatase TiO2 nanoparticles 

with narrow particle size distribution on the surface of graphene sheets enhance the 

photocatalytic activity in the degradation of methylene blue in water under irradiation. The 
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aforementioned results revealed that graphene sheets in the composites can promote charge 

separation and enhance photocatalytic activity. For the TiO2–graphene composite, electron–

hole pairs are generated within TiO2 upon excitation under UV light irradiation.54 These 

photogenerated electrons transfer to graphene sheets, and then they are scavenged by dissolved 

oxygen, facilitating the hole–electron separation. Meanwhile, the holes can either react with 

adsorbed water (or surface hydroxyl) to form hydroxyl radicals or directly oxidize various 

organic compounds. The major reaction steps in this photocatalytic degradation mechanism 

under UV-light irradiation are summarized by the following equations: 

 TiO2 + hν → TiO2 (e
- + h+) (1.1) 

 

 TiO2 (e
-) + graphene → TiO2 + graphene (e-) (1.2) 

 

 graphene (e-) + O2 → graphene + O2
- (1.3) 

 

 TiO2 (h
+) + -OH → TiO2 + ·OH (1.4) 

 

 ·OH + pollutants → degradation products (1.5) 

 

It is known that the TiO2 photocatalyst possesses excellent activity and stability but requires 

UV irradiation for effective photocatalysis because of its wide band gap. The design of visible-

light responsive photocatalysts is desirable but challenging, however it is a chance to optimize 

the morphology of TiO2–graphene composites.  

Recently, Lee et al.12 found out the synthesis of graphene-wrapped anatase TiO2 

nanoparticles which highly enhance the photocatalytic activity of TiO2 under visible light 

irradiation. They prepared graphene-anatase TiO2 hybrid NPs by wrapping amorphous TiO2 

NPs with graphene oxide (GO), followed by a one-step GO reduction and TiO2 crystallization 

via hydrothermal treatment. The TiO2 NPs with an average diameter of 500 nm were obtained 

through a sol-gel process. Then the NP surface was modified with 3-

aminopropyltriethoxysilane (APTMS) to have positively charge amine functional groups 

available on the nanoparticle. As next step they co-assembled the positively charged TiO2 NPs 

with negatively charged GO nanosheets. The SEM images, after hydrothermal treatment for 

the reduction of GO and the crystallization of amorphous TiO2 NPs, show the hierarchical 

structure in which nanocrystals are interconnected with intact graphene nanosheets (Figure 

1-9). 
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Figure 1-9 Schematic illustration of synthesis steps for graphene-wrapped anatase TiO2 NPs and corresponding 

SEM images. (A) Synthesis steps of graphene-wrapped TiO2 NPs; the surface of amorphous TiO2 NPs was 

modified by APTMS and then wrapped by graphene oxide (GO) nanosheets via electrostatic interaction. 

Graphene-wrapped anatase TiO2 NPs were synthesized through one-step hydrothermal GO reduction and TiO2 

crystallization. (B) SEM images of bare amorphous TiO2 NPs prepared by sol-gel method. (C) SEM images of 

GO-wrapped amorphous TiO2 NPs. (D) SEM images of graphene-wrapped anatase TiO2 NPs. Scale bar: 200 nm. 

Reprinted with permission from ref. 12.  

They observed a red-shift in the absorption edge and a strong absorption in the visible light. 

As compared with the band gap of bare anatase TiO2 NPs (3.27 eV), the band gap in graphene-

TiO2 NPs was significantly reduced to 2.80 eV. 

During the hydrothermal treatment of GO-TiO2 NPs Ti atoms interact with GO, which 

provides good contact between the two materials. The resulting Ti−O−C bonds are responsible 

for the shift of the band-edge that facilitates visible light absorption.55 

Under a visible irradiation, strong photocurrent response was observed, which confirms high 

photo-activity of the graphene-TiO2 NPs. They tested the photocatalytic activity of composite 

with the photodegradation of methylene blue (MB) under visible light. While MB was slightly 
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degraded in the presence of bare anatase TiO2 NPs, the degradation was remarkably accelerated 

with graphene-TiO2 NPs. The kinetic constants for the degradation of MB with the bare anatase 

TiO2 NPs and graphene-TiO2 NPs are k = 3.28 × 10−3 min−1 and k = 3.41 × 10−2 min−1, 

respectively. 

The band gap narrowing (3.2 eV → 2.8 eV) of TiO2 in the graphene-TiO2 NPs should change 

the energy level difference between graphene and TiO2 enough to allow electrons from the 

excited MB to flow to the conduction band of TiO2 NPs via graphene (Path 1 in Figure 1-10). 

Valence electrons of TiO2 can be also excited to the conduction band state by absorbing visible 

light due to the sufficiently narrow band gap of graphene-TiO2 NPs (Path 2 in Figure 1-10). 

 

Figure 1-10 Suggested mechanism for the photocatalytic degradation of MB by graphene-wrapped anatase 

TiO2 nanoparticles under visible-light. Electrons from MB* flow to the conduction band of TiO2 nanoparticles 

via graphene (Path 1). Valence electrons of TiO2 are excited to the conduction band state by absorbing visible 

light, which can convert oxygen molecules in the solution to singlet oxygen, the reactive oxygen species (ROSs) 

(Path 2). MB can be decomposed either by ROSs or by self-degradation under visible light irradiation. CB: 

conduction band, VB: valence band, MB*: excited state of MB, dotted line: intra-band gap energy level of TiO2 

narrowed (3.2 eV →2.8 eV) by direct interaction with Ti atoms and C atoms during the synthesis of graphene-

TiO2 nanoparticles. Reprinted with permission from ref. 55. 

1.2.1.1 Water splitting  

In their pioneering work Fujishima and Honda discovered the photocatalytic splitting of water 

on a TiO2 electrode under ultraviolet (UV) light with the production of hydrogen.56, 57  When 

TiO2 absorbs UV light, electrons and holes are generated in the conduction and valence bands, 

respectively. The photogenerated electrons and holes cause redox reactions. Water molecules 
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are reduced by the electrons to form H2 and oxidized by the holes to form O2, leading to overall 

water splitting, as shown in the following reactions: 

 Water oxidation 2 H2O → 4 H+ + 4e- + O2 (1.6) 
 

 Water reduction 4 H+ + 4e- → 2 H2 (1.7) 
 

 Water splitting 2 H2O → 2H2 + 2 O2 (1.8) 

 

The bottom level of the conduction band has to be more negative than the reduction potential 

of H+/H2 (0 V vs NHE), while the top level of the valence band has to be more positive than 

the oxidation potential of O2/H2O (1.23 V), as shown in Figure 1-11. 

 

Figure 1-11 Energy diagram for the water splitting. Reprinted with permission from ref. 8. 

The potential of the band structure of TiO2 fulfil the thermodynamically requirement for the 

water splitting. Other factors such as charge separation, mobility, and lifetime of 

photogenerated electrons and holes also affect the photocatalytic properties of TiO2. These 

factors are strongly affected by the bulk properties of the material such as crystallinity, but 

surface properties like surface states, surface chemical groups, surface area, and active reaction 

sites are also important.  

It has been reported that pure TiO2 could not easily split water into H2 and O2 in the simple 

aqueous suspension system. The main problem is the fast undesired electron-hole 

recombination reaction. Therefore, it is important to prevent the electron-hole recombination 

process. The Pt-TiO2 system could be illustrated as a “short-circuited” photoelectrochemical 
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cell, where a TiO2 semiconductor electrode and a platinum-metal counter electrode are brought 

into contact. Well-dispersed metal particles trap the electrons, which reduce water. 

New photocatalysts are necessary in order to develop materials for splitting water into H2 

and O2 under visible light. The substitutional doping created a new energy levels in the gap of 

the TiO2, as explained in section 1.1.1. These levels have to possess the thermodynamical 

potential for oxidation of H2O but also the catalytic properties for the four-electron oxidation 

reaction. 

Borgarello et al. found that water cleavage could be induced with visible light in colloidal 

solutions of Cr-doped TiO2 nanoparticles deposited with ultrafine Pt or RuO2. A pronounced 

synergistic effect in catalytic activity was noted when both RuO2 and Pt were co-deposited 

onto the particle.58 

1.2.2 Catalytic applications 

In the fields of catalysis, the main research aimed at developing catalysts with high activity and 

stability. Recently, it was observed that reactions, which occur in restricted space between a 

substrate (metal or metal oxide) and 2D overlayer (graphene, h-BN, or MoS2), enhance the 

performance of conventional catalysts. This observed phenomenon is called “catalysis under 

cover”.59 In this respect, exciting results were achieved for different reactions in small 

molecules, like H2, O2, CO, and H2O. For example, intercalated CO at the G/Pt (111) interface 

shows weaker interactions with metal as well as lower desorption temperatures and a lower 

reaction barrier for oxidation compared to bare Pt (111).60 This finding provides a way to design 

novel catalysts.61 

The G/TiO2 can also be conceived as a two-dimensional confined catalysis, where reactions 

are catalytically promoted under graphene due to the confinement effects, as seen for other 

substrates. Moreover, the metal oxide can replace the precious Pt, Pd substrate that have 

inimitable performance in heterocatalysis but are not available for large scale industrial 

applications due to the high cost and the limited availability on earth.62 

Up to now the mechanism and the factors which determine the enhanced reactivity are still 

not entirely clear at the G/TiO2 interface (Figure 1-12). Since it is not a general phenomenon, 
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but it is only observed for specific reactions at specific hybrid interfaces, there are only few 

computational studies of the reactions at graphene TiO2 interface.63  

 

Figure 1-12 Confined space due to the interface of TiO2 anatase (101) surface with graphene, where a new and 

peculiar reactivity is observed for a small molecule. 

Doping the graphenic component of this type of composites has been little investigated so 

far, despite the evidence that the presence of dopants leads to enhanced interfacial contacts, 

thus improving the catalytic efficiency.  

1.2.3 Photovoltaic applications 

Titanium dioxide nanoparticles are used in dye-sensitized solar cells (DSSC), which mimic the 

way of plants to convert sunlight into energy, although in this case sunlight is transformed into 

electrical current.  

The general model of a DSSC, initially proposed and developed by Grätzel in 1991,9 is a 

liquid junction device that consists of a nanocrystalline TiO2 photoanode, an iodine redox 

(I−3/I−) pair electrolyte, and a counter electrode, the cathode, typically made of a thin film of 

Pt. 

In DSSC a photon enters the solar cell through a transparent electrode, usually a fluoride-

doped tin dioxide glass named FTO, and can be absorbed by a sensitizer, exciting an electron, 

as shown in Figure 1-13. Then, this electron can be injected into the conduction band of a 

neighbouring semiconductor and diffuse to the current collector. The electron can be conducted 

to the outer circuit generating current and flow to the cathode where it is transferred to an 

electrolyte or a hole conductor. The original state of the dye is restored by electron donation 

from the electrolyte, usually an organic solvent containing a redox system, such iodide/triiodide 
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couple, and completing the circuit. The voltage (Voc) generated under illumination corresponds 

to the difference between the Fermi level of TiO2 and the redox potential of the electrolyte. 

 

Figure 1-13 Schematic representation and principle of a typical DSSC with nanocrystalline TiO2 

photoelectrode. Reprinted with permission from ref. 69. 

To optimize these devices and achieve respectable power conversion efficiencies researchers 

have looked at ways to maximize light harvesting and minimize losses due to parasitic electron 

transfer pathways. One limitation of the DSSC is the direct recombination of electrons from 

the conduction band of TiO2 to the oxidized dyes or to the electrolyte. Both recombinations 

take place at TiO2/dye or TiO2/electrolyte interface. It has been established that these 

recombinations can be suppressed by integrating carbon nanotube or graphene into the 

photoanode of DSSC.64 

Carbon nanotubes (CNTs) notably possess high charge mobilities, which could be useful to 

increase the performance of the DSSC. The injected electrons from the excited dye molecules 

into the conduction band of TiO2 can be transferred quickly through the CNTs conduit. The 

right content, the distribution and the dispersibility of CNTs structures in TiO2 films are 

essential requirements to optimize conductivity and light harvesting efficiency of the electrode, 

since the high concentration of CNT decrease the efficiency of the electrodes.65, 66  

Graphene has remarkable properties including excellent conductivity, superior strength to 

any material ever isolated, good flexibility, high transparency and chemical resistivity. 

Graphene improves the performance of the DSCC much more than other carbon-based 

materials. There are several reasons to explain this observation. Although CNTs can improve 

the efficiency of DSSCs, their poorer interconnection with the spherical TiO2 nanoparticles, as 
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compared to graphene, would limit the overall performance of DSSCs due to some charge 

transfer barrier and possibility of recombination. On the contrary, graphene is a large single 

sheet that can significantly contact TiO2 nanocrystals, thus it would significantly suppress the 

charge recombination. The work function of graphene (–4.42 eV)67 lies between the conduction 

band of TiO2 (–4.4 eV)68 and FTO substrate (–4.7 eV).68 Owing to this suitable energy level 

alignment, photo-generated electrons transfer stepwise from the TiO2 to FTO substrate without 

an energy barrier (Figure 1-14). Here, graphene can act as a bridge between TiO2 and FTO 

substrate. The very high conductivity of graphene can accelerate the electron transporting 

process and reduce the rate of charge recombination. Because of these advantages, graphene 

materials have been found to be perfect candidates for the photoelectrode of DSSCs.69 

 

Figure 1-14 Schematic diagram of the energy level for graphene/TiO2 film based DSSC. Reprinted with 

permission from ref 69. 

1.2.4 Biomedical applications 

Light has been used as therapy for more than three thousand years.70 Ancient Egyptian, Indian 

and Chinese civilizations used light to treat various diseases, including rickets, vitiligo and skin 

cancer.71 Even nowadays the light is used in oncology as an alternative to invasive treatments 

(surgery, chemotherapy or radiotherapy) employing the modern photodynamic therapy (PDT).  

The main component of PDT is the photosensitiser; once in a target cell and/or tissue, as 

illustrated in the scheme (Figure 1-15), the photosensitiser is activated due to the absorption 

of light with a specific wavelength, and excited from a ground to an excited state. As it returns 

to the ground state it releases energy, which is transferred to molecular oxygen present in the 

cell/tissue. The energy transfer to oxygen generates reactive oxygen species (ROS), such as 
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singlet oxygen and free radicals.72 Such oxidative reactions affect cell structures, leading to 

cell toxicity that inhibit cancer cells.  

 

Figure 1-15 Mechanism of action of photodynamic therapy. Reprinted with permission from ref. 72. 

Titanium dioxide is a potential photosensitizer due to its excellent ultraviolet light triggered 

cytotoxicity. However, the UV light has limited tissue penetration and it is harmful for the 

human body. Figure 1-16 shows that in the UV region, where pristine TiO2 absorbs ultraviolet 

light, a significant part of the incoming light is also absorbed by proteins, melanin, and 

hemoglobin. On the other hand, water and fat tissue start absorbing at 1000 nm, leaving the 

optical window in the range of 600−1000 nm as the only region where photoactive species can 

be efficiently activated for photodynamic therapy. Therefore, also for biomedical applications 

it is necessary to sensitize TiO2 to the visible light in the optical window. 



Introduction 35 

 

 

 

Figure 1-16 Absorption spectra for different chromophores present in human tissue. The spectra for 

hemoglobin, proteins, water, collagen, fat, and cytochrome oxidase (CtOx) are shown. Optical window through 

the tissue is in the region from 600 to 1000 nm. Reprinted with permission from ref 73. 

The modifications of TiO2 introduced in the section 1.1 are also used in nanomedicine. As 

regards the doping methods (section 1.1.1), several metal elements (Pt, Fe)74, 75 and non-metals 

elements (C, N)76 have been used. The sensitizers for the TiO2 (section 1.1.2) in PDT are 

organic dyes, like the natural pigment hypcrellin B,77 the porphyrin chlorine e6 78 or the large 

aromatic macrocyclic zinc phthalocyanine.79 Catechols molecules (section 1.1.3) were the first 

approach that held promise for extending the optical absorption to the visible region for 

biological/medical applications.80, 81 

A successful anticancer effect of TiO2 requires selective killing of cancer cells while not 

damaging healthy cells. A good target for the specific localization of the TiO2 nanoconjugates 

are the receptors overexpressed on the surface of tumour cells. Once the TiO2 nanoparticles are 

functionalized with proteins, the TiO2 nanoconjugates binds the target on the cell surface, and 

the subsequent light activation can be used to induce redox reactions to alter cell metabolism 

or induce cell death.  

Recently, monoclonal antibody proteins CEA82 and pre-S1/S283 have been immobilized on 

the surface of TiO2 nanoparticles. In the work of Rozhkova et al.84 the antibody IL13a2R was 

linked to TiO2 through a carboxyl group-terminated catechol moiety (DOPAC). The bivalent 

linker DOPAC simultaneously serves two principal functions. First, chemisorption of DOPAC 
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enhancing and optimizing the nanocrystal exterior charge-transfer dynamics, enabling 

absorption of a visible part of solar spectrum. Second, chemisorption modifies the particle 

surface with carboxylic functional groups, which are useful for further covalent tethering to a 

biomolecule. The resulting carboxylic groups of the TiO2-DOPAC particles were preactivated 

using 3-sulfo-1-hydroxy-succinimide/1-ethyl-3-[3-dimethylaminopropyl]carbodiimi-de 

hydrochloride (sulfo-NHS/EDAC), and then coupled to amino groups of the antibody via 

carbodiimide chemistry. In this work, they overcame the passive transport of TiO2 

nanoparticles by integrating the hard inorganic nanomaterial with a soft biological material, 

moreover the integrated nanosized TiO2/antibody complex retains both its biorecognition 

ability and its photoreactivity. The TiO2 nanoconjugate binds exclusively the brain tumours 

cells and, under exposure of visible light, initiates the production of ROS, which damages the 

cell membrane and induces programmed death of the cancer cell (Figure 1-17). 

 

 

Figure 1-17 Scheme of the TiO2 nanoparticle bioconjugation with IL13R antibody via DOPAC linker to 

recognize and bind exclusively to brain cancer cell. The visible light photo-excitation of the nano-biohybrid in an 
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aqueous solution results in the formation of various ROS, which cause cell membrane damage and cell death. 

Reprinted with permission from ref 84. 

The site selectivity of TiO2 nanoconjugates can be exploit in drug delivery. For maximizing 

the therapeutic activity while minimizing the side effects, an ideal drug distribution system 

should deliver the drug when and where it is required.85 Up to now, TiO2 has been studied as a 

carrier material for various drugs, such as valproic acid widely used in pediatric epilepsy,86 or 

daunorubicin 87 one of the most extensively used chemotherapy agents. The drug load depends 

on the shape of the TiO2 system, such as whiskers, capsules, and porous shapes. Li et al.88 

confirmed that one-dimensional titanium dioxide whiskers could enhance the potential anti-

tumor intracellular efficiency of daunorubicin by increasing the concentration of drug inside 

the cancer cell, while alleviating the toxic side-effects by efficiently making full use of 

daunorubicin. Furthermore, it was found that the loading mode between the drug and TiO2 can 

significantly affect therapeutic efficacy. Y. Qin et al.89 loaded doxorubicin on the highly water-

dispersible TiO2 nanoparticles by non-covalent complexation (TiO2/DOX) or covalent 

conjugation (TiO2-DOX) (Figure 1-18). In the case of non-covalent complexation, the main 

fraction of DOX was found inside the nuclei, which was probably due to the pH-responsive 

release of DOX from TiO2/DOX in tumour cell, while mostly covalent was distributed in the 

cytoplasm, and little TiO2-DOX penetrated the nuclei (Figure 1-18). Consequently, TiO2/DOX 

exhibited a significantly higher cytotoxicity towards tumour cells than free DOX because of 

enhanced cellular uptake. 

 

Figure 1-18 On the left, a schematic representation of synthesis of the highly water-dispersible TiO2 

nanoparticles by exchanging the oleic acid coating (OA) with the TETT linker and the loading of DOX via non-
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covalent complexation (TiO2/ DOX) or covalent conjugation (TiO2-DOX). On the right, illustration of the effect 

of loading mode on the intracellular location of DOX. Most TiO2-DOX was distributed in the cytoplasm (A), 

while in the case of TiO2/DOX, the main fraction of released DOX was found inside the nuclei (B). Reprinted 

with permission from ref 89. 

The binding of a protein or peptide to TiO2 can also be exploited to develop a sensitive 

electrochemical biosensors relevant for diagnostics. These new approaches for sensing would 

increase the understanding of biotransformations during metabolic events giving insight into 

intracellular redox analysis and enzyme kinetics that determine cellular metabolic 

functioning.90 Moreover, after functionalization with fluorescent dyes, TiO2 nanoparticle 

allows the direct imaging of the nanoconjugate using fluorescent microscopy.91 Therefore, the 

use of titanium dioxide for biomedical application is evident and promising.92, 93 

1.3 State-of-the-art of the computational studies of anatase TiO2 

Quantum chemical simulations are a precious tool for the investigation and rationalization of 

the observed properties of titanium dioxide. Being a widely used material in different fields, it 

is not surprising that an enormous number of theoretical and computational studies on its 

physical and chemical properties can be found in literature.  

In this section, a brief overview of computational studies on TiO2 is reported, focusing 

mainly on stoichiometric anatase TiO2.
94 

1.3.1 Bulk anatase TiO2 

The primitive unit cell of TiO2 in the anatase structure is shown in Figure 1-19 and has a 

tetragonal unit cell containing four TiO2 units. The space group of anatase is 41/amd, and the 

local symmetry is D2d. The structure is defined by the crystallographic lattice parameters a = b 

= 7.782 Å and c = 9.502 Å. Each Ti atom is coordinated to the six neighboring oxygens via 

two (long) apical and four (short) equatorial bonds, of lengths 1.976 and 1.946 Å, respectively, 

at 15 K. 95, 96 Each O atom is coordinated to three Ti atoms via one long bond and two short 

bonds, lying in the same plane. The bonding character of this crystalline solid is found to be 

largely ionic, with some covalent contribution.97 
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Figure 1-19 a) bulk anatase unit cell. Oxygen atoms and titanium atoms are shown in red and grey, respectively. 

b) band structure of bulk anatase along with the high symmetry directions of the first Brillouin zone, calculated 

with DFT(B3LYP-D*). 

The electronic structure of semiconductor oxides is challenging to describe even for the most 

advanced computational methods. One of the critical quantities to be accurately reproduced is 

the band gap. In anatase, the minimum fundamental band gap is indirect, with the bottom of 

the conduction band (CB) at Γ and the top of the valence band (VB) close to the X point, as 

show in Figure 1-19. It is important to consider the fundamental (or electronic) band gap and 

the optical band gap. Experimentally, the fundamental band gap was determined to be 3.2 eV 

with electrochemical measurements at room temperature (RT),98 while for the optical band gap 

a value of ∼3.4 eV was obtained with optical absorption measurements at 4 K. Theoretically, 

the band gap is generally determined from the difference of the lowest unoccupied and highest 

occupied Kohn−Sham eigenvalues. The gap is significantly underestimated by DFT-LDA and 

DFT-GGA. On the contrary, hybrid functionals, with a typical 20−25% contribution of exact 

exchange, overestimate the anatase band gap.99  

UV light absorption causes electrons to be excited in the conduction band with holes left in 

the valence band. The question whether charge carriers in TiO2 behave as quasi-free electrons 

and holes or whether they are coupled to the lattice polarization to form polarons was debated 

at length.  

The polaronic nature of the electron–hole couple (exciton) was demonstrated using the 

hybrid B3LYP functional in a bulk anatase supercell (96-atoms), by atomic relaxation of the 

triplet exciton.100 The triplet exciton is highly localized on next neighboring sites, inducing a 

structural reorganization with an energy gain associated with this process of 0.6 eV. The 

computed photoluminescence (PL) of 2.6 eV satisfactorily agrees with the experimental one. 
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Electron polarons are usually identified as Ti3+ species, where the electron is trapped on a 

single Ti site, causing a local elongation of Ti–O bonds. Introduction of extra electrons in bulk 

anatase cannot be easily computed, as it is dependent on the method employed. Using B3LYP 

functional, 76% of the electron is localized on a single Ti site and the rest is mainly confined 

within a sphere of 6 Å in radius.100 The electron trapping energy is computed to be 0.23 eV, 

suggesting that the electron is weakly bound to the bulk anatase lattice. 

Concerning electron transport, the activation barrier for polaron hopping from one site to the 

other has been evaluated to be ∼0.3 eV using DFT+U calculations.101 

Self-trapping of the hole can be described by hybrid functionals,100 the energy gain 

associated to hole trapping is computed to be 0.74 eV. The hole is found to be highly localized 

on an O3c atom (85%) and its midgap state is deeper than that of the electron. The calculated 

values of the EPR hyperfine coupling constants with 17O for the trapped hole are in fair 

agreement with the experiments.102 Concerning hole transport, hopping barriers along different 

directions have been estimated to fall between 0.5 and 0.6 eV by DFT+U.103 

1.3.2 Flat TiO2 surface: slab model 

The surface energies are essential in determine the thermodynamic, structural, and chemical 

properties of TiO2 material, determining the relative stabilities and the crystal shape of different 

structures. Therefore, the surface energies are essential to understand the phase stability of 

different TiO2 polymorphs. 

The surface reactivity is related to the surface energies, generally low surface energy 

corresponds to a low reactivity.  

First-principles calculations of the energetics of anatase surfaces have been reported by 

several groups.104, 105, 106, 107, 108 The surfaces are usually modeled as slabs of finite thickness 

with periodic boundary conditions in the surface plane, and surface energies are determined 

from the difference between the total energy of the slab and the total energy of an equal number 

of TiO2 units in the bulk phase, divided by the total exposed area. By hybrid functional B3LYP 

calculations on relaxed surface models, the relative energies follow the sequence (101) < (100) 

< (001) < (110), which can be related to the density of undercoordinated Ti surface atoms on 
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different surfaces.96 However, relaxation has a major effect on the surface energetics, and it can 

reduce the surface energy by more than 50%.  

Once the surface energies are known, the equilibrium shape of a macroscopic crystal can be 

determined via the Wulff construction. The computed Wulff shape for anatase is shown in 

Figure 1-20. As typically found for natural samples, it consists of a truncated tetragonal 

bipyramid exposing majority (101) and minority (001) facets. 

 

Figure 1-20 a) The equilibrium shape of a TiO2 crystal in the anatase phase, according to the Wulff 

construction. Reprinted with permission from ref. 109. (b) Picture of an anatase mineral crystal. Reprinted with 

permission from ref. 4. (c) Ball-and-sticks representation of the (101) anatase surfaces. The coordination patterns 

of the exposed superficial atoms are indicated. 

From LEED experiments,110 it is known that the clean anatase (101) has the same (1 × 1) 

periodicity as the bulk-terminated surface, consistent with the low formation energy of this 

surface. Figure 1-20 c shows the characteristic sawtooth profile of anatase (101) viewed along 

the [010] direction. The surface exposes both 5-fold (Ti5c) and 6-fold (Ti6c) coordinated Ti 

atoms, as well as 2-fold (O2c) and 3-fold (O3c) oxygens. The surface atoms undergo significant 

displacements from the ideal bulk-like positions upon relaxation.96, 104, 105, 107  

In particular, Ti–O bonds between Ti and O2c atoms are ∼5–10% shorter than in the bulk, 

resulting in a rather rigid relaxed surface. 



42 Introduction 

 

 

1.3.3 Anatase TiO2 nanoparticles 

Nanoparticles have gained considerable attention due to their unique properties not found in 

their bulk counterparts, which include high surface-to-volume ratio and high surface energy. 

Since most photochemical reactions mediated by TiO2 are initiated by surface adsorption of a 

chemical species on TiO2, the high surface exposure ensures an overall high density of reactive 

centres. 

New physical and chemical properties occur when the size of the material becomes smaller 

and smaller, down to the manometer scale. Properties also vary as the shapes of nanomaterials 

change. Among the unique properties of nanomaterials, the motions of electrons and holes in 

semiconductor nanomaterials are governed mainly by the quantum confinement, and the 

transport properties related to phonons and photons are affected by the size and geometry of 

the materials.111 Understanding the subtle interplay between the size/shape/surface 

functionalization of these materials is thus essential for further optimization of their 

technological applications. 

Nanocrystals with different sizes have been investigated by Hummer et al. They have studied 

stoichiometric decahedral (TiO2)n models with n up to 272. The models have been preliminary 

optimized with classical force fields and then relaxed with a standard DFT (PBE) method and 

a plane-wave basis set. In their work they have quantified the critical role of edges and vertices 

energies in determining the relative phase stabilities of anatase TiO2 nanoparticles with respect 

to the rutile phase. As the particles grow, the bulk contribution in the free energy becomes more 

important, causing rutile to become stable at larger particle sizes.112 

Liu et al. constructed truncated bipyramidal of TiO2 anatase (TiO2)n nanoparticles with 

different sizes (n = 58–449). They employed DFT calculations combined with a periodic 

continuum solvation model in order to compute the electronic structure of nanoparticles in 

aqueous solution.113 

Nunzi et al. 114, 115 used differently sized models of anatase nanocrystals, i.e. (TiO2)n (n = 

161–918). First, geometrical optimizations with an approximate-DFT method (SCC-DFTB) 

were carried out, and then, single-point electronic structure calculations were performed using 

standard DFT methods with a plane wave basis set and hybrid DFT with localized basis 

functions. They have carried out an accurate computational analysis on the nature and 
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distribution of electronic trap states in anatase TiO2 structures, investigating the effect of the 

morphology on the electronic structure. 

Regarding the spherical TiO2 nanoparticles, only few theoretical works have been reported 

in literature, although TiO2 nanoparticles are commonly synthesized and studied for many 

applications.11 Naicker et al. performed molecular dynamics simulations of spherical anatase 

TiO2 nanoparticles with a size in the range between 2 and 6 nm. No phase transformation was 

observed during the simulation time (3 ns), even though very high temperature (2000 K) has 

been explored. Interestingly, four-fold and five-fold coordinated Ti atoms on the surface 

showed shorter Ti–O bonds with respect to fully coordinated Ti atoms.116 

Only recently first-principles DFT approaches have been employed to study realistic TiO2 

nanoparticle of ∼3 nm size, made of several hundred TiO2 units.114, 117, 118 

In our group, TiO2 spherical nanoparticles of different sizes (from 300 to 4000 atoms) were 

developed with a two-scale computational approach (Figure 1-21). Global optimization to 

obtain stable and equilibrated nanoparticles was performed with a self-consistent charge 

density functional tight-binding (SCC-DFTB) simulated annealing process, causing a 

considerable atomic rearrangement within the nanoparticles. Those SCC-DFTB relaxed 

structures were then optimized at the DFT(B3LYP) level of theory. They presented a 

systematic and comparative SCC-DFTB vs DFT(B3LYP) study of the structural properties, 

with particular emphasis on the surface-to-bulk sites ratio, coordination distribution of surface 

sites, and surface energy. From the electronic point of view, analysing the total and projected 

density of states, they compared HOMO–LUMO with Kohn-Sham gaps. Overall, the 

comparisons between DFTB and hybrid density functional theory show that DFTB provides a 

rather accurate geometrical and electronic description of these nanoparticles of realistic size 

(up to a diameter of 4.4 nm) at an extremely reduced computational cost.118 
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Figure 1-21 DFT(B3LYP) optimized structures, after simulated annealing, of the different nanoparticles. For 

each one, the stoichiometry, the approximate diameter, the surface-to-bulk ratio, and the position of the Ti atoms 

with different coordination are reported. Reprinted with permission from ref.118. 

 

1.4 Outline of the PhD thesis 

The atomistic understanding, through quantum chemical simulations, enables to predict the 

properties of complex systems, like a hybrid material composed by joining together two 

different components. The work aims at studying the interfaces between the semiconductive 

oxide TiO2 and carbon-based monolayers. The latter is inorganic, i.e. graphene, or organic, 

such as a densely packed monolayer of organic molecules (DOPAC or TETT). 

In this study, we employed state of the art computational methods and massively parallelized 

codes in order to perform highly accurate calculations of such extensive system in a reasonable 

time. Most calculations were based on density functional theory (DFT), using hybrid 

functionals and localized basis sets, which is a well-suited approach for the description of 

titanium dioxide. An approximate-DFT method, namely the self-consistent charge density-

functional tight-binding (SCC-DFTB), was considered for the study of the largest systems and 

for the dynamical behaviour of the TiO2 nanomaterial completely covered with the organic 

molecules. The theoretical methodologies employed in this work are discussed in Chapter 2.  
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The first part of the work was devoted to study the interface between graphene and the TiO2 

anatase (101) surface, considering even non ideal conditions, due to the presence of defects. In 

particular, we investigated the structural and electronic properties of the hybrid composite. 

Then, as a next step, we considered the reactivity of water at the interface of the two 

components, in order to define the possible reaction paths as discussed in Chapter 3.  

Subsequently, we focused our attention on the photoresponsive properties of TiO2 anatase. 

Consequently, starting from the realistic model of a TiO2 spherical nanoparticle, developed in 

our group, we systemically investigated the adsorption modes of the catechol derivatives 

(DOPAC) at low coverage, considering the competition with water, as reported in Chapter 4. 

We identified the new molecular states in the band gap introduced by the adsorbed molecules 

and analysed the electronic charge-transfer. On top of that, we photoexcited the system with 

visible light and we modelled the possible life path of the photogenerated electron and hole: 

exciton formation, trapping, charge carrier diffusion, or recombination. As a further step, we 

considered a growing molecular layer on the nanoparticle and analysed the self-assembling 

mechanism and the effects on the electronic properties of the complex. Once we fully covered 

the nanoparticle surface, we performed molecular dynamics run at 300 K, in order to analyse 

the effect of the thermal treatment on the geometrical configuration. Further we want to 

understand if the molecule/surface or molecule/molecule interactions dominate in the model.  

Finally, in the last part of the study, we functionalized the TiO2 nanoparticle with 

organosilane molecules (TETT). First, we had to set the parameters for the efficient SCC-

DFTB method to accurately describe the inorganic\organic interface. We compared the 

reliability of the SCC-DFTB results with DFT, as discussed in Chapter 5. Once we have defined 

the approach, we completely passivated the TiO2 nanoparticle with the TETT molecules and 

investigated how they are adsorbed on the nanoparticle surface and how they interact in the 

dense monolayer. The configurational space of the complex nanoconjugate was sampled by 

means of several molecular dynamics runs at 300 K, and the conducted statistics allowed us to 

analyse how the molecules rearrange due to thermal treatment.





 

 

Chapter 2 Theoretical background  

In this chapter, some fundamental aspects of electron structure theory will be introduced. We 

will start to present the foundation of the density functional theory (DFT) and its approximation 

in the density functional tight-binding (DFTB) method. Moreover, the conformational 

sampling by molecular dynamics (MD) will be presented. 

2.1 The Schrödinger equation 

A system consisting of interacting nuclei and electrons can be determined by the many-body 

wavefunction Ψ, which depends on the position of each electrons and each nucleus in the 

system. In the case on N electrons with coordinates r1, r2, …, rN and M nuclei with coordinates 

R1, R2, … , RM we have: 

 Ψ =  Ψ (𝐫1, 𝐫2, … , 𝐫N;  𝐑1, 𝐑2, … , 𝐑M)  (2.1) 

 

Applying the Hamiltonian operator to Ψ , we obtain the many-body Schrödinger equation: 
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 Ψ =   𝐸𝑡𝑜𝑡Ψ (2.2) 

 

The first and the second terms in eq. (2.2) are the kinetic energy of the N electrons and the M 

nuclei, respectively.  
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Regarding the potential energy terms, we can count all the possible pairs of charges in the 

system. We have the Coulomb repulsion between electron pairs (third term in eq. (2.2)), here 

the terms 𝑖 = 𝑗 are excluded because an electron does not repel itself, and it is divided by 2 in 

order to count only one contribution per pair. Then, the fourth term in eq. (2.2) is Coulomb 

repulsion between pairs of nuclei, where 𝑍𝐼 and 𝑍𝐽 are the atomic numbers. And lastly, the 

Coulomb attraction between the electrons and nuclei (fifth term in eq. (2.2)).  

Equation eq. (2.2) is almost everything that we need to know to study the materials at 

equilibrium. If we were to be rigorous, then we would include the time dependence, the 

interaction with external electromagnetic fields, and some corrections arising from the theory 

of relativity. However, despite the approximations introduced in eq. (2.2) the solution even for 

simplest systems (e.g. small molecules) is very challenging, and in most cases, it is still 

practically impossible. As a result, nowadays exists a hierarchy of approximations to eq.(2.2) 

which allows us to study materials at the atomistic level with different degrees of accuracy. 

Equation (2.2) is rather general since it describes gases, liquids, and solids phases. Therefore, 

it is appropriate to restrict the range of possibilities and consider molecules and solids. While 

in the study of liquids and gases the nuclei can travel long distances, in the case of molecules 

adsorbed on solid surfaces the nuclei typically remain at near certain positions. Consequently, 

as a starting point, we can assume that the nuclei are in known positions. Since the nuclei are 

heavy compared to the electrons, we can set 𝑀𝐼 =  ∞ in eq. (2.2). Thus, we can neglect the 

kinetic energy of the nuclei, and that the Coulomb repulsion between them is simply a constant. 

For convenience, we bring the constant term to the right-hand side of eq. (2.2) by defining: 

 
 𝐸 =   𝐸𝑡𝑜𝑡 −  

1

2
 ∑

𝑒2

4𝜋휀0
𝐼 ≠𝐽

 
𝑍𝐼𝑍𝐽

|𝐑𝐼 −𝐑𝐽|
  (2.3) 

 

In the Born-Oppenheimer approximation the nuclear coordinates, 𝑅𝐼, are an external 

parameter, and Ψ is a function of the electron coordinates while ignoring its dependence on the 

nuclear coordinates: Ψ =  Ψ (𝐫1, 𝐫2, … , 𝐫N). If we define the Coulomb potential of the nuclei 

experienced by the electrons as: 
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eq.(2.2) becomes: 
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]  Ψ =   𝐸 Ψ (2.5) 

 

Eq. (2.5) is the fundamental equation of electronic structure, but further simplifications are still 

necessary to solve it. 

In order to achieve a considerable simplification of the notation, it is convenient to measure 

energies in units of EHa, distances as a0, the average radius of the electron orbital in the 

fundamental state of the H atom, and masses in units of the electron mass me; accordingly, the 

many-electron Hamiltonian is: 
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so that the eq.(2.5) can be written using the compact expression: 

 

 �̂� Ψ =  𝐸 Ψ  (2.7) 

 

In addition, it is possible to define the single-electron Hamiltonian: 
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1

2
 ∇2 + 𝑉𝑛(𝒓)   (2.8) 

 

in a way that we can split the many-electron Hamiltonian as follows:  
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If the electrons would not ‘see’ each other, we are allowed to eliminate from the eq.(2.5) the 

term describing the Coulomb repulsion between electrons. This dramatic simplification of the 
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problem is called the independent electrons approximation. Using eq. (2.7) and (2.9) the 

Schrödinger equation becomes: 

 ∑�̂�0(𝐫𝑖)

𝑖

Ψ =  𝐸 Ψ  (2.10) 

 

Since the electrons are now independent, it is possible to write the solution of eq. (2.10) as a 

product: 

 Ψ =  Ψ (𝐫1, 𝐫2, … , 𝐫N) =  𝜙1(𝐫1)… 𝜙𝑁(𝐫𝑁)  (2.11) 

 

Suppose now that the wavefunctions, 𝜙1, were obtained as the solutions of the single electron 

Schrödinger equations: 

 �̂�0(𝐫)𝜙𝑖(𝐫) =  휀𝑖𝜙𝑖(𝐫)  (2.12) 

 

with 휀1 the smallest eigenvalue and 휀1 <  휀2  <  …  < 휀𝑁.   

Therefore, replacing the trial solution of eq.  (2.11) in eq. (2.12) we find: 

  𝐸 = 휀1 + 휀2 +⋯+ 휀𝑁   (2.13) 

 

the lowest-energy configuration of the system is obtained when we fill the lowest-energy 

eigenstates of the single-particle equation (2.12) with one electron in each state, starting from 

the lowest eigenvalue.  

The independent electrons approximation as written in eq. (2.11) carries two important 

drawbacks. The first relates to the fact that the wavefunction, does not obey Pauli’s exclusion 

principle. The second problem is that the Coulomb term eliminated from eq. (2.5) is of the 

same magnitude as the other terms, and therefore it cannot be ignored. 

Slater pointed out that wavefunctions written as a Slater determinant (eq. (2.14)) satisfy the 

anti-symmetry requirement of the many-body wavefunction (Pauli’s exclusion principle). 

 
Ψ (𝑟1, 𝑟2) =  

1

√2
 |
𝜙1(𝑟1) 𝜙1(𝑟2)
𝜙2(𝑟1) 𝜙2(𝑟2)

|  (2.14) 
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Respect to eq. (2.11) the motion of electrons with the same spin is now correlated, but the 

motion of electrons with opposite spin is still not correlated. 

2.2 The Hartree approximation 

In Section 2.1 we mentioned that the approximation of ignoring the Coulomb repulsion 

between electrons in the many-body Schrödinger equation is too drastic. However, based on 

classical electrostatic consideration, the Coulomb repulsion between electrons can be re-

introduced while assuming independent electrons. 

Distribution of electron charge density is obtained by adding up the probabilities of finding 

electrons in each occupied state i: 

 𝑛(𝒓) =  ∑⌈𝜙𝑖(𝐫)⌉
2

𝑖

 (2.15) 

 

Consequently, the electronic charge distribution, 𝑛(𝒓) in eq. (2.15), will generate an 

electrostatic potential 𝑉H(𝐫) called Hartree potential: 

 ∇2𝑉H(𝐫) = − 4 𝜋 𝑛(𝐫) (2.16) 

 

with the following solution: 

 
𝑉H(𝐫) = ∫𝑑𝑟′

𝑛(𝐫′)

|𝐫 − 𝐫′ |
 (2.17) 

 

in which each electron in the system experiences the mean-field ‘average potential’ of the other 

electrons. The Hartree potential 𝑉H(𝐫) can be included in eq. (2.12): 

 
[− 

∇2

2
+ 𝑉𝑛(𝒓) + 𝑉H(𝐫) ] 𝜙𝑖(𝐫) =  휀𝑖𝜙𝑖(𝐫)  (2.18) 
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The equations (2.15), (2.16), and (2.18) must be solved simultaneously, and for this reason 

the approach is called self-consistent field method. The equations introduced by Hartree eq. 

(2.15), (2.16), and (2.18) represent a major simplification of our initial task of solving the 

complete many-body Schrödinger equation eq. (2.5), since one differential equation in 3N 

dimensions has been replaced by N three-dimensional equations.  

In order to be more accurate, it is necessary to add to the equations (2.18) the exchange 

potential and the correlation potential. 

2.3 The Hartree-Fock equations 

Let us consider the quantum state Ψ with the lowest energy. The energy, E, of this state is 

obtained by multiplying both sides of eq. (2.7) by  Ψ∗and integrating over all the variables:  

 
𝐸 = ∫𝑑𝑟1…𝑑𝑟𝑁 Ψ �̂� Ψ

∗  (2.19) 

 

if we minimize the energy E with respect to variations of the functions 𝜙𝑖(𝐫) in the Slater 

determinant of eq. (2.14), and we require that these functions are orthonormal: 

 𝛿𝐸

𝛿𝜙𝑖
∗  = 0 (2.20) 

 

 
∫𝑑𝐫𝜙𝑖

∗(𝐫)𝜙𝑗
∗(𝐫) = 𝛿𝑖𝑗 (2.21) 

 

where 𝛿𝑖𝑗 is the Kronecker delta and is equal to 1 if 𝑖 = 𝑗, 0 if 𝑖 ≠ 𝑗, then we obtain the Hartree–

Fock equations: 
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An additional potential, 𝑉𝑥, called Fock exchange potential has been introduced with respect to 

the equation (2.18). The explicit expression of this potential is: 

 
 𝑉𝑥(𝐫, 𝐫

′) =  − ∑
𝜙𝑗
∗(𝐫′)𝜙𝑖(𝐫)

|𝐫 − 𝐫′|
𝑗

 (2.23) 

 

the sum runs over the occupied single-particle states. The 𝑉𝑥(𝐫, 𝐫
′) is a non-local exchange 

potential in single-particle equations. Its evaluation involves an integration over the additional 

variable 𝐫′ that complicates enormously the solution of the Hartree–Fock equations. 𝑉𝑥 arises 

from Pauli’s exclusion principle and prevents that two electrons occupy the same quantum 

state. 

To summarize the simplification introduced so far (Section 2.1), the independent particle 

model has been introduced, and the 3N-dimensional many-body Schrödinger equation has been 

transformed into N three-dimensional equations. In Section 2.2, the Coulomb repulsion 

between electrons has been considered using classical electrostatics. In Section 2.3 the 

exchange interaction (𝑉𝑥) has been added in order to take into account the quantum nature of 

the electrons. So, the Hartree-Fock energy is: 

 

  𝐸𝐻𝐹 = 𝑇 + 𝐸𝑉𝑛 + 𝐸𝐻 + 𝐸𝑥 + 𝐸𝑖𝑖 (2.24) 

 

The first term in eq. (2.24) is the kinetic energy (T), and the second term is the expectation 

value of the external potential 𝑉𝑛. The third term is the Hartee energy (𝐸𝐻), followed by the 

energy involving the exchange operator (𝐸𝑥), and finally the repulsion between the nuclei (𝐸𝑖𝑖). 

The only remaining element left out of the picture is the correlation between electrons. Owing 

to the Coulomb repulsion, the probability of finding an electron somewhere will decrease if 

there is another electron nearby. Therefore, it is possible to add in the single-particle equations 

an additional potential Vc(r), where ‘c’ stands for correlation.  

The exact correlation energy (𝐸𝑐) is defined in terms of the exact energy (𝐸𝑒𝑥𝑎𝑐𝑡) and the 

Hartree-Fock energy (𝐸𝐻𝐹) by 

 𝐸𝑐  = 𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹   (2.25) 
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In section 2.4, we will present the density functional theory, which is an independent particle 

approach that incorporates the effect of interactions and correlation among the particles.  

2.4 The density functional theory  

The density functional theory provides how to link rigorously the single-particle 

wavefunctions, 𝜙𝑖, with the many-body wavefunction, Ψ, and how to determine the total 𝐸 

energy of the system. 

The core concept of density functional theory is the observation that, if 𝐸 is the lowest 

possible energy of the system, i.e., the energy of the ground state, then 𝐸 is a functional of the 

electron density only: 

  𝐸 =  𝐹[𝑛] (2.26) 

 

This observation is remarkable because the electron density 𝑛(𝐫) only depends on three 

variables, instead of three spatial and one spin coordinate for each N electron. 

2.4.1 The Hohenberg−Kohn theorems 

Quoting directly the Hohenberg-Kohn paper, the theorem statement that: 

“The external potential 𝑉𝑛 (𝐫) is (within a constant) a unique functional of 𝑛(𝐫); since 𝑉𝑛 (𝐫) 

fixes �̂� we see that the full many particles ground state is a unique functional of 𝑛(𝐫)”. 

The statement can be demonstrated by reductio ad absurdum. Starting from the assumption that 

the same ground-state electron density can be obtained from two different external potentials, 

we will be obtained that this leads to a contradiction. 

In order to outline the proof, it is helpful to introduce the kinetic energy and the Coulomb 

energy as:  
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Introducing �̂� and �̂� in the equation (2.19) the total energy become: 

 
 𝐸 = 〈Ψ |  ∑𝑉𝑛(𝐫𝒊) 

𝑖

|Ψ〉  + 〈Ψ|�̂� + �̂� |Ψ〉   (2.28) 

 

Using the electron density, the first term in eq. (2.28) can be written as:  

 
 𝐸 = ∫𝑑𝐫 𝑛(𝐫) 𝑉𝑛(𝐫)  + 〈Ψ|�̂� + �̂� |Ψ〉   (2.29) 

 

Let us assume that Ψ is the ground-state wavefunction for the potential 𝑉𝑛, with energy 𝐸 and 

density 𝑛. Suppose there exists another potential, 𝑉𝑛
′ ≠ 𝑉𝑛, which generates the same density 𝑛 

, and let us call �̂�′ , Ψ′ and 𝐸′ the Hamiltonian, the ground-state wavefunction, and the ground-

state energy corresponding to this new potential, respectively. Since Ψ is not the ground state 

of 𝑉𝑛
′ we can write: 

  〈Ψ|�̂�′|Ψ〉  > 𝐸′  (2.30) 

 

The expectation value on the left-hand side can be decomposed into contributions from the 

kinetic energy, the Coulomb repulsion, and the external potential, in analogy with eq. (2.29): 

 
〈Ψ|�̂� + �̂� |Ψ〉 + ∫𝑑𝐫 𝑛(𝐫) 𝑉𝑛

′(𝐫) >  𝐸′   (2.31) 

 

If we now combined the eq. (2.29) and (2.31) we obtain: 

 
𝐸 − 𝐸′  >  ∫𝑑𝐫 𝑛(𝐫)[𝑉𝑛(𝐫) − 𝑉𝑛

′(𝐫)]    (2.32) 

 

Since we did not make any assumptions about the external potentials, we can repeat the entire 

reasoning by merely starting from 𝑉𝑛 instead of 𝑉𝑛
′ in eq. (2.30). In this case, we would find: 

 
𝐸′ −  𝐸 >  ∫𝑑𝐫 𝑛(𝐫)[ 𝑉𝑛

′(𝐫) − 𝑉𝑛(𝐫)]    (2.33) 
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By adding the eq. (2.32) and eq. (2.33) we obtain 0 > 0, this is a contradiction. Therefore, the 

premise that two different potentials, 𝑉𝑛
′ ≠ 𝑉𝑛, lead to the same ground-state density, 𝑛, must 

be false. 

The second theorem of Hohenberg-Kohn establishes that the energy of the ground state is 

the lowest possible energy of the system, and all other states are higher in energy. It is called 

the ‘Hohenberg–Kohn variational principle’ and can be expressed as: 

 
 
𝛿 𝐹[𝑛]

𝛿𝑛
|
𝑛0

= 0 (2.34) 

 

This property is analogous to the variational principle that led us to write the Hartree–Fock 

equations in section 2.3.  

2.4.2 The Kohn-Sham equations 

The Hohenberg-Kohn theorems do not say anything about how to construct such functional; 

moreover, the exact form of this functional is still unknown.  

By comparing eq. (2.26) and (2.29) the functional can be rewritten as follows: 

 
𝐹[𝑛] = ∫𝑑𝐫 𝑛(𝐫)𝑉𝑛(𝐫) + 〈Ψ[𝑛]|�̂� + �̂� |Ψ[𝑛]〉    (2.35) 

 

the first term in the functional depends explicitly on the density, 𝑛(𝐫), while for the kinetic 

energy and the Coulomb energy the dependence on the density is implicit. The idea of Kohn 

and Sham was to split these implicit therms into the kinetic and Coulomb energy of independent 

electron, as in eq. (2.18), plus an extra term 𝐸𝑥𝑐: 

  

 𝐸 = 𝐹[𝑛]  

                                  The total energy in the independent electron approximation  

   

 = ∫𝑑𝐫 𝑛(𝐫) 𝑉𝑛(𝐫) − ∑ ∫𝑑𝐫 𝜙𝑖
∗(𝐫)

∇2

2𝑖  𝜙𝑖(𝐫) +
1

2
 ∬𝑑𝑟 𝑑𝑟′

𝑛(𝑟)𝑛(𝑟′)

|𝐫− 𝐫′|
   

   

     External potential                          Kinetic energy                          Hartree energy  

(2.36) 
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        + 𝐸𝑥𝑐[𝑛]  

   

      XC energy  
 

 

The extra term 𝐸𝑥𝑐 contains what is left out, hiding all the difficult many-body effects, and it 

is called the exchange and correlation energy. The functional of the density, 𝐹[𝑛], in eq. (2.36) 

include the sum of known contributions taken from the independent electrons approximation, 

and unknown contribution, the exchange and correlation energy. If we knew the exchange and 

correlation energy, 𝐸𝑥𝑐[𝑛], then we could calculate the total energy of the system in its ground 

state, 𝐸 = 𝐹[𝑛], using the electron density. The remaining question is therefore how to 

determine the electron density. For the second theorem turns out that the ground-state density, 

𝑛0, is precisely the function that minimizes the total energy, 𝐸 = 𝐹[𝑛]. Hence, the functional 

derivative must be zero in order to lead an equation for the wavefunctions, 𝜙𝑖(𝐫), which can 

be used to construct the density, as in eq. (2.15). Subsequently, if we require these 

wavefunctions to be orthonormal (i.e., to satisfy eq. (2.21) then the Hohenberg–Kohn 

variational principle leads to: 

 
[− 

∇2

2
+ 𝑉𝑛(𝐫) + 𝑉H(𝐫) + 𝑉𝑥𝑐(𝐫) ] 𝜙𝑖(𝐫)  =  휀𝑖𝜙𝑖(𝐫)    (2.37) 

 

where the external nuclear potential, 𝑉𝑛, the Hartree potential, 𝑉H, and the kinetic energy, − 
∇2

2
, 

are identical to those in eq. (2.18). The extra term, 𝑉𝑥𝑐, is given by: 

 
𝑉𝑥𝑐(𝐫) =  

𝛿 𝐸𝑥𝑐[𝑛]

𝛿𝑛
|
𝑛(𝐫)

 (2.38) 

 

and it is called the exchange and correlation potential. The set of equations given by eq. (2.37) 

are called Kohn–Sham equations and they form the basis of the Kohn–Sham theory. This set 

of equations constitutes a powerful tool for calculating many properties of materials starting 

from the first principles of quantum mechanics. We know that there must be a functional 𝐸𝑥𝑐[𝑛] 

which gives the exact ground-state energy and density using the equations (2.37) and (2.38); 
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however, we do not know the expression of this functional. Therefore, the issue is to 

approximate 𝐸𝑥𝑐[𝑛]. 

The Hartree functional in eq. (2.37) gives non-vanishing repulsion energy even for a system 

with only one electron, and it generates a spurious self-interaction energy. In the Hartree-Fock 

theory, this effect is automatically canceled in 𝑉𝑥 eq. (2.23), but the same is not valid in the 

Kohn-Sham scheme, where any correction must be incorporated into the 𝑉𝑥𝑐[𝑛], which will be 

discussed in section 2.4.3. 

2.4.3 The exchange-correlation functionals 

The 𝐸𝑥𝑐 functional must account not only for the self-interaction correction but also for the 

electronic correlation energies. Several approximated exchange and correlation functionals 

have been developed during the years, which will be presented in sections 2.4.3.1 and 2.4.3.2. 

2.4.3.1 Local density approximation and generalized gradient 

approximation 

The first successfully 𝐸𝑥𝑐 scheme in DFT was the Local Density Approximation (LDA). The 

idea considers that the electrons of a given system can be treated as homogeneous electron gas. 

The model also assumes that the 𝐸𝑥𝑐 functional can be separated into two independent terms, 

one for the exchange and one for the correlation energies, respectively: 

 𝑉𝑥𝑐[𝑛(𝐫)] =  𝑉𝑥[𝑛(𝐫)] +  𝑉𝑐[𝑛(𝐫)] 
 

(2.39) 

So that the 𝐸𝑥𝑐 is: 

 
𝐸𝑥𝑐
𝐿𝐷𝐴 = ∫𝑛(𝐫)𝑉𝑥[𝑛(𝐫)]𝑑𝑟 + ∫𝑛(𝐫) 𝑉𝑐[𝑛(𝐫)]𝑑𝑟 

 

(2.40) 

For a homogeneous electron gas, the form of the exchange energy can be computed exactly:  

 

𝐸𝑥 = −
3

4
 (
3

𝜋
)

1
3
𝑛
4
3 𝑉 

 

(2.41) 
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where 𝑛 in eq. (2.41) is the electron density defined as the total number of electrons divided by 

the volume 𝑉 in which they are contained. In contrast to the exchange energy, for the 

correlation energy of the electron gas, we do not have a simple analytic expression such as eq. 

(2.41). Nevertheless, it has been possible to calculate the correlation energy for this simple 

model by directly solving the many-particle Schrödinger equation using stochastic numerical 

methods. The correlation energy of the electron gas can be extracted from the data of Ceperley 

et. al119 by removing the known kinetic, Hartree and exchange contributions from the calculated 

total energies.  

Many first-principles calculations on materials use more elaborate exchange and correlation 

functionals which also take into account the slopes of the electron density,120 namely the 

Generalized Gradient Approximation (GGA): 

 
𝐸𝑥𝑐
𝐺𝐺𝐴 = ∫𝐹𝑥𝑐 [𝑛(𝐫), ∇𝑛(𝐫)]𝑑𝑟 

 

(2.42) 

However, there is no systematic and straightforward way to improve exchange and correlation 

functionals (XC). For this reason, the development of exchange and correlation XC functionals 

constitutes a research field in its own right. 

2.4.3.2 Hybrid functionals 

One limitation of the LDA/GGA functionals is their inability of predicting correct band gap 

energies (Eg) in semiconductors and isolators, which are systematically underestimated in DFT 

calculations. This limitation is particularly important in the context of this work since the TiO2 

band gap is not well reproduced by LDA/GGA functionals. Experimentally, the TiO2 Eg is 3.4 

eV,121 whereas PBE predicts 2.36 eV.122 The inaccuracy is intrinsic to the DFT formalism itself. 

Despite that, it is consensual that the problem comes from the use of approximated XC 

functionals.  

Band structures calculated through the GW method, where the many-body problem is 

handled via the Green Functions formalism, describe accurately the TiO2 band gap (3.83 

eV),123 but such calculations are still too demanding to be applied even to modest size models. 

One widely used alternative to overcome the DFT limitation in predicting the band gap energy 

is to mix some amount of Hartree-Fock exchange into the LDA/GGA-XC functional; thereby 
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producing a hybrid functional. The success of hybrid functionals in correcting the band gap 

values is often attributed to the fact that the HF exchange is an exact functional.120 However, 

the HF Exchange, opposing the LDA/GGA, inducing over-localized electronic states. So, a 

proper balance between LDA/GGA and HF amount in the hybrid XC functional may lead to a 

useful cancelation of errors; and to correct band gap energies. The hybrid functional has the 

following expression: 

 𝐸𝑥𝑐
ℎ𝑦𝑏

= 𝐸𝑥𝑐
ℎ𝑦𝑏

+  𝜆(𝐸𝑥
𝐻𝐹 − 𝐸𝑥

𝐺𝐺𝐴)  
 

(2.43) 

where 𝜆 is the fraction of HF exchange taken into account. One of the most popular hybrids 

functional is the B3LYP,124,125,126 whose functional form is: 

 𝐸𝑥𝑐
𝐵3𝐿𝑌𝑃 = (1 − 𝛼)𝐸𝑥𝑐

𝐿𝐷𝐴 +  𝑎𝐸𝑥
𝐻𝐹 +  𝑏𝐸𝑥

𝐵88 +  𝑐𝐸𝑐
𝐿𝑌𝑃 + (1 − 𝑐) 𝐸𝑐

𝐿𝐷𝐴  
 

(2.44) 

 

where 𝐸𝑥
𝐵88 is a GGA exchange functional and a, b and c are empirical parameters fitted to 

reproduce thermodynamic data, such as atomization and ionization potentials, proton affinities, 

and total atomic energies. This fitting procedure resulted in a = 0.20, b = 0.72 and c = 0.81. 

Although this functional was initially developed to investigate the electronic structure of 

molecules, it showed surprisingly good performances in many other chemical applications, 

including transition-metal chemistry and condensed-phase systems. 

2.4.4 The DFT limitations  

Today the combination of DFT with high-performance computing provides us with a powerful 

tool for understanding and predicting material properties starting from the first principles of 

quantum mechanics. Despite the success and widespread use of DFT, it is important to bear in 

mind that it addresses the electronic ground state of materials. Stated in other words, DFT is 

not designed to describe electronic excitations and non-equilibrium phenomena. However, in 

Chapter 4 we have computed the excited state energies as an open-shell triplet (T1) spin 

configurations. We can correctly calculate by DFT the triplet configuration because it is the 

lowest energy state for the corresponding spin multiplicities. Moreover, for many insulators 

and large gap semiconductors, including TiO2 anatase, the triplet exciton state is the lowest 
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excited state (Figure 4-7) and has a longer lifetime than the higher energy singlet exciton 

(S1).127 

A general drawback of all common GGA functionals, including hybrids, is that they cannot 

describe long-range electron correlations that are responsible for van der Waals forces. The 

dispersive interactions play an important role in the hybrid interfaces investigated in this work. 

For example, they control the assembly of the graphene or a densely packed monolayer of 

molecules on the TiO2 surface.  

Grimme has developed an approach to include dispersion forces by correcting total energies 

and gradients. This correction can be applied to both DFT theory (Chapter 3, Chapter 4) and 

DFTB method (Chapter 4, Chapter 5).  

2.5 Density functional based tight-binding method  

Density-functional theory within the formulation by Kohn & Sham (DFT-KS) is a powerful 

method for the calculation of physical and chemical properties of molecules and condensed 

matter systems.  

Although the DFT-KS scheme allows studying systems with remarkable size, there is 

demand for even faster but approximate methods to reach much larger system sizes and 

extended time scales in molecular dynamics simulations. Classical force field methods 

(molecular mechanics, MM), on the other hand, are several orders of magnitude faster than 

DFT, allowing to treat even millions of atoms and to follow their dynamics beyond the 

nanosecond time scale. Such classical force fields contain a large number of empirical 

parameters and do not consider quantum effects.  

Semi-empirical (SE) quantum chemical methods are located in the middle between DFT and 

MM methods, being three orders of magnitude faster than DFT and slower than MM. The 

number of parameters in the SE methods is greater than in DFT, but significantly less compared 

to MM. These parameters require a reasonable effort in their determination, but most 

importantly, the SE methods can describe nearly all quantum effects accessible by DFT.  

The semi-empirical tight-binding (TB) methods represent the counterpart to the SE quantum-

chemical methods in the condensed phase with similar limitations. It was shown that a ‘TB’ 
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scheme, i.e. the application of limited atomic orbital (AO) basis-set representation, can be used 

as the basis for an approximate treatment within the KS-DFT. These ideas have been further 

developed in the density-functional theory-based tight-binding (DFTB) method, which 

combines the computational efficiency of the semi-empirical quantum chemical methods to 

‘TB’ methods; however, its parametrization is less empirical because it is related to a number 

of DFT calculations. Therefore, electron correlation in DFTB is included from the beginning 

owing to its descent from DFT. In the subsequent sections, the details of the self-consistent 

charge density functional tight-binding method (SCC-DFTB) will be discussed. 

2.5.1  Approximated density-functional theory   

The total energy of a system within DFT as reported in eq. (2.36) is the sum over occupied 

Kohn-Sham eigenstates (T + 𝐸𝑉𝑛 + 𝐸𝐻), the exchange-correlation contribution (𝐸𝑥𝑐), and the 

nuclear repulsion (𝐸𝑖𝑖): 

 𝐸𝐷𝐹𝑇 =  𝑇 + 𝐸𝑉𝑛 + 𝐸𝐻 + 𝐸𝑥𝑐 + 𝐸𝑖𝑖    

 
(2.45) 

The idea of DFTB is to express the total energy as follow:  

 

 𝐸𝐷𝐹𝑇 ≈ 𝐸𝐷𝐹𝑇𝐵 =  𝐸𝐸𝑙𝑒𝑐.
𝐷𝐹𝑇𝐵 + 𝐸𝑟𝑒𝑝 (2.46) 

 

by assuming that the total energy of the system can be express as the sum of the eigenvalues 

( 𝐸𝐸𝑙𝑒𝑐.
𝐷𝐹𝑇𝐵) and the repulsive potential (𝐸𝑟𝑒𝑝), as in the tight-binding. 

The derivation of the SCC-DFTB method starts by separating the electronic density 𝑛 in eq. 

(2.36) in two terms: the references density 𝑛0 chosen to be the superposition of the neutral-

atom densities for all species in the system and the density fluctuation of the system 𝛿𝑛: 

 𝑛 =  𝑛0 +  𝛿𝑛 

 
(2.47) 

Foulkes and Haydock128 proposed to substitute the electronic density 𝑛(𝐫) in eq. (2.36) with 

eq. (2.47) in a way that 𝐸𝑡𝑜𝑡 may be written as follows:  
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𝐸𝑡𝑜𝑡 = ∑〈𝜓𝑖 |−

∇2

2
+ 𝑉𝑛[𝑛0(𝐫)] + 

1

2
∫
𝑛0(𝐫

′) +  𝛿𝑛(𝐫′)

|𝐫 − 𝐫′ |
𝑑𝑟′| 𝜓𝑖〉

𝑜𝑐𝑐

𝑖

+ 𝐸𝑥𝑐[𝑛0(𝐫) +  𝛿𝑛(𝐫)] + 𝐸𝑖𝑖 
 

(2.48) 

Then, eq. (2.48) can be rearranged in order to define the zero-order Hamiltonian �̂�0 that 

depends only on the reference’s density  𝑛0(𝐫): 

 
�̂�0 = − 

∇2

2
+ 𝑉𝑛[𝑛0(𝐫)] + ∫

𝑛0(𝐫
′)

|𝐫 − 𝐫′ |
𝑑𝑟′  + 𝑉𝑥𝑐[𝑛0(𝐫)] 

 

(2.49) 

So: 

 
𝐸𝑡𝑜𝑡 = ∑〈𝜓𝑖|�̂�0|𝜓𝑖〉

𝑜𝑐𝑐

𝑖

 −
1

2
∬
𝑛0(𝐫

′)(𝑛0(𝐫) +  𝛿𝑛(𝐫))

|𝐫 − 𝐫′ |
𝑑𝑟𝑑𝑟′

+
1

2
∬

𝛿𝑛(𝐫′)(𝑛0(𝐫) +  𝛿𝑛(𝐫))

|𝐫 − 𝐫′ |
𝑑𝑟𝑑𝑟′

−∫𝑉𝑥𝑐[𝑛0(𝐫)] (𝑛0(𝐫) +  𝛿𝑛(𝐫)) 𝑑𝑟 + 𝐸𝑥𝑐[𝑛0(𝐫) +  𝛿𝑛(𝐫)]

+ 𝐸𝑖𝑖  

(2.50) 

 

The terms that depend linearly on 𝛿𝑛(𝐫′) and 𝛿𝑛(𝐫) will cancel each other for any 𝑛0(𝐫)  and 

eq. (2.50) becomes: 

 
𝐸𝑡𝑜𝑡 = ∑〈𝜓𝑖|�̂�0|𝜓𝑖〉

𝑜𝑐𝑐

𝑖

 −
1

2
∬
𝑛0(𝐫

′)𝑛0(𝐫)

|𝐫 − 𝐫′ |
𝑑𝑟𝑑𝑟′

+
1

2
(∬

1

|𝐫 − 𝐫′ |
𝑑𝑟𝑑𝑟′ + 

𝛿2𝐸𝑥𝑐
𝛿𝑛(𝐫′)𝛿𝑛(𝐫)

)𝛿𝑛(𝐫′)𝛿𝑛(𝐫) 

 

−∫𝑉𝑥𝑐[𝑛0(𝐫)] 𝑛0(𝐫) 𝑑𝑟 + 𝐸𝑥𝑐[𝑛0(𝐫)] + 𝐸𝑖𝑖   

(2.51) 

 

At large distances, the second order exchange-correlation term is negligible in eq. (2.51); so 

that last term can be substituted by a pairwise potential: 

 1

2
(∬

1

|𝐫 − 𝐫′ |
𝑑𝑟𝑑𝑟′ + 

𝛿2𝐸𝑥𝑐
𝛿𝑛(𝐫′)𝛿𝑛(𝐫)

)𝛿𝑛(𝐫′)𝛿𝑛(𝐫) ≅
1

2
 ∑𝛾𝛼𝛽∆𝑞𝛼∆𝑞𝛽

𝑀

𝛼𝛽

 (2.52) 
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For 𝛼 ≠ 𝛽, 𝛾𝛼𝛽 is determined from the Coulomb interaction of two spherical charge 

distributions cantered in the atoms α and β, respectively. For 𝛼 = 𝛽, 𝛾𝛼𝛼 is approximated as 

the DFT chemical hardness of the atom α (𝑈𝛼), also called Hubbard parameter, that is defined 

as the second derivative of the total energy of atom 𝛼 with respect to the atomic charge: 

 
𝛾𝛼𝛼 = 𝑈𝛼 = 

𝑑2𝐸𝛼

𝑑𝑞𝛼2
 (2.53) 

 

With the approximations introduced, it is possible to define the SCC-DFTB electronic energy 

expression: 

 

𝐸𝐸𝑙𝑒𝑐.
𝐷𝐹𝑇𝐵 = ∑〈𝜓𝑖|�̂�0|𝜓𝑖〉

𝑜𝑐𝑐

𝑖

+ 
1

2
 ∑𝛾𝛼𝛽∆𝑞𝛼∆𝑞𝛽

𝑀

𝛼𝛽

 (2.54) 

 

Further, we define a repulsive energy contribution 𝐸𝑟𝑒𝑝
  by combining the nuclear repulsion 

and all the energy contribution depending on 𝑛0 only in eq. (2.51): 

 
𝐸𝑟𝑒𝑝[𝑛0(𝐫)] =   −

1

2
∬

𝑛0(𝐫
′)𝑛0(𝐫)

|𝐫 − 𝐫′ |
𝑑𝑟𝑑𝑟′ −∫𝑉𝑥𝑐[𝑛0(𝐫)] 𝑛0(𝐫) 𝑑𝑟 

  
+𝐸𝑥𝑐[𝑛0(𝐫)] + 𝐸𝑖𝑖  

(2.55) 

 

We may consider 𝐸𝑟𝑒𝑝 as practical equivalent to an XC-functional in DFT because it hides the 

cumbersome physics, while we approximate it with simple functions. The repulsive potential 

𝐸𝑟𝑒𝑝(𝑅) can be determinate as a function of distance for a references system: 

 𝐸𝑟𝑒𝑝(𝑅) =  ∑ 𝑉𝑅𝑒𝑝
𝛼,𝛽
(|𝑅𝛼 − 𝑅𝛽  |)

𝛼≠𝛽

 

𝑉𝑅𝑒𝑝
𝛼,𝛽
(|𝑅𝛼 − 𝑅𝛽 |) =  𝐸𝑇𝑜𝑡𝑎𝑙

𝐷𝐹𝑇 (|𝑅𝛼 − 𝑅𝛽 |) − 𝐸𝐸𝑙𝑒𝑐.
𝐷𝐹𝑇𝐵(|𝑅𝛼 − 𝑅𝛽 |)|𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

  
(2.56) 

 

the interatomic distance |𝑅𝛼 − 𝑅𝛽 | can be varied for calculating the DFT total energy 

𝐸𝑇𝑜𝑡𝑎𝑙
𝐷𝐹𝑇 (|𝑅𝛼 − 𝑅𝛽 |) and the DFTB electronic energy 𝐸𝐸𝑙𝑒𝑐.

𝐷𝐹𝑇𝐵(|𝑅𝛼 − 𝑅𝛽 |) of the reference 
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structure, and then fitting the difference between them to a polynomial function. Once the 

repulsive potential has been defined, it can be stored in Slater-Koster tables for their respective 

elements pair. 

To summarize, the SCC-DFTB total energy expression can be written as: 

 
𝐸𝑇𝑜𝑡𝑎𝑙
𝐷𝐹𝑇𝐵 =  𝐸𝐸𝑙𝑒𝑐.

𝐷𝐹𝑇𝐵 + 𝐸𝑟𝑒𝑝 = ∑〈𝜓𝑖| �̂�0|𝜓𝑖〉

𝑜𝑐𝑐

𝑖

+ 
1

2
 ∑𝛾𝛼𝛽∆𝑞𝛼∆𝑞𝛽
𝛼,𝛽

+ 𝐸𝑟𝑒𝑝  (2.57) 

 

The single particle wave wavefunctions (𝜓𝑖) can be expanded as linear combinations of 

nonorthogonal atomic orbitals 𝜙𝜈, denoting the expansion coefficients 𝑐𝜈𝜄  

 𝜓𝑖  =  ∑𝑐𝜈𝜄 𝜙𝜈
𝜈

(𝐫 − 𝐑𝛼) (2.58) 

 

The coefficients are determined by solving a modified Schrödinger equation for the free neutral 

pseudoatoms: 

 
 [
1

2
 ∇𝑖
2 + 𝑣𝑒𝑓𝑓[𝑛𝛼

0] + (
𝑟

𝑟0
)
2

] 𝜙𝑣(𝐫) =  𝜖𝜐𝜙𝑣(𝐫) (2.59) 

 

In eq. (2.59) 𝑛𝛼
0  is the input density and (

𝑟

𝑟0
)
2

 is the contraction potential introduced by Eschrig 

and co-workers to generate an efficient basis set for molecular and solid-state systems.129, 130 

In the contraction potential 𝑟0 is chosen to be about 1.85 times the atomic covalent radius.131 

A self-consistent procedure is required to find the minimum of expression (2.57). It is 

noteworthy, that the self-consistency is given with respect to the charge fluctuations, estimated 

by the Mulliken population analysis, so inspiring the term “self-consistent-charge” in the 

method´s name. The fluctuations are calculated as ∆𝑞𝛼 = 𝑞𝛼 − 𝑞𝛼
0 , with  𝑞𝛼

0 the charge of an 

isolated atom and 

  

𝑞𝛼 = 
1

2
 ∑𝑛𝑖

𝑜𝑐𝑐

𝑖

∑∑𝑐𝜇𝑖
∗ 𝑐𝜐𝑖

𝑀

𝜐𝜇∈𝛼 

𝑆𝜇𝜐 + 𝑐𝜐𝑖
∗ 𝑐𝜇𝑖𝑆𝜐𝜇 

(2.60) 
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Given the atomic positions, a trial set of combination coefficients can be used in order to 

estimate the energies of the system via eq. (2.57). By applying the variational principle is 

possible to solve the general eigenvalue problem:  

 

 

The two-centre approximation allows to neglect several contributions in the 𝐻𝜇𝜈 Hamiltonian 

obtaining: 

 

  �̂�𝜇𝜐
0 = 

{
 

               𝜖𝜇
𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝑓𝑟𝑒𝑒 𝑎𝑡𝑜𝑚

     𝑖𝑓 𝜇 = 𝜐

〈𝜙𝜇
𝛼 |
1

2
 ∇𝑖
2 + 𝜐𝑒𝑓𝑓[𝑛𝛼

0 + 𝑛𝛽
0  ]| 𝜙𝜐

𝛽〉    𝑖𝑓 𝜇 ∈ 𝛼, 𝜐 ∈  𝛽

                  0                                 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

 

(2.62) 

The indices 𝛼 and 𝛽 indicate the atoms on which the wave functions and potentials are centered. 

The diagonal terms in the Hamiltonian of the system are taken as DFT atomic eigenvalues of 

the free atoms, whereas all non-diagonal terms are obtained via DFT calculations for a 𝛼-𝛽 

dimer. Since all non-diagonal elements depend on the distance between 𝛼 and 𝛽, one has to 

construct a table, usually called Slater-Koster table, for each pair of atoms in the system 

containing the values of both the Hamiltonian and Overlap matrixes´ elements in the desired 

range of interatomic distances. Once constructed, the Slater-Koster tables can be accessed for 

any distance, which avoids the massive integral calculations during the SCC-DFTB simulation.  

Given the optimal set of linear combination coefficients, one can calculate the gradients of 

𝐸𝑇𝑜𝑡𝑎𝑙
𝐷𝐹𝑇𝐵 with respect to the atomic positions to derive the atomic forces necessary for geometry 

optimizations (section 2.7) and molecular dynamics simulations (section 2.8). 

 ∑𝑐𝜐𝑖 (𝐻𝜇𝜈 − 휀𝑖𝑆𝜇𝜐)

𝜐

= 0       ∀𝜇, 𝑖 

 

𝐻𝜇𝜈 = �̂�𝜇𝜐
0 + 

1

2
 𝑆𝜇𝜈∑(𝛾𝛼𝜏 + 𝛾𝛽𝜏)∆𝑞𝜏

𝜏

       ∀𝜇 ∈ 𝛼, 𝜐 ∈ 𝛽 

 

     𝑆𝜇𝜐 = ⟨𝜑𝜇|𝜑𝜐⟩                   ∀𝜇 ∈ 𝛼, 𝜐 ∈ 𝛽    

(2.61) 
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2.6 The basis sets 

The unknown function, such as the one-electron wavefunction 𝜓𝑖 in (2.58) is expanded in a set 

of known functions 𝜙𝑖 called basis set. There are two types of localized basis functions, also 

named atomic orbitals, commonly used in electronic structure calculations: Slater Type 

Orbitals (STO) and Gaussian Type Orbitals (GTO).  

Slater type orbitals have the functional form shown in eq. (2.63): 

   𝜙𝜈(𝑟) = 𝑁 𝑌𝑙,𝑚𝑟
𝑛−1𝑒𝜁𝑟 

 
(2.63) 

here 𝑁 is a normalization constant, 𝑌𝑙,𝑚 are spherical harmonic functions and 𝑒𝜁𝑟 is the 

exponential dependence on the distance between the nucleus and electron. It seems to be a 

natural choice to use atom-centered basis sets for the DFTB method. The STOs, describe 

correctly the behaviour for r = 0 and the decay at large distances. However, the calculation of 

multicentred integrals with STOs are computationally expensive, therefore STOs are used 

where high accuracy is required, and in semi-empirical methods where all three- and four-

centre integrals are neglected. 

On the contrary, the integrals with the GTOs due to the 𝑟2 dependence in the exponential eq. 

(2.64) can be easily calculated,  

   𝜙𝜈(𝑟) = 𝑁 𝑌𝑙,𝑚𝑟
2𝑛−2−𝑙𝑒𝜁𝑟

2
 

 
(2.64) 

but more GTOs are necessary for achieving the same accuracy compared with STOs. The 

GTOs are inferior to the STOs in two respects. At the nucleus a GTO has a zero slope, in 

contrast to a STO which has a “cusp” (discontinuous derivative), and GTOs consequently have 

problems representing the proper behaviour near the nucleus. The other problem is that the 

GTO falls off too rapidly far from the nucleus compared with an STO, and the “tail” of the 

wave function is consequently represented poorly.  

For all the DFT calculations we have employed GTOs split-valence basis sets as 

implemented in Crystal 14 code, where the core orbitals are described by only one contracted 

Gaussian function (large ζ) and the valence shell is instead represented by two or more set of 

contracted GTOs. Moreover, polarised functions, i.e., orbitals with higher angular momentum, 
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and diffuse functions, characterized by small ζ exponents, have been added to the basis set to 

improve its quality.  

Regarding our system of interest, the hybrid interface based on TiO2, the use of plane waves 

might not be the best option because it requires a large number of plane waves, which might 

become computationally too demanding. Besides, the use of localized basis function furnishes 

a good description of electronic structure. 

2.7 Equilibrium configurations and atomic forces 

In sections 2.3, 2.4, and 2.5 we have discussed different quantum mechanical approaches to 

solve the many-body Schrödinger equations: Hartree-Fock, the Density Functional Theory and 

Density Functional Tight Binding. In all cases, the electronic structure calculations assume the 

Born-Oppenheimer approximation, with the nuclear wave-function decoupled from the 

electronic wave-function.  

One of the ultimate aims of quantum simulations is to predict equilibrium atomic 

configurations of molecules and solids. In order to identify a minimum, it is necessary to 

sample the potential energy surface of the system.  

During geometry optimization atomic forces can be calculated via the so-called Hellman-

Feynman theorem,132 which states that the force acting on a nucleus M is equal to the total 

energy derivative with respect to the position of M: 

 
𝐹𝑀 = 

𝜕𝐸

𝜕𝑅𝑀
= ∫𝑛(𝑟)

𝜕𝑉(𝑟)

𝜕𝑅𝑀
 𝑑𝑟 + 

𝜕𝐸𝑁𝑢𝑐𝑙
𝜕𝑅𝑀

 (2.65) 

 

Where the 𝑛(𝑟) is the distribution of electrons which depends on the position of the nuclei (𝑅𝑀) 

according to the solutions of Schrödinger equations. The 𝑉𝑒𝑥(𝑟) is external potential provided 

by nuclei and 𝐸𝑁𝑢𝑐𝑙 = ∑
𝑍𝐼𝑍𝐽

|𝐑𝐼−𝐑𝐽|
𝐼≠𝐽  is the nucleus-nucleus repulsions. All the complexity of 

quantum mechanics goes into the determination of 𝑛(𝑟), once we know it, the calculation of 

forces is a classical problem.   
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2.8 Molecular dynamics  

Molecular Dynamics simulation is a technique for computing the equilibrium and transport 

properties of many-body systems. In this context, the nuclear motion of the particles’ system 

obeys the laws of classical mechanics. The evolution of the system can be distinguished various 

stages: initialization, equilibration, and production.   

In the initialization step, it is necessary to define the initial conditions (e.g., initial 

temperature, number of particles, density, time step) of the M particles in the system of interest.  

The initial positions and velocities are assigned to all particles in the system, such that the total 

momentum is zero. The instantaneous temperature at the time t is: 

  

𝑘𝐵𝑇(𝑡) =  ∑
𝑚𝑣𝛼,𝑖

2 (𝑡)

𝑁𝑓

𝑀

𝑖=1

 (2.66) 

 

where 𝑣𝛼 is the 𝛼 component of the velocity of the M particles  

 
〈𝑣𝛼
2〉 =  

𝑘𝐵𝑇

𝑚
 (2.67) 

 

The instantaneous temperature 𝑇(𝑡) can be adjusted to match the desired temperature. The 

initial setting of temperature is not particularly critical, as the temperature will change during 

the equilibration. 

As will appear later, we do not really use the velocity themselves to solve the Newton’s 

equations of motion. Instead, we use the position of all the particle at present 𝑟(𝑡 + Δt) and 

previous 𝑟(𝑡 − Δt) time step combined with the knowledge of the force f acting on the particles, 

to predict the position in the next step. 

The most time-consuming part of the molecular dynamics simulation is the calculation of 

the force acting on every particle. If a given pair of particles are close enough to interact, we 

compute the force between these particles and the contribution to the potential energy 𝑉(𝑟) at 

the DFTB level. For the x component the force is: 

 
𝑓𝑥(𝑟) =  − 

𝜕𝑉(𝑟)

𝜕𝑥
 (2.68) 
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Once the forces on every particle are calculated, it is possible to integrate the Newton’s 

equation of motion. Many algorithms have been designed to do this. In particular, the Verlet 

algorithm has been used in the present work. Its derivation starts with the Taylor expansion of 

the coordinate around the time t:  

 
𝑟(𝑡 + Δt) = 𝑟(𝑡) − 𝑣(𝑡)Δt + 

𝑓(𝑡)

2𝑚
Δt2 − 

Δt3

3!
 𝑟 +  𝑂(Δt4) (2.69) 

e velocity of a given particle 

where 
𝑓(𝑡)

𝑚
 is the acceleration and 𝑟 is the hyperacceleration. Similarly, 

 
𝑟(𝑡 − Δt) = 𝑟(𝑡) − 𝑣(𝑡)Δt + 

𝑓(𝑡)

2𝑚
Δt2 − 

Δt3

3!
 𝑟 +  𝑂(Δt4) (2.70) 

 

Summing eq. (2.69) and (2.70), we obtain 

 
𝑟(𝑡 + Δt) + 𝑟(𝑡 − Δt) = 2𝑟(𝑡) + 

𝑓(𝑡)

2𝑚
Δt2 +  𝑂(Δt4) (2.71) 

 

The estimate of the new position contains an error that is of the order Δt4, where Δ𝑡 is the time 

step on our molecular dynamics. As the time step decreased, the trajectory becomes a better 

approximation to the “true” trajectory. However, a small-time step means that more steps are 

necessary for propagating the system for a given total time, increasing the computational cost. 

The velocity can be derived from the knowledge of the trajectory: 

 𝑟(𝑡 + Δt) − 𝑟(𝑡 − Δt) = 2𝑣(𝑡)Δt +  𝑂(Δt3) 
 

𝑣(𝑡) =  
𝑟(𝑡 +  Δt) − 𝑟(𝑡 −  Δt)

2Δt
+ 𝑂(Δt2)  

(2.72) 

 

Thereby, the velocities are used to compute the kinetic energy and the instantaneous 

temperature. After each step, the current potential energy and the total energy are calculated, 

considering that the total energy should be conserved.  

During the production, the force calculation and the integration of Newton’s equation are 

repeated until we have computed the time evolution of the system for the desired length of 
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time. After completion of the simulation, it is possible to averages the quantities that we are 

interested (e.g., the total energy). 

2.8.1 Molecular dynamics in various ensembles 

Molecular dynamics simulations can generate a collection of configurations called ensemble, 

which yields a good representation of the phase space for the given property. This is based on 

the ergodic hypothesis, which assumes that the average obtained by following a small number 

of particles over a long time is equivalent to averaging over a large number of particles for a 

short time. 

The microcanonical ensemble has been presented in section 2.8, which is the time evolution 

of a system of M particles in volume V, with the energy as a constant of motion (constant-

NVE). However, since most experimental observations are performed at constant pressure and 

sometimes constant chemical potential, it is often convenient to perform simulation in another 

ensemble, isothermal-isobaric (NPT) and grand canonical (VEμ), respectively. In this work, 

we are interested to sample the potential energy surface of fully decorated TiO2 nanoparticle 

with organic molecules. If we give enough energy to the system (300 K), which is related to 

the simulation temperature, it can overcome small barriers (0.025 eV) and sample the energy 

surface. In doing so, molecular dynamics is a method used for conformational sampling. There 

is no guarantee to find the global minimum, but it may generate a local minimum that is close 

in energy to the global minimum. Therefore, we have performed molecular dynamics at 

constant temperature (canonical ensemble, NVT) by bringing the system into thermal contact 

with a large bath. In the Nose-Hoover thermostat, the system is coupled to a “heat bath” which 

gradually adds or removes energy to/from the system with a suitable time constant.133 

2.9 Modelling crystalline solids 

The quantum chemical formalism described in the previous sections (2.3, 2.4, and 2.5) can be 

applied to molecule and periodic systems. The nanoparticle investigated in Chapter 4 and 

Chapter 5 has been treated as a large isolated molecule in the vacuum without any periodic 

boundary condition. Whereas in Chapter 3, and Chapter 4 a TiO2 anatase slab model has been 
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used, accordingly the essential aspect related to the periodic systems are presented in the 

following.  

In periodic systems, due to the translational symmetry, a unit cell, defined by the 𝒂1, 𝒂2and 

𝒂3 lattice vectors, can be identified in the crystal lattice. Given the lattice vectors in the direct 

space, the corresponding reciprocal lattice vectors in the reciprocal space, 𝒃1, 𝒃2and 𝒃3, are 

obtained applying the orthonormality condition 𝒂𝑖𝒃𝑗 = 2𝜋𝛿𝑖𝑗, where 𝛿𝑖𝑗 is the Kronecker 

delta. The equivalent of the unit cell in reciprocal space is the (first) Brillouin zone. 

The Hamiltonian operator of the electrons in a periodic potential is periodic itself, since the 

external potential Vn (𝐫) must obey to the periodicity of the lattice: 

  𝑉𝑛 (𝐫)  =  𝑉𝑛 (𝐫 + 𝑁𝑗𝑎𝑗)          𝑗 = 1, 2, …,  (2.73) 

 

where 𝑎𝑗 are the lattice vectors and the 𝑁𝑗 are integer numbers. The Bloch theorem134 stated 

that the eigenfunctions of such periodic Hamiltonian can be factorized in a plane-wave 𝑒𝑖𝐤𝐫 

and a periodic function 𝑢𝐤(𝐫𝑖), called Bloch or crystalline orbital: 

 𝜓𝐤(𝐫𝑖) =  𝑒
𝑖𝐤𝐫𝑢𝐤(𝐫𝑖) (2.74) 

 

where the 𝐤 is the reciprocal space vector, which is the equivalent of the direct space vector r. 

The theorem provided that the electronic structure reflects the symmetry of the lattice. 

Aa a consequence of the block theorem, the eigenvalues of the Hamiltonian operator are 

continuous functions of 𝐤 and do not form discrete energy levels but form continuous energy 

bands.  

The integrations of the occupied bands, below the Fermi level, over all the k-points gives the 

total energy of the system.  

Another property that can be extracted from the eigenvalue is the energy distribution of the 

energy bands in the system which is called density of state (DOS). For the nth bands is given 

by 

 
𝑔𝑛(휀) = ∫

𝑑𝐤

4𝜋
 𝛿 (휀 − 휀𝑛(𝐤)) (2.75) 
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where 𝛿 is the Dirac’s delta function. The integral is over all the electronic state in the first 

Brillouin zone and count the total number of electronic states with given eigenvalue 휀𝑛(𝐤) 

numerically equal to a given reference energy 휀. 

To compute the total energy, the band structure and the density of states of the solids it is 

necessary to choose an adequate k-points sample in reciprocal space. The Monkhorst-Pack grid 

has been used in this work.135 

2.10 The models 

2.10.1 The anatase (101) TiO2 surface 

In this work the anatase (101) surface is modeled as slabs of finite thickness, it contains three 

triatomic layers with 144 atoms and 4x2 periodicity along the [101̅] and [010] directions; no 

periodic boundary conditions were imposed in the direction perpendicular to the surface. The 

atoms in the bottom layer were kept fixed to the bulk position during all relaxations to mimic 

a semi-infinite solid. The optimized lattice parameters for the slab supercell are obtained from 

the optimized TiO2 bulk. These supercell models should be sufficiently large to eventually 

considered the presence of defects at low concentrations in the surface model.  

The anatase (101) surface has the characteristic sawtooth profile (Figure 2-1). The surface 

exposes both 5-fold (Ti5c) and 6-fold (Ti6c) coordinated Ti atoms, as well as 2-fold (O2c) and 

3-fold (O3c) oxygens. 
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Figure 2-1 Side view of the anatase (101) TiO2 surface. Small red and dark grey balls represent O atoms and 

Ti atoms, respectively. The numbers of layers and the crystallographic direction are also given. The arrow point 

out the low coordinated atoms.   

 

2.10.2  TiO2 nanoparticle modelling  

The 2.2 nm nanoparticle (NP) model considered in this work has been developed in our group. 

The nanoparticle has been carved from optimized bulk anatase TiO2 supercell. A Ti atom was 

set at the origin of the coordinate axis and an overall D2d point group symmetry was kept when 

cutting the nanoparticle. The too low-coordinated Ti and O atoms of the surface have been 

saturated with dissociated H2O molecules: three-fold and some four-fold Ti atoms were 

coordinated to hydroxyl groups; whereas mono-coordinated O atoms were saturated with H 

atoms. These operations result in the creation of stoichiometric nanoparticle saturated with a 

bunch of dissociated water molecules. It was reported that some water adsorbates on spherical 

nanoparticles cannot be completely eliminated even after annealing at 600 K.136 

2.10.2.1 The simulated annealing of TiO2 nanoparticles 

Once the models were carved and saturated as described (section 2.10.2), the authors have 

performed a conjugate-gradient geometry optimization at both the DFTB and DFT levels of 

theory to obtain total reference energy for a geometrically constructed nanoparticle.  

The search for a global minimum is not achievable at the DFT level. Therefore, DFTB 

molecular dynamics simulations were conducted at a reduced computational cost, considering 
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that its accuracy is comparable to ab initio methods. The optimized 2.2 nm NPs have been used 

as a starting point for a series of simulated annealing calculations at different target 

temperatures 700 K, 500 K, and 300K (Figure 2-2).  

During the molecular dynamics, the temperature profile has been divided into three temporal 

regions: 

I.  Heating region: the systems have been heated up to the target temperature in a short 

time, starting from an initial Boltzmann velocity distribution generated at 150 K. 

II. Equilibration region: the systems have been equilibrated to the target temperature until 

the temperature profile was found flat. 

III. Cooling region: the systems have been cooled down slowly to 0 K in order to find the 

global minimum. 

 

Figure 2-2 Simulated annealing temperature profiles for the 2.2 nm nanoparticles. Green curves refer to the 

profile with 700 K of target temperature, red curves refer to the profile with 500 K of target temperature, and blue 

curves refer to the profile with 300 K of target temperature. Heating (I), equilibration (II), and cooling (III) regions 

have been indicated. Reprinted with permission from ref.118 

Finally, one selected structure for each nanoparticle obtained with the simulated annealing 

processes has been optimized again both at the DFTB and DFT(B3LYP) levels of theory. They 

selected the most stable one in terms of energy difference with respect to the not annealed “0 

K” NP. The smallest 2.2 nm NP result more stable when annealed at 300 K. At higher 

temperatures, the surface presents some localized amorphous areas, causing a loss instability. 
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2.10.2.2 The structural analysis of TiO2 nanoparticles  

The 2.2 nm nanoparticle obtained by our group with the annealing process present crystalline 

core and rearranged surfaces. In particular, the high curvature characteristic of nanoparticles 

plays a fundamental role in determining the properties of these nano-objects, like the enhance 

reactivity and affinity toward chemical adsorbates or ligands (section 4.3).  

The coordination/undercoordination of all the atomic species in the designed nanoparticles 

is detailed in Table 2-1. 

Table 2-1 Number of Ti atoms with specific coordination and their percentage with respect to the total number 

of Ti atoms for the 2.2 nm NP geometries optimized with DFTB. The number and the percentage of Ti atoms in 

NP geometries optimized with DFT(B3LYP) are reported in parentheses. Reprinted with permission from ref.118. 

DFT 

[DFT(B3LYP)] 
2.2 nm NP 

Ti site Number % 

Ti4c 36 [36] 16.1 [16.1] 

Ti5c 43 [49] 19.2 [22.0] 

Ti6c_sup 28 [24] 12.6 [10.8[ 

Ti6c 96 [94] 43.1 [42.1] 

Ti3c(OH) 8 [8] 3.6 [3.6] 

Ti4c(OH) 12 [12] 5.4 [5.4] 

 

2.10.2.3 The electronic properties of TiO2 nanoparticles 

The nanoparticle is a molecular system of finite size; therefore, one cannot define true band 

states and band gaps in the nanoparticle electronic structure. However, it is possible to 

distinguish between localized states and states that are delocalized on several atoms of the 

nanoparticle, similar to periodic systems (i.e., “pseudo band” states). Thus, two different kinds 

of energy gaps can be defined: the canonical HOMO-LUMO gap (∆𝐸𝐻−𝐿), which is the energy 

difference of the frontier orbitals in the nanoparticle, and the Kohn-Sham band gap (∆𝐸𝑔𝐾𝑆), 

which is the energy difference of the highest occupied delocalized valence state and the lowest 

unoccupied delocalized conduction state. The definition of the delocalized or “pseudo band” 

state is not straightforward since the transition from localized to delocalized states is not 

observed. In the work of Selli et al.118 they have defined a criterion to select the delocalized 
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states. It is based on the maximum squared coefficient (maxc) of each eigenstate: the first 

delocalized state is the one with maxc lower than a threshold of 0.02, in the valence and 

conduction region, respectively. In this way, ∆𝐸𝑔𝐾𝑆 is rigorously defined and values for 

different NPs and for different methods can be compared. In Table 2-2 are reported the value 

of ∆𝐸𝐻−𝐿 and ∆𝐸𝑔𝐾𝑆. 

 

Table 2-2 HOMO-LUMO electronic gap (∆𝐸𝐻−𝐿) and Kohn-Sham electronic gap (∆𝐸𝑔𝐾𝑆.) (expressed in eV) 

calculated for the 2.2 nm NP with both DFTB and DFT(B3LYP) methods and with DFTB on top of the 

DFT(B3LYP) optimized geometries [DFTB/DFT(B3LYP)]. Reprinted with permission from ref.118. 

 ∆𝐸𝐻−𝐿 ∆𝐸𝑔𝐾𝑆. 

NS diam. DFTB 
DFT 

(B3LYP) 

DFTB/DFT 

(B3LYP) 
DFTB 

DFT 

(B3LYP) 

DFTB/DFT 

(B3LYP) 

2.2 3.11 4.13 3.38 3.55 4.31 3.83 

 





 

 

Chapter 3 Graphene-coated TiO2: role of the 

atomic vacancy  

 

3.1 Introduction 

Graphene, as the prototype of two dimensional (2D) materials, shows excellent properties and 

has been widely studied.137, 138, 139 Moreover, graphene can effectively anchor or wrap metal 

and metal oxide nanoparticles to form various nanocomposites, which show great potential in 

catalytic applications.140, 141, 142, 143 Among these nanocomposites, TiO2-graphene 

nanocomposites have drawn great attention because TiO2 possesses superior photocatalytic 

performance, good biocompatibility and remarkable chemical and thermal stabilities.144, 145, 146  

In recent years, graphene coated TiO2 nanoparticles have also been synthesized in experiments 

and found to show enhanced photocatalytic activity.147, 148, 149, 150 The observed improved 

performance in photocatalysis and photovoltaics of TiO2-graphene nanocomposites is 

attributed to the presence of the graphene layer.144, 145, 146 On one hand, graphene can act as an 

electron-acceptor to effectively hinder the electron–hole pair recombination upon UV 

irradiation of TiO2;
144, 145, 147, 151, 152, 153, 154 on the other, if TiO2-graphene nanocomposites are 

exposed to visible light, graphene can act as sensitizer with electrons being photoexcited within 

the graphene states and then eventually trapped by Ti atoms, after direct transfer to the TiO2 

conduction band.146, 155, 156 Moreover, graphene coated TiO2 nanoparticles exhibit great 

applications in lithium ion batteries,157, 158, 159 in biosensors160 and are also rather promising in 
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the field of nanomedicine because graphene and TiO2 have a good performance as carriers for 

bioactive molecules161 and for photodynamic therapy,162 respectively. 

In real samples of TiO2-graphene nanocomposites, graphene is expected to present defects163 

that may play an important role. Carbon vacancies can naturally form during the growth 

process. Eventually, they could also be generated on purpose through particle irradiations or 

chemical treatments.164 For example, one widely used approach to prepare graphene-

based/TiO2 composite photocatalysts is the reduction of graphene oxide (GO).165 This reduced 

GO (RGO) inevitably contains residual few amounts of oxygenated functional groups and a 

particularly large population of defects. Another very common approach to obtain graphene-

TiO2 composite is graphite dispersion and exfoliation,166, 167 which also leads to defective 

graphene samples that present carbon vacancies, as experimentally observed by TEM.168, 169 

Defects not always appear as unfavourable factors, reducing or even degrading the excellent 

qualities of graphene. They can also be used, exploited, and even properly designed to suite 

desirable purposes. For instance, vacancies in graphene sheets or nanotubes can be used as 

traps for metal atoms, by providing strong C−metal bonds.170, 171 Vacancies are good anchoring 

points for deposition of nanoparticles170, 172, 173, 174 and can enhance the catalytic activity of the 

nanoparticles. The CO oxidation barrier172 and O2 dissociation activation energy173 on small 

platinum nanoparticles are reduced when the platinum nanoparticles are supported on defective 

graphene. Moreover, defective graphene is also promising in the fields of hydrogen storage175, 

176 and air purification.177 A recent theoretical study shows that vacancy defects can highly 

enhance the binding between graphene and metal surfaces (Cu and Pt) by forming strong 

organometallic bonds.178 Therefore, defects may have a big influence on the graphene/TiO2 

interface and, thus, affect the performance of TiO2-graphene nanocomposites. 

Many exciting results have been recently achieved exploiting the confined space between 

graphene or other 2D materials and an underlying support for different reactions of small 

molecules, like H2, O2, CO, and H2O. For example, intercalated CO at the graphene/Pt(111) 

interface shows weaker interactions with the metal as well as lower desorption temperatures 

and a lower reaction barrier for oxidation compared to bare Pt(111).141, 179, 180, 181 The desorption 

of H2 on Pt (111) surface is facilitated in the presence of either graphene or h-BN monolayer 

due to the cover effect.182 Recent experiments show that oxygen can reach the graphene/Cu 

interface and lead to a partial oxidation of Cu.183, 184 Differently, dissociation of O2 at boron-
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doped graphene/Cu(111) interface leads to the competitive oxidation of the graphene sheet in 

the proximity of the dopant.185 It is shown that water can reach the interface between graphene 

and different substrates, such as HfO2
186, silica187, or BaTiO3

188, Ni(111) surfaces,189 by 

intercalation. Water intercalation under the epitaxial graphene on Ru(0001) surface can 

efficiently split the graphene along line defects into numerous fragments at temperatures as 

low as 90 K.190 On Cu(111), however, the water-induced splitting of graphene is far less 

effective.190 At the interface of graphene with carbon vacancies on Cu(111) surface, water is 

capable of breaking the C−Cu bond by dissociating at the undercoordinated carbon atom of the 

vacancy, restoring the weak van der Waals type of interaction at the interface.178 The same is 

not true in the case of Pt(111) surface, where C−Pt bonds are much stronger. Recent DFT 

calculations show that graphene-on-Cu is a good catalyst for water splitting and is suitable for 

the low-temperature process.191 By X‑ray absorption spectra, Böttcher and co-workers 

proposed that on Ni(111) supported graphene192 water is not just physisorbed as on free-

standing graphene193 but it is chemically bound inducing a p-type doping.194 Moreover, water 

is expected to dissociate within the graphene/Ni(111) interface at room temperature, providing 

a hydrogenated graphene sheet with a gravimetric density competitive with current technology 

for hydrogen storage.189 

Water is ubiquitous in normal environmental conditions and especially in human bodies. 

Thus, the behaviour of water at the interface of graphene coated TiO2 (i.e. G/TiO2) is of great 

interest and significance for the applications of TiO2-graphene nanocomposites in 

photocatalysis, lithium ion batteries, biosensor and nanomedicine. Recently, the reactivity of 

water molecules on top and at the interface of non-defective G/TiO2 composite was studied by 

DFT calculations.195 On top of G/TiO2, water was found to physically adsorb on the graphene 

layer with an adhesion energy slightly larger than that on free-standing graphene. At the 

interface water prefers to adsorb on TiO2 rather than on the carbon sheet, leading to adsorption 

configurations very similar to those on bare TiO2. Thus, the presence of graphene does not 

improve the activity for water dissociation. However, the presence of carbon vacancies in the 

graphene layer could play a role but this is still an open question.  

In this work, by means of dispersion corrected hybrid density functional theory (DFT) 

calculations, we investigate two atomic defects in the hybrid G/TiO2 interface: C monovacancy 

in graphene and O vacancy in TiO2. The C monovacancy can be considered a prototype defect 
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in graphene since the undercoordinated C atoms appearing in the structure are analogous to 

those that would appear in the presence of larger (pluriatomic) vacancies, or in the presence of 

extended edges. The O vacancy is a prototype defect for reduced TiO2 samples, which are those 

commonly obtained after annealing. First, we study the structural and electronic properties of 

C monovacancy in graphene, and then the interface between graphene with one C 

monovacancy (VG) and the stoichiometric anatase TiO2(101) surface (VG/TiO2). As a next 

step, we analyze the behavior of water at the interface. Finally, we consider the effect of the 

presence of one O vacancy in the TiO2 support. Our results show that the characteristic 

magnetism of free-standing VG196 quenches in the presence of an underlying anatase TiO2(101) 

surface and a C-O bond may occur at the interface. Dissociated rather than molecular water is 

preferred at the interface VG/TiO2 in contrast with what observed on bare TiO2 surface. O 

atoms at the interface may diffuse into the reduced TiO2 sublayers to heal O vacancies. This 

study is helpful to understand how the presence of water in the surrounding environment affects 

structural and electronic properties of the graphene/TiO2 interface, and, thus, its application in 

photocatalysis, electronic devices and nanomedicine. 

3.2 Computational details 

All the calculations were performed with the CRYSTAL14 code197, where Kohn-Sham orbitals 

are expanded in Gaussian type functions (the all-electron basis sets are O 8-411(d1), Ti 86-411 

(d41), C 6-31(d1) and H-11(p1)). The hybrid functional B3LYP198, 199 was adopted for all the 

calculations. To properly take into account the long-range van der Waals interactions, 

dispersion correction was introduced with the Grimme approach.200, 201  

For the free-standing graphene, three supercell models were used: 66 (71 C atoms), 88 (127 

C) and 1616 (511 C), with Monkhorst-Pack k-point grid135 of 12×12×1, 10×10×1, or 4×4×1 

with B3LYP-D*, and of 12×12×1, 10×10×1 or 8×8×1 with PBE-D2, respectively. The band 

structures were obtained for 4×4, 8×8 and 16×16 supercells with 30×30×1, 15×15×1 and 

10×10×1 k-point grids. The hexagonal lattice parameter of pure graphene is computed to be 

2.463 Å for B3LYP-D* and 2.472 Å for PBE-D2 and was kept fixed in all the calculations.  
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The lattice parameters of anatase were calculated to be 3.764 and 9.793 Å, for a and c, 

respectively. The anatase (101) TiO2 surface was modelled by a three triatomic layers slab (144 

atoms) with the bottom layer fixed. A (5 × 6) supercell for graphene and a (4 × 2) supercell for 

anatase (101) slab were used to build the co-periodic lattice of graphene/anatase (101) hybrid 

system. An angle of 50° exists between the vectors of the supercells of graphene and anatase 

(101) TiO2 surface. Here the lattice of graphene was slightly stretched in x direction and 

compressed in y direction (see Figure 3-1) to fit the anatase lattice. Thus, a slightly tensile 

strain along x axis (+1.9 %) and compressive strain along y axis (-0.6 %) were introduced. 

Therefore, two configurations appear for free-standing graphene with monovacancy, VGab and 

VGbc, depending on the rearrangement of carbon atoms at vacancy site as shown in Figure 3-1. 

One carbon single vacancy was created in one supercell of VG/TiO2 resulting in a distance 

larger than 11 Å between two periodically repeated defects and in a vacancy concentration of 

1.67%. The difference between VGab and VGbc is just the vacancy pattern when we repeat the 

supercell. VGbc is 0.21 eV higher in energy than VGab. Thus, for the VG/TiO2 interface, only 

VGab is presented in the manuscript. To make sure that we always get the reasonable VG/TiO2 

interface, VGbc/TiO2 interfaces were also calculated, which are always higher in energy 

compared with VGab/TiO2 interfaces. 
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Figure 3-1 Two ball-and-stick configurations of slightly strained free-standing graphene with a single C 

vacancy: VGab and VGbc. The red triangles indicate the vacancy defect. The solid red lines represent elongated C-

C bonds and the dotted lines indicate no C-C bond. The three C atoms at the vacancy are marked with a, b and c.  

The geometry optimizations for the VG/TiO2 interface were done using a 2 × 2 × 1 k-point 

mesh. A dense k-point mesh of 15×15×1 was adopted in the calculations for density of state 

(DOS) to get a good description of the electronic properties.  

The adhesion energy of the interface VG/TiO2 is defined as:  

 ∆𝐸𝑎𝑑ℎ =  𝐸(𝑉𝐺/𝑇𝑖𝑂2) − [𝐸(𝑉𝐺) + 𝐸(𝑇𝑖𝑂2)] (3.1) 

 

where 𝐸(𝑉𝐺/𝑇𝑖𝑂2) is the energy of the VG/TiO2 interface, 𝐸(𝑉𝐺) is the energy of free-

standing VG and E(TiO2) is the energy of the TiO2 slab.  

The adsorption energy (∆𝐸𝑎𝑑𝑠 ) and dissociation energy (∆𝐸𝑑𝑖𝑠𝑠) of water on free-standing 

VG are computed as follows: 

 ∆𝐸𝑎𝑑𝑠 𝑜𝑟 𝑑𝑖𝑠𝑠 =  𝐸(𝑉𝐺 + 𝐻2𝑂) − [𝐸(𝑉𝐺) + 𝐸(𝐻2𝑂)] (3.2) 

 

where 𝐸(𝑉𝐺 + 𝐻2𝑂) is the total energy of molecular or dissociated 𝐻2𝑂 on 𝑉𝐺, 𝑉𝐺 is the 

energy of free-standing 𝑉𝐺 and 𝐸(𝐻2𝑂) is the energy of an isolated 𝐸(𝐻2𝑂) molecule.  

The same quantities (∆𝐸𝑎𝑑𝑠  and ∆𝐸𝑑𝑖𝑠𝑠) for water on bare TiO2(101) surface are computed 

as follows: 

 ∆𝐸𝑎𝑑𝑠 𝑜𝑟 𝑑𝑖𝑠𝑠 =  𝐸(𝑇𝑖𝑂2 + 𝐻2𝑂) − [𝐸(𝑇𝑖𝑂2) + 𝐸(𝐻2𝑂)] (3.3) 
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where 𝐸(𝑇𝑖𝑂2 + 𝐻2𝑂) is the total energy of molecular or dissociated 𝐻2𝑂 on 𝑇𝑖𝑂2, 𝐸(𝑇𝑖𝑂2) 

is the energy of the 𝑇𝑖𝑂2 slab and 𝐸(𝑇𝑖𝑂2) is the energy of an isolated H2O molecule.  

The same quantities (∆𝐸𝑎𝑑𝑠  and ∆𝐸𝑑𝑖𝑠𝑠) for water on top or at the interface of VG/TiO2 are 

computed as follows: 

 ∆𝐸𝑎𝑑𝑠 𝑜𝑟 𝑑𝑖𝑠𝑠 =  𝐸(𝑉𝐺/𝑇𝑖𝑂2 + 𝐻2𝑂) − [𝐸(𝑉𝐺/𝑇𝑖𝑂2) + 𝐸(𝐻2𝑂)] (3.4) 

 

where 𝐸(𝑉𝐺/𝑇𝑖𝑂2 + 𝐻2𝑂) is the total energy of molecular or dissociated H2O on top or at 

the interface of VG/TiO2, 𝐸(𝑉𝐺/𝑇𝑖𝑂2) is the energy of the most stable configuration of the 

interface VG/TiO2 and 𝐸(𝐻2𝑂) is the energy of an isolated H2O molecule. 

In the following we define the nomenclature that will be used in the chapter. We name the 

hybrid interface between graphene and the anatase TiO2 (101) surface as "G/TiO2" (section 

3.4). In the presence of one C monovacancy in G/TiO2, we may observe interaction of the 

vacancy either with a 2-fold coordinated bridging oxygen (Obr) or a five-fold coordinated Ti 

atom (Ti5c) on the anatase TiO2 (101) surface. If the type of interaction is C-O covalent bond 

at the interface we represent it by the symbol "─" (VG─Obr); if it is a weak van der Waals 

interaction we represent it by the symbol "---" (VG---Obr or VG---Ti5c). 

For the configurations of molecular water adsorption on VG/TiO2 (section 3.5.1) we use the 

symbol "/" when on top (H2O/VG─Obr) and a second "/" when between the two materials 

(VG/H2O/TiO2). 

For the configurations of dissociated water (in OH+H or O+H+H) further details must be 

given (section 3.5.2). When on free-standing defective graphene, we add subscripts a, b or c to 

each fragment of dissociation (e.g. OHaHb or OaHbHc or Oab2Hc) that identify which 

uncoordinated C atoms at the vacancy site are involved in the bonding (see Figure 3-1 left or 

Figure 3-6 for the definition of C atoms a, b, c). When the dissociation takes place on top or at 

the interface of VG/TiO2, we do not explicitly mention VG/TiO2 in the label, but we use the 

generalized label "…/…/…" where the first "/" distinguishes what is on VG from what is at the 

interface and the second "/" distinguishes what is at the interface from what is on TiO2: the 

fragments of dissociation bound to VG go on the left part of the label (e.g. OHa/…/…), the 

fragments at the interface between VG and TiO2 go in the central part of the label (e.g. 
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…/OHa/…), and the fragments on TiO2 go on the right part of the label (e.g. …/…/ObrH or 

…/…/Ti5cOH) where Obr is a twofold coordinated O and Ti5c is a fivefold coordinated Ti on 

the anatase TiO2 (101) surface. Accordingly, dissociated water on bare TiO2 surface was simply 

labelled as "Ti5cOHObrH" (section 3.5.2.3). 

All the calculations reported in this work were performed including spin polarization when 

it was necessary. 

3.3 The carbon monovacancy in free standing-graphene 

As a preliminary study we have modelled the carbon monovacancy in free-standing graphene 

considering different supercells and functionals Table 3-1. The carbon monovacancy is created 

by removing one C atom in the graphene lattice, which costs about 8 eV, as detailed in Table 

3-1.  

Table 3-1 Formation energy (𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = (𝐸𝑉𝐺 + 𝐸𝐶) − 𝐸𝐺), where VG is the C monovacancy model, C is a 

single C atom in a non defective graphene model and G is the non defective graphene model) for a C monovacancy 

(ground state spin configuration) in cells of different size, as obtained with B3LYP-D* and PBE-D2. 

 B3LYP-D* PBE-D2 

Cell E
formation

 (eV) 

66 (71 C) 8.18 7.90  

88 (127 C) 8.12 7.82  

1616 (511 C) 8.05 7.74  

 

Depending on the local point group symmetry imposed to the defective lattice, different 

electronic solutions can be obtained, as described in Figure 3-2: for D3h symmetry a 

ferromagnetic quintet (Q, the highest possible spin configuration); for the C2v symmetry a 

ferromagnetic triplet (T); and for the Cs symmetry an antiferromagnetic open shell singlet (Sos) 

or a diamagnetic closed shell singlet (Scs) solution.  
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Figure 3-2 Schematic top and side view representations of the C monovacancy defect in graphene with spin 

multiplicity of quintet (Q), triplet (T), closed-shell (Scs) and open-shell (Sos) singlets. The local point group 

symmetry is shown together with the type of distortion involved: JT (Jahn-Teller) and non-planar. 

Undercoordinated carbon atoms (a, b and c) are in red. Out-of-plane C atom is in blue.  

The Q solutions are always much higher in energy (> 1.5 eV) and therefore they have not 

been considered further in the analysis. Results for all the other three electronic configurations 

in the case of supercell models of increasing size are reported in Table 3-2, using both the 

dispersion-corrected B3LYP functional (B3LYP-D*) and the dispersion corrected PBE 

functional (PBE-D2). 

The T solution is always the most stable, although the Sos is only slightly above in energy, 

by less than 0.08 eV. We may note that only the T solutions are characterized by a planar 

geometry, since the dz parameter (Table 3-2) is an indicator of the out-of-plane distortion 

caused by a lift of one undercoordinated C atoms. T and Sos are very close in energy because 

going from T to Sos, and keeping the geometry fixed to that of T, there is only an energy cost 

to flip the spin of one of the two unpaired electrons. This cost corresponds the loss of the 

exchange energy (estimated to be +0.10 eV for the 66 model). Note, however, that Sos has 

been fully optimized and, thus, the final energy difference reported in Table 3-2 is slightly 

smaller (+0.08 eV for the same 66 model). The relaxed Sos structures are not planar (dz = 0.18-

0.46 Å, depending on the supercell with B3LYP-D* in Table 3-2; values for PBE-D2 are also 

reported). Even less planar are the Scs optimized structures (dz = 0.55-0.70 Å, depending on the 

supercell with B3LYP-D* in Table 3-2; values for PBE-D2 are also reported). In this last case 

(Scs) a robust lift of the undercoordinated atom is necessary in order to obtain a good overlap 

between the sp2 orbital and the v state, resulting in the pairing up of the two electrons and, 

thus, in the complete quenching of the magnetization.  
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Table 3-2 Magnetization (μ), out-of-plane distortion (dz) and relative energy (ΔE) referred to the T, for T, Sos 

and Scs spin configurations of VG for increasing size cells (66, 88 and 1616), as obtained with B3LYP-D*, 

and PBE-D2. dz is defined as the difference between the z cartesian coordinate of the undercoordinated C atom 

(Figure 3-2) and the average value for all the other carbon atoms in the cell. 

Cell Spin Multeplicity B3LYP-D* PBE-D2 

  μ(μB) dz(Å) ΔE(eV) μ(μB) dz(Å) ΔE(eV) 

6x6 (71C) 

T 2.00 0.00 0.00 1.59  0.00 0.00 

Sos 0.00 0.18 0.08 0.32 0.38 0.02 

Scs 0.00 0.55 0.33 0.00 0.48 0.07 

8x8 (127C) 

T 2.00 0.00 0.00 1.54 0.00 0.00 

Sos 0.00 0.38 0.07 - (-)a - (-)a - (-)a 

Scs 0.00 0.62 0.34 0.00 0.55 0.11 

16x16 (511 C) 

T 2.00 0.00 0.00 1.49 0.00 0.00 

Sos 0.00 0.46 0.05 - (-)a - (-)a - (-)a 

Scs 0.00 0.70 0.31 0.00 0.67 0.11 

a During relaxation, Sos collapses into T. 

In the case of the B3LYP-D* functional, the computed magnetic moment for the electronic 

ground state is fully coherent with a T spin configuration, since it corresponds to 2 B after 

spin relaxation. This does not hold for the PBE-D2 calculations, where the total relaxed 

magnetic moments span the range from 1.59 to 1.49 B, going from the smallest to the largest 

supercell model considered. Analogously, for the Sos spin configuration, with B3LYP-D* the 

magnetic moments is 0 B, as expected for an antiferromagnetic solution, whereas with PBE-

D2 it is 0.32 B, which is a sort of uncompensated antiferromagnetism (value obtained with 

66 cell model since with the 88 and 1616 cells the solution collapsed on the T spin 

configurations during optimization).  

The partial quenching of the magnetic moment of defective graphene with DFT/GGA 

calculations has been often previously202, 203 reported and rationalized in terms of a partial 
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charge transfer from the v to the v band, since both bands cross the Fermi level, as it is 

clearly observable, for the present study, in the band structures in the lower panels of Figure 

3-3. The v and v bands become closer for increasing cell size, but for all the three sizes 

considered, they both cross the Fermi level, leading to a partial magnetization passivation.  

 

Figure 3-3 Band structure of the ground T state for the C monovacancy in 44, 88 and 1616 cell models as 

obtained with B3LYP-D* (top panel) and PBE-D2 (bottom panel). α bands are in red and β bands are in blue. The 

zero energy is set at the Fermi level (dashed line). 

What is striking is that a very different situation emerges from the B3LYP-D* calculations, 

shown in the upper panels of Figure 3-3. Here, the v band is always below the Fermi level, 

whereas the v band is always above the Fermi level, getting closer in energy for increasing 
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supercell size, but still clearly separated in energy (30 meV for the 1616 cell). This means 

that in the case of B3LYP-D* calculations, no charge transfer takes place, which is the reason 

for no partial  magnetic moment quenching. This result is in excellent agreement with the 

recent STS experiment proving that the  magnetization is caused by a splitting of about 20-

60 meV between two spin-polarized vacancy  states (two distinct peaks in the spectra).204 

Thus, B3LYP-D*, at odds with PBE-D2, is capable of reproducing this very delicate but 

extremely relevant experimental quantity. This is because of a more accurate treatment of the 

exchange energy and of the partial correction for the self-interaction error for hybrid functional 

methods.205, 206 The unpaired electron in the v benefits from the exchange with the other 

unpaired electron in the sp2 orbital in the  plane. No  passivation, as observed in B3LYP-D* 

calculations, results in more exchange energy, which is the reason why a total 2 B magnetic 

moment is always obtained with hybrid functional calculations.  

We investigated further whether there is a trend in the degree of magnetization with the 

increasing portion of exact exchange (EXX) in the hybrid functional. Indeed, this trend exists 

and it is evident when observing the computed magnetic moments in Figure 3-4. We 

considered five values of % of exact exchange, going from 0 to 20% (B3LYP-D*). The 

magnetic moment for 0% of EXX is similar to that computed with PBE-D2 (1.47 vs 1.59 B), 

but increases rapidly and converges to 2 B already for 15% of exact exchange contribution to 

the exchange functional. These results prove the crucial role played by the exact exchange in 

determining the correct magnetic moment of the defective graphene model. Even a small 

contribution of exact exchange is capable of largely increasing the resulting free magnetization. 

We tested other hybrid functionals to prove that this is not a peculiar behavior of B3LYP. 

We considered both HSE06-D2207, B3PW91199, 208 and PBE0.209 B3PW91 was chosen because 

it was found to be particularly suitable for metal and magnetic system.210 All these hybrid 

functional methods provide a magnetization of 2 B, in agreement with B3LYP-D* 

calculations. The band structures for the 88 cell model are reported in Figure 3-5 and can be 

compared to the corresponding B3LYP-D* one in Figure 3-3. 
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Figure 3-4 Magnetic moment values for the C monovacancy (in 66 or 88 cells) as a function of the exact 

exchange (EXX) percentage. The 20% exact exchange functional corresponds to the B3LYP-D* used throughout 

this work. 

3.4 Interface between defective graphene and TiO2(101) surface 

Once we have defined the method to describe the carbon monovacancy in free-standing 

graphene, we introduced the defect in  the (5 × 6) supercell of graphene, which is co-periodic 

with the lattice of anatase(101) surface in order to build the VG/TiO2 hybrid interface (section 

3.2). The ground state for VG in  the (5 × 6) supercell is calculated to be triplet with a planar 

configuration, as explained in section 3.3.196 After the formation of one single vacancy in the 

graphene sheet, there is a dangling bond on the Cc atom with a sp2 hybridization, whereas the 

other two carbon atoms (a and b) get closer to form an elongate C-C bond (labelled as VGab in 

Figure 3-1). The singlet closed shell solution for VG was found to be 0.50 eV higher in energy 

than the corresponding triplet solution. However, considering that the magnetism may quench 

in the present of TiO2(101) surface, both triplet and singlet closed shell solutions were 

considered for the VG/TiO2 interface. 



92 Graphene-coated TiO2: role of the atomic vacancy 

 

 

 

Figure 3-5 Band structure of the ground T state for the C monovacancy in 88 cell models as obtained with 

HSE06-D2 (left), B3PW91 (middle) and PBE0 (right). α bands are in red and β bands are in blue. The zero energy 

is set at the Fermi level (dashed line). 

Various configurations of the VG/TiO2 interfaces have been considered to search for the 

most stable one, including different relative positions between graphene and TiO2 surface, as 

well as the mirror flipping of graphene. Some selective configurations of VG/TiO2 interfaces 

are listed in Figure 3-6. First, we focus on the singlet closed shell structures.  

When the VG was put close to the TiO2 surface and above one bridge oxygen atom, the most 

stable interface VG—Obr model could be obtained after geometry optimization with an 

adhesion energy of -3.18 eV per supercell. The ground state of this configuration is singlet 

closed shell state, in which the carbon atom c (marked in Figure 3-6) is oxidized and forms a 

strong covalent bond with the Obr atom. The C-O bond length at the interface is 1.35 Å. One 

of the original two O-Ti bonds is broken and the other one is elongated from 1.82 Å to 1.84 Å. 

This C-O-Ti bond agrees well with X-ray photoelectron (XPS) and Fourier transform infrared 

(FTIR) spectra of TiO2/graphene nanocomposites in previous experiments.211, 212, 213 This 

additional chemical bond between graphene and TiO2, which is otherwise just attracted by 

dispersion forces, is crucial because it was shown to facilitate the interfacial charge-transfer, 

improving the photocatalytic activity of TiO2–graphene composites.151, 214 
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Figure 3-6 Schematic top views of the C monovacancy defect in VG/TiO2 interfaces (top line). Side views of 

selected configurations of VG/TiO2 interfaces in the singlet closed shell (Scs) (middle line) and in the triplet (T) 

solutions (bottom line). For labels see Computational methods (section 3.2). Adhesion energies per supercell 

calculated according to equation (3.1) are listed below each configuration. Small red and light grey balls represent 

O atoms and C atoms. Big dark grey balls represent Ti atoms. Distances are in Å. 

Another metastable singlet configuration is the VG---Ti5c, which is 80 meV higher in energy 

than VG—Obr. For VG---Ti5c, in which the vacancy is above one five-fold Ti atom on the TiO2 

surface, the carbon atom c moves down toward the Ti5c atom to establish an interaction. 

However, the C-Ti distance is as long as 2.48 Å, much larger than the normal a C-Ti bond 

length in a C-Ti alloy (2.11 Å to 2.16 Å), implying that there is no true chemical bond at the 

interface. Actually, we never succeed in getting a C-Ti bond at the interface even when starting 

from a very short interface distance, which is in agreement with previous theoretical results 

about TiO2 nanostructures on graphene215. Only for very small (TiO2)n clusters (n ≤ 15) on VG, 

some Ti-C bonds have been reported in the literature.216 Another less stable singlet state 

configuration for the interface is named as VG---Obr, in which the carbon atom c has moved 

down towards one Obr. However, the C-O distance is very high (2.66 Å). Thus, there is no true 

chemical bond in this configuration at the interface and the adhesion energy is much smaller 

when compared with VG—Obr.  
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Now we turn to the triplet solutions. The most stable two triplet configurations are shown in 

Figure 3-6. We observe that the triplet solutions for VG/TiO2 are always characterized by a 

planar geometry of VG on TiO2 surface with an equilibrium distance between graphene and 

TiO2 surface of about 2.8 Å, indicating weak van der Waals interactions at the interfaces. The 

adhesion energies at the interfaces are -2.94 eV and -3.00 eV per supercell for VG---Ti5c and 

VG---Obr, respectively.  

On the basis of the results above, we conclude that the magnetism of VG is quenched when 

it is supported on a TiO2(101) surface since the singlet state configurations for VG—Obr and 

for VG---Ti5c are the most stable ones. The chemical adsorption of VG on TiO2(101) (VG—

Obr) involves the breaking of one O-Ti bond. Thus, we expect an energy barrier between 

physical and chemical adsorption. We suppose that after the transfer of graphene from the 

substrate for growth (for example Cu or Ni) to the TiO2 anatase (101) surface, the interface 

presents a mixture of VG—Obr and VG---Ti5c. So, hereafter, we will focus our work on these 

two most stable singlet closed shell configurations. 

The top and side views of G/TiO2, VG—Obr and VG---Ti5c interface models are shown in 

Figure 3-7, where the relative position of the vacancy on the TiO2 surface is clearly displayed. 

To further investigate and understand their electronic properties, the projected density of states 

(PDOS) is plotted under each structure. In all three systems, we observe that the C 2p states 

largely fill the TiO2 band gap region. This can explain the broad background absorption in the 

visible-light region of TiO2–graphene nanocomposites.211, 217 For the non-defective G/TiO2 

interface, the Dirac cone at the Fermi level originating from free-standing graphene is quite 

preserved and the total density of states is almost the superimposition of those from free-

standing graphene and from TiO2 surface, due to the weak interaction at the interface, even 

though a small band gap opening is registered (0.14 eV).155 We wish to recall, from a previous 

section 3.3,196 that a small band gap opens also when the C monovacancy is introduced in the  
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Figure 3-7 Top and side views of G/TiO2, VG—Obr and VG---Ti5c interfaces (top and middle lines) along with 

the density of states (bottom line). The C atoms at the vacancy are highlighted in black and the other C atoms are 

shown in light grey. Small red balls represent O atoms and big dark grey balls represent Ti atoms. In the DOS, 

the filled grey area represents the total DOS, the black line is DOS projected on graphene (G or VG), which is 

magnified by five for clarity. The red and blue lines are DOS projected on all O and all Ti atoms in the TiO2 slab, 

respectively. Fermi energy (EF) is set at the eigenvalue of the highest occupied states. 

free-standing graphene (VG). This is 0.26 eV with the computational setup for the VG/TiO2 

interface. It is very interesting to observe what happens when VG is now put on TiO2. In the 
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case of VG—Obr interface, the DOS presents some states originating from Ti atoms at the 

Fermi level, thus there is no band gap but a metallic character is exhibited. This is a 

consequence of the Ti-O bond breaking at the TiO2 surface that results in a non-fully oxidized 

TiO2 surface. The metallic character of VG—Obr interface can be more clearly noted in the 

zoomed DOS shown in Figure 3-8a. On the contrary, for the VG---Ti5c interface, a band gap 

of 0.27 eV is observed (see Figure 3-8b), due to the presence of the C vacancy, in line with the 

case of free-standing VG (section 3.3).196 

 

Figure 3-8 Total and projected DOS for the VG—Obr (a) and VG---Ti5c (b) interfaces in a larger range of 

energies but in a zoomed range of density with respect to Figure 3-7. The green lines in (a) and (b) are DOS 

projected on the p states of the C atom c marked in Figure 3-1 and Figure 3-6. The red line in (a) is DOS projected 

on the p states of the Obr atom on the TiO2 surface bonding to the C atom c at the interface VG—Obr. The blue 

line in (b) is DOS projected on the d states of the Ti5c atom interacting with the C atom c at the interface VG---
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Ti5c. The black lines in (a) and (b) are DOS projected on the pz states of all C atoms in VG. See Figure 3-6 and 

Figure 3-7 for structures. Fermi energy (EF) is set at the eigenvalue of the highest occupied states 

To gain more insight on the interaction at the interfaces of VG—Obr and VG---Ti5c, the 

projected density of states on Cc, Obr and Ti5c atoms are calculated and shown in Figure 3-8a 

and Figure 3-8b, respectively. For VG—Obr interface, a clear hybridization between Cc p and 

Obr p orbitals exist in the energy range between -4 eV to -9.5 eV below the Fermi level, due to 

the C-O chemical bond at the interface. For VG---Ti5c, some hybridization between Cc p and 

Ti5c d orbital can be seen in the energy range between -3 eV to -8 eV, in line with a strong 

interaction at the interface. 

3.5 Reactivity with water 

In this section, we describe the water reactivity with the VG/TiO2 interface in terms of 

molecular (section 3.5.1) and dissociated (section 3.5.2) adsorption modes. We consider the 

possibility that either water molecules approach from the top of the interface or they are 

intercalated, through graphene edges or large carbon holes in the graphene sheet, in the 

confined zone between the two materials. Then, we evaluate the cover effect on the energetics 

of water dissociation on TiO2(101) surface (section 3.5.2.1). Finally, we investigate the 

electronic properties of hydrated VG/TiO2 (section 3.5.2.2) and the effect of an underlying 

reduced TiO2 surface (section 3.5.2.3). 

3.5.1 Molecular adsorption 

We compare energy of adsorption (Eads), as defined in detail in the section 3.2. By comparing 

the systems in the top panel of Figure 3-9, it is evident that water binds more strongly on a 

fivefold coordinated titanium (Ti5c) of the anatase (101) TiO2 surface (-0.97 eV) than on a 

defective graphene sheet (-0.22 eV), where it just weekly physisorbs by pointing the H atoms 

down towards the π electron density of the C layer.  
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Figure 3-9 Side views of molecular water adsorption on top of free-standing VG and TiO2 (101) surface (top 

line), side views of molecular water adsorption on top of the most stable two VG/TiO2 interfaces (middle line) 

and molecular water adsorption at the VG/TiO2 interface (bottom line). Labels and adsorption energies are 

reported above and below each configuration, respectively, and defined in section 3.2 of Computational methods. 

Small red, light grey and black balls represent O atoms, C atoms and H atoms, respectively. Big dark grey balls 

represent Ti atoms. 

As a next step, in the central panel of Figure 3-9, we consider that water comes from the top 

side of the two most stable interface configurations (see Figure 3-6). The adsorption energy 

(Eads) slightly increases with respect to the free-standing case by about -0.1 eV, which is 

probably due to some surface polarization induced by the presence of the titania substrate that 

enhanced the weak Van der Walls interaction between the defective graphene sheet and the 

water molecule.  

Finally, we have the water at the interface between the two materials, binding to a Ti5c and 

with the two H atoms pointing towards the π electron density of the graphene sheet. However, 

the adsorption energy in this configuration is much smaller than on the top of TiO2 surface (-

0.24 vs -0.97 eV). The reason is that the graphene sheet must largely distort upwards to give 
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enough space to the water molecule, which accounts for a relevant energy cost. Moreover, the 

C sheet uplift highly reduces the adhesion energy between the two surfaces, which is a second 

relevant energy cost. The net balance (Eads) is still negative and comparable with water 

adsorption on top of VG/TiO2 (-0.31/-0.33 eV).   

3.5.2 Dissociated adsorption 

Water dissociation is typically in two fragments: OH and H. On a free-standing graphene sheet, 

as shown in the top panel of Figure 3-10, the OH fragment covalently binds to an 

undercoordinated C atom of the vacancy, whereas the H atom covalently binds to another one.  

We have investigated more possibilities, among which the two lowest in energy are those 

shown in Figure 3-10: one with the OH on the Cb atom and the H on the Cc atom (OHbHc) and 

the other with the OH on the Ca and the H on the Cc (OHaHc). 

The dissociation energy values (Ediss) are very similar and amount to about -1.9 eV. The 

dissociation energy becomes slightly smaller (by about 0.15-0.2 eV) when these types of 

dissociation happen on a TiO2 supported graphene sheet, as a consequence of a reduced 

adhesion energy between the two materials due to the additional distortions. On the contrary, 

it becomes larger when the dissociation takes place at the interface (up to 2.10 eV). This is 

because the OH fragment establishes an additional stable bond with the Ti5c on the anatase 

surface.  
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Figure 3-10 Top views of the partially dissociated products of water (OH+H) on free-standing VG (top line), 

side views of the partially dissociated products of water on top of VG/TiO2 (middle line) and at the interfaces of 

VG/TiO2 (bottom line). Labels and dissociation energies are reported above and below each configuration, 

respectively, and defined in section 3.2 of Computational methods. Small red, light grey and black balls represent 

O atoms, C atoms and H atoms. Big dark grey balls represent Ti atoms.  

 

When these dissociation processes happen on a supported graphene sheet, the energy gain is 

slightly less negative but the Oab2Hc// configuration is still the most favorable (-4.32 eV). On 

the contrary, when these dissociations take place at the interface, we observed that the O of the 

keto group for the first two systems on the left side is largely stabilized by a strong interaction 
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with the Ti5c on the anatase surface. Therefore, an inversion in the relative stability is clearly 

observed and water dissociation at the VG/TiO2 interface in the HbHc/Oa/ configuration 

becomes very stable with a Ediss of -4.29 eV, similar to that of Oab2Hc//. 

 

Figure 3-11 Top views of the fully dissociated products of water on free-standing VG (top line); side views of 

the fully dissociated products of water (O+H+H) on top of VG/TiO2 (middle line) and at the interfaces of VG/TiO2 

(bottom line). Labels and dissociation energies are reported above and below each configuration, respectively, 
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and defined in section 3.2 of Computational methods. Small red, light grey and black balls represent O atoms, C 

atoms and H atoms. Big dark grey balls represent Ti atoms. 

In Figure 3-12 we show a number of configurations where either one or two H atoms are 

transferred to the TiO2 surface. In one case, we even form an H2 molecule that is physisorbed 

on the surface. However, as it is evident from analyzing the energies of dissociation, all these 

configurations are less stable than those proposed in Figure 3-11, where both the H atoms 

saturated two undercoordinated C atoms of the defective graphene layer. Note that if one H 

atom is transferred, the O atom coming from the water saturates two C atoms by forming an 

ether group, whereas when both H atoms are transferred, the remaining O atoms replaces the 

missing carbon in the graphene sheets and is three-fold coordinated to the three 

undercoordinated C atoms of the vacancy (Oabc).  

 

Figure 3-12 Side view of the total dissociation of water (O+H+H) with one H atom transferred to the Obr of 

the TiO2 surface (top line, left) and the consequent diffusion of the H in the subsurface layer (top line, right). Side 

view of the total dissociation of water (O+H+H) with both H transferred to Obr atoms of the TiO2 surface (bottom 

line, left) and, finally, side view of the desorption of a H2 molecule at the VG/TiO2 interface (bottom line, right). 

Labels and dissociation energies are reported above and below each configuration, respectively, and defined in 
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section 3.2 of Computational methods. Small red, light grey and black balls represent O atoms, C atoms and H 

atoms. Big dark grey balls represent Ti atoms. 

In the last part of this section devoted to water dissociation on and at the interface of 

VG/TiO2, we are going to present an overview, as sketched in Figure 3-13, on what can 

actually happen when water comes from the top or is intercalated in the confined zone between 

the two materials, considering all the configurations discussed above. 

If water comes from the top, it may first physisorb (H2O//) and then dissociated into two 

fragments (OHbHc//) and, then, further into three (Oab2Hc// or OabHbHc//). The final product 

Oab2Hc// is very stable (Ediss = -4.32 eV) and more stable than OabHbHc//, however, the latter 

could eventually further evolve into the product HbHc/Oa/, where the O atom coming from the 

water full dissociation is bridging between a C atom of the graphene sheet and a Ti5c atom on 

the TiO2 surface. This final product is also extremely stable (Ediss = -4.29 eV) and competes 

with Oab2Hc//.  

If water successfully intercalates in the interface zone, molecularly bound to a Ti5c atom of 

the TiO2 surface, there are several possibility for the next chemical step: the water dissociation 

into two fragments (OH+H) may result i) into an OH that is bridging between the two materials 

and the H bound to an undercoordinated C atom on graphene (Hc/OHa/ and Hc/OHb/) or ii) into 

an OH that is bridging between the two materials and the H bound to the same C atom as the 

OH (Hc/OHc) or iii) into an OH that is bridging between the two materials and the H bound to 

a two-fold O atom on the TiO2 surface (/OHc/ObrH). Each of these four (OH+H) configurations 

can evolve in a fully dissociated product (O+H+H), as described in Figure 3-13. The most 

stable final configuration is again the HbHc/Oa/, which was already discussed above (-4.29 eV). 

We wish to note that the OH species in the Hc/OHb/ configuration is found to preferentially 

evolve into HaHc/Ob/ than into Hc/Ob/ObrH: -4.02 eV vs -2.09 eV. 

Therefore, this analysis allows us to conclude that one of the most stable products, 

independently of the water origin, from the top or through the interface, is HbHc/Oa/, where 

there is an O atom strongly linked to both the materials: to graphene with a C-O covalent bond 

(1.26 Å) and to TiO2 with a Ti-O strong covalent bond (2.06 Å).  
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Figure 3-13 Side views of water adsorption on top or at the VG/TiO2 interface (left column); side views of 

partial water dissociation in OH and H on top and at the VG/TiO2 interfaces (middle column) and finally side 

views of the various possible step of total water dissociation (right column). Labels and adsorption/dissociation 

energies are reported above and below each configuration, respectively, and defined in section 3.2 of 

Computational methods. Small red, light grey and black balls represent O atoms, C atoms and H atoms. Big dark 

grey balls represent Ti atoms. 

3.5.2.1 Cover effect 

In this last section, we analyze the cover effect on water dissociation. Whereas the cover effect 

on molecular water adsorption on TiO2 is a negative one (from -0.97 to -0.24 eV), as shown in 

Figure 3-9 and discussed in section 3.5.1, in the case of dissociated water the cover effect is 

positive and largely stabilizes the OH+H dissociation (from -0.63 to -1.02 eV) by forming a 

bridging species with the OH bound to both a C atom of the graphene sheet and a Ti atom on 

the TiO2 surface (see Figure 3-14). 

 

Figure 3-14 On the left side view of water dissociation on bare TiO2 (101) surface and on the right the cover 

effect of defective graphene on water dissociation at TiO2 surface. Labels and dissociation energies are reported 

above and below each configuration, respectively, and defined in section 3.2 of Computational methods. Small 

red, light grey and black balls represent O atoms, C atoms and H atoms. Big dark grey balls represent Ti atoms. 

3.5.2.2 Electronic properties of hydrated VG/TiO2 

We investigated the electronic properties of the two most stable structures resulting from 

water full dissociation on VG/TiO2, which are Oab2Hc// and HbHc/Oa/. The aim is to determine 

the water effect on the electronic properties of the composite. We recall from section 3.4 that 

VG—Obr is metallic whereas VG---Ti5c is semiconducting with a 0.27 eV band gap (see DOS 

in Figure 3-7). After water dissociation, we observe a semiconducting character in the DOS 
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(Figure 3-15) of both the hydrated structures (Oab2Hc// and HbHc/Oa/) with a band gap of 0.49 

and 0.40 eV, respectively. 

 

Figure 3-15 Total and projected DOS for Oab2Hc// (a) and HbHc/Oa/ (b). In the DOS, the filled grey area 

represents the total DOS, the black lines are DOS projected on graphene (G or VG) together with the fragment 

coming from water dissociation (O+H+H). The red and blue lines are DOS projected on all O atoms and all Ti 

atoms in the TiO2 slab, respectively. The structures of Oab2Hc// and HbHc/Oa/ can be seen in Figure 3-13. Fermi 

energy (EF) is set at the top of the occupied states. 

3.5.2.3 Effect of an underlying reduced TiO2 surface 

In this last section we discuss what could happen if the TiO2 system were reduced, as often it 

is the case in real samples. We, thus considered the possibility that the water full dissociation 

(configuration HbHc/Oa/) takes place on a non-stoichiometric TiO2 slab presenting an oxygen 

vacancy VO in the second layer of the slab (HbHc/Oa/VO), as shown on the left side of Figure 

3-15. Considering that excess O atoms on the surface are known to diffuse into the bulk of 
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TiO2 to heal eventual subsurface or bulk oxygen vacancies in anatase TiO2,
218 we transferred 

the O atom from the interface to the VO site and fully relaxed the structure (HbHc//), as shown 

on the right side of Figure 3-15. The energy gain that is computed is rather large since it 

amounts to -1.76 eV. Therefore, we may conclude that the presence of an underlying reduced 

metal oxide support may further complete the water splitting at the VG/TiO2 interface by 

attracting the oxygen atom from water into the subsurface layers or in the bulk of the oxide 

where vacancies are present. 

 

Figure 3-16 On the left, side view of the fully dissociated product of water at the VG/TiO2 interface with one 

oxygen vacancy (VO) in the subsurface layer of TiO2. On the right, the oxygen Oa from the water heals the VO in 

TiO2. The energy gain during the transfer/healing process is shown on top of the arrow. Labels are reported above 

each configuration. Small red, light grey and black balls represent O atoms, C atoms and H atoms. Big dark grey 

balls represent Ti atoms. The dotted black circle represents the VO in TiO2. 

 

3.6 Conclusions 

To summarize and conclude this chapter, we first want to stress that a comparative investigation 

of the C monovacancy in graphene, comparing a GGA functional, i.e. PBE-D2, and a hybrid 

functional, i.e. B3LYP-D*, has clearly evidenced that the former is not suited or accurate 

enough to study these magnetic systems. Although PBE-D2 is capable of reproducing a 

magnetic ground state, the magnetic moment is found to be partially quenched (from 2 to about 

1.5 B) because of a spurious charge transfer from the v band to the v one, which can be 

evidenced by both the band structure or the density of states. The partial passivation induced 

by the charge transfer is not observed when a hybrid functional is applied (this is not true only 
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for B3LYP-D*, but we have also tested HSE06-D2, B3PW91 and PBE0, as discussed above) 

because the two bands are found not to cross the Fermi level, resulting in a fully occupied v 

band and a fully unoccupied v one (total magnetization 2 B). Notably, such splitting was 

recently experimentally determined to be in the range of 20-60 meV,204 in excellent agreement 

with the value computed by B3LYP-D* of 30 meV (for the 1616 cell).  

The B3LYP-D* magnetization is not sensible to the supercell size and the k-point mesh 

density, as it is observed, both in the present and in previous works, for PBE-D2. The hybrid 

functional results are thus very robust and were also successfully tested against 

antiferromagnetic (Sos) and diamagnetic (Scs) solutions, whose structures present a peculiar out-

of-plane distortion of one of the undercoordinated C atom. 

The atomic structure of the interface between defective graphene and anatase TiO2 surface, 

together with its electronic properties and chemical reactivity with water molecules were 

systematically investigated by dispersion-corrected hybrid density functional calculations. The 

magnetism observed for the carbon monovacancy model in graphene (VG) is found to quench 

when VG is put on TiO2(101) surface. The interaction at the VG/TiO2 interface is typically 

based on van der Waals or dispersion forces. However, after overcoming some energy barrier, 

a C-O bond may be formed at the interface. The chemical adsorption of VG on TiO2(101) leads 

to a metallic character of the hybrid system, whereas the physical adsorption presents 

semiconducting properties with a small band gap of 0.27 eV. The adsorption energy of 

molecular water on top of VG/TiO2 interface is slightly increased with respect to the free-

standing case by about -0.1 eV. Water molecules can dissociate either on top or at the VG/TiO2 

interface. Our study allowed the definition of the possible reaction paths and of the most stable 

dissociation products. Full dissociation into O+H+H is found to be largely preferred. Those 

configurations involve the formation of a methylene (CH2) and one ether (-COC-) group at the 

C vacancy site in VG (Oab2Hc//) or two CH bonds and the O atom strongly linked to both 

materials forming a C-O bond on one side and a O-Ti5c bond on the other (HbHc/Oa/). This O 

atom is an interface species. Very importantly, if the underlying TiO2 substrate is partially 

reduced, with oxygen vacancies in the subsurface layers, this interface O atom is found to be 

subject to a force that would favourably drive it down to heal the vacancy (by -1.8 eV). Then, 

water splitting is fully achieved since the two H atoms are left on the graphene layer, whereas 

the O atom is deep in the TiO2 bulk. 
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To conclude, this comprehensive study provides important information on the details of the 

atomic structure and electronic properties of graphene/titania composites, even when the 

conditions are not as ideal as one would wish, i.e., in the presence of C vacancies in the 

graphene sheet prepared on top of the TiO2 sample, in the presence of unwanted water 

molecules in the experimental conditions, and in the presence of oxygen vacancies when the 

TiO2 sample is not fully stoichiometric because of reducing preparation conditions or because 

of severe annealing processes. The results give a clear overview of what chemistry would take 

place in these real complex composite systems.





 

 

Chapter 4 Functionalized TiO2 nanoparticles for 

bio-conjugation: DOPAC linker 

4.1 Introduction 

Bionanotechnology can be defined as the field representing all facets of research at the 

intersection of biology and nanomaterials. One of the goals is that of utilizing the unique 

properties available to nanomaterials within a biological setting. For example, using 

nanoparticles (NPs) to mediate targeted drug delivery or in vivo imaging, with the intent of 

overcoming many of the problems associated with the systemic administration of drugs and of 

contrast agents. 

As synthesized, many metal, semiconductor, and carbon-based NPs are hydrophobic and 

need to be made hydrophilic and biocompatible by chemical modification of their surfaces (e.g. 

PEG coating). The ligands may also provide additional chemical “handles” that can act as sites 

for subsequent bioconjugation. 

Various types of NP bioconjugates can be designed,30 which are capable of multiple and 

simultaneous activities, such as tumor-targeting, active sensing, diagnostics, and delivery of 

drugs or imaging contrast agents.219 

NPs bioconjugation should ideally be achieved with control over several aspects, such as: i) 

the number of conjugating sites on the NP; ii) the number of biomolecules that can be tethered; 

iii) the distance between the biomolecule and the NP; iv) the type of linkage (e.g. permanent 

or labile); v) the preservation of function and activity of both the NP and the biomolecule. 

The type of linkage of biomolecules to NPs is a crucial factor, which is specifically 

dependent on the desired application. The conjugation could be based on non-covalent 

interactions (H-bonding, dispersion forces, electrostatic interactions) or covalent bonds.  
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Bifunctional linkers provide an interesting bioconjugation strategy mostly because they 

behave as spacers between the NP and the biomolecules, which helps in maintaining their 

optimal respective functions and activities. Moreover, by the use of bifunctional linkers it is 

possible to control the binding strength between the NP and the biomolecule with the proper 

choice of the two functional groups used for anchoring the surface and for tethering the 

biomolecule.36 Additionally, it is possible to bridge the electronic properties of the NP material 

to those of the biomolecule (e.g. protein, oligonucleotides, DNA fragments, etc.).220 

Catechol derivatives are an effective class of bifunctional linkers for metal oxide NPs since 

they can stably anchor the oxide surface by forming relative strong coordination bonds with 

undercoordinated surface metal atoms.221 Among them, DOPAC (3,4-dihydroxyphenilacetic 

acid), is one of the most relevant bifunctional linkers used for direct conjugation to metal oxide 

NP surfaces.222 On one side of the benzene ring, the enediol portion binds the surface through 

coordinative bonds, whereas on the other side, the carboxylic acids remains exposed to the 

surrounding environment, imparting water dispersibility and acting as a potential handle for 

biomolecules. The OH dissociative binding of catechol to metal atoms is preferred to 

carboxylic and phosphonic groups since a higher ligand-metal oxide electronic coupling is 

observed.223  

Among metal oxides, iron oxides224, 225 and titanium dioxide are the most popular in the 

biomedical applications. The interest in titanium dioxide is motivated by its unique 

photocatalytic properties, excellent biocompatibility, high chemical stability and low 

toxicity.226 It is also an inexpensive material. Recent advances in the biomedical applications 

of TiO2 range from photodynamic therapy for cancer treatment,84, 227, 228 drug delivery 

systems,229 cell imaging,230,  231,  232 biosensors, antimicrobial and bactericidal action and genetic 

engineering.92, 233 

Titanium dioxide NPs are typically prepared through sol-gel chemistry. Below 10-15 nm, 

the anatase phase is preferred. The thermodynamically most stable anatase NP shape is a 

decahedron where the two surfaces are exposed: (101) and (001). However, concentration and 

pH condition are growth-determining factors and in condition of high dilution, the faceted NPs 

partially dissolve and acquire a spherical shape.11 This is more interesting for biomedical 

application since curved nanoparticles present a higher number of low-coordinated sites118, 234 

that are better suited for the linker anchoring.  
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Catechol and catechol derivatives can bidentate to surface fivefold coordinated Ti atoms or 

even chelate to fourfold coordinated Ti sites.81, 235, 236, 237 Interestingly, their presence on the 

surface is capable of shifting the absorption properties of TiO2 from the UV to the vis region11 

because they introduce molecular states in the band gap. For the DOPAC/TiO2 NP system, an 

effective charge transfer mechanism was reported by surface-enhanced Raman spectroscopy 

(SER) measurements with an unexpected dependence on coverage and shape. This effective 

charge transfer is probably at the basis of the instantaneous charge separation observed in 

peptides/DOPAC/TiO2 NPs triads.238 The Raman signal intensity was also found to depend on 

the number of surface binding sites, electron density of the ligands and dipole moment. 

Biofunctionalized TiO2 nanomaterials through DOPAC linker are capable of bio-manipulation 

via altering intracellular biochemical pathways.228 DOPAC attached epidermal growth factor 

receptor allowed for both cellular and subcellular NP delivery,239 whereas DOPAC attached 

antibody allowed for targeted cancer therapy.84 Although bifunctional linkers on metal oxides 

are commonly used in biomedical applications, as presented above, still little is known of the 

atomistic details and electronic properties of these hybrid systems at the nanoscale level. 

In this work, we present a computational multiscale investigation of DOPAC/TiO2 NP 

composite system, where realistic sized TiO2 NPs of 700 atoms are used (2.2 nm)118, 234 We 

investigate several aspects related to both structural and electronic properties. First, we 

consider the low coverage regime and compare different adsorption modes of the catechol-like 

molecules on a spherical TiO2 nanoparticle model. Then, we analyze the electronic structure 

details and the effect of light irradiation for the composite: exciton formation, trapping, charge 

carriers diffusion and recombination processes. Further, we go to an increasing coverage 

regime on the NP, up to full coverage (46 DOPAC molecules anchored to the surface). We 

learn how the molecules self-assemble on the surface and what is the coverage effect on the 

electronic properties of the composite systems. For the fully covered NPs, we perform 

molecular dynamics runs and observe how the molecules rearrange on the surface. All the 

calculations for the low coverage regime are done at both hybrid density functional theory 

(DFT-B3LYP) and self-consistent-charge density functional tight-binding (SCC-DFTB) level 

of theory, which allows to assess the accuracy of DFTB in the description of both structural 

and electronic properties of these complex systems. The high coverage regime has been 

investigated by means of DFTB static and dynamic calculations, except for the electronic 
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properties that were determined through single point DFT calculations on the DFTB geometries 

for a correct description of the TiO2 band gap. 

Our computational results are discussed through a comparative analysis with all the available 

experimental observations and data, regarding the mode of adsorption, the absorption 

properties, the charge separation effects, the effects of increasing coverage and stoichiometry 

of the nanoparticle/linkers complex. The size of the real TiO2 nanoparticles used in the 

experiments is similar to that of the simulated systems. The experimental findings are mainly 

based on spectrophotometric measurements, electron paramagnetic resonance (EPR), nuclear 

magnetic resonance (NMR), X-ray absorption measurements (XANES and EXAFS), infrared 

(IR) and surface-enhanced Raman spectroscopy (SER).11, 81, 235, 238 , 240, 241, 242, 243, 244  

4.2 Computational details 

In this work, we used two levels of theory: density functional theory (DFT) and self-consistent 

charge density functional tight-binding (SCC-DFTB).245, 246 Both methods have been employed 

for geometry optimization and electronic structure calculations. The molecular dynamics 

simulations have been performed only by using the SCC-DFTB approach. 

All the DFT calculations have been carried out with the CRYSTAL14 simulation code,197 

where the Kohn-Sham orbitals are expanded in Gaussian-type orbitals. The all-electron basis 

sets are Ti 86-4111(d41), O 8-4111(d1) for the oxygens of TiO2; H 5-111(p1), C 6-31111 (d1), 

and O 8-41111 (d1) have been employed for hydrogen, carbon, and oxygen of the adsorbed 

DOPAC molecule. We used the B3LYP functional,198, 199 corrected by Grimme’s D* to include 

dispersion forces.200, 201 The cut-off limits in the evaluation of Coulomb and exchange 

series/sums appearing in the SCF equation were set to 10-7 for Coulomb overlap tolerance, 10-

7 for Coulomb penetration tolerance, 10-7 for exchange overlap tolerance, 10-7 for exchange 

pseudo-overlap in the direct space, and 10-14 for exchange pseudo-overlap in the reciprocal 

space. The condition for the SCF convergence was set to 10-6 a.u. on the total energy difference 

between two subsequence cycles. The equilibrium structure is determined by using a quasi-

Newton algorithm with a BFGS Hessian updating scheme.247 Geometry optimization was 
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performed without any symmetry constraint, forces were relaxed to be less than 4.5 × 10−4 au 

and displacements to be less than 1.8 × 10−3 au. 

For all the SCC-DFTB calculations we used the DFTB+ open source package.248 We 

employed the MATORG parameterization set249 for the pairwise interaction of the atoms of 

both TiO2 and adsorbed molecules. The description of the hydrogen bonding has been further 

improved with the inclusion of the empirical HBD correction (ζ = 4).250, 251 For geometry 

relaxations, the threshold for the convergence of the self-consistent charge (SCC) procedure 

was set to 10−6 charge au and forces were relaxed to less than 10−4 au. 

The anatase TiO2 spherical nanoparticle (NP) model used throughout this work has been 

designed through global optimization with a simulated annealing process at the SCC-DFTB 

level of theory in a previous work by our group.118 The stoichiometry of the model is 

(TiO2)223·10H2O and it is characterized by an equivalent diameter of 2.2 nm. The nanoparticle 

has been treated as a large isolated molecule in the vacuum without any periodic boundary 

condition. 

For the slab calculation (section 4.3.1), we modeled the (101) anatase surface by a three tri-

atomic layers of TiO2 slab. The bottom layer was kept fixed to the optimized bulk positions 

during the geometry optimization. Periodicity was considered only along the [101̅] and [010] 

directions, while no periodic boundary conditions were imposed in the direction perpendicular 

to the surface. We used a 1×4 supercell model (144 atoms), already described in Chapter 3. 

Configurations have been optimized using a k-point mesh of 2×2×1 to ensure the convergence 

of the electronic structure. 

The total adsorption energy per DOPAC molecule on the spherical nanoparticle has been 

defined as: 

 ∆𝐸𝑎𝑑𝑠
𝑚𝑜𝑙 = (𝐸(𝑁𝑃/𝑠𝑙𝑎𝑏)+𝑛𝑚𝑜𝑙 − [𝐸(𝑁𝑃/𝑠𝑙𝑎𝑏) + 𝑛𝑚𝑜𝑙𝐸𝑚𝑜𝑙])/𝑛𝑚𝑜𝑙 (4.1) 

 

where 𝐸(𝑁𝑃/𝑠𝑙𝑎𝑏)+𝑛𝑚𝑜𝑙  is the total energy of the whole system, ENP/slab is the energy of the 

NP/slab models, Emol is the energy of the molecule in the gas phase and nmol is the number of 

molecules adsorbed on the NP/slab.  

Vertical and adiabatic ionization potentials (IP) are computed by removing one electron from 

the model of functionalized nanoparticle in its original geometry and by performing full atomic 
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relaxation, respectively. Vertical and adiabatic electron affinities (EA) are computed by adding 

one electron to the model of functionalized nanoparticle in its original geometry and by 

performing full atomic relaxation, respectively. 

Trapping energies (ΔEtrap) are computed as the energy difference between the isolated 

charges or electron−hole pairs in the trapping geometry and the delocalized solution in the 

neutral ground state geometry. Distortion energies (ΔEdist =E[S0(T1)]−E[ S0]) are obtained as 

the difference between the energy in the trapping geometry and in the optimized geometry for 

the S0 state. Emission energies (ΔEem =E[S0(T1)]−E[ T1]) are the energy differences between 

the S0 and T1 both in the T1 optimized geometry. When they are negative, we can observe 

radiative emission. 

Simulated total densities of states (DOS) of the nanoparticles have been obtained through 

the convolution of Gaussian peaks (σ = 0.005 eV for DFT calculations, σ = 0.05 eV for DFTB) 

centered at the Kohn-Sham energy eigenvalue of each orbital. Projected densities of states 

(PDOS) have been obtained by using the coefficients in the linear combination of atomic 

orbitals (LCAO) of each molecular orbital: summing the squares of the coefficients of all the 

atomic orbitals centered on a certain atom type results, after normalization, in the relative 

contribution of each atom type to a specific eigenstate. Then, the various projections are 

obtained from the convolution of Gaussian peaks with heights that are proportional to the 

relative contribution. For spin polarized systems, (projected) densities of states are calculated 

using the Kohn-Sham eigenvalues of alpha or beta population separately. The zero energy for 

all the DOS is set to the vacuum level, corresponding to an electron at an infinite distance from 

the surface.  

Born−Oppenheimer molecular dynamics simulations were performed on the high coverage 

functionalized nanoparticle models within the canonical ensemble (NVT). The Newton 

equations of motion were integrated with the velocity Verlet algorithm, with a time step of 0.5 

fs. During the molecular dynamic simulation, the temperature has been kept constant to 300 K 

by using the Nosé − Hoover thermostat (time constant of 0.04 ps) and the system has been let 

evolve for 10 ps. 
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4.3 Single linker adsorption on TiO2 spherical nanoparticle  

In this section, we will present the study of a single DOPAC molecule adsorption on a realistic 

model of spherical anatase TiO2 nanoparticle (Figure 4-1a). Different adsorption modes are 

considered. For few selected configurations, we also investigate electronic properties by means 

of the total (DOS) and projected density of states (PDOS). For the most stable adsorption 

configuration we analyze the effect of light irradiation in terms of the result of a vertical 

excitation (exciton formation), atomic relaxation in the excited state (exciton self-trapping) and 

charge carriers dynamic evolution through charge hopping. 

The spherical NPs that are used in this work present a diameter of 2.2 nm, similar to those 

used in several experimental works of NP+linker (DOPAC or dopamine) complexation.81, 84, 

228, 238, 242, 243, 244 Experimental characterization of this type of NPs was obtained by XANES 

spectroscopy.240 Four-, five- and six-fold coordinated Ti atoms were identified according to the 

position and the intensity of the preedge peaks. As the size of the NP decreases, the number of 

low coordinated sites increases. In several experimental studies, the fraction of surface TiO2 in 

these NPs was estimated based on the number density of Ti on different lattice planes and on 

an assumed equal probability of exposure for different lattice planes.241 According to this 

approach, the superficial Ti atoms are proportional to 
12.5

𝑑
, where d is the diameter of the NP in 

Å. For a NP with diameter of 2.2 nm, the fraction of surface TiO2 is expected to be 56%. We 

have applied the formula [𝑇𝑖𝑠𝑢𝑟𝑓] = [𝑇𝑖𝑂2] ×
12.5

𝑑
 to evaluate the number of surface Ti site per 

particle, considering a perfect spherical volume (
4

3
𝜋𝑟3) and the anatase density of 3.78 g/cm3. 

We obtain 90 surface Ti sites that rather nicely compares with the actual number of Ti surface 

sites in the NP model (Ti4c+Ti5c in Figure 4-1a), which is 106 (44+62, respectively). This 

confirms that our model satisfactorily resembles experimental NPs.   
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Figure 4-1 a) Map of the Ti atoms of the spherical anatase TiO2 nanoparticle with different coordination 

environment, visually shown by the color-coding and numbering. Different areas of the sphere are identified: pole, 

tropic and equator. b) The structure of the DOPAC [3,4 dihydroxyphenilaceticacid] with the enediol group in 

green and the carboxylic group in red.   

4.3.1 DOPAC adsorption modes 

DOPAC is a bifunctional linker molecule (see Figure 4-1b). It is an enediol species, a 

derivative of catechol, with an additional carboxyl group on the ring. Diols bind quite strongly 

to metal oxide surfaces and have been utilized successfully in a range of conjugation protocols. 

Among diols, catechol and catechol derivatives are particularly strongly binding. While the 

bidentate catechol portion of DOPAC binds to the oxide surface through coordinative bonds, 

the carboxyl group could remain exposed to the surrounding environment, improving the water 

dispersibility of the nanoparticle and providing a hook to tether biomolecules or drugs. 

However, the carboxylic group is known to strongly bind undercoordinated Ti atoms on TiO2 

surface, for which is commonly used to anchor dyes in DSSC.252 Therefore, the carboxylic 

group could be competitive to the catechol functionality for the surface attachment.  

Base on that, we performed a preliminary DFT study of DOPAC adsorbed on a slab model 

of the flat anatase (101) TiO2 surface, because no data was present in literature. We analysed 
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two different binding modes: bidentate and tetradentate. The bidentate mode can take place via 

carboxylic group or via vicinal hydroxyl groups. The adsorption via hydroxyl groups is 

preferable (by 0.11 eV) compared to the adsorption via the carboxylic group. 

Therefore, after anchoring DOPAC by the two hydroxyl groups, we performed molecular 

dynamics (NVT ensemble, T=300 K, DFTB, 20 ps) to simulate the optimal position of the 

molecule relative to the slab. From our simulation there is evidence that the carboxylic group 

in DOPAC gets closer to the surface, driven by the interaction of the carbonyl (=O) oxygen 

with the underlying five-fold coordinated Ti atom (2.77 Å). The simulation time was not 

sufficient to observe the dissociation of the carboxylic group, although our estimations showed 

that the total deprotonation of DOPAC (tetradentate configuration) is energetically favourable, 

with a binding energy of -2.46 eV. In this configuration (Figure 4-2 c), DOPAC binds to four 

different Ti atoms in a bidentate fashion, both on the side of the catechol functionality and on 

that of the carboxylic group. 

 

Figure 4-2 Ball and stick representation (side views) of DOPAC in the bidentate mode with the catechol 

moieties and bent to the left a) and right d) respect to the [010] direction. The consequentially step during the 

DOPAC approaching on the TiO2 surface (b, e) ending with the tetradentate c, f) configurations are also shown. 

On the right, the undissociated configuration. Labels and dissociation energy (in eV) are reported above and below 
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each configuration, respectively. In light grey C atoms, in red O atom, in dark grey Ti atoms and in black H atoms. 

Relevant distances are reported in Å. 

In Figure 4-3 the configurations that have been considered for the spherical nanoparticle 

model are presented. The DOPAC molecules can adsorb through dissociation of the two OH 

groups with the two dissociated protons transferred to O2c atoms. The binding may take place 

either in a bidentate (“B”) or in a chelated (“C”) fashion. The map of the under-coordinated Ti 

atoms present on the nanoparticle’s surface is shown in Figure 4-1a. Later on, for the tag 

labeling of the binding Ti atoms, we will refer to the numbering presented in Figure 4-1a. 

Differently from the adsorption on the surface, the structure bound to four Ti atoms in 

bidentate adsorption modes on the NP surface, i.e. B3,11B1,1’ (Figure 4-3) is not the most stable 

one. Note that the first B stands for bidentate by the catechol functionality and the second B 

stands for bidentate by the carboxylic group (Ti [1] and Ti [1’] are symmetry equivalent). The 

most favored configuration on the NP is B11,9C12 (B bidentate for catechol and C chelated for 

carboxylic group, respectively), with an adsorption energy of -5.18 eV. This energy is double 

of what computed for the slab adsorption because, here, two of the surface Ti atoms involved 

in the binding are fourfold coordinated or Ti4c. In Figure 4-3 we show that when the carboxylic 

group is monodentate (M) to the same Ti atom, the binding energy drops to -4.54 eV (B11,9M12). 

Doubly chelated structure C11C12 (Figure 4-3) and C10C13 (Figure 4-5) are not particularly 

favored (-4.07 eV and -4.01 eV, respectively). 



Functionalized TiO2 nanoparticles for bio-conjugation: DOPAC linker 121 

 

 

 

Figure 4-3 Adsorption configurations (side views) and energies per molecule in eV (∆Eads
mol) for one DOPAC 

molecule on the surface of the spherical NP, as obtained by DFT calculations. (a) Bidentate and bent towards the 

surface making a covalent bond (B11,9M);  (b) bidentate and chelated making a covalent bond (B11,9C12); (c) 

bidentate and bent towards the surface making a covalent bond (B3,11B1’,1); (d) chelated by the carboxyl group 

(Ccarboxyl
12 ); (e) chelated by catechol and bent towards the surface making a covalent bond (Ccatechol

12 ); (f) chelated 

and bent towards the surface making a covalent bond (C11C12). Relevant distances are reported in Å. 

A further question that arises is whether all four O−Ti bonds in B11,9B1,1’ are sufficiently 

strong to compete with water molecules for adsorption. We analyzed this issue by comparing 

the total energy of two situations (Figure 4-4), where: 1) the molecule in the B11,9C12 

adsorption mode is surrounded by a full monolayer of adsorbed water molecules on the 

nanoparticle surface and 2) the molecule in the B11,9DH-bond adsorption mode bidentates the 
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surface Ti atoms from the catechol group side and it is only H-bonded to the water molecules 

of the monolayer of water around the nanoparticle.  

 

Figure 4-4 Optimized geometry for the B11,9DH-bond (132 H2O) and B11,9C12(132 H2O) configurations. Ball and 

stick representation for the Ti site involved in the DOPAC adsorption, the water of the monolayer and the DOPAC 

molecule. The energy difference between the structure is reported below. In green C atoms, in red O atoms, in 

cyan Ti atoms, in white H atoms and in blue the O belonging to the water monolayer. H-bond distances are 

reported in Å. 

The total number of water molecules in the two calculations is the same. We observe that 

B11,9C12 is more stable than B11,9DH-bond by -0.14 eV, which is an indication of the stronger 

binding of the carboxylic group with respect to water molecules. 

Furthermore, we compare structures in the up configuration that involved one functional 

group, catechol or carboxylic, in the chelated adsorption mode on the Ti[12]: the catechol 

functionality is preferred with respect to the carboxylic group (-2.79 vs -2.47 eV). We focus on 

the chelated binding mode because it is relevant for the high coverage assembling since, in that 

case, the number of occupied sites by a single molecule must be minimized.  

For completeness, we also consider other down configurations, as shown in Figure 4-5, 

although they are less relevant for the full coverage model. 
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Figure 4-5 Adsorption configurations (side views) and energies per molecule in eV (∆Eads
mol) for one DOPAC 

molecule on the surface of the spherical NP, as obtained by DFT calculations. (a) Bidentate by carboxyl group  ( 

Bcarboxyl
11,9  );  (b) bidentate by enediol group (Bcatechol

11,9  ); (c) chelated and bent towards the south pole of the surface  

(Bcarboxyl
12

 south); (d) chelated by the carboxyl and enediol groups (C10C13); (e) chelated by catechol and bent 

towards the surface making a covalent bond (C12C11); (f) chelated and bent towards the surface making a covalent 

bond (C12B11,9). Relevant distances are reported in Å. 

4.3.2 Electronic properties of the nanoconjugate 

For the DOPAC/TiO2 NP complex at low coverage (5%), experimental observations indicate 

a shift of the absorption onset to the visible range from 380 nm (bare NP) to 800 nm, due to 

charge transfer excitations.238, 244 In order to rationalize this large shift, we analyze the 
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electronic structure of the most stable DOPAC/TiO2 NP complex configuration (B11,9C12) by 

means of the total and projected density of states. The calculations were performed at three 

different levels of theory: i) DFTB, ii) single-point DFT calculation on the DFTB optimized 

geometry (DFT/DFTB) and iii) DFT (see Figure 4-6) 

The DOS obtained by DFTB (Figure 4-6 a) is characterized by the presence of one mid-gap 

state while those by DFT/DFTB (Figure 4-6 b) and DFT calculations (Figure 4-6 c) present 

two mid-gap states. HOMO is mainly related to the C and O atoms of the DOPAC and HOMO-

1 peak is ascribed to the C atoms. In the DFTB calculations, the HOMO-1 state is inside the 

valence band due to the underestimated band gap value. 

On this basis, we can infer that DFTB is generally not accurate enough for such delicate 

functionalized metal oxide systems. However, we learn that performing DFT single point 

calculations on DFTB optimized geometries effectively improves the description of the 

electronic structure, providing results in close agreement with DFT. Therefore, one can safely 

recourse to this cheap approach when studying high coverage densities or, in general, when 

performing a full DFT optimization is too expensive and time consuming.  

 

Figure 4-6 Total (DOS) and projected (PDOS) density of states for the B11,9C12 configuration of single DOPAC 

molecule adsorption on the TiO2 anatase nanoparticle as calculated by DFTB (a), DFT/DFTB (b) and DFT (c). 
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The HOMO-LUMO gap is reported for each plot by dashed lines. The zero energy is set to the vacuum level. 

Electronic density plot for the HOMO and HOMO-1 of B11,9C12 configuration. Iso-value=0.005 e/Å3. 

4.3.3 Effect of the light irradiation on the nanoconjugate 

We follow the light irradiation process for the DOPAC/TiO2 NP composite by computing first 

the vertically excited state (v), in the Franck-Condon approximation, from the S0 to the T1 state 

by means of a spin-constrained calculation (see Figure 4-7 and Figure 4-8). 

 

Figure 4-7 Schematic representation of the process involving e−/h+ pair: the vertical excitation S0 →T1 (v), the 

self-trapping relaxation (a), the T1→S0 emission and the electron hopping follow by the non-radiative emission 

(b, c, d, e, f).   

We are aware of the fact that this is a spin forbidden excitation, however after atomic 

relaxation it will allow to localize the self-trapped triplet exciton (a), which is what could be 

observed in photoluminescence experiments, due to its longer lifetime with respect to the 

singlet one. We compute a self-trapping energy (Etrap) of -1.04 eV and an emission energy 

(for T1→S0, Eem) of -0.25 eV. In the triplet self-trapped exciton [B11,9C
12]

a

T1
, the hole is fully 

localized on the  orbital of the aromatic ring in DOPAC, whereas the electron is localized a 

single Ti atom of the subsurface Ti6c (see Figure 4-8). 
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Figure 4-8 Top views of the spin density of the B11,9C12 configuration (see Figure 4-3) for the (v configuration) 

vertical triplet state, (a configuration) self-trapped triplet exciton, (b configuration ) triplet exciton involving the 

Ti atom chelated by the carboxylic group, and (c configuration) separated charges with the hole on the DOPAC 

molecule and the electron on a distant Ti atom. Below each structure, the energy gain in eV with respect to 

[B11,9C12]
v

T1
 (ΔEtrap) is reported. Iso-value=0.005 e/Å3. 

 If, as a further step along the post-irradiation processes, we suppose that electron hopping 

is faster than radiative recombination then the electron could localize on a different Ti atom 

(electron hopping barrier was estimated to be about +0.09 eV).253 Clearly, the nearby positions 

are reached first and there is one where the electron is found to be particularly stable and still 

in close contact with the hole (configuration b, see Figure 4-8). The total trapping energy 

(Etrap) in this case is much larger (-1.40 eV, with respect to the energy of the v configuration). 

The hole is still localized in the DOPAC molecule, whereas the electron is now trapped at the 

Ti atom involved in the chelation of the carboxylic group. The S0 state curve lies above this T1 

minimum structure b (confirmed by a single point calculation in the closed-shell configuration) 

by +0.37 eV. Therefore, decay to the S0 ground state geometry can only take place through a 

non-radiative process through the conical intersection on the left of b, shown in Figure 4-7. 
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Further hopping to more distant Ti sites (i.e. [B11,9C
12]

c

T1
 in Figure 4-8 and [B11,9C

12]
d

T1
, 

[B11,9C
12]

e

T1
 and [B11,9C

12]
f

T1
 in Figure 4-9) does not provide any energy stabilization, but on 

the contrary, these configurations are higher in energy than [B11,9C
12]

b

T1
.  

 

Figure 4-9 Top views of the spin density of the B11,9C12 configuration (see Figure 4-3) for the (d configuration) 

separated charges with the hole on the DOPAC molecule and the electron on a distant Ti atom (on the left). Spin 

density of the B11,9C12 for the (e and f configurations) separated charges with the hole on the DOPAC molecule 

and the electron on a distant Ti atom. Below each structure, the energy gain with respect to [B11,9C12]
v

T1
(ΔEtrap) is 

reported. Iso-value=0.005 e/Å3. 

 

Therefore, it is highly improbable that the electron will have the chance to reach other sites 

far apart from the adsorbed molecule. The hole is formed in a  state of DOPAC, where it is 

very stable due to large structural deformation involving the elongation of C3−C4 and Ti−O 

bonds by 0.07 and ~0.17 Å, respectively. It is relevant to note (see Table 4-1) that the smallest 

distortion energy value is registered for the self-trapped exciton (1.20 eV), whereas for all the 

other electron/hole configurations we observe rather larger distortion energies from 1.47 to 

2.11 eV, which are the cause of a positive ΔEem. 

 

Table 4-1 Trapping energy (ΔEtrap) in eV of photoexcited charge carriers at different sites for the adsorbed 

DOPAC configuration B11,9C12 on the spherical TiO2 nanoparticle in the T1 excited state, with respect to 

[B11,9C12]
v

T1
, degree of localization (%electron or %hole), structural distortion energy with respect to the ground 

state (ΔEdist = E[S0(T1)] – E[S0]), and ΔEem
 = E[S0(T1)] – E[T1] energy difference in eV. No symmetry constrains 
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are imposed in all the calculations. The binding site numbering is defined graphically in Figure 4-1 whereas the 

charge carrier localization configuration is defined in Figure 4-8 and Figure 4-9.  

 ΔEtrap (eV) %electron %hole ΔEdist (eV) Eem (eV) 

[B11,9
C

12]
v

T1
 0.00 19% 97% 0.00 - 

[B11,9
C

12]
a

T1
 -1.04 77% 96% 1.20 -0.25 

[B11,9
C

12]
b

T1
 -1.40 97% 97% 1.47 +0.37 

[B11,9
C

12]
c

T1
 -1.14 91% 97% 2.11 +0.75 

[B11,9
C

12]
d

T1
 -1.06 77% 96% 1.67 +0.24 

[B11,9
C

12]
e

T1
 -0.94 69% 97% 1.56 +0.07 

[B11,9
C

12]
f

T1
 -0.88 91% 97% 1.89 +0.27 

 

To rationalize the reason why the b configuration of B11,9C12 in the T1 state is so stable with 

respect to a configuration and even lower in energy than the corresponding S0 state in those 

atomic distorted positions, we must analyze the DOS in detail and compare results for 

configurations a and b (see Figure 4-10). The critical feature is the position of the highest 

occupied state (HOMO) for the  or up component. For [B11,9C
12]

a

T1
, this peak is very high in 

energy (at -4.88 eV), just below the bottom of the conduction band, whereas for [B11,9D12]
b

T1
 

it is deeper in the gap (at -5.23 eV) by about -1.2 eV. This HOMO state is the one hosting the 

excited electron, whereas the LUMO is the state associated to the hole. The recombination 

process is essentially the transfer of the electron from the HOMO state to the LUMO one, 

leading to the electronic structure shown in (c) and (d) panels of Figure 4-10. Therefore, 

whereas in [B11,9C
12]

a

T1
 the recombination process is favored since the LUMO is below the 

HOMO state, in [B11,9C
12]

b

T1
 the recombination is not an energetically favorable process since 

LUMO is just slightly above the HOMO state in the T1 and, consequently, the resulting 

HOMO for S0(T1) in panel (d) is higher in energy than the HOMO in panel (b) for T1. In this 

geometry T1 is preferable than S0, as schematically shown in Figure 4-7. 
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Figure 4-10 Total (DOS) and projected (PDOS) density of states for a) [B11,9C12]
a

T1
, b) [B11,9C12]

b

T1
, the 

recombined singlet in the T1 optimized geometry for c) a and d) b configurations. Ti is represented in red, O is 

orange, C is green, and N is reported with a blue line. The zero energy is set to the vacuum level. The energy in 

eV of all the mid-gap states are reported on each plot. 

  

Based on the results presented in this section, we may conclude that in the photoexcited 

DOPAC/TiO2 anatase NP complex there is an intrinsic and effective charge separation, since 

the hole is localized on the DOPAC and is not coupled with phonons of the TiO2 lattice, 

whereas the electron sits on Ti ions of the NP. The hole localization on the DOPAC has the 

beneficial effect of lowering the oxidative power of TiO2 NP under light irradiation. This we 

can prove by computing the vertical and adiabatic ionization potentials (IP) for the bare NP 

and compare them to the values for the DOPAC/TiO2 NP complex in the lowest energy B11,9C12 

configuration (see Table 4-2). The reduction in the adiabatic IP value is of about 1.5 eV.  
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We have also estimated the electron affinity (EA) of the DOPAC/TiO2 NP complex in the 

lowest energy B11,9C12 configuration. In this case, we do not expect large differences from the 

bare TiO2 NP because in DOPAC/TiO2 complex the electron is delocalized/localized on Ti 

atoms. This is confirmed by the data since, when comparing EAs for corresponding electron 

position on the DOPAC/TiO2 NP complex and bare NP, the observed differences are small. 

Only for the [B11,9C
12]

b

−
 configuration, where the electron is trapped at the Ti atom that is 

chelated by the carboxyl group of DOPAC, the electron trapping ability of that Ti site is slightly 

enhanced. 

Table 4-2 Trapping energy (ΔEtrap) in eV for an excess electron and hole at the different sites with the charge 

localization (%electron or %hole) in the B11,9C12 configuration.  The references zero for the ΔEtrap is obtained by 

adding one electron in the former case and removing one electron in the latter with no atomic relaxation. The 

charge localizations (%electron or %hole) are also given. The electron affinity (EA) of one extra electron coming 

from the vacuum and ionization potential (IP) of the most external, less bound, electron to the vacuum level are 

reported, together with a comparison with the values for the EA and IP of the bare NP. The binding site numbering 

is defined graphically in Figure 4-1, whereas the charge carrier localization configuration is defined in Figure 

4-7. Spin plots are shown in Figure 4-11. 

Excess electron ΔEtrap (eV) %electron EA EA BARE NS 

[B11,9
C

12]
v

−
  0.00 4.8% 3.29 3.271 

[B11,9
C

12]
b

−
 -0.60 97% 3.89 3.671 

[B11,9
C

12]
d

−
 -0.25 77% 3.55 3.511 

Excess hole ΔEtrap (eV) %hole IP IP BARE NS 

[B11,9
C

12]
v

+
  0.00 95% 7.04 8.352 

[B11,9
C

12]
r

+
 -1.02 96% 6.02 7.502 

1Values calculated for the annealed NP used throughout this work. 

2Values reported in ref.254 
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Figure 4-11 Top views of the spin density plots of the B11,9C12 configuration (see Figure 4-3 b and Table 4-2) 

for an excess hole and electron at the different sites. The references zero for the ΔEtrap is obtained by removing 



132 Functionalized TiO2 nanoparticles for bio-conjugation: DOPAC linker 

 

 

one electron in the former case [B11,9C12]
v

+
 and adding one electron in the latter [B11,9C12]

v

-
  with no atomic 

relaxation.  Below each structure, the energy gain (ΔEtrap) is reported. Iso-value=0.005 e/Å3. 

4.4 Increasing linker coverage on TiO2 spherical NP  

4.4.1 Adsorption mode and packing 

In this section, we discuss the effect of binding an increasing number of DOPAC molecules on 

the adsorption energy and on the electronic properties of the DOPAC/TiO2 NP composite 

system. To obtain the full coverage, the DOPAC molecules were adsorbed in a mixture of 

bidentate and chelated fashion and with the carboxyl groups pointing up toward the vacuum. 

The DOPAC molecules were added to the surface of the NP in a multiple steps. we were able 

to adsorb 46 DOPAC molecules (32 chelated and 14 bidentate, TiO2
46-DOPAC

) on the surface of 

the nanoparticle, as shown in Figure 4-12 a.  

All the twelve Ti4c sites at the NP equator are chelated to DOPAC molecules (C9, C10, C11). It 

is necessary to emphasize that we were not able to adsorb molecules on all the Ti5c and Ti4c 

undercoordinated sites on the NP due to steric hindrance and to geometrical arrangement of Ti 

sites on the surface, but we were able to reach up to 61% of coverage (calculated as the ratio 

between the number of adsorbed molecules and the total number of binding sites on the NP 

model). The addition of DOPAC molecules up to full coverage is an energetically favourable 

process, even though the energy gain at each step decreases. The adsorption energy calculated 

by DFTB for one isolated molecule is -3.68 eV, while in the full coverage the adsorption energy 

per molecule drops to -2.59 eV. At full coverage, due to the high packing of the DOPAC 

molecules at the equator we observe the formation of H-bonds and π-π stacking interactions 

that stabilize the completely decorated NP model. 

4.4.2 Electronic properties at increasing coverage 

Absorption spectra of colloidal 5 nm TiO2 nanoparticles functionalized with DOPAC (~ 50 

molecules/particle) have been investigated experimentally.238 The wavelength of the absorption 

onset is found to largely shift up to 700/800 nm. Based on measurements for increasing 
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concentrations of linker and on the Job’s method,242 it was possible to determine both the 

constant of complexation (1400 M−1) and the stoichiometric ratio between DOPAC and Ti 

surface sites of 2:1, which is very close to the 2.3:1 ratio in the TiO2
46-DOPAC model of the 

present study. 

At the full coverage the system has 1619 atoms. Due to the large size of these structures a 

full geometry optimization at the hybrid DFT level of theory is prohibitive. On the other hand, 

as we discussed in Section 4.3.2, the electronic structure obtained using DFT/DFTB method is 

qualitatively accurate enough to describe the electronic properties as compared to hybrid DFT 

calculations. Therefore, in the following we will discuss the results obtained by performing 

single point calculations at the hybrid DFT (B3LYP level of theory) on the DFTB optimized 

geometries (labeled as DFT/DFTB). 

In Figure 4-13 we show the electronic structure for the DOPAC/TiO2 NP systems with 46 

dopamine molecules. The values for the HOMO-LUMO gap and an approximation of the band 

gap (Eg), calculated as the difference between the bottom of the conduction band and the top 

of valence band, are reported in the plot. 

By adsorbing more molecules on the surface, new localized peaks appear both inside the 

band gap and on top of the valence band, causing a shrinking of the band-gap value. At higher 

coverages, the electronic structures become more complicated. Due to the increasing density 

coverage, the molecules interact both with each other and with the NP surface. Therefore, the 

peaks are highly hybridized and assigning them to a specific atom is not trivial. Nevertheless, 

we can still notice the predominant contribution of both C. Notably, we can observe that the 

HOMO-LUMO energy difference is only 0.74 eV. Since, the localized peaks inside the gap 

and on top of the valance band merge to create a unique large band (see Figure 4-13). 

4.5 Dynamics at full coverage of DOPAC on TiO2 

To investigate the effect of temperature on the rearrangement of the as-deposited DOPAC 

molecules in the TiO2
46-DOPAC

 model, we performed DFTB molecular dynamics runs at 300 K 

for 10 ps. In the optimized TiO2
46-DOPAC

 model, even before MD, we observe H-bonds between 

the carboxylic groups of the DOPAC molecules and the hydroxyl groups on the surface of the 
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NP (~28% of the molecules make a H-bond of length in the range of 1.56-1.92 Å). We also 

note that there are some H-bonds between the carboxylic groups of pairs of DOPAC molecules 

(12 H-bonds of length in the range of 1.36-2.20 Å). After performing MD at 300 K and fully 

relaxing the structure we obtain a new configuration shown in Figure 4-12 b.  

 

 

Figure 4-12 3D structure for the high coverage models before and after the molecular dynamics  TiO2
46-DOPAC

 

in a and TiO2
46-DOPAC-MD

 in b, respectively. 

Here, ~37% of the carboxylic groups of the DOPAC molecules make H-bonds with the surface 

of the NP (length in the range of 1.62-1.91 Å), which indicates a tendency of the molecules to 

get closer to the surface with some thermal treatment. Moreover, we also observe the formation 

of five doubly H-bonded carboxylic group dimers ( ) that further reduces its 

availability for bioconjugation.  

The electronic structure for the optimized TiO2
46-DOPAC

 configuration after 10 ps MD at 300 

K is shown in Figure 4-13 and can be directly compared with that of the optimized 

configuration before MD. The molecular rearrangement following the MD causes a different 

resulting dipole of the molecular layer on the NP surface that affects the position of the NP 

valence and conduction bands with respect to the vacuum. We register a rigid shift of 0.18 eV. 

On the contrary, the DOPAC states are stabilized after MD because of a more favorable 
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disposition by 0.12 eV. The net result is a widening of the HOMO-LUMO gap from 0.74 eV 

to 0.92 eV.  

 

Figure 4-13 Total (DOS) and projected (PDOS) density of states for the 46-DOPAC high coverage model on 

the TiO2 NP calculated by DFT/DFTB before (upper panel) and after (lower panel) molecular dynamics 

simulation. Ti is represented in red, O of the TiO2 NP is orange, while O of the DOPAC is marked in violet, and 

C is green. The HOMO-LUMO gap is reported for each plot by dashed lines. The zero energy is set to the vacuum 

level. 

4.6 Conclusions 

In this chapter, we presented a density functional theory based study on the structural, 

electronic, self-assembling properties of catechol-derivatives (DOPAC) adsorption on curved 

TiO2 NPs of realistic size (2-3 nm size with 700 atoms). The investigation spanned from 

single-molecule adsorption to a full coverage regime.  

For the low coverage, we have determined the favorable molecular adsorption modes and 

analyzed the electronic charge-transfer effects, identifying the new molecular states in the band 

gap introduced by the adsorbed linker species. On top of that, we have investigated the 

processes following vis-light photoexcitation of the charge transfer complex: exciton 

formation, trapping, charge carriers diffusion or recombination. We learnt that the photoexcited 

hole is trapped in the -states of the aromatic ring, whereas the photoexcited electron can hope 

on different Ti sites, leading to an effective charge transfer separation. Interestingly, the one 

that provides the strongest binding is the surface Ti atom involved in the bonding with the –
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COOH functional group in DOPAC. The hole trapping has a beneficial effect of lowering the 

oxidative power of TiO2 NP under light irradiation. 

As a further step, we then consider a growing molecular layer on the NP and analyze the 

self-assembling mechanism and the effects on the electronic properties of the complex. To 

achieve very high coverage most of the molecules have been chelated to fourfold coordinated 

Ti atoms, and bidentate to pairs of fivefold coordinated ones. All the molecules are positioned 

in an upward configuration to reduce the steric hindrance and maximize the dispersion 

interactions between them. Molecular states in the gap increase progressively, until they form 

a continuous band from the top of the valence band of the TiO2 NP to about 0.7 eV from the 

bottom of its conduction band. 

At the maximum coverage (46 molecules per NP), we perform molecular dynamics runs at 

300 K to compare the molecular configuration and electronic properties of the NP/linkers 

complex before and after thermal treatment to better account for the competition between 

molecule/surface and molecule/molecule interactions. Considering, the high affinity of the 

carboxylic group towards the oxide surface, we may conclude that the DOPAC is not an 

effective bifunctional linker for bioconjugation.



 

 

Chapter 5 Functionalized TiO2 nanoparticles for 

bio-conjugation: TETT linker  

5.1 Introduction 

TiO2 nanoconjugates have gained increasing attention during the last few years in 

nanobiotechnology and biomedicine.11 In particular, spherical nanoparticles (NPs) can be 

easily conjugated with bioactive molecules, due to the large numbers of undercoordinated sites, 

leading to hybrid multifunctional nanodevices for photodynamic therapy, drug delivery and 

imaging.1  

As synthesized, TiO2 NPs are hydrophobic and need to be made hydrophilic and 

biocompatible by chemical modification of their surfaces. Organofunctional silanes are widely 

used to modify NPs surfaces due to the combination of hydrophilic features with chemical and 

physical stability. Indeed, the formation of a cross-linked shell of silicon ligands is a way to 

reduce particle aggregation. In particular, the silica coating shields the functional core from the 

biological environment, protecting the NPs toward oxidation and reducing their toxicity.33 

Organofunctional silanes act as coupling agents since they connect the organic and inorganic 

phases. The general formula is Y-R-Si-X3, where X is a hydrolysable leaving group (e.g. 

methoxy, ethoxy, etc), which provides a site for attaching Si to the surface, while Y is a 

functional group (e.g. carboxyl group, amine, etc.) and R is an alkyl chain. The silane reacts 

with water to form a silanol group Si—OH and, by condensation of surface hydroxyls on the 

NP with these Si-OH bonds a silane—surface bond is formed. The use of multidentate 

anchoring groups and the strength of the formed covalent bonds (ΔH Si-O = 466 kJ/mol)255 

                                                 

1 The work presented in this chapter has been done in collaboration with the Prof. Gotthard Seifert and the Dr. 

Igor Baburin.  
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ensure the stability of the nanoconjugate. The available functional groups Y in the silane 

provide a chemical handle for secondary modification of NPs with biomolecules or other 

desired polymers.  

Several reports have described protocols for the conjugation of biomolecules onto TiO2 

surfaces and these have been partially reviewed in work of Beutner et. al.256 For example, TiO2 

NPs have been functionalized to yield amino-functionalized NPs with 3-amino-propyl-

triethoxysilane (APTES).257 The amino groups can anchor the biotin molecules, which usually 

are conjugated to an enzyme, antibody or target protein to form a selective complex for many 

metabolic processes.258, 259, 36  

Water-dispersible Gd2O3 NPs were obtained by the exchange of oleate ligands with a 

carboxylic silane, namely N-(trimethoxysilylpropyl) ethylene diamine triacetic, acid trisodium 

salt (TETT). The abundant carboxylic groups of the attached TETT silane allow the coupling 

of the polyethylene glycol polymer (PEG) to form PEG coated Gd2O3 NPs. The biocompatible 

PEG layer further helps to stabilize Gd2O3 NPs, to enhance the blood circulation and to improve 

the water dispersibility. Also, the PEG coated Gd2O3 NPs have been exploited as a glioma-

targeted contrast agent. Target specificity is another critical requirement for a successful 

diagnosis and makes the contrast agent safer by reducing the dosage and minimizing the 

damage to healthy tissues.260 

The same ligand TETT was covalently attached to the surface of MnO NPs, and then the 

MnO-TETT was conjugated with the folic acid (FA) to produce MnO-TETT-FA NPs. The folic 

acid has been utilized as an effective targeting molecule toward glioma since it shows a high 

affinity toward a folate receptor that is overexpressed in brain cancer. The biocompatibility of 

MnO-TETT-FA NPs was proved in vitro and in vivo; therefore the nanomaterials could be used 

as magnetic resonance imaging contrast agents for the early diagnosis of brain gliomas. 

Besides imaging, TETT ligand is also suitable for drug delivery. Ying et al.261 have 

succeeded in loading on TiO2 nanoparticle the chemotherapy drug doxorubicin (DOX), without 

affecting the biological activity of the drug. The success of the nanocomposite relies on the 

abundant amount of carboxylic group provided by TETT, which imparts to TiO2 excellent 

water dispersibility and allows for an easy conjugation of the drug. 

In contrast to a large number of fundamental studies on bulk and surfaces, TiO2 

nanoparticles, which are the key system for biomedical applications have only been studied 
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experimentally, in relation to their synthesis and medical applications.261 Only few 

computational studies exist about organic molecule adsorption on titanium dioxide 

nanoparticles, based on force-field methods262, 263 or classical molecular dynamics,264, 265, 266 

which intrinsically lack the description of electronic properties and the chemical processes at 

the interface. 

The objective of this work is to systematically investigate by DFTB calculations the 

structural properties of the TETT-functionalized TiO2 nanoparticles. Firstly, we have 

considered the low coverage regime and studied the possible adsorption modes of the silanol-

like molecule on the NP model.  

Secondly, through molecular dynamics simulations, we have explored the configurational 

space of the linker adsorbed on the TiO2 nanoparticle and analyze how the chain of the linker 

can interact with the surface of the nanoparticle.  

As a next step, we covered the TiO2 nanoparticle with more molecules up to 22 for the 

medium coverage, and up to 40 molecules in the full coverage to form a densely packed 

monolayer of organic ligands. 

5.2 Computational details 

In this work, we used a self-consistent charge density functional tight-binding (SCC-DFTB)245, 

246 approach for geometry optimization, molecular dynamics simulations and electronic 

structure calculations.  

For all the SCC-DFTB calculations we used the DFTB+ 18.2 open-source package.248 We 

employed the MATORG249 parameterization set for the Ti-O pairwise interaction in the TiO2 

atoms, and C, N, O, and H of the adsorbed molecules. Whereas for the Si-Ti, Ti-Ti, and Si-Si 

pairwise interaction we used an extra set of parameters (for further details refer to section 5.3).  

The description of the hydrogen bonding250, 251 has been further improved with the inclusion 

of the empirical hydrogen bonding damping (HBD) function 𝛾𝛼𝐻, only for the interaction 

between an atom α and a hydrogen atom  

 
   γ

αH
= 

1

rαH
− SαH  ×  fαH (5.1) 
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fαH = exp [− (

𝑈𝛼 + 𝑈𝐻
2

)
𝜍

𝑟𝛼𝐻
2 ] (5.2) 

 

where 𝑈𝛼 and  𝑈𝐻 are the atomic Hubbard parameters, which are linked to the chemical 

hardness of atom α and the corresponding hydrogen, respectively. The parameter ζ = 4 is 

generally determined by fitting to hydrogen-bonding energies from high level ab initio 

calculations. As a result, 𝛾𝛼𝐻 becomes more positive in the short range, leading to stronger 

polarization for the atoms forming H-bonds, thus increasing the accuracy of describing 

hydrogen bonds. 

The anatase TiO2 spherical nanoparticle model used throughout this work has been designed 

in previous work by our group.118 However, we have substituted the Ti-Ti Slater-Koster file in 

the MATORG set, and then we have reoptimized the nanoparticle model. The stoichiometry of 

the model is (TiO2)223·10H2O, and the NP has an equivalent diameter of 2.2 nm. The 

nanoparticle has been treated as a large isolated molecule in vacuum without any periodic 

boundary condition. 

For geometry relaxations, the threshold for the convergence of the self-consistent charge 

(SCC) procedure was set to 10−6 au and forces were relaxed to less than 10−4 au. 

The total adsorption energy per TETT linker on the spherical nanoparticle has been defined 

as: 

 ∆𝐸𝑎𝑑𝑠
𝑚𝑜𝑙 = (𝐸𝑁𝑃+𝑛𝑚𝑜𝑙 − [𝐸𝑁𝑃 + 𝑛𝑚𝑜𝑙𝐸𝑚𝑜𝑙])/𝑛𝑚𝑜𝑙 (5.3) 

 

where 𝐸(𝑁𝑃+𝑛𝑚𝑜𝑙) is the total energy of the whole system, 𝐸𝑁𝑃 is the energy of the NP, 𝐸𝑚𝑜𝑙 is 

the energy of the molecule in the gas phase, and 𝑛𝑚𝑜𝑙 is the number of the molecules adsorbed 

on the NP. 

Born−Oppenheimer molecular dynamics (MD) simulations were performed within the 

canonical ensemble (NVT). The Newton equations of motion were integrated with the velocity 

Verlet algorithm, and a relatively small time step of 0.5 fs was used. During the molecular 

dynamics simulation, the temperature has been kept constant to 300 K by using the 

Nosé−Hoover thermostat (time constant of 0.04 ps) and the system has been evolved for 20 ps. 

For the medium (1689 atoms) and high coverage (2499 atoms) the time step was set to 1 fs, 
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and the system has been let evolve for 15 ps and 5 ps, respectively, due to the large number of 

atoms.  

For each run of the MD simulations the initial velocity was randomly generated with the 

Boltzmann distribution at 300 K.  

All the DFT calculations have been carried out with the CRYSTAL14197 simulation code 

where the Kohn−Sham orbitals are expanded in Gaussian-type orbitals. The all-electron basis 

sets are Ti 86-4111(d41), O 8-4111(d1) for the titanium and oxygen atoms of TiO2; Si 86-311 

(d1), H 5-111(p1), C 6-31111 (d1), O 8-41111 (d1), and N 6-311(d1) have been employed for 

silicon, hydrogen, oxygen, and nitrogen atoms of the adsorbed TETT linker, respectively. We 

used the B3LYP functional,198, 199 corrected by Grimme’s D* to include dispersion forces.200, 

201 The cut off limits in the evaluation of Coulomb and exchange series/sums appearing in the 

SCF equation were set to 10−7 for Coulomb overlap tolerance, 10−7 for Coulomb penetration 

tolerance, 10−7 for exchange overlap tolerance, 10−7 for exchange pseudo-overlap in the direct 

space and 10−14 for exchange pseudo-overlap in the reciprocal space. The condition for the SCF 

convergence was set to 10−6 au on the total energy difference between two subsequent cycles. 

The equilibrium structure is determined by using a quasi-Newton algorithm with a BFGS 

Hessian updating scheme.247 

Geometry optimization was performed without any symmetry constraint; forces were 

relaxed to be less than 4.5 × 10−4 au, and displacements to be less than 1.8 × 10−3 au. 

5.3 Assessment of the Ti-Si parameters in the MATORG set 

DFTB is not a semi-empirical method in a strict sense since its parametrization procedure is 

completely based on DFT calculations and no fit to empirical data has to be done. In contrast 

to most semi-empirical methods DFTB is a non-orthogonal method. The non-orthogonality of 

the atomic-like orbitals is a crucial factor for transferability, which means that the parameters 

perform sufficiently well also for chemical environments not included in the parametrization 

procedure.  

The MATORG parameters have been designed to describe the hybrid interface between TiO2 

and organic molecules. For our system of interest, we have introduced in the MATORG set the 
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Ti-Si and Si-Ti Slater-Koster files and replaced the homonuclear Ti-Ti and Si-Si parameters 

with the ones that are parametrized for the heteronuclear pairs, Ti-Si and Si-Ti. 

5.3.1 Validation of the combined set of parameters 

We have evaluated the combined set of parameters by comparing the energy condensation of 

small molecules, the elastic properties for the TiO2 anatase bulk, and Ti charge distribution in 

the TiO2 spherical nanoparticle model to DFT results.  

Regarding the energy condensation we have considered the simplest test system. The new 

set of parameters has been evaluated based on the energetics of the homonuclear and 

heteronuclear condensation of small molecules. In particular, we have studied silicic acid 

Si(OH)4 and titanium hydroxide Ti(OH)4. The combined set has provided reasonable 

geometries. However, the DFTB homonuclear and heteronuclear energy condensations 

reported in Table 5-1 are overestimated by a factor of three with respect to DFT(LDA) values. 

For Ti-O and Si-O-Ti, whereas for Si-O the results agree quite well with DFT LDA, but still 

over bound compared to PBE. 

 

Table 5-1 Comparison between the condensation energies (ΔE, in eV) for small molecule like Si(OH)4 and 

Ti(OH)4 with the DFT(B3LYP, PBE, LDA) and the DFTB methods. Both homonuclear and heteronuclear 

condensations are considered. Dispersion forces are not taken into account. 

 ΔE(eV) 

 DFT(B3LYP) DFT(PBE) DFT(LDA) DFTB 

2 Si(OH)4 → Si(OH)3OSi(OH)3 + H2O -0.28 -0.19 -0.38 -0.39 

2 Ti(OH)4 → Ti(OH)3OTi(OH)3 + H2O -0.27 -0.40 -0.40 -1.22 

Si(OH)4 + Ti(OH)4 → Si(OH)3OTi(OH)3 + H2O -0.25 -0.31 -0.46 -1.07 

 

In order to identify the possible source of over binding, we have analyzed the behavior of 

the Ti-O repulsive potential performed by the parameters. Therefore, we have studied the 

elastic properties of the bulk titanium dioxide anatase. An indicator is the bulk modulus, which 

is a measure of resistance to volume change by the applied pressure. Hence, we have stretched 

and shrunk the lattice vector by 5% and fitted the parabola shown in Figure 5-1. The calculated 
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DFTB bulk modulus is overestimated by a factor of two compared to the experimental value 

and the calculated one with DFT(B3LYP), as reported in Table 5-2. Nevertheless, we have 

observed that the DFTB curvature of the Ti-O potential around the equilibrium volume is 

harmonic. Therefore, a possibility to correct the over binding is to shift the DFTB potential 

curve rigidly to the DFT one by applying a scaling factor.  

Table 5-2 Comparison between the experimental value of bulk modulus in GPa and calculated by 

DFT(B3LYP) and DFTB methods, respectively.  

B0(GPa) 

Expa DFT(B3LYP)b DFTB 

179 178 250 

aPhy.Rev. B 61, 14 (2000) 

bPhy.Rev. B 63, 155409 (2001) 

 

Figure 5-1 Parabolic fit for total energy vs total volume of bulk anatase. 

We are allowed to scale scaled the energies afterwards for the evaluation since the relative 

energies are well reproduced with the DFTB method as compared with DFT (Table 5-3), so 

we corrected the over-binding by applying a factor to the calculated DFTB energies. The 

scaling factor applied (0.63) is calculated as the average of the ratio between bi-dentate to 

mono-dentate and tri-dentate to mono-dentate adsorption energy, which is in agreement with 

both DFT and DFTB methods, as shown in Table 5-3. 
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Table 5-3 Comparison between the mono-, bi- and tri-dentate adsorption mode (ΔE, in eV) for the TETT linker 

on the TiO2 nanoparticle with the DFT(B3LYP-D*) and the DFTB method for the tri-site C. The energy gain per 

bond is reported in parenthesis for each adsorption mode taken in account. The ratio monodentate/monodentate, 

bidentate/monodentate and tridentate/monodentate is also given. 

 ΔE (eV) 

 DFT(B3LYP-D*) DFTB 

 per ligand (per bond) ratio per ligand (per bond) ratio 

mono- -1.91 (-1.91) 1 -2.49 (-2.49) 1 

bi- -2.23 (-1.11) 0.58 -3.35 (-1.68) 0.67 

tri-  -2.64 (-0.88) 0.46 -4.15 (-1.38) 0.56 

 

Another possibility is to reparametrize the Ti-O and Si-O pairwise interaction and then check 

the "transferability" to the mixed Ti-O-Si system. However, the success is not guaranteed. 

To further validate the new set of parameters, we compared the DFT(B3LYP) and DFTB Ti 

charge distribution in the TiO2 NP. We plotted for each Ti in the NP the difference with respect 

to the Ti charge in the anatase bulk. As shown in Figure 5-2, the DFTB provides adequate 

charge description compared with DFT results. In both graphs we can distinguish two areas: in 

the first one the charges are bulk-like since they are in the core of the nanoparticle (R<6 Å), 

and in the second area the charge values oscillate since Ti atoms are far from the centre of the 

nanoparticle (6<R>12 Å) and the surface effect dominates.  
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Figure 5-2 Ti charge (in au) distribution as a function of the nanoparticle radius with DFT(B3LYP) and DFTB 

methods. The zero is set to the charge of the Ti in the anatase bulk for DFT(B3LYP) and DFTB, respectively. The 

double arrow distinguishes the Ti atoms in the core (R<6 Å) from the Ti atoms in the surface (6<R>12). 

5.3.2 Modifying the combined set of parameters 

During the calculations, we faced a numerical problem related to a linear dependency in the 

overlap matrix and much effort has been made to solve the diagonalization failure.   

We observed that the matrix elements, which involve the Ti-4p atomic like-orbital, are 

unexpectedly large at long distances. For that reason, we scaled the Hamiltonian and the 

overlap matrix elements pdσ, pdπ, ppσ, and ppπ until the numerical problem was overcome. 

We have learnt that reducing integrals shown in Figure 5-3 by 40% is enough to succeed in 

the diagonalization procedure. 
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Figure 5-3 Representation of the fundamental bond integrals used to construct the tight-binding Hamiltonian. 

The red boxes identify the modified bond integrals in the Slater-Koster table used throughout this work.  

5.4 How to model the TETT linkers condensation on the TiO2 NP 

The silanization of the TiO2 nanoparticle involve the -OH groups present on the surface, which 

are coming from the nanoparticle synthesis.  

Commonly, the spherical TiO2 nanoparticles are prepared by sol−gel or hydrothermal 

methods, in which water is used as a primary reaction solvent. The synthesis process involves 

three steps: hydrolysis, condensation, and oxolation. In the hydrolysis step, Ti forms aquo, 

hydroxo, or oxo complex with water. The condensation step follows the hydrolysis, in which 

two (or more) complexes can condensate to give the Ti−O−Ti bonds. After that, oxolation can 

occur with the formation of additional oxo bridges between Ti fragments through nucleophilic 

addition. Usually, this step is accompanied by water elimination and the Ti−O−Ti bonds are 

finally formed.267 

Each step shows different rates at different pH values, therefore, depending on the reaction 

conditions, hydrolysis can be promoted by either increasing dehydroxylation (a water molecule 

is removed from a Ti−OH group) or deprotonation (a OH− attacks a Ti centre to form a Ti−OH 

bond).268 At the end of the synthesis process, the residual OH groups on the nanoparticle 

surface can be further involved in the condensation reaction with the alkoxysilanes. As a result 
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of the reaction bonds are formed at the interface between the inorganic component, titanium 

dioxide, and the organic component, alkoxysilanes. 

 

 

Figure 5-4 Schematic representation of the silanization reaction of the TETT (R) linker on the metal oxide NP. 

Starting from the right the synthesis of TiO2 NP in aqueous environment, hydrolysis, and condensation of the 

TETT linker. 

The classical mechanism for surface reactivity of silanes (e.g., trialkoxysilanes) involves 

hydrolysis of the silane reagent to the trisilanol, followed by surface reaction with the OH 

groups present on the metal oxide surface (Figure 5-4). 

Schlecht et al. observed that the hydrolysis of trialkoxysilanes to trisilanols is unlikely prior 

to surface reaction. In their work, they proposed a second mechanism269 in which 

trialkoxysilanes react directly with surface hydroxyl groups via an addition–elimination type 

mechanism, with the central silicon atom forming a pentavalent intermediate.  

In this context, to simplify the reactions steps, we just dissociatevely adsorbed the trisilanol 

on the undercoordinated Ti sites and put the hydrogen on the closest two-fold oxygen (O2c) of 

the nanoparticle. 

5.4.1 Preliminary water dissociation 

In order to study the TETT condensation, we have assumed that water molecules could be 

present on the NP surface. Considering that the synthesis of the NP takes place in an aqueous 
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environment and involves hydrolysis and condensation reactions, we may expect the presence 

of residual water molecules on the nanoparticle surface. Also, the real samples of nanoparticles 

are in solution and interact with their surroundings via hydration shells, and it is experimentally 

proved that a small quantity of bound water on nanoparticles is present up to 600−700 K.136 

Based on the previous work by our group, we know the relative reactivity at each Ti site of 

the spherical nanoparticles towards one water molecule.270 The authors have distinguished sites 

where water molecules dissociate into OH− on undercoordinated Ti atoms and H+ on bridging 

O atoms, from sites where water molecules are adsorbed in the molecular form on 

undercoordinated Ti atoms.   

Since the NP model ((TiO2)223∙10 H2O) contains 10 intrinsic water molecules, 10 -OH groups 

are already available on the nanoparticle surface. However, to study the possible multidentate 

adsorption mode of the TETT linker, we have not taken for granted that the hydroxyl groups 

involved in the condensation reaction can stably coexist on closely Ti atoms. Consequently, 

before we have adsorbed the linker in a tri-dentate mode, we have ensured whether each Ti in 

the three-site can host an -OH group. To do this, we have compared the dissociation energy of 

three water molecules with the adsorption energy of three undissociated water molecules. As 

reported in Table 5-4, the dissociative adsorption mode is preferred compared to the 

undissociated one, with an energy gain from 0.19 eV to 0.60 eV.  

Table 5-4 Comparison between the binding energies (ΔE, in eV) for three water molecules on a specific tri-

site of the NP model with the DFT(B3LYP-D*) method. Both molecular and dissociated adsorption modes are 

considered. The tri-site and the atom label are clarified in Figure 5-6. 

  ΔE(eV) 

tri-site  atom label molecular dissociated 

A 12  16   1 -3.65 -4.07 

B  10    3   8  -2.78 -2.94 

C 11    2   3 -2.93 -3.12 

D   1    1   3 -3.08 -3.12 

E  12  16  18  -2.59 -3.19 

F   7    7   14  -2.92  -4.03  
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Therefore, without considering the possible distortion introduced during the adsorption, we 

conclude that it is possible to condensate the TETT in the tridentate mode. 

5.4.2  TETT adsorption modes 

This section is dedicated to the study of the different adsorption modes of the TETT molecule 

at low coverage. The chemically active sites on the NP surface are the unsaturated acidic 

cationic (Ti4c and Ti5c) and the basic anionic sites (O2c).  

The silane coupling agents (TETT) can be hydrolyzed to silanol derivates. In the TETT 

molecule, the propyl chain has been functionalized with an ethylenediamine group, which has 

three substitutional carboxylic groups (Figure 5-5). 

 

Figure 5-5 The structure of TETT [N-(trimethoxysilylpropyl) ethylene diamine triacetic acid, trisodium salt], 

with the hydrolyzable group in green and the carboxylic groups in red. 

Depending on the hydrolyzation degree of the TETT linker, different adsorption modes on 

the TiO2 nanoparticle can be considered. Toledo et al. have observed three different signals in 

the 29Si and 13C NMR spectra of the functionalized TiO2 nanoparticles, which were ascribed to 

the condensation reaction products, and indicate whether each silanol is attached through one 

(-OSi(OH)2R), two (-O2Si(OH)R) or three (-O3SiR) chemical bonds, respectively.271  

Even though there are many undercoordinated Ti atoms due to the higher curvature of the 

NP,118 the tridentate adsorption is not always feasible because it requires three not sterically 

hindered and closed Ti atoms. On the flat surface, the tridentate adsorption mode is not 

observed because the distance to a third unsaturated Ti atom is too long.  
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Figure 5-6 Map of the Ti atoms of the spherical anatase TiO2 nanoparticle with different coordination 

environments visually shown by the colour coding and numbering. The triangle defines the possible tri-site (triad) 

in the nanoparticle model. 

We have succeeded in binding TETT to four different tri-atomic Ti sites among the selected 

ones reported in Table 5-5. The adsorption energies are similar for the tri-sites E and F and 

amount to about −3.8 eV since the adsorption takes place on the pole of the NP (Figure 5-6). 

Differently, if the TETT is adsorbed at the equator on the tri-site B and C (Figure 5-6), the 

energy gain drops to -2.48/-2.61 eV. 

Table 5-5 Calculated binding energies (ΔE, in eV) for the tridentate adsorption mode of the TETT linker on a 

specific tri-site (triad) in the NP model with the DFTB method. The name of the triad and the corresponding atom 

label are given (see Figure 5-6). The bidentate adsorption mode is considered if the tridentate adsorption was not 

successful. 

Localization  Triad  Atom label ΔE(eV) tri- ΔE(eV) bi-  

Tropic A 12  16   1 - -2.68  

Equator B 10    3   8  -2.48  

Equator C 11    2   3 -2.61   

Tropic D   1    1   3 - -2.56  

Tropic E 12  16  18  -3.84   

North pole F   7    7  14 -3.82  
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The energy difference between the adsorption at the equator and the pole of the NP (see 

Figure 5-6) is due to the different degree of rearrangement in the NP. We have observed that 

the O2c at the equator is pushed back inside the NP by 1.3 Å because of the Si repulsion, as 

shown in Figure 5-7.  

 

Figure 5-7 Top views of one TETT linker adsorbed on the tri-site C of the spherical NP as obtained by DFTB 

and DFT calculations. Ti atoms are shown in cyan, O atoms in red, H atoms are shown in white, Si atom in yellow, 

C atoms in green, and N atoms in blue. Relevant distances, for both methods, are reported Å. The DFT(B3LYP-

D*) distances are detailed in parenthesis. 

Due to the stereochemical conformation of the Ti atoms on the tri-site A and D, we did not 

succeed in the adsorption of the linker in the tridentate mode. During the relaxation of the 

TETT at tri-site-site A and D we have observed an eruption of one of the Ti-O bonds, and the 

conversion of the tridentate mode to the bidentate one. 

The energy gain for the bidentate adsorption at the sites A and D is comparable to the 

adsorption energy at the tri-sites B and C due to distortions introduced in the tridentate 

structured on the NP surface.  

To clarify the balance between the energy gain and the cost of the distortions, we have 

studied the energy gain for each Ti-O bond at the tri-site C. We have verified whether the 

energy per bond in the bidentate or tridentate mode is two or three times the energy bond of 

the monodentate adsorption or not. The estimation of the binding energies per bond for mono-

, bi- and tridentate adsorption of the linker, using DFT and DFTB methods, are reported in 

Table 5-3. Even though the Ti-O bonds are not additive, the energy gain per ligand on the 

tridentate mode yields more energy than bi- or monodentate ones (see Table 5-3). 

Consequently, despite the distortion introduced in the NP, the tri-dentate mode is still feasible. 
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The ratio reported in Table 5-3 is defined as the energy deviation of the tridentate and 

bidentate mode with respect to the monodentate (monodentate/monodentate, 

bidentate/monodentate, and tridentate/monodentate). The values obtained with the DFTB 

methods are in agreement with the DFT ones. The ratios are in qualitative agreement, which 

justifies the abovementioned scaling (section 5.3.1). Moreover, the DFT geometries are well 

reproduced by DFTB methods (Table 5-6 and Figure 5-8) and the geometrical details are 

summarized in Table 5-6.  

We may conclude this part of the work with the consideration that it is possible to 

dissociatively adsorb the TETT linker in the tridentate mode, as observed experimentally.271 

The most stable configuration is the adsorption at tri-sites E and F, followed by tri-sites B and 

C.  

 

Figure 5-8 Adsorption configurations (side views) for one TETT linker on the tri-site C of the spherical NP as 

obtained by the DFT(B3LYP-D*) and the DFTB calculations. Ti atoms are shown in cyan, O atoms in red, H 
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atoms in white, Si atom in yellow, C atoms in green, and N atoms in blue. Relevant covalent bonds are identified 

with the letters a, b, c, and the corresponding values are reported in Table 5-6. 

Table 5-6 Calculated bond distances for the mono-, bi- and tri-dentate TETT adsorption mode at the tri-site C. 

The DFTB value are reported in parenthesis. The letter a, c, and c identify the O atoms involved in the adsorption 

process (Figure 5-8). 

  Distance (Å) 

Adsorption mode O  Si-O O-Ti 

Mono- a 1.64 (1.58) 1.84 (1.86) 

Bi- a 1.70 (1.63) 1.84 (1.88) 

 b 1.67 (1.59) 1.84 (1.91) 

Tri- a 1.65 (1.62) 1.89 (1.88) 

 b 1.66 (1.64) 1.85 (1.91) 

 c 1.68 (1.61) 1.81 1.89) 

 

 

5.4.2.1 Electronic properties 

As explained in section 4.3.2, DFTB is generally not accurate enough to describe the electronic 

properties of such delicate functionalized metal oxide systems. However, we have established 

that performing DFT single point calculations on DFTB optimized geometries effectively 

improves the description of the electronic structure, providing results in close agreement with 

DFT. As shown in Figure 5-9, the electronic structure calculations were performed at three 

different levels of theory: DFTB (upper panel Figure 5-9), single-point DFT calculation on the 

DFTB optimized geometry (DFT/DFTB) (middle panel Figure 5-9), and DFT (lower panel 

Figure 5-9). 
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Figure 5-9 Total (DOS) and projected (PDOS) density of states for the tridentate configuration at site C (see 

Figure 5-8) of single TETT molecule adsorption by DFTB (upper panel), DFT/DFTB (middle panel), and DFT 

(lower panel). The HOMO−LUMO gap is reported for each plot by dashed lines. The zero energy is set to the 

vacuum level. 

The DOS obtained by DFTB is characterized by the presence of two mid-gap states, while 

those by DFT/DFTB and DFT calculations present three mid-gap states. HOMO and HOMO-

1 are mainly related to the C and N atoms of the TETT, and the HOMO-2 peak is ascribed to 

the O atoms of the molecule. In the DFTB calculations, the HOMO-2 state is inside the valence 

band due to the underestimated band gap value. The band gap values for the bare NP in DFTB 

and DFT are 3.11 and 4.13 eV, respectively.118 

5.4.3 Molecular dynamics at different coverage  

In the previous section, we have investigated the adoption mode of the TETT linker on the 

TiO2 NP at 0 K. Once we have obtained the equilibrium geometry, we have sampled the 

configurational space by means of molecular dynamics. The kinetic energy introduced in the 

simulation, through temperature, allows the system to overcome the barriers in the order of kBT 

and to reach the global minimum. 
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Through MD, we have verified the stability of the investigated adsorption modes and how 

they evolve with time. For each adsorption site we have done some statistics to analyse the 

possible transitions tri-dentate to bi-dentate etc... during the simulation. We could expect that 

the tri-dentate adsorption mode induces some strain that could be released during the molecular 

dynamics runs. Furthermore, we have explored the possible conformations of the flexible 

ligand in order to find the most stable interactions with the NP. 

5.4.3.1 Analysis of molecular dynamics through structural and 

electronic indicators  

Structural modifications of the TETT linker adsorbed on the nanoparticle during the MD runs 

have been characterized by angles, distances, and linker orientation. The average dipole 

moment has also been monitored.  

We have considered the evolution of the Si-O-Ti angles and the Ti-O distances (as 

geometrical parameters) to characterize the trajectories in which the tridentate absorption mode 

is preserved even at high temperatures. Another relevant aspect is the orientation of the linker 

during the dynamics. For this, we have plotted the absolute value of the angle (α) (Figure 5-10) 

between the plane, in which the Ti atoms involved in the adsorption lie, and the vector passing 

through the Si and the farthest N atom in the TETT linker. 

Regarding the dipole moment, bulk anatase TiO2 has not a dipole moment, whereas the 

nanoparticle may have one due to the asymmetric distribution of Ti and O atoms at the surface 

of the nanoparticle. We have studied the magnitude of the dipole moment (�⃗�) as a function of 

the time, separating the contribution of the linker from that of the nanoparticle. We are 

interested in the estimation of how much the dipole moment in the linker and the NP change 

as a consequence of surface functionalization.  

The dipole moment can be approximated as the Mulliken charge (𝑞𝑖) multiplied by the 

coordinate vector (𝑟𝑖⃗⃗⃗ ), as reported in the following formula, where the index i run over all the 

N atoms: 

 

�⃗� =  ∑𝑞𝑖 ∙ 

𝑁

𝑖

𝑟𝑖⃗⃗⃗  (5.4) 
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The Mulliken charge 𝑞𝑖 is express as the atomic number (𝑍𝑖) minus the Mulliken population 

(𝑃𝑖): 

 𝑞𝑖 = 𝑍𝑖 − 𝑃𝑖 (5.5) 

 

Considering the component of the coordinate vector (𝑟𝑖⃗⃗⃗ ) for each atom, the final expression of 

the dipole moment is: 

 
�⃗� =  √(∑𝑥𝑖

𝑖

∙  𝑞𝑖)2 + (∑𝑦𝑖
𝑖

∙  𝑞𝑖)2 + (∑𝑧𝑖
𝑖

∙  𝑞𝑖)2 
(5.6) 

 

5.4.3.2 Molecular dynamics at low coverage 

In this section, we present the analysis of the MD simulations based on the indicators 

introduced in the previous paragraph. We have sampled the conformational space of the 

functionalized NP by conducting some statistics to elucidate the adsorption mode of the TETT 

molecule. Different simulations for the same tri-sites are distinguished by labelling them with 

an incremental number (md1, md2, etc.).   

Tri-site B 

Starting from the TETT linker optimized at the tri site B we carried out two molecular dynamics 

simulations. The statistic is rather small since tri-site B presents one Ti atom that is the is the 

same as in tri-site C (Figure 5-6). Consequently, when considering the adsorption at the tri-

site B we exclude the adsorption at the tri-site C and vice versa. 

The Si-O-Ti angles and Ti-O distances fluctuate around the equilibrium value during the 

dynamics md 1 (Figure 5-11), because no interactions between the linker and the NP are 

established. We only observed one intramolecular H-bond between the carboxyl groups. Even 

the standard deviation for the angle (α), defined in Figure 5-10, fluctuated around the mean 

value (61.4°). On the contrary, in the evolution of the md 2 (Figure 5-11) we observed the 

transition to bidentate adsorption. One proton went back to the oxygen of the TETT molecule, 

and the reformed -OH group establishes a coordinative bond with the underlying Ti atom. 
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Moreover, the linker bents and folds the NP surface to form two H-bonds. Accordingly, after 

the MD run, the optimized md 1 configuration is stabilized by only -0.30 eV, whereas after md 

2 it is stabilized by -0.67 eV, given the favorable linker folding and the interactions with the 

surface (Figure 5-11). 

 

Figure 5-10 On the left, the linker orientation defined as the angle α between the plane (in light blu) that 

contains the Ti atoms of the tri-site and the vector that join the Si atom (in yellow) and the farthest N atom (in 

blu) in the linker. On the right, the evolution of the angle α for the md1 related to the tri-site B.   

Table 5-7 Calculated adsorption energies (ΔE in eV) for the optimized last snapshot of the molecular dynamics  

 ΔE (eV) 

md 1 -2.78 

md 2 -3.15 
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Figure 5-11 Adsorption configurations (side views) and energies per molecule in eV for one TETT linker on 

the tri-site B of the spherical NP as obtained by DFTB calculations. Ti atoms are shown in cyan, O atoms in red, 

H atoms in white, Si atom in yellow, C atoms in green, and N atoms in blue. Relevant hydrogen-bonds and 

coordinative bond are represented by dashed lines and solid lines, respectively. Distances are reported in Å. 

 

Tri-site C  

Among the various tri-sites in Table 5-5, we have conducted some statistics only for one of 

them. In particular, we have selected tri-site C to validate the tridentate adsorption mode. 

Considering six molecular dynamics runs, only in one case we observed the evolution in a 

bidentate mode (md 4 in Figure 5-12). Therefore the covalent adsorption in a tridentate fashion 

is rather stable. 

The calculated adsorption energies of the optimized structure after the thermal treatments 

(Table 5-8) are more stable compared to those obtained at 0 K (-2.61 eV, see Table 5-5). The 

energy gain is related to the number and the strength of the interactions between the linker and 

the NP. 
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Table 5-8 Calculates adsorption energy (ΔE in eV) for the optimize last snapshot of the molecular dynamics 

runs. 

 ΔE (eV) 

md 1  -3.07 

md 2 -4.65 

md 3 -3.01 

md 4 -3.38 

md 5 -4.86 

md 6 -4.91 

 

 

Figure 5-12 Adsorption configurations (side views) and energies per molecule in eV for one TETT linker on 

the tri-site C of the spherical NP as obtained by DFTB calculations. Ti atoms are shown in cyan, O atoms in red, 

H atoms in white, Si atom in yellow, C atoms in green, and N atoms in blue. Relevant hydrogen-bonds and 

coordinative bonds are represented by dashed lines and solid lines, respectively. Distances are reported in Å. 

After the evolution of the functionalized nanoparticle model at 300 K, we have optimized 

the final structure of the trajectory back at 0 K. The configuration obtained after md 6 (Figure 
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5-12) is the most stable (-4.91 eV) for the tri-site C, due to the formation of three coordinative 

bonds. Also, the weak dispersion interactions within the TETT chain and the nanoparticle 

surface further stabilize the configuration from md 6.  

The energy gain becomes slightly smaller in the configurations where one carboxyl group 

dissociates, as shown in Figure 5-12 for md 2 and md 5, i.e. -4.65 eV and -4.86 eV, 

respectively. On the contrary, in md 1, md 3 and md 4 only H-bonds are formed (Figure 5-12), 

therefore the energy gain is lowered and it is approximately around -3.0 eV (Table 5-8). 

 

Figure 5-13 Evolution of the md 1, md 2, md 3, and md 4 for the tri-site C. In the upper graphs, the geometrical 

parameters: the Ti-O distances in Å, and the Ti-O-Si angles in grad. In the lower graphs, the evolution of the 

angle, in grad, with the dipole moment in eÅ for the linker, the NP, and the core of the NP. The detailed description 

of the angle and dipole moment are reported in section 5a. 
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Figure 5-14 Evolution of the md 5 and md 6 for the tri-site C. In the upper graphs, the geometrical parameters: 

the Ti-O distances in Å, and the Ti-O-Si angles in grad. In the lower graphs, the evolution of the angle, in grad, 

with the dipole moment in eÅ for the linker, the NP, and the core of the NP. The detailed description of the angle 

and dipole moment are reported in section 5a. 

The evaluation of the dipole moment for the nanoparticle (blue line in Figure 5-13 and 

Figure 5-14) and the linker (black line in Figure 5-13 and Figure 5-14) describes the 

interactions between them. As a general statement, the dipole difference between the NP and 

the linker decrease due to the thermal treatment, and the balance between them can be 

correlated with the type of interactions.  

For the tri-site C, we can identify two extreme situations: on one side the md 3 and on the 

other the md 6. In md 3, the chain of the linker forms only one H-bond with the NP, whereas 

in md 6 the linker establishes three dative bonds. We observe that in the md 3 the difference 

between the linker and the NP is the largest, while in md 6 is the smallest because increasing 

the number of interaction between them decrease the dipole moment difference. 

It is noteworthy that the dipole of the atoms in the core of the NP (red line in Figure 5-13 

and Figure 5-14) is constant during the evolution of the MD, because the atoms in the core of 

the NP are not influenced by the presence of the linker.  

As a reference value we have calculated the dipole of the bare NP 10 eÅ (48 D), which is in 

agreement with other work.272 However, we have noticed that the NP becomes more polar 200 

eÅ (960 D) due to the surface functionalization. 
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Tri-site E 

During all the simulations for the linker adsorbed on the tri-site E (Figure 5-15), the Ti-O 

distances fluctuate around the mean value (dev. St. ± 0.007), which means that the tridentate 

mode is kept. Accordingly, also the angles do not deviate during the MD runs. The average 

value for α and γ is 120° and 130°, respectively, whereas the β angle is larger (150°) due to the 

arrangement of the Ti atoms on the NP surface that make the Ti-O-Si angles not totally 

symmetric.  

Table 5-9 Calculates adsorption energy (ΔE in eV) for the optimize last snapshot of the molecular dynamics. 

 ΔE (eV) 

md 1  -5.55 

md 2 -4.77 

md 3 -4.17 

md 4 -4.71 

 

The linker bends toward the NP surface during the md 1 and forms two coordinative bonds 

through the carbonyl (2.24 Å, 1.96 Å) groups, while during md 3 one H-bond and one 

coordinative bond are formed (Figure 5-15). 

Ideally the TETT chain, due to the thermal treatment, can form at least two H-bonds for each 

carboxyl group. However, a considerable distortion in the linker should be introduced to find 

the orientation which maximize H-bonds with the NP. The TETT chain folds into a 

conformation such that 4 H-bonds are formed in md 2 and three H-bonds are formed in md 4.  
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Figure 5-15 Adsorption configurations (side views) and energies per molecule in eV for one TETT linker on 

the tri-site E of the spherical NP as obtained by DFTB calculations. Ti atoms are shown in cyan, O atoms in red, 

H atoms in white, Si atom in yellow, C atoms in green, and N atoms in blue. Relevant hydrogen-bonds and 

coordinative bonds are represented by dashed lines and solid lines, respectively. Distances are reported in Å. 

At 0 K before the MD, the tridentate adsorption at the tri-site E (-3.84 eV) is the most stable 

with respect to the tri-site C (-2.61 eV) and tri-site B (-2.48), see Table 5-5. In addition, the 

configurations obtained after the dynamics starting from the tri-site E are even more stable up 

to -5.55 eV (Table 5-9). The high stability is due to the stable anchoring of the linker in this 

specify tri-site of the nanoparticle surface. 



164 Functionalized TiO2 nanoparticles for bio-conjugation: TETT linker 

 

 

 

Figure 5-16 Evolution of the md 1, md 2, md 3, and md 4 for the tri-site E. In the upper graphs, the geometrical 

parameters: the Ti-O distances in Å, and the Ti-O-Si angles in grad. In the lower graphs, the evolution of the 

angle, in grad, with the dipole moment in eÅ for the linker, the NP, and the core of the NP. The detailed description 

of the angle and dipole moment are reported in section 5a. 

The difference of the dipole moment, between the linker and the NP, in md 3 (Figure 5-16), 

is the highest because the linker establishes one H-bond (1.76 Å) and one coordinative bond 

(2.28 Å) that are the weakest bonds compared to the same type of interactions in the other 

dynamics. On the contrary, in md 1, md 2, and md 4 the difference is slightly smaller compare 

with the md 3 because all the three carboxyl groups are closer to the surface. Therefore, if the 

linker is closer to the NP surface, the numbers of interactions are higher, and consequently, the 

smaller is the dipole difference between the dipole of linker and the nanoparticle.  

 

Tri-site F 

Also, for the tri-site F the tridentate mode is kept along all the trajectories. The angles Ti-O-Si 

and Ti-O distances oscillate around the equilibrium value.  
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Figure 5-17 Adsorption configurations (side views) and energies per molecule in eV for one TETT linker on 

the tri-site F of the spherical NP as obtained by DFTB calculations. Ti atoms are shown in cyan, O atoms in red, 

H atoms in white, Si atom in yellow, C atoms in green, and N atoms in blue. Relevant hydrogen-bonds and 

coordinative bonds are represented by dashed lines and solid lines, respectively. Distances are reported in Å. 

Table 5-10 Calculates adsorption energy (ΔE in eV) for the optimize last snapshot of the molecular dynamics. 

 ΔE (eV) 

md 1  -5.15 

md 2 -5.61 

md 3 -4.99 

md 4 -5.81 

 

The calculated adsorption energy before the molecular dynamics at the tri-site F (-3.82 eV) is 

similar to the adsorption at the tri-site E (-3.84 eV), which is consistent since both tri-sites are 

at the pole of the NP (see Figure 5-6). However, after the MD the obtained configurations for 

the tri-site F are more stable compared to the configurations obtained for the tri-site E after the 

MD, since the energy gain is larger than -1.2 eV. The TETT linker adsorbed at the tri-site F 
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forms three stable covalent bonds with the undercoordinated Ti atoms without stereochemical 

tension in the Si-O-Ti angles.  

As shown in Figure 5-18, the evolution of the dipole moment in md 1 and md 2 is analogous, 

due to the similar interactions of the linker with the NP. Such interactions are one 

intramolecular H-bond in the molecule, and one H-bond and one coordinative bond concerning 

the surface. In md 4 the evolution of the dipole moment has a similar trend, but with respect to 

the md 1 and md 2 the intramolecular H-bond in the molecule was not observed. Regarding the 

md 3 the dipole difference between the linker and the NP is most significant due to the minor 

interactions among the TETT and the NP.  

 

Figure 5-18 Evolution of the md 1, md 2, md 3, and md 4 for the tri-site F. In the upper graphs, the geometrical 

parameters: the Ti-O distances in Å, and the Ti-O-Si angles in grad. In the lower graphs, the evolution of the 

angle, in grad, with the dipole moment in eÅ for the linker, the NP and the core of the NP. The detailed description 

of the angle and dipole moment are reported in section 5a. 

To summarize, except for the simulation on the tri site C, the tridentate adsorption mode is 

kept in all the molecular dynamics runs. The configurations obtained from the evolution of the 

functionalized nanoparticle are always stabilized compared to the optimized configurations 

before the molecular dynamics. The temperature allows the TETT linker to overcome the 

rotational barrier needed to modifying the linker conformation so that the molecule can bend 

and interact with the nanoparticle surface. The strong covalent bonds of the silanol 

functionality and the non-covalent interactions of the chain stabilize the linker adsorption on 

the TiO2 NP surface at low coverage. 



Functionalized TiO2 nanoparticles for bio-conjugation: TETT linker 167 

 

 

The molecular dynamics simulations reveal that the tri-site F is the most stable among the 

investigated tridentate configurations.  

5.4.3.3 Molecular dynamics at medium coverage and high coverage 

In this section, we discuss how the TETT molecules interact among them when the NP surface 

is decorated with a considerable amount of molecules. We are interested in exploring the 

packing of the molecules in the monolayer, and in characterizing the interactions involved in 

the monolayer. In particular, we want to quantify the number of functional groups available for 

further conjugation, and the number of functional groups involved in the network of the densely 

packed monolayer. 

We have built two models that differ in the number of deposited molecules. The medium 

coverage has 22 molecules, while the full coverage 40 molecules. In both of them the TETT 

molecules were added to the NP surface simultaneously, with the carboxylic functionalities 

point up into the vacuum. Regarding the medium coverage, starting from the tridentate site that 

we have identified in Table 5-5, the TETT was adsorbed in equivalent symmetric sites. Then, 

the remaining Ti sites have been functionalized in a bidentate fashion. 

For the full coverage model, together with the tridentate and bidentate adsorption mode, the 

remained under coordinated Ti sites have been decorated in a monodentate mode. The 

tridentate mode is the less abundant (12 tri-sites) compared to the monodentate (18 mono-

dentate sites) and bidentate (10 bi-dentate sites) since the multidentate mode requires 

undercoordinated Ti atoms close to each other.   

Both models were subjected to thermal treatment by means of molecular dynamics at 300 K. 

The medium coverage evolved for 15 ps, while the full coverage for 5 ps, due to the number 

of atoms 1689 and 2499, respectively.  

As a result of the thermal treatment, the chains of the molecules rearrange in the monolayer 

in order to establish weak interactions among them or with the surface. The temperature effects 

only the linkers orientation, since the multidentate adsorption modes of the TETT molecule are 

maintained even at high temperature. We have observed only one transition from tridentate to 

bidentate in the evolution of the full coverage model. 
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The hydrogen bonds play a crucial role in determining the conformations and aggregations 

of TETT molecules in the monolayer. Based on the conventional definition of H-bond273 

(Figure 5-19), we have selected a criterion to calculate the number of H-bond in our models. 

Considering the O∙∙∙O distance in the interval of 2.1 Å < D < 3 Å, and the O─H∙∙∙O angle (θ) 

larger than 130° we have counted 82 and 168 H-bonds in the medium (Figure 5-20) and in the 

full coverage (Figure 5-21), respectively. 

 

Figure 5-19 Schematic representation of the H-bond between two carboxylic groups in TETT molecules (R). 

Definition of the H-bond parameters: d = H∙∙∙O distance, D = O∙∙∙O distance, and θ = O─H∙∙∙O angle.   

 

 

Figure 5-20 TiO2 nanoparticle decorated with 22 TETT molecules adsorbed in a mixture of tridentate and 

bidentate fashion. The structure has been optimized after 15 ps of thermal treatment.   
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Table 5-11 Classification of the H-bonds in the medium and full coverage models.  

H-bonds   Medium coverage High coverage 

With the surface 38 59 

In the monoleyer 

Intramolecular  18 34 

Intermolecular 13 31 

Dimer 4 16 

Others 9 28 

Total in the monolayer 44 109 

Total 82 169 

 

During the dynamics, the molecules rearrange and try to get closer to the surface or interact 

with the neighbouring molecules. As reported in Table 5-11, in the medium coverage the 

number of H-bonds with the surface (38) is comparable to the number of H-bond among the 

molecule in the monolayer (44). On the contrary, in the full coverage due to the higher density 

of the molecules, the number of H-bonds in monolayer (109) is almost two times the number 

of H-bond with the surface (59). The inner H-bonds in the monolayer, such are intermolecular, 

intramolecular and the H-bonded carboxylic group dimers are not available to further 

functionalization, but they make the TiO2 surface biocompatible and water dispersable. 

However, the intra- and intermolecular H-bond in the outer part of the monolayer have at least 

a carbonyl or hydroxyl group available for carrying bioactive molecules or drugs.  

As one could expect, the average adsorption energy per molecules decreases by 0.40 eV form 

the medium to high coverage.  
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Figure 5-21 TiO2 nanoparticle decorated with 40 TETT molecules adsorbed in a mixture of tridentate, 

bidentate, and monodentate fashion. The structure has been optimized after 5 ps of thermal treatment.  

5.5 Conclusions 

In the present chapter, we have elucidated the nature of the interactions between the 

bifunctional linker TETT and the curved titanium dioxide nanoparticle.  

An extensive set of adsorption modes have been studied. At low coverage and 0 K, the TETT 

linker preferentially binds in a tridentate fashion on a tri-site E, F, and C with an energy gain 

of -3.84 eV, -3.82 eV and -2.61 eV, respectively (see Figure 5-6).  

The TETT molecule has a large number of degrees of freedom, due to the long chain with 

three laterals −COOH functional groups. Since the geometric configuration and the orientation 

of the TETT linkers affect the binding strength on the surface of the nanoparticle, we have 

employed density functional tight binding (DFTB) molecular dynamics to sample the 

configurational space of the combined TETT/TiO2 nanoparticle system. After the thermal 

treatment, all the tridentate configurations taken into consideration are stabilized since the 

linker has overcome the rotational barriers on the potential energy surface and a lower energy 
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minimum has been reached. Based on the conformational analysis, the most stable 

configuration (on tri-site F) besides the three Si-O covalent bonds anchoring the molecule at 

the nanoparticle surface, establishes one coordinative bond (HOTETT∙∙∙Ti), and one H-bond 

(C=OTETT∙∙∙HOs) (see Figure 5-17), with an energy gain of -1.99 eV. 

We have reached a high coverage model by decorating all the reactive sites in the NP. A 

densely packed monolayer of organic molecules is formed. The TETT molecules are 

interconnected by some H-bonds.  

Not all the carboxylic groups of the TETT linker in the monolayer participate in this H-bond 

network, therefore such functional groups are still available for tethering other molecules such 

as solvent or bioactive molecules. 

This means that the TETT-modified TiO2 nanoparticles could be used to build up effective 

bioconjugates for a wide range of applications such as drug delivery, targeting and imaging. 

Moreover, the full coating monolayer prevents the uncontrolled interaction of the nanoparticle 

with biological media, making the system more biocompatible. Finally, the carboxyl end-

groups improve NP water dispersibility.





 

 

Chapter 6 Summary and Conclusions 

Titanium dioxide composite materials have attracted the attention of the scientific community 

due to their outstanding properties and promising applications. Materials interfaces based on 

TiO2 play a crucial role in many of these applications. 

In the present work of thesis, different types of titanium dioxide/C-based layer composite 

materials have been considered. The titanium dioxide surface has been interfaced with both 

inorganic bidimensional (graphene) and densely packed organic (enediols and silanes) C-based 

monolayers.  

In the first part of the work, the atomic structure of the interface between defective graphene 

and anatase TiO2 surface, together with its electronic properties and chemical reactivity with 

water molecules, were systematically investigated by dispersion corrected hybrid density 

functional calculations. The magnetism observed for the carbon monovacancy model in 

graphene (VG) is found to quench when VG is put on TiO2 (101) surface. The interaction at 

the VG/TiO2 interface is based on van der Waals or dispersion forces. However, after 

overcoming some energy barrier, a C−O bond may be formed at the interface. Water molecules 

can dissociate either on top or at the VG/TiO2 interface. Our study allowed the definition of the 

possible reaction paths and of the most stable dissociation products. Full dissociation into O + 

H + H is found to be largely preferred. Very importantly, if the underlying TiO2 substrate is 

partially reduced, with oxygen vacancies, water splitting is fully achieved because the two H 

atoms are left on the graphene layer, whereas the O atom is deep in the TiO2 surface. Overall, 

this comprehensive study provides important information on the details of the atomic structure 

and electronic properties of titania/graphene composites, even when the conditions are not as 

ideal as one would wish (i.e. carbon vacancy or reduced TiO2). 



174 Summary and Conclusions 

 

 

In the second part of the work, two studies on a realistic spherical TiO2 nanoparticle (NP) 

decorated with densely packed organic monolayers based on the enediol DOPAC and the 

organosilane TETT were presented, respectively.  

For the low coverage model of the TiO2/DOPAC, we have determined the favorable 

molecular adsorption modes and analyzed the electronic charge-transfer effects, identifying the 

new molecular states in the band gap introduced by the adsorbed linker species. On top of that, 

we have investigated the processes following vis-light photoexcitation of the charge transfer 

complex: exciton formation, trapping, charge carriers diffusion or recombination. We have 

learnt that the photoexcited hole is trapped in the -states of the aromatic ring, whereas the 

photoexcited electron can hope on different Ti sites, leading to an effective charge transfer 

separation. Interestingly, the one that provides the strongest binding is the surface Ti atom 

involved in the bonding with the –COOH functional group in DOPAC. The hole trapping has 

a beneficial effect of lowering the oxidative power of TiO2 NP under light irradiation. As a 

further step, we then consider the molecular layer of enediolic molecules on the NP surface. 

For the high coverage model, it was necessary to recourse to the approximated-DFT, namely 

density-functional tight-binding (DFTB), and then calculating the electronic properties at the 

DFT level. We have observed that molecular states in the gap form a continuous band 

modifying the absorption of the nanoconjugated. We have also considered the effect of the 

temperature by means of molecular dynamics, which it showed the high affinity of the –COOH 

functional group toward the nanoparticle surface. The involvement of the -COOH group of 

DOPAC in interactions with the NP surface limits the use of this functionalized system 

(TiO2/DOPAC) for further bio-conjugation. Nevertheless TiO2/DOPAC is certainly more 

biocompatible and photo-sensible to the visible light than bare TiO2 NPs.  

We have built a high coverage model also in the case of the silane (TETT) molecule by 

decorating all the reactive sites in the NP with 40 molecules. A densely packed monolayer is 

formed and, after thermal treatment, the TETT molecules are interconnected by some H-bonds. 

However, since for each linker TETT molecules there are three COOH groups, not all of them 

participate in this H-bond network, therefore they are still available for tethering other species, 

such as solvent or bioactive molecules. This means that the TETT-modified TiO2 nanoparticles 

could be more effective than DOPAC-modified ones for building up bioconjugates to be used 

in a wide range of applications, such as drug delivery, targeting and imaging. 
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To conclude, in the present work of thesis, we have investigated the functionalization of 

TiO2 surface with C-based materials. On one hand, we have defined the mechanism how 

TiO2/defective graphene interface can promote water dissociation, and, on the other, we have 

defined the nature of interaction between TiO2 NP and organic linkers to build potentially 

efficient carriers for bioconjugation.  
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