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Abstract

The collection of papers included in this thesis reflects the diversity of studies I have con-

ducted over the last five years to explore the evolution of complex hybrid materials made

of metal oxides/metal supports and biomolecules, such as amino acids, peptide and pro-

teins, by means of reactive classical molecular dynamics simulations based on the ReaxFF

approach. The seeds for this thesis were planted in the Fall of 2011 when I was visiting the

group of professor van Duin at Penn State University for developing an extended version

of the protein force field that could describe conformation and reactivity of all the amino

acids, thus peptide and protein structures, in solution. The work was successfully published

and the parameters released to the scientific community in 2013. The response I got sug-

gested that the time was right for demonstrating the power, reliability and efficiency of this

new tool in the design of new composite materials for biomedical applications. This thesis

includes a part of these efforts and is focused on titanium dioxide, gold and the amino acid

cysteine (single, as a dimer and as an element of peptide chains), which has been adsorbed

on these supports in the gas phase and in solution. Biocompatibility is the keyword and a

characterization of the combination of the aforementioned components is fundamental for

developing improved compounds with tuned properties. Considering the need to follow the

evolution of large size models for long simulation time scales and to explore all possible

changes of the various species, ReaxFF molecular dynamics simulations turned out to be

the best choice because they were suitable for predicting several events that could not be

disclosed either by experimental techniques or by other computational methodologies.

After a long and accurate parametrization process, based on quantum chemistry calcula-

tions, I obtained the first reactive force field that described realistically reaction mecha-

nisms between the adsorbates and the supports, that is physisorption, chemisorption, self-

assembly at the interface, surface reconstruction effects and solvent perturbations. All these

results matched experimental data and unveiled the causes behind the observed phenom-

ena. Besides this main line of action, parallel investigations using the ReaxFF approach

were conducted to clarify the conformational behavior and spectroscopic properties of a

small molecule (para-nitro-aniline) physisorbed on different types of gold supports, to ver-

ify the attachment of another amino acid (glycine) to copper and to explore other fields,

namely solid-state dye-sensitized solar cell (DSSCs) by representative models made of an

anatase(101) support and an indoline organic dye. This last topic was essentially a further

test to check the performance of the reactive force field developed for amino acids/titanium

dioxide complexes.



Sammanfattning

De vetenskapliga artiklar som ing̊ar i denna avhandling återspeglar mångfalden av de studier

jag har genomfört under de senaste fyra åren för att utforska komplexa hybridmaterial

gjorda av metalloxider / metallytor och biomolekyler, s̊asom aminosyror, peptider och pro-

teiner, medelst reaktiva klassiska molekyldynamiksimuleringar baserade p̊a ReaxFF strate-

gin. Fröna till denna avhandling planterades under hösten 2011 när jag besökte Penn State

University som gästforskare i gruppen ledd av professor van Duin för att utveckla en gener-

aliserad version av ett protein-kraftfält som kan beskriva konformation och reaktivitet hos

alla aminosyror, och därmed peptid- och proteinstrukturer i lösning. Arbetet har publicer-

ats och de optimerade parametrarna offentliggjordes för det vetenskapliga samfundet 2013.

Det stora gensvar jag fick motiverade mig att demonstrera kapacitet, tillförlitlighet och ef-

fektivitet hos detta nya verktyg i utformningen av nya kompositmaterial för biomedicinska

tillämpningar. Denna avhandling återspeglar dessa ansträngningar och är inriktad p̊a ti-

tandioxid, guld och aminosyran cystein (som en enda molekyl, som en dimer eller som en

del av peptidkedjor), som adsorberats p̊a ytor i gasfas och i lösning. Biokompatibilitet är

nyckelordet och en noggrann karakterisering av kombinationen av de ovan nämnda kom-

ponenterna är grundläggande för att utveckla förbättrade föreningar med förutbestämda

egenskaper. Med tanke p̊a behovet av att följa utvecklingen av stora modeller under l̊ang

simuleringstid och av att undersöka alla möjliga förändringar av m̊anga olika varianter av

komplexen, visade sig ReaxFF simuleringar vara det bästa valet. De befanns lämpliga

för att förutsäga flera händelser som inte kunde avslöjas vare sig genom experimentella

tekniker eller genom andra beräkningsmetoder. Efter en l̊ang och noggrann parameteris-

erings process, som bygger p̊a kvantkemiska beräkningar, har jag nu utvecklat det första

reaktiva kraftfält som realistiskt kan beskriva reaktionsmekanismer mellan adsorbat och

ytor, via fysisorption, kemisorption eller självansamling vid gränsytan, med hänsyn ocks̊a

till yt-rekonstruktion och effekter av omgivande lösningsmedel. Alla dessa resultat matchar

experimentella data och gav möjliget att tolka de bakomvarande orsakerna till de observer-

ade fenomenen. Förutom denna huvudlinje genomförde jag parallella undersökningar med

hjälp av ReaxFF kraftfält för att klarlägga konformotionella beteenden och spektroskopiska

egenskaper hos en liten molekyl (para-nitro-anilin) fysisorberad p̊a olika typer av guldytor,

vidare för att kontrollera bindningen av en annan aminosyra (glycin) till koppar och för

att utforska andra omr̊aden, nämligen grätzel-solceller i fastfas med representativa modeller

inneh̊allande anatas(101) och ett organiskt färgämne. Det senare problemet gav möjlighet

att ytterligare kontrollera resultatet av det reaktiva kraftfält som utvecklats för aminosyror

p̊a titandioxidkomplex.
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Paper III S. Monti, V. Carravetta, H. Ågren Simulation of Gold Functionalization with

Cysteine by Reactive Molecular Dynamics J. Phys. Chem. Lett. 7, 272–276 (2016)
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ina, H. Ågren, V. Carravetta, A. Naves de Brito Surface-Altered Protonation Studied by

Photoelectron Spectroscopy and Reactive Dynamics Simulations J. Phys. Chem. Lett. 6,

807–811 (2015)

Paper III L. Schio, C. Li, S. Monti, P. Salén, V. Yatsyna, R. Feifel, M. Alagia, R.

Richter, S. Falcinelli, S. Stranges, V. Zhaunerchyk, V. Carravetta NEXAFS Q1 Q2 and

XPS studies of nitrosyl chloride Phys. Chem. Chem. Phys. 17, 9040–9048 (2015)

Paper IV C. Li, P. Salén, V. Yatsyna, L. Schio, R. Feifel, R. Squibb, M. Kamińska,
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Art, it is often supposed, is one of the hallmarks

of humanity. It reveals a capacity, common to all hu-

man beings, to disengage consciousness from the cur-

rent of lived experience, so as to treat that experience

as an object of reflection. Such reflection is the work

of the imagination, and its products are symbolic rep-

resentations.

Tim Ingold, The Perception of the Environment

General Introduction

This thesis work has grown from the same curiosities as those that, over ten years ago, led

me to embark upon a series of theoretical studies regarding the adsorption of selected amino

acids on titanium dioxide (TiO2) based substrates, in the gas phase and in solution.

Thanks to Vincenzo Carravetta, I was involved in a project where the principal purpose was

to explain and identify binding mode, dynamics and self-assembling properties of ionic self-

complementary oligopeptides, containing hydrophobic and hydrophilic residues, on titania

surfaces. These new synthetic composites, made of an organic and an inorganic component,

were essentially smart scaffolds that could be used effectively in the biomedical sector not

only for promoting cell growth, synapsis formation and cartilage tissue repair, but also for

sensory and delivering applications. From a computational point of view, the investigation

of structure, dynamics and physico-chemical properties of such systems was challenging be-

cause it required the examination of models of considerable size for prolonged time scales.

This implied, on the one hand, the definition of large complex molecular models containing

wide interfaces, several biomolecular units and sufficient solvent species (water and ions), and

on the other end, the examination of thousands of configurations sampled over long periods

of time. These needs prevented the use of sophisticated quantum chemistry methodologies

and induced us to resort to classical molecular dynamics (MD) approaches. In order to

do that, we had to re-adapt the programs, which were designed to describe the two main

components of these systems (i.e. adsorbate and support) independently, and develop new

force field parameters to render correctly the interactions between biomolecules and sub-

strates. The classical calculations were constantly complemented with quantum chemistry

data obtained from reduced representative models and the final results of our simulations

successfully matched the experimental observations. Furthermore, by using this computa-

tional strategy we were able to capture the essence of the biomolecule-surface interactions in

solution by highlighting the competition between surface hydration and biomolecule adsorp-

tion as well. Then, we refined further our methodologies and extended them for studying

the adsorption of various amino acids, peptides, peptide fibers, DNA bases and DNA chains

on different types of substrates. Other groups around the world adopted similar approaches,

1



2 General Introduction

and performed series of studies to model the interactions between various types of molecules

and inorganic surfaces. The number of scientific publications in this field increased expo-

nentially.

Although atomistic classical MD simulations seemed to be a good compromise between accu-

racy and computational cost and the fastest and most effective method to obtain encouraging

results, much progress was still needed. For example, an aspect that was not considered at

that time was the flexibility of the substrate, which should be able to readapt its geometry

in response to the surrounding environment, and the possibility of bond breaking and for-

mation in all the present species, which could be fundamental when the connections to the

supports are through covalent interactions.

I was seeking a field of study where there was more room to breathe, that could provide a

solution to the problems mentioned above. I thought that it would be exciting to join in

a subject still on the make and by chance I discovered the world of MD simulations based

on reactive force fields. These classical techniques were applied successfully to describe the

behavior of different kinds of materials, namely metals, metal oxides, alloys, and other inor-

ganic and organic substances, at low and high temperature, in mild and extreme conditions,

and to follow their evolution into other species under specific perturbations. The results

of the simulations were astoundingly in line with experiments and managed to explained

undisclosed phenomena. I read that Adri van Duin (the creator of ReaxFF) had started

the parametrization of a reactive force field for amino acids focusing on glycine and alanine

only. I thought, this could be a good opportunity to create something new. Why not extend

the parameterization of the reactive force field to all the amino acids and train it to repro-

duce the behavior of peptide and protein structures in solution and on inorganic substrates?

Adri accepted this challenge. Together, we developed the parameters to adsorb amino acids

on titania and extended the earlier version of the protein force field by including in the

training set more than five hundred amino acid and peptide geometries. The promising

results obtained with this new reactive force field opened up exciting possibilities for inves-

tigating not only the evolution of biomolecular species in solution but also reactivity and

dynamics of hybrid bio-materials. Indeed, in a number of subsequent studies I combined the

protein reactive force field with parameters describing the inorganic supports and retuned

the whole data, by adding new representative quantum chemistry models to the training

samples, in such a way that they could be used confidently to simulate composite systems.

The successful findings were published in peer review journals. This thesis seeks to present

a coherent account of the works we have done on the amino acid cysteine in solution and

on two different types of support, namely titania and gold, and review current research on

these selected topics within the context of their history and practical applications. The

choice of cysteine was dictated by the need to disclose its binding arrangements and ad-

sorption mechanisms on the aforementioned substrates as a free molecule but also as part
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of peptide and protein structures. This latter aspect is extremely important especially in

view of the immobilization of macromolecular entities on metal and metal oxide layers to

create biocompatible scaffolds.

One of the main goals of this thesis is to show the ability of the classical reactive calcu-

lations to represent, describe and predict efficiently, structure and speciation of complex

substances made of metal based supports and biomolecular units in different environmen-

tal conditions. Although the results obtained in these studies were satisfactorily consistent

with the theoretical and experimental literature the methodology is far from mature and

new developments are needed to improve reliability and specificity.

I have organized this thesis into four chapters. Chapter one introduces the materials and

molecules considered in the presented studies, their individual properties and importance,

and their characteristics when appropriately combined. This initial part is followed by the

computational details, namely the methods we have used to create effective models to inves-

tigate their behavior in various conditions and the techniques we have employed to obtain

reliable data. Chapter two describes the components of the reactive force field (ReaxFF),

that is its energy terms. This chapter is based on the manual of the program prepared by

the author (last version available). Chapter three reports the analysis procedures and the

main descriptors considered to disclose the system behavior and compare theoretical results

with experiments. Finally, chapter four summarizes the results of all the investigations.

In writing this thesis, I have made no attempt to survey all the literature in the field because

that would be an almost impossible task. What I have tried to provide is an intellectual

framework in which certain phenomena can be understood. The framework is, of course,

one that I find congenial, and it undoubtedly has heavily influenced the research I selected

for exposition. I have not ignored the research that challenged my biases, nor have I tried

to circumvent the really tough issues that confront current investigators in the field. I have

tried very hard to present some complex issues as simply as possible but without simplifying

the complexities.



4 General Introduction



1

Hybrid Materials made of Metal/Metal Oxide and

Biomolecules

Over the last few years, the growing interest in biomolecular engineering, biomedicine and

tuned pharmacological therapies has impacted on the scientific community and induced it

to focus part of the research on the design and development of new nanohybrid materials

with unique physico-chemical properties, which could be adjusted and controlled accurately

through selected physical and chemical stimuli, namely temperature, electric fields, light,

pressure, sound, magnetic fields, pH, ions, etc.. For successful achievements, however, ap-

plications in the biomedical sector that involve the insertion of probes, delivering agents,

sensors, osseointegrated artificial implants, scaffolds for tissue reconstruction, etc. into the

human/animal body require high biocompatibility and better biodegradability of all the

device components. In order to fulfill such requisites the various constituents should be

carefully selected by restricting the choice to already biocompatible materials. Then, these

should be meticulously assembled to improve the aforementioned characteristics. Further-

more, adopting a modular design, that is a combination of dedicated units, which could be

placed both at the interface and/or inside complex supramolecular architectures, generates

multitask platforms and effective biomimetic machines. As a matter of fact, a mimetic ac-

tion is crucial when high biocompatibility is required and a specific functionalization can

be fundamental not only to improve this quality but also to enhance other properties of

the device such as adhesion, mobility, sensitivity and specificity. The use of experimental

techniques alone is, however, not sufficient to provide a fine characterization, possibly at

the atomic level, of these heterogeneous assemblies. That is why it becomes fundamen-

tal to complement these speculative data with theoretical methods specifically suited to

investigate the molecular mechanisms occurring during systems formation, evolution and

response. Indeed, various computational methodologies can be used to explore and predict
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at the molecular, atomic and electronic level the structural characteristics of these hybrid

materials and their dynamic/response properties in realistically simulated environments.

1.1 Substrates

According to the literature titanium- and gold-based supports are two of the most promising

materials for in vivo applications and thus were chosen as the targets of our theoretical

investigations on surface engineering.

1.1.1 Titanium Dioxide

Due to its mechanical properties, elasticity, resistance to corrosion and chemical inertness,

titanium is nowadays the most widely used metal in prosthetics, internal fixation, inner

body devices and biomedical implants. Its extensive employment is also connected to its

high biocompatibility, which derives essentially from the protective insoluble thin oxide layer

(having a thickness in the range 0.5-10 nm) that appears spontaneously in the presence of

oxygen. This film is extremely important because, on the one hand, prevents reactions

between the metal and the surrounding environment, and on the other hand, is promptly

recognized by a great variety of molecular entities involved in tissue reconstruction. Indeed,

it has been demonstrated experimentally that after implantation the metal becomes strongly

associated with the bone due to the increased adsorption of hydroxyl groups, lipoproteins,

and glycolipids [1]. This spontaneous transformation of the interface is basically a bio-

mimesis that induces faster integrin binding, signaling and stem cell differentiation. These

findings suggest that the inherent biocompatibility of the metal (or better, the oxide) can

be enhanced further by functionalizing in advance its surface with specific bio-substances,

such as amino acids and peptides, with definite recognizable binding motifs.

In order to investigate computationally the processes involved in these pre-functionalizations

of the oxide layers, we created simplified models of the substrates by focusing on crystalline

forms and definite surfaces. Considering that the three major crystallographic phases of

titanium dioxide are rutile, anatase and brookite, but only rutile and anatase play a major

role in TiO2 applications and that the surfaces of the rutile phase have been investigated

more deeply than those of anatase, we chose rutile as the target support of our adsorption

studies. More specifically, we selected the rutile (110) crystal face because it is highly stable

and has a limited relaxation, which takes place in the direction perpendicular to the surface.

State-of-the-art atomistic molecular dynamics simulations [2] confirmed, in agreement with

experimental data, that the motion of the atoms of this surface is rather confined and does
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not influence the simulation results.

Comforted by these observations and by quantum dynamics calculations performed by us

on small periodic models, we decided to fix all the atoms of the support at their initial po-

sitions (corresponding to the geometry optimized through DFT periodic calculations) in all

the classical non reactive simulations as done in earlier investigations [3]. The parameters

adopted in the study selected for this thesis are the ones developed firstly by Předota and co-

workers [2] and then re-adapted by us to investigate the adsorption of two short peptides,

namely alanine-glutamic acid and alanine-lysine, on the neutral rutile non-hydroxylated

(110) interface.

The topology of the surface is characterized by rows of six-fold coordinated titanium atoms

along the [001] direction alternated with five-fold coordinated Ti atoms (Ti5c) having one

dangling bond perpendicular to the surface. The oxygen atoms in the main plane are three-

fold coordinated, whereas the so-called bridging oxygens are two-fold coordinated due to

the loss of the bond with the Ti atom belonging to the removed layer. The surface models

used in the simulations are shown in Figure 1.1. An exhaustive description of titanium

dioxide surfaces, their properties and interfacial reactions with both inorganic and organic

compounds can be found in the review article by Ulrike Diebold [4], in a few books cited by

the author, such as refs. [5, 6] and in a more recent paper by M. V. Ganduglia-Pirovano, A.

Hofmann and J. Sauer where the focus is on defective structures [7]. It is well known that all

materials are rarely perfect and defects can be present everywhere. However, it was found

that defects could provide different materials with specific properties and play a central role

in numerous catalytic activities and surface reactions. This inspired the scientists to design

appropriate defective systems to get the demanded actions. Surface defects, for example,

could be created effortlessly by means of controlled thermal annealing and quenching, or

ion bombardment [8]. In the case of the rutile TiO2 (110) interface experimental studies

showed that bridging oxygen vacancies caused important changes in the electronic structure

and could affect binding mode and strength of potential adsorbates.

In order to see if we could reproduce in some way these fundamental findings, we built a

simplistic defective substrate by deleting 7% of the bridging oxygens from the perfect surface

model. Essentially, this choice was dictated by the experimental estimations of Ataman and

co-workers [9] who examined the specific case of cysteine and deduced that the interaction of

the bridging oxygen vacancies with adjacent molecules induced the formation of a covalent

connection.

As a matter of fact, a static picture of a responsive surface does not represent realistically the

behavior of the whole system because the support is actively involved in the binding process

and has to re-adapt its configuration to the external perturbations. These re-adaptations

could be very small when the interaction with the functionalizing agent is weak but more

relevant when the connection involves the reactivity of the two species, namely adsorbate
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Figure 1.1: TiO2 rutile(110) interfaces. Top. Defective model obtained from the perfect

structure after removing the oxygen atoms that occupied the sites indicated by the vertical

arrows. Bottom. Final configuration of the perfect reactive surface. Some of the bridging

oxygens were hydroxylated.
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and support. In the latter case, molecular adsorption can cause substantial distortions of

the top layers of the slab, bond length changes and also surface reconstructions.

All these aspects suggested that we had to resort to a methodology substantially different

from the standard classical techniques. The solution was a classical reactive representation

which was flanked by nonreactive calculations.

In the classical reactive approach (ReaxFF method by van Duin and co-workers [10]), flex-

ibility and reactivity of both the substrate and the adsorbate were taken into account. The

force field parameters were those optimized earlier considering geometries, energies, charges

etc. and as references equation of state, surface formation, TiO2 clusters and several sets

of different molecular fragments obtained by quantum chemistry calculations [11, 12, 13].

All the details can be found in refs. [11, 12, 13]. It should be emphasized that in the

developing process of the force field all the most stable polymorphs, namely rutile, anatase

and brookite, were included in the training set and thus the produced parameters could be

used quite confidently to describe all these kinds of supports. This was proven in a number

of studies by van Duin and co-workers [12, 13, 14] and verified by us by comparison with

quantum chemistry calculations in a recent investigation on the adsorption and dynamics

of indoline organic dyes on the TiO2 anatase (101) interface [15] that has been incorporated

in this thesis. As rutile, anatase has a tetragonal shape and the (101) face has the lowest

surface energy. It is more stable than the rutile (110) surface [16] and more efficient in pho-

tocatalytic processes due to the specific arrangement of its atoms. This sees five and six-fold

coordinated titanium atoms at the terraces and four-fold coordinated Ti atoms at the step

edges, whereas a rising saw-tooth like formation with the tendency to relax is adopted by

the two-fold coordinated oxygens [4].

Although these data are not directly related to the bio-functionalization topic addressed in

the thesis, they were useful for revealing new features of the dye binding mode that had

not been identified by the static models suggested by our co-authors [17]. Basically, by

means of reactive molecular dynamics simulations we could disclose the propensity of the

rhodaninic sulfur atom to get in contact with the surface and further stabilize the molecule

in a tridentate attachment.

1.1.2 Gold

The other substrate we chose for our studies is one of the coinage metals: gold. Indeed,

gold is highly suitable for applications in many different sectors such as imaging [18], drug

delivery [19], biosensing [20], cancer therapy [21, 22], due to its excellent biocompatibility,

ductility, plasticity, resistance to corrosion, and unique optical, magnetic and chemical prop-

erties. Research in the field of gold nanoparticles (AuNPs)/nanoclusters (AuNCs)/nanorods
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(AuNRs) is very active and especially appealing in the biomedical sector. In fact, the char-

acteristics mentioned above, together with low toxicity, render these nanostructures good

carriers for loading and transporting various types of compounds. The shape and size of the

metal vehicles can be adjusted according to the specific needs. Their dimensions range from

about 1 nm to millimeters and their stabilization can be obtained through various types

of ligands among which thiolates are very often the preferential choice [23, 24] although

disulfides, phosphines, isocyanide, etc. have also been used.

The surface character of these gold nanostructures can be modelled with a great variety of

functional groups, which in turn can be further modified. Furthermore, the adsorbates have

the tendency to self-assemble and form networks of interconnected species, which protect

the support from the action of the solvent. It is well known that both size and shape of

the AuNPs control self-interactions, adsorbate organization, sintering and mobility, whereas

the arrangement of their crystallographic faces is dictated by the experimental parameters

chosen for the growth process. Indeed, today it is possible to create AuNPs with differ-

ent proportions of the three low-index facets: {100}, {111}, and {110} and thus generate

cubes, octahedrons, cuboctahedrons, tetrahedrons, rhombic dodecahedrons, rods, decahe-

dra, icosahedra wires, and prisms (see ref. [25] and references 22-31 cited there).

For convenience, our computational investigations were focused on a truncated octahedron

(the 14-faced Archimedean solid A12 - the convex polyhedra that have a similar arrange-

ment of nonintersecting regular convex polygons of two or more different types arranged

in the same way about each vertex with all sides the same length - with faces 8{6}+6{4}
[taken from http://mathworld.wolfram.com/TruncatedOctahedron.html]) and all the mod-

elled AuNPs were based on this shape.

This geometrical description enabled us to scrutinize the behavior of the adsorbate on the

three different types of low-index planes, which were all available for binding. According

to the literature the stability of these motifs decreases in the order {111} > {100} > {110}
(depending on coordination number and density of the surface atoms which is 74% for

{111}, 52% for {100} and 37% for {110}), whilst their reactivity follows the opposite trend

[26, 27].

The model was essentially a small nanocluster of 887 gold atoms with an approximate radius

of 15 Å. 76% of the atoms belonged to the core of the structure, whereas the rest (24%)

formed the outer layer or interface and was organized according to the truncated octahedron

topology with eight regular hexagonal {111} faces, six square {100} faces and twelve {110}
connections. These structured portions were respectively 49%, 34% and 17% of the total

surface area.

Examining the support (Figure 1.2), which was meant to reproduce a small nanoparticle,

it can be clearly seen that all the surface motifs are finite tiny patches (with borders) that

cannot be used to scrutinize the characteristic adsorption of the selected compounds onto
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Figure 1.2: The AuNP and all the other substrates are shown in ball models
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each type of surface. In order to do this, the three periodic Au(111), Au(100) and Au(110)

slabs, made of ten layers of ninety atoms each, were also defined and employed for finer

studies. During all the simulations the gold layer farthest from the interface was kept fix,

whereas all the other atoms could readjust their positions.

The ReaxFF representation of gold used in the present studies was developed by van Duin

and co-workers in earlier investigations on gold surfaces, nanoparticles, oxides and thiol-

functionalized gold slabs [28, 29, 30, 31]. The force field was parameterized by them entirely

in relation to quantum chemistry data and was able to describe equations of state of the bulk

phases, effective cohesive energies of molecular clusters, diffusion barriers, binding energies

and various surface processes. Their simulations, based on these developed parameters,

successfully reproduced observed experimental results and by means of an annealing proce-

dure the morphology of nanoparticles increasing in size was explored obtaining new relaxed

accessible configurations from high-temperature amorphous geometries.

1.2 Reactive Adsorbates

1.2.1 Cysteine and Cystine

The functionalizing agent playing the leading role in the papers reported here is the amino

acid cysteine. Cysteine is a sulfur-containing amino acid which plays important structural

and functional roles in protein and enzyme chains. Similarly to the other amino acids it

is abundant in the L-form and its sulfur atom is involved in the formation of the reactive

sulfhydryl group. This group is a strong reducing agent, can, in principle, act both as a

hydrogen bond donor and acceptor [32], and is found in specific locations in native pro-

teins depending on the role played during the folding process. It was observed by Pal and

Chakrabarti [33] that in protein structures cysteine side chains can be very often in contact

with carbonyl oxygens, on top of peptide bond planes or involved in the interaction with

aromatic rings.

Cysteine is easily oxidized to form a dimer, cystine, where the monomers are connected by

a disulfide bridge. This characteristic is very important in protein activity and relevant for

the stabilization of the tertiary and quaternary structure. Although the disulfide bond is

weaker than a peptide bond, it is stronger than hydrogen bonds or van der Waals interac-

tions and can be formed when the redox potential and pH of the environment are favorable.

For example, at low pH the equilibrium is shifted towards the reduced –SH form, whereas in

more basic conditions the –SH group should be oxidized and replaced by another substituent

(–SR).
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Being part of those motifs recognizable by macromolecular structures involved in tissue

reconstruction, cysteine is very often used to functionalize different types of inorganic sup-

ports by exploiting the high affinity of all its functional groups, namely NH2, COOH, and

SH, towards the atoms of the substrates. In this case the interface decoration acts as a

mediating layer between the support and the external environment. On the contrary, an

effective direct grafting of peptide and protein structures on specific supports such as gold

can be obtained when cysteine or cystine are part of the amino acid sequence, are exposed

on the biomolecular surfaces and not directly involved with the specific functions of these

molecules. In this case, only sulfur acts as an anchoring point and the connection is almost

irreversible. In Figure 1.3 six different forms of cysteine and one possible structure of its

dimer are displayed. An exhaustive depiction of the processes that govern cysteine adsorp-

tion on titania and gold is a difficult task that can be only partially achieved by combining

computational and experimental findings.

The non-reactive force field parameters chosen in our investigations for cysteine were taken

from the AMBER suite of programs [35, 36], whereas the ReaxFF description was the one

developed in a previous study [34].

1.3 Connection of the Reactive Adorbates to the Sup-

ports

1.3.1 Cysteine on TiO2

Computational studies regarding the adsorption of cysteine on various rutile and anatase

surfaces in water solution and in the gas phase were carried out only by a limited number

of scientists. The most relevant investigations employed quantum chemistry calculations

in the form of Car-Parrinello molecular dynamics simulations (CPMDs) in solution and

DFT geometry optimization in the gas phase. Langel and co-workers focused on perfect

and defective partially hydroxylated surfaces estimating by means of CPMDs not only the

preferential location of the molecule and its hydrogens exchanges but also the strength of

the interactions of the carboxyl, amino and thiol moieties with the atoms of the interfaces

[37]. They neatly demonstrated that the thiol group has the tendency to adsorb more

favorably in oxygen vacancies than on a perfect surface and that cysteine might adopt a very

stable bridging configuration by adding to the sulfur connection hydrogen bond interactions

between the amino group and in-plane oxygen atoms. A static picture of the adsorption of

cysteine on rutile TiO2(110) was, instead, presented by Muir and Idriss [38] who identified a

conspicuous number of possible binding modes through structure optimization in a periodic
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Figure 1.3: The different cysteine species identified in our simulations and one type of

cysteine dimer. A portion of a small seed storage protein (crambin) where three disulfide

bridges are present is also shown. This structure was used in an earlier investigation [34] to

validate the reactive force field for peptides and proteins.
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supercell, in the gas phase. By examining the adsorption characteristics of each single

group and all the sampled configurations, they concluded that the thiol moiety was more

favorably connected to one Ti atom than to two Ti or O atoms, it could generate stable

adsorptions, but that this was not the preferential binding mode, which was instead realized

by means of the carboxyl group, eventually reinforced by additional N–Ti interactions. All

these findings were in substantial agreement with experiment, even though it should be

remarked that there was an ample variability of data depending on the chosen experimental

conditions. However, in a relatively recent X-ray photoelectron spectroscopy investigation

[9] it was shown that: the carboxylic groups of the deposited molecules were deprotonated

and coordinated to the surface fivefold-Ti atoms, amino groups were in their neutral form

and most of the thiol groups remained intact even though dissociated forms at surface

defective sites were identified.

Model Building: Creation of an Adsorbed Cysteine Layer

Our starting configurations of the association of cysteine with rutile TiO2 (110) was a

randomly organized molecular layer on top of the support, which was obtained by dropping,

through MD simulations, a cysteine nanocluster (composed of 50 units) from a minimum

height of about 0.6 nm onto the (110) interface.

Considering that in the case of non-reactive simulations the initial species are preserved

Figure 1.4: Adsorption of a droplet of cysteine molecules on the TiO2 rutile(110) surface.

during the whole simulation time (because no bond breaking and formation can occur) we

chose three different forms (and as a consequence we built three different nanoclusters) to

explore the behavior of the various protonation states, namely neutral (ne, with: –NH2,

–COOH, –SH), zwitterionic (zwO, with: –NH+
3 , –COO−, –SH) and zwitterionic with the

deprotonated side chain (zwS, with: –NH+
3 , –COOH, –S−), in the adsorption process. In the

pre-assembled spheroidal nanoclusters, cysteine molecules were packed and interconnected
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by hydrogen bonds. The attraction by the interface disrupted their organization and induced

migration and deposition onto the surface.

Intermolecular Force Field Parameters and MD Procedure

The reactive force field parameters representing the interactions between the biomolecule

and the metal oxide were developed in previous investigations [11] by optimizing the relevant

descriptors against quantum chemistry geometries and energies of selected sets of different

molecular fragments related to the case under investigation. As already done in a previous

work [11], earlier parameters were not changed but only supplemented with the Ti/S/H in-

teractions by tuning Ti/S bond and Ti/S/H angle parameters to quantum chemistry data.

The MD simulations protocols consisted of equilibration and production phases. Equili-

bration was carried out step by step, firstly, by relaxing the supports and the adsorbates,

organized in ellipsoidal nanoclusters, separately, and heating them from 10 to 300 K; sec-

ondly, by merging the two components into single configurations, relaxing and heating them

again. During the equilibration period the nanoclusters migrated to the surface driven by

the intermolecular interactions between the molecules and the slab, and when their distance

was close enough to establish the first contacts their molecular units started to spread over

the interface. Production began when most of the molecules had found their best relative

arrangements on the support. Then, system configurations were sampled every 0.5 ps for

about 1 ns. The simulations were performed in the NVT ensemble at T=300K. In the non-

reactive environment the time step was set to 1 fs, whereas in the other case the time step

was reduced to 0.25 fs.

These two approaches produced substantially different equilibrated configurations in terms

of substrate response and species variability because of the reactivity of all the components

and the lack of restraints on the support. These were responsible for inter-adsorbate hy-

drogen exchanges, surface hydroxylation and slight variations of the positions of the atoms

of the TiO2 interface due to its interaction/reaction with the directly attached molecules.

As a matter of fact, in the non-reactive simulations all of the molecules were unable to

self-exchange their hydrogens or release them to the inorganic layer. As a consequence,

adsorption was a physisorption, the interface could not be hydroxylated and self-assembly

was controlled essentially by intermolecular interactions (i.e. van der Waals and Coulombic

forces) between cysteines of the same species.
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1.3.2 Cysteine on Gold

General Considerations

The literature is quite rich in theoretical and experimental investigations regarding the ad-

sorption of biomolecules on gold supports and particular attention has been paid to the

cysteine-gold connection.

Experimental research has demonstrated, almost unequivocally, that the cysteine-gold com-

plex is a thiolate [39, 40, 41] and that, depending on the pH of the solution, the molecule

could bind to the metal in two different ways: only through the thiol group (in a pH range

between 1.5 and 5.7) or through both its sulfur and amino nitrogen atoms (at pH around

11.5) [42].

Most of the theoretical studies are, however, geometries optimizations in the gas phase of

pre-assembled structures with definite chemical composition because, as explained by Irina

Paci and co-workers in their paper Self-Assembly of Cysteine Dimers at the Gold Surface:

A Computational Study of Competing Interactions published in 2013 in the Journal of

Physical Chemistry [43],

besides the empirical nature of the force field, a challenge in using classical MD for chemi-

sorbed systems such as cysteine on gold is that bond breaking and formation are not well

dealt with by the usual force fields, although they are important factors in the chemisorption

process. Available force fields are also mainly optimized for liquid or gas phase simulations,

with very few exceptions.

That is why in their study Paci et al. tried to use non-reactive MD simulations in an

unconventional way resorting to a modified potential in order to afford thiol or thiolate

groups some freedom of movement. The configurations they obtained using the classical

technique were subsequently improved structurally through quantum chemistry relaxations.

Other successful accurate multi-level schemes were developed by Di Felice, Corni and co-

workers [44] but also in that case the classical simulations did not take into account bond

breaking and formation, which is fundamental to reproduce the covalent binding of the

molecules, dispersed in solution, to the metal support.

Model Building: Adsorption on the Supports in Solution

The building procedure we adopted to prepare the initial models for our simulations de-

pended on the specific system. In order to speed up the chemisorption process, in all of

the single molecule adsorption simulations a minimum energy conformation of cysteine or

cystine, optimized at the DFT level, was placed near the gold interface ((111), (100) or

(110) plane), orienting the sulfur atom (–SH group) towards the support, and surrounded
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by water molecules (around 300). In the case of cystine, a configuration with the disulfide

bridge nearly parallel to the Au(110) surface and another one with the same bond perpen-

dicular to it were created and used as starting structures of two independent simulations.

Moreover, the dynamics of a cystine monolayer on the Au(110) interface in the presence of

water, was investigated considering an initial configuration where twelve molecules were flat

on the surface and aligned with the topology of the substrate. The most crowded system

among the presented configurations is the one depicting the functionalization process of the

gold nanocluster. In that case the AuNP model was surrounded by two shells of cysteine

molecules in random orientation (164 in all) and then solvated with about 8900 waters.

Figure 1.5: Adsorption of cysteine molecules on different gold supports. Left: adsorption

of cysteine on the Au(111) slab; Center: Cysteines’ layers surrounding an AuNp; Right:

adsorption of cystine on the Au(110) slab.

Intermolecular Force Field Parameters and MD Procedure

Appropriate reactive force field parameters describing the interaction between the molecules

and gold were developed from quantum chemistry optimizations in the gas phase of different

types of molecular fragments, relevant for the systems under investigation, adsorbed/desorbed

on/from small gold clusters. Old parameters were only slightly improved to take into account

the new types of interactions. The resulting parametrization was checked against quantum

chemistry (QC) data not included in the training set, extracted from ab initio molecular

dynamics trajectories at T=300 K of a more complex system. This was a small Au(111)

slab made of three layers of twenty gold atoms each, with a physisorbed cysteine molecule
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surrounded by nine water molecules. Configurations were sampled for about 2 ps and a few

of these geometries were used for the QC/ReaxFF comparison. These were extracted from

both the equilibration and production stages by selecting minimum and maximum energy

structures. The geometries and relative energies were fairly reproduced. The simulations

procedure followed our usual protocol but was adapted for each single model on the basis of

the system behavior (which was checked constantly during all the equilibration dynamics).

Briefly, before starting the sampling stage a multi-step equilibration was carried out to relax

the system and to bring it slowly to the final simulation temperature that was set to about

300 K. The time step was 0.25 fs. After equilibration, the simulations were extended and

system configurations were collected for the subsequent analysis. The total simulation time

was chosen considering the type of system and its evolution during the dynamics.
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2

The Reactive Force Field - ReaxFF

Classical molecular dynamics (MD) simulations based on force fields parametrized against

experimental data, quantum chemistry calculations or an appropriate combination of them

are a worldwide accepted technique that can be employed effectively and successfully to

study a great variety of many body systems, such as organic and inorganic compounds,

polymers, biomolecular assemblies and mixtures of them, which can be identified by the

name of hybrid materials. The level of complexity of these methodologies can be very high

and the various flavors available are extensively described in the copious literature on this

topic. The main problem regarding the application of these methods is how to select the

most appropriate flavor and approximate the interatomic interactions that regulate the be-

havior of each specific material. Once selected the type of scheme, the traditional procedure

consists in determining the potentials beforehand. These are a collection of energy terms

that can express two-, three- and multi-body interactions, short-range and long-range forces,

electrostatic and van der Waals components, and other specific effects needed to obtain a

realistic representation of the studied configurations. All the force field terms should be

rendered by suitable functional forms, be transferable between different molecules and rea-

sonable for an ample range of environments and conditions. Over the years very elaborate

models were designed but some of their limitations remained unaltered. For example, spe-

cific parameterizations restricted the use for arbitrary systems and no qualitative changes

of the chemical bonding pattern were expected during the course of the simulations (static

bonds and atom types). Essentially, such formulations were incapable of taking into ac-

count changes in the atoms connectivity, i.e. simulating the process of bond breaking and

formation, which is typical of quantum chemistry descriptions. To include this possibility in

classical MD methods, a strategy to mimic the quantum overlap of electronic wave functions

was proposed in a number of models with empirical bond order potentials. Practically, a

bond order term that described the bonds in the system dynamically on the basis of the
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local neighborhoods of each atom was introduced in the force field. The ReaxFF method

of van Duin and co-workers [10] was the first reactive force field that contained dynamic

bonds and polarization effects. It is flexible, transferable and can be easily extended to

several complex processes. It is capable of reproducing accurately energetics and kinetics of

multiphase, multi-material systems containing thousands of atoms. As already mentioned,

the program is a general bond-order-dependent potential that is based on the bond dis-

tance/bond order and bond order/bond energy relationships to describe bond breaking and

formation. Such a formulation is used effectively not only to represent appropriately under-

and over-coordination but also to dismiss, from the whole formulation of the energy, those

terms that are no longer active upon bond breaking. The potentials used in the implemen-

tation of ReaxFF are reported briefly in the next sections and a scheme is showed in Figure

2.1.

The description of the various terms of ReaxFF, reported below, is taken form the updated

version of the manual of the program ”ReaxFF User Manual - Written by Adri van Duin,

Original December 2002, Updated and expanded March 2013”

2.1 ReaxFF Force Field: Formulation

ReaxFF is a central force field where non-bonded interactions (Coulomb and van der Waals

forces) are calculated between every atom pair. Shielding terms [45] are used to dampen close

range interactions and atomic charges are calculated using the electronegativity equalization

method (EEM) developed by Mortier et al. [46] and long-range Coulomb interactions are

calculated by means of a seventh-order taper function with an outer cutoff radius (usually

of 10 Å). The system energy in ReaxFF is calculated as the sum of different energy terms

as:

Esystem =Ebond +Elp +Eover +Eunder +Eval +Epen +Ecoa +Etors+

+Econj +EH−bond +EvdW +ECoulomb
(2.1)

ReaxFF parameters are optimized against QC data obtained for model systems. These data

consist of atomic charges, bond lengths, bond angles, dihedral angles, lattice constants, heats

of formations, reaction energies, and other descriptors, which can be weighted according to

their importance.



2.1 ReaxFF Force Field: Formulation 23

Figure 2.1: ReaxFF Parametrized Elements and Energy Terms
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2.1.1 Bond Order and Bond Energy Terms

The bond order BO
′

ij between a pair of atoms, i and j, in ReaxFF can be obtained directly

from the interatomic distance rij according to Eq. (2.2). In order to calculate the bond

order, ReaxFF can recognize contributions from sigma, pi- and double pi bonds.

BO
′

ij = BO
′σ
ij +BO

′π
ij +BO

′ππ
ij = exp
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An uncorrected overcoordination ∆
′

can be defined considering the uncorrected bond orders

BO
′

. This is the difference between the total bond order around the chosen atom and the

number of its bonding electrons Val.

∆
′

i = −V ali +
neighbours(i)

∑
j=1

BO
′

ij (2.3)

The uncorrected overcoordinations are employed subsequently to correct the bond orders

BO
′

ij using Eqs. (2.5–2.13). Atoms with lone pairs are described via a reduced correction

though a second overcoordination definition ∆
′boc (Eq. (2.4)). The aim of this correction is

to allow involvement of electron lone pairs in bonding without a full bond order correction.

f1(∆
′

i,∆
′

j) enforces overcoordination correction, whereas f4(∆
′

i,BO
′

ij) and f5(∆
′

j,BO
′

ij) ac-

count for 1-3 bond order corrections.
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V alj + f2(∆
′

i,∆
′

j)

V alj + f2(∆
′

i,∆
′

j) + f3(∆
′

i,∆
′

j)

⎞

⎠
(2.9)

f2(∆
′

i,∆
′

j) = exp(−pboc1 ⋅∆
′

i) + exp(−pboc1 ⋅∆
′

j) (2.10)

f3(∆
′

i,∆
′

j) = −
1

pboc2
⋅ ln

1

2
[exp(−pboc2 ⋅∆

′

i) + exp(−pboc2 ⋅∆
′

j)] (2.11)

f4(∆
′

i,BO
′

ij) = −
1

1 + exp(−pboc3 ⋅ (pboc4 ⋅BO
′

ij ⋅BO
′

ij −∆
′boc
i ) + pboc5)

(2.12)
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f5(∆
′

j,BO
′

ij) = −
1

1 + exp(−pboc3 ⋅ (pboc4 ⋅BO
′

ij ⋅BO
′

ij −∆
′boc
j ) + pboc5)

(2.13)

A corrected overcoordination ∆i can be obtained considering the corrected bond orders

through Eq. (2.14).

∆i = −V ali +
neighbours(i)

∑
j=1

BOij (2.14)

Eq. (2.15) is used to calculate bond energies from the corrected bond orders BOij

Ebond = −D
σ
e ⋅BO

σ
ij ⋅ exp{pbe1 [1 − (BOσ

ij)
pbe2]} −Dπ

e ⋅BO
π
ij −D

ππ
e ⋅BO

ππ
ij (2.15)

2.1.2 Lone Pair Energy

∆e
i defines the difference between the total number of outer shell electrons and the sum of

bond orders around an atom (Eq. (2.16)). nlp,i defines the number of lone pairs around an

atom (Eq. (2.17)).

∆e
i = −V al

e
i +

neighbours(i)

∑
j=1

BOij (2.16)

nlp,i = int(
∆e
i

2
) + exp{−plp1 ⋅ [2 +∆e

i − 2 ⋅ int(
∆e
i

2
)]

2

} (2.17)

In order to explain these terms the oxygen atom can be considered as an example. In the

case of oxygen the equations above give a total bond order of 2 and ∆e
i equal to 4 and two

lone pairs. However, when the total bond order exceeds 2, the formulation used to describe

the number of lone pairs takes to a gradual break up, with a deviation ∆lp
i , defined in Eq.

(2.18), with respect to the optimal number of lone pairs nlp,opt (that is 2 for oxygen).

∆lp
i = nlp,opt − nlp,i (2.18)

This is accompanied by an energy penalty, as calculated by Eq. (2.19)

Elp =
plp2 ⋅∆

lp
i

1 + exp (−75 ⋅∆lp
i )

(2.19)

2.1.3 Overcoordination

For overcoordinated atoms, ∆i > 0, Eqs. ((2.20–2.21) impose energy penalties on the system.

The degree of overcoordination ∆ is reduced if the atom has a broken lone pair. The
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corrected overcoordination (Eq. (2.21)) is obtained taking into account the deviation from

the optimal lone pairs number (Eq. (2.18)).

Eover =
∑
nbond
j=1 povun1 ⋅Dσ

e ⋅BOij

∆lpcorr
i + V ali

⋅∆lpcorr
i ⋅ [

1

1 + exp (povun2 ⋅∆
lpcorr
i )

] (2.20)

∆lpcorr
i = ∆i −

∆lp
i

1 + povun3 ⋅ exp{povun4 [∑
neighbours(i)
j=1 (∆j −∆lp

j ) ⋅ (BO
π
ij +BO

ππ
ij )]}

(2.21)

2.1.4 Undercoordination

For undercoordinated atoms, ∆i < 0, the energy contribution due to the resonance of the

π-electron between attached under-coordinated atomic centers should be taken into account.

Eunder is important only if the bonds between the under-coordinated atom and its under-

coordinated neighbors have a partial π-bond character.

Eunder = −povun5 ⋅
1 − exp (povun6 ⋅∆

lpcorr
i )

1 + exp (−povun2 ⋅∆
lpcorr
i )

⋅

⋅
1

1 + povun7 ⋅ exp{povun8 [∑
neighbours(i)
j=1 (∆j −∆lp

j ) ⋅ (BO
π
ij +BO

ππ
ij )]}

(2.22)

2.1.5 Valence Angle Terms

Angle Energy

As in the case of the bond description the energy contribution due to valence angles must

disappear when the bond orders in the valence angle become zero. All the equations reported

below define the valence angle energy contribution. The equilibrium angle (θ0) depends on

the sum of the π-bond orders (SBO) around the central atom j. θ0 is about 109.47 for the sp3

hybridization (π-bond order=0), 120 for the sp2 hybridization (π-bond order=1) and 180 for

the sp hybridization (π-bond order=2) relatively to the geometry of the central atom j and

its neighbors. Furthermore, in order to have an appropriate description of the equilibrium

angle the effects of the π-bonds on the central atom j, its over- and under-coordination and

the influence of a lone pair are taken into account. V alangle is the valency of the atom used

in the valency and torsion angle evaluation. The functional form of the equation is designed

to avoid singularities when SBO=0 and SBO=2.

Eval = f7(BOij) ⋅ f7(BOjk) ⋅ f8(∆j) ⋅ {pval1 − pval1 exp [−pval2(θ0(BO) − θijk)
2]} (2.23)
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f7(BOij) = 1 − exp (−pval3 ⋅BO
pval4
ij ) (2.24)

f8(∆j) = pval5 − (pval5 − 1) ⋅
2 + exp (pval6 ⋅∆

angle
j )

1 + exp (pval6 ⋅∆
angle
j ) + exp (−pval7 ⋅∆

angle
j )

(2.25)

SBO =

neighbours(j)

∑
n=1

(BOπ
jn+BO

ππ
jn )+

⎡
⎢
⎢
⎢
⎢
⎣

1 −
neighbours(j)

∏
n=1

exp(−BO8
jn)

⎤
⎥
⎥
⎥
⎥
⎦

⋅(−∆angle
j −pval8nlp,j) (2.26)

∆angle
j = −V alanglej +

neighbours(j)

∑
n=1

BOjn (2.27)

SBO2 =0 if SBO ≦ 0

SBO2 =SBOpval9 if 0 < SBO < 1

SBO2 =2 − (2 − SBO)pval9 if 1 < SBO < 2

SBO2 =2 if SBO > 2

(2.28)

θ0(BO) = π − θ0,0 ⋅ {1 − exp [−pval10 ⋅ (2 − SBO2)]} (2.29)

Penalty Energy

To reproduce the stability of systems with two double bonds sharing an atom in a valency

angle an additional energy penalty is imposed for such systems.

Epen = ppen1 ⋅ f9(∆j) ⋅ exp [−ppen2 ⋅ (BOij − 2)
2
] ⋅ exp [−ppen2 ⋅ (BOjk − 2)

2
] (2.30)

f9(∆j) =
2 + exp (−ppen3 ⋅∆j)

1 + exp (−ppen3 ⋅∆j) + exp (ppen4 ⋅∆j)
(2.31)

Three-Body Conjugation Term - Special Cases

In order to represent correctly the stabilization induced by the –NO2 group conjugation

on hydrocarbons, a three-body conjugation term is included in ReaxFF potential. The

four-body conjugation term by itself was not sufficient.

Ecoa =pcoa1 ⋅
1

1 + exp (pcoa2 ⋅∆val
j )
⋅ exp

⎡
⎢
⎢
⎢
⎢
⎣

−pcoa3 ⋅
⎛

⎝
−BOij +

neighbours(i)

∑
n=1

BOin

⎞

⎠

2⎤
⎥
⎥
⎥
⎥
⎦

⋅ exp

⎡
⎢
⎢
⎢
⎢
⎣

−pcoa3 ⋅
⎛

⎝
−BOjk +

neighbours(i)

∑
n=1

BOkn

⎞

⎠

2⎤
⎥
⎥
⎥
⎥
⎦

⋅ exp [−pcoa4 ⋅ (−BOij −
3

2
)
2

]

⋅ exp [−pcoa4 ⋅ (−BOjk −
3

2
)
2

]

(2.32)
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2.1.6 Torsion Angle Terms

Torsion Rotation Barriers

The dependence of the energy of a torsion angle τijkl is described considering BO properly,

namely for BO going to 0 and greater than 1.

Etors = f10(BOij,BOjk,BOkl) ⋅ sin θijk ⋅ sin θjkl⋅

⋅ {
1

2
V1 (1 + cos τijkl) +

1

2
V2 exp [ptor1 ⋅ (BO

π
jk − 1 + f11(∆j,∆k))

2] ⋅ (1 − cos 2τijkl) +
1

2
V3 (1 + cos 3τijkl)}

(2.33)

f10(BOij,BOjk,BOkl) = [1−exp (−ptor2 ⋅BOij)]⋅[1−exp (−ptor2 ⋅BOjk)]⋅[1−exp (−ptor2 ⋅BOkl)]

(2.34)

f11(∆j,∆k) =
2 + exp [−ptor3 ⋅ (∆

angle
j +∆angle

k )]

1 + exp [−ptor3 ⋅ (∆
angle
j +∆angle

k )] + exp [ptor4 ⋅ (∆
angle
j +∆angle

k )]
(2.35)

Four-Body Conjugation Term

The contribution of conjugation effects to the molecular energy are expressed by Eq.(2.36).

The maximum value is obtained when sequential bonds have bond order of 1.5 as in benzene

and other aromatic systems.

Econj = f12(BOij,BOjk,BOkl) ⋅ pcot1 ⋅ [1 + (cos2 τijkl − 1) ⋅ sin θijk ⋅ sin θjkl] (2.36)

f12(BOij,BOjk,BOkl) = exp [−pcot2 ⋅ (BOij −
3

2
)
2

] ⋅ exp [−pcot2 ⋅ (BOjk −
3

2
)
2

]⋅

⋅ exp [−pcot2 ⋅ (BOkl −
3

2
)
2

]

(2.37)

2.1.7 Hydrogen Bond Interactions

Bond-order dependent hydrogen bonds are described considering the term below for an

XH-Z configuration.

EHbond = phb1 ⋅ [1 − exp (phb2 ⋅BOXH)] ⋅ exp [phb3 ⋅ (
r0hb
rHZ
+
rHZ
r0hb
− 2)] ⋅ sin8 (

θXHZ
2

) (2.38)
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2.1.8 Non-Bonded Interactions and Taper Correction

Besides valence interactions, which depend on overlap, there are repulsive and attractive

interactions at short and long interatomic distances respectively. These comprise van der

Waals and Coulomb forces and are included for all atom pairs in order to improve the energy

description during bond dissociation.

In order to avoid energy discontinuities when charged species move in and out of the non-

bonded cutoff radius ReaxFF uses a Taper correction developed by de Vos Burchart [47].

Each nonbonded energy and derivative is multiplied by a Taper-term, which is taken from

a distance-dependent 7th order polynomial. The terms of the polynomial are chosen to

ensure that all 1st, 2nd and 3rd derivatives of the non-bonded interactions with respect to

the distance are continuous and go to zero at the cutoff boundary. Rcut is the non-bonded

cutoff radius.

Tap = Tap7 ⋅r
7
ij +Tap6 ⋅r

6
ij +Tap5 ⋅r

5
ij +Tap4 ⋅r

4
ij +Tap3 ⋅r

3
ij +Tap2 ⋅r

2
ij +Tap1 ⋅rij +Tap0 (2.39)

Tap7 = 20/R7
cut

Tap6 = −70/R6
cut

Tap5 = 84/R5
cut

Tap4 = −35/R4
cut

Tap3 = 0

Tap2 = 0

Tap1 = 0

Tap0 = 1

(2.40)

van der Waals Interactions

Van der Waals interactions are represented through a distance-corrected Morse-potential.

By including a shielded interaction excessively high repulsions between bonded atoms (1-2

interactions) and atoms sharing a valence angle (1-3 interactions) are avoided.

EvdW = Tap ⋅Dij ⋅ {exp [αij ⋅ (1 −
f13(rij)

rvdW
)] − 2 ⋅ exp [

1

2
⋅ αij ⋅ (1 −

f13(rij)

rvdW
)]} (2.41)

f13(rij) = [rpvdW1

ij + (
1

γw
)

pvdW1

]

1
pvdW1

(2.42)
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Coulomb Interactions

Coulomb interactions are defined between all atom pairs. To adjust for orbital overlap

between atoms at close distances a shielded Coulomb-potential is used. Atomic charges are

calculated using the Electron Equilibration Method (EEM). The EEM charge derivation

method is similar to the QEq-scheme. EEM does not use an iterative scheme for hydrogen

charges (as in QEq). QEq uses a more rigorous Slater orbital approach to account for charge

overlap.

ECoulomb = Tap ⋅C ⋅
qi ⋅ qj

[r3ij + ( 1
γij

)

3

]

1
3

(2.43)



3

FF Optimization and Analysis of the Sampled Data

Before starting the discussion of the simulations results a few words will be spent to introduce

some descriptors and methods we have used to characterize in detail the systems under study

and to find connections with the experimental data.

3.1 Force Field Optimization

The optimization process of the reactive force field parameters that is mentioned in the

papers selected for this thesis was performed using the old scheme developed by van Duin

and coworkers [48]. This is a single-parameter parabolic search method, available in the

serial version of the code, which optimizes, sequentially, a list of constants (appropriately

chosen) to minimize the total error function:

total error =
n

∑
i=1

[
xi,ref − xi,calc

σi
]
2

(3.1)

where xi,ref and xi,calc are the reference (QC or experimental data in the training set for

the structural parameters/energies etc.) and the calculated (related data obtained from

ReaxFF) values, respectively; σi are, instead, scaling factors that regulate the weight of the

various sections included in the training set. The procedure consists in choosing a parameter

at a time, and then making a parabolic fit between three values of the total error function

against three values of the parameter, namely the initial value and two small perturbations

of the parameter on both sides. The optimized value of the parameter is then calculated by

minimizing this parabola. The optimization procedure of all the selected constants must be

reiterated for a sufficient number of times in order to reduce the total error to its minimum.

This is due to the fact that nearly all the parameters are interdependent and thus should
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Table 3.1: Fitted Parameters

Param. ReaxFF Constants

Bond σ-bond Bond Overcoord. Bond σ-bond σ-bond

Au-N Dissociation Energy Penalty Energy Order Order

Au-S Energy

Au-C

Au-O

Au-H

Edis1 pbe1 kov pbe2 pbo1 pbo2

Off Diag. vdW vdW vdW σ-bond

Au-N Dissociation Radius Parameter Covalent

Au-S Energy Radius

Au-C

Au-O

Au-H

Ediss Rvdw alfa cov.r

Val. Angle Equil. First Second Undercoord. Ener./bond

Au-Au-N Angle Force Force Order

Au-N-C const. const.

Thetao ka kb pv2 pv3

be re-revised when one of them is changed to guarantee an appropriate convergence. From

the inspection of the formulas defining the force field it can be noticed that even though

some of the constants have a physical meaning, many of them are totally empirical. Thus,

the success of such a methodology is connected with the ability of the user to calibrate all

the choices regarding weights, selected parameters, searching ranges, data in the training

set, imposed constraints, types of routes to follow during the optimization, just to mention

a few of the possible options that should be assessed during this effective decision mak-

ing process. In sum, this methodology has a high level of transparency, which represents

a significant advantage [49]. Before going any further, it may be wise to spend a few

words on the importance of the training set. As already specified, the parameters of the

force field are optimized against a set of theoretical and/or experimental data (training set)

that can include bond lengths, valence angles, dihedral angles, heat of formations, potential

energy differences, etc. depending on the specific case under examination. Consequently,
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Figure 3.1: Examples of training and validation sets.

the quality and reliability of these data determine the validity and performance of the force

field. It is, thus, necessary, when creating heterogeneous sets, to use coherent theoretical

descriptions and, eventually, impose constraints for limiting the number of parameters to

be refined.

For these reasons in the preparation of the training set for the gold-cysteine-water system we

opted for the DFT-PBEPBE/6-31G(d)+LANL2DZ level of theory in the case of clusters,

and for the plane wave density functional theory (PW-DFT) with the PBE exchange-

correlation functional and ultra-soft pseudo potentials in the case of periodic calculations

(see the papers for further details). Indeed, our starting force field was a combination of

the force fields already developed by van Duin and co-workers [30, 31, 29, 28] who used

similar QC models. Then, we optimized the force-field parameters considering a training

set of about 70 theoretical data that were derived from minimized configurations of 55 gas

phase clusters. The fitting modified the constants reported in Table 3.1 for reproducing

the calculated energies and structures. A total of 60 parameters (Table 3.1) were fitted to

the training set through the successive single-parameter search method, described above, re-

peatedly to account for the parameter correlation. Some of the data used as parametrization

and validation sets are shown in Figure 3.1.
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3.2 Main Descriptors and their Meaning

The purpose of these studies was to disclose the binding modes of cysteine on metal/metal

oxide supports, the dominant species among the adsorbates, their evolution and dynamics

when in contact with the inorganic layers, and solvent effects. Therefore, the analysis of the

MD trajectories was focused on attributes which could be used to: 1) identify the locations

of the different atoms of the molecules in relation to the interface, structural features of all

the system components, chemical species present during the adsorption stages (with their

populations); 2) give reliable estimates of the relative strength of the stable attachments.

The evolution of all these descriptors was taken into account as well.

3.2.1 Structure and Location

Beside punctual distances (i.e. atom-atom, center of mass-center of mass, etc.) and atom-

surface separations, the persistent presence of the atoms of the adsorbates close to the

surface was characterized by the combined analysis of two-dimensional atomic density maps

within defined slices parallel to the interface (x–y plane) and density profiles in the direction

perpendicular to it (z–axis). These two plots were used to visualize, directly, the distribu-

tions of the atoms of the solute (and solvent as well), recognize the most explored locations

and, indirectly, estimate qualitatively, the relative strength of the adsorptions. To obtain

the maps, the simulation box was divided into a uniformly-spaced 3–D lattice (0.1 nm in

length) and the probability density of each atom type in each volume was then calculated.

Projections on the x–y plane were plotted as isolines at various levels for a pictorial repre-

sentation. The properties were all calculated by averaging over the last picoseconds of the

production runs where the systems were supposed to be at their final equilibrium.

Atom-atom radial distribution functions (RDFs or g(r)s) were also employed very frequently

to disclose how the atoms were radially packed around each other and to provide details on

the average molecular organization. Briefly, these functions were built considering a series

of concentric spheres (at fixed distances) around the selected atoms, counting the number

of atoms found in each shell and storing them for each frame of the trajectory. Then, the

average number of atoms in each shell was calculated and then divided by the volume of

each shell and by the average density of atoms in the system.

By definition 4πρg(r)r2∆r is the mean number of atoms in a shell of radius r and thick-

ness ∆r surrounding the atom. RDFs were all plotted as a function of specific distances.

The general trend was very similar in all the plots: the effective width of the atoms was

estimated by the first non-zero value, and then the subsequent peaks indicated the type of

atoms packing in the different shells. Peaks at long distances suggested a high degree of
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ordering. Broad peaks indicated thermal motion, whereas sharp peaks strong confinement

of the atoms (typical of crystalline structures).

Intermolecular hydrogen bonds in each snapshot were determined considering the alignments

Acceptor ⋅ ⋅ ⋅ Hydrogen–Donor where the distance between the heavy atoms was shorter than

0.35 nm and the angle between acceptor, hydrogen, and donor was greater than 135 degrees.

Size and shape of the gold nanoclusters (AuNPs) was checked by calculating radius of

gyration, Rgyr, ratio of the largest to the smallest principal moments of inertias, Imax/Imin
and the eccentricity, η, defined as

Rgyr =

¿
Á
ÁÀ∑

N
i=1mi(ri − rcm)2

∑
N
i=1mi

; η = 1 −
Iave
Imax

(3.2)

where mi is the mass of the atom i located at a radial distance ri and rcm is the radial position

of the center of mass of the system, Iave is the average of the three principal moments of

inertia. Rgyr was an appropriate measure of the effective molecular size, whereas the latter

parameters provided a measure of the deviation from a spherical shape where Imax/Imin =

1 and η = 0, whereas for flat or needlelike profiles η → 1.

3.2.2 NEB

To elucidate the energetics of the one of the primary mechanisms that took place sponta-

neously during the simulations dealing with the adsorption of one cysteine molecule on the

Au(111) surface, namely the cleavage of the -SH bond and the formation of the S–Au con-

nection (chemisorption of cysteine on gold), a relatively new implementation of the nudged

elastic band (NEB) methodology, which was combined with the serial version of ReaxFF

by Stijn Huigh and Erik Neyts and already employed by us in a previous investigation [34],

was employed. This choice was dictated by the fact that NEB is one of the most successful

approaches for identifying minimum energy paths (MEP), locating intermediates and tran-

sition states along the paths and getting activation free energies barriers related with the

deduced routes [50, 51]. It was applied in the past to study very large systems [52] and, more

recently, to study, for example, adsorption and diffusion of atomic and diatomic species on

various metal nanoparticles [53]. The procedure followed to find the MEP consisted, firstly,

in generating a collection of adjacent replicas of the system between the initial and final

states and connecting them with a spring (this was done to control the continuity of the

path like an elastic band); secondly, in minimizing the force acting on the replicas. This

moved the band to the MEP. The strength of the method was the force projection which

prevented the spring forces from influencing the convergence of the elastic band and the
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true forces from changing the distribution of the replicas along the MEP. During every step

of the minimization and for each replica the true and false forces (spring forces) were both

decomposed in parallel and perpendicular components to the path and only the perpendic-

ular component of the first one and the parallel component of the second one were taken

into account. This force projection was dubbed nudging. Image separation along the band

was controlled by the spring forces.

MEPs were used to estimate activation energy barriers for transitions between the initial and

final states within the harmonic transition state (hTST) approximation [54] which adopts

a statistical mechanics approach to compute reaction rates. Briefly, hTST is a simplified

version of TST [55] where saddle points on potential energy surfaces (PESs) are bottle

necks that separate reactants from products (hyperplane normal to the unstable direction

at the saddle point) and PESs around reactants and saddle points are locally harmonic

(thus, second order Taylor series expansions of the potential energy surface at those points

can be used). Thus, the first actions consist in identifying real saddle points of the chosen

reactions. Slightly modified NEB optimizations could be carried out to assure a rigorous

convergence to saddle points. One of these techniques is, for example, the climbing image

NEB (CI-NEB) [56] which guarantees a rigorous convergence to a saddle point by moving up

the potential energy surface along the elastic band and down the PES perpendicular to the

band retaining, however, information regarding the shape of the MEP. In this case, all the

images are not evenly spaced along the reaction path but they will be compressed moving

up to the saddle point and spread out on the other side. Indeed, after a few iterations the

replica with the highest saddle point will be identified and used to calculate the activation

energy needed for the hTST rate estimate.

In order to employ the NEB methodology for reproducing just the spontaneous release of

the sulfur hydrogen to the surrounding water molecules, we had to select a specific portion

of the trajectory and extract smaller-scale models of reactants and products. This is be-

cause the whole system contained a huge amount of loose degrees of freedom substantially

due to itinerant waters which translated and rotated far away from the solute but could be

neglected in the chemical releasing process. The inclusion of these species, responsible for

major environmental fluctuations, could bias the energy profile along the path and basically

control its whole trend. As a consequence, it was fundamental, firstly, to remove the farthest

solvent molecules from the solute and then progressively reduce the number of the remain-

ing waters while carrying out a series of NEB calculations. This strategy turned out to be

an effective option and the results were satisfactory when nine water molecules were left

around the adsorbate. Indeed, the chosen waters maintained almost the same position and

orientation in the two snapshots, representing reactants and products, and the generated

MEP reproduced almost exactly the reorganization route followed by the MD sampling. In

this particular mechanism the path was continuous and twenty two images of the system
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were sufficient to recreate it.

3.2.3 XPS

A large amount of knowledge of the characteristic properties of material surfaces comes

from quantitative experimental techniques based on the photoelectric effect, such as X-

ray photoelectron spectroscopy (XPS) where a solid surface is irradiated by mono-energetic

photons and the emitted electrons are analyzed in relation to their kinetic energy (measured

quantity). The kinetic energy (KE) is approximately the difference between the photon

energy and the binding energy (BE). Thus, the measured photoelectron spectrum gives the

binding energies of the different atomic electron levels. From the binding energies, which are

element and environment specific, and the intensity of the photoelectron peaks, the identity

of the elements, their chemical state and amount can be determined. The values of KE, BE

and the initial photon energy (hν) are related through the expression:

KE = hν −BE − φ

Where φ is the work function of the electron analyzer. This work function represents the

minimum energy necessary to remove an electron from the instrument, considering that a

conductive sample in physical contact with the instrument is analyzed [57, 58]. XPS can

be applied to a wide variety of materials to measure their composition, empirical formula,

chemical and electronic states of their elements. Photoelectrons are readily absorbed or

scattered by air, so the photoemission process is almost always performed in ultra-high

vacuum (UHV) conditions. This requirement limited the application of the technique to the

analysis of solid surfaces. Considering, however, the increased importance of surface studies

at ambient pressure, a new generation of instruments capable of operating at pressures of

several tens of Torr has been designed, developed and improved to work in local laboratories

[59]. From a computational point of view, we were mainly interested in the relative BEs

of different XPS signals rather than in the absolute BEs. In order to calculate these shifts

it was necessary to identify the initial and final contributions to the BEs [60, 61] for the

various atoms of the molecule that had been examined experimentally, namely nitrogen,

oxygen and sulfur. The N–1s, O–1s and S–2p core binding energies were calculated as the

total electronic energy differences of the ground and relaxed core-ionized states. These were

computed by means of all electron calculations [for details see the related papers] on clusters

made of one cysteine and a small portion of the support in direct contact with the adsorbate.

The representative samples, extracted from the last picoseconds of the production runs,

contained different preferential conformations and adsorption modes.
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4

Results and Discussion of the Selected Papers

Having insisted on the importance of extending and improving the classical reactive methods

for simulating the dynamics behavior and properties of hybrid biomaterials in the introduc-

tion, and having described the examined composites and the techniques used to investigate

them, in the two previous chapters, I shall now proceed to present the results of those stud-

ies and discuss them in their relation to the other available methods on the one hand and

future development on the other.

4.1 Adsorption of Cysteine on TiO2 Rutile(110)

in the contexts of Dropping a Droplet of Cysteine Molecules on a Rutile (110) In-

terface: Reactive versus Nonreactive Classical Molecular Dynamics Simulations

J. Phys. Chem. C 2015, 119, 6703–6712 and Cysteine on TiO2(110): A Theoretical

Study by Reactive Dynamics and Photoemission Spectra Simulation Langmuir

2014, 30, 8819–8828

In these works the focus was on the comparison of two different classical approaches, namely

nonreactive and reactive MD simulations, when they were used to deposit a droplet of cys-

teine on a perfect/defective interface and to reproduce both the adsorption modes and

preferential locations of the molecules on the surface. Then, considering that a reactive

methodology is more appropriate for providing a realistic picture of the mechanisms con-

nected with cysteine-surface adsorption, representative samples of the various chemical forms

found on the interfaces were extracted from the reactive trajectories and used for calculating

X-ray photoemission spectra (XPS).
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4.1.1 Characterization of the Adsorption

Dynamics and Surface Coverage

The molecules adsorbed more quickly in the standard simulations (nonreactive case) because

they did not self-exchange hydrogen atoms. The thiol moieties reached the bridging oxygens,

engaged in interactions with them and induced a reorientation of the whole structures that

moved the carboxyl oxygen and nitrogen atoms on top of the titanium sites of the interface.

Half of the molecules formed a stable monolayer on the surface while the other half became

part of the second layer, which was more mobile than the corresponding covering obtained

with the reactive simulations. No hydroxylation could be obtained with the nonreactive

approach but from the analysis of hydrogen bonds it was possible to estimate the potential

percentage of hydroxylated sites. Agreement with the reactive case was found only for

the neutral model, whilst in the other configurations the percentage was slightly lower.

On the contrary, by means of the reactive dynamics the molecules slowly adsorbed on the

support, hydroxylated it (by releasing mainly the hydrogen of the sulfur atoms (HS) to the

bridging oxygens), and formed a compact and stable monolayer on both perfect and defective

surfaces. In the defective case the population of released HS decreased appreciably while

the percentage of hydroxylation due to the hydrogens of the nitrogen atoms (HN) fairly

increased. The redistribution of the cysteine species at the end of the simulations was

independent of the type of substrate and the final populations were very similar in the

two cases. The dominant adsorption mode was through S–Ti5c bonds formed by the anS

anionic species, whereas the neutral molecules, also abundant, populated the region far from

the slab. The strikingly different behavior of the zwS system, in terms of final populations

and types of species, was caused by the appearance of cysteine dimers between some of the

molecules of the second layer. These were connected by means of disulfide bridges, remained

such till the end of the simulations, and in the analysis were counted as zwS forms. That

is why a quite significant population of zwS forms was observed (green slice of the pie plot

shown in Figure 4.1).

Contact Points on the Interface

Cysteine could adsorb stably on the interface through its nitrogen, oxygen, and sulfur atoms.

In order to identify the most probable types, density profiles of these atoms as a function of

their distance from the surface, defined by the bridging oxygens, were analyzed in detail. A

representative trend is displayed in Figure 4.2. In the reactive simulation the highest density

peak at short separations is due to sulfur, whereas oxygen and nitrogen profiles display lower

peaks at longer distances. As observed above, cysteine was bound to the support mainly
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Figure 4.1: Reactive dynamics. Percentage of species in the final configurations. Sp stands

for perfect surface and under it there are the percentages corresponding to the defec-

tive surface. Species: ne=neutral/red; zwS=zwitterionic S–/green; anS=anionic S–/blue;

anO=anionic COO–/cyan; cat=cationic; zwO=zwitterionic COO–/gray.
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Figure 4.2: Density profiles of cysteine nitrogen, oxygen, and sulfur atoms as a function of

the distance from the bridging oxygens (light brown density - Obr). A portion of the final

configuration is shown as well. Green lines represent possible hydrogen bonds.
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through its sulfur. Nitrogen, which was found at longer distances, preferred hydrogen bond

connections with the bridging oxygens. In the nonreactive simulations many more types of

adsorption were identified. The most probable attachment was through carboxyl oxygens,

but also sulfur was a possible connection. Instead, nitrogen was found at longer distances,

confirming its engagement with the oxygens.

4.1.2 XPS spectra: their Calculation and Comparison with Ex-

periments

The binding energies (BEs) of the adsorbates were commented as differences (shifts) in

relation to the values obtained for the molecules in the gas phase considering, firstly, the

nonreactive calculations and then the reactive results.

Geometries Extracted from the Nonreactive MD Simulations

Coordination of the NH2 nitrogen to the surface (at distances of about 0.25 nm) determined

a positive shift of the N–1s BE, which was due to a partial electron charge transfer from

the N lone pair to the slab. On the contrary, for a hydrogen bonded NH+
3 (to the bridging

oxygens), the shift was smaller and negative, on account of a more effectual screening of the

core hole. The BE difference between these two amino termini was about 2 eV (with NH+
3 at

higher energy). These results agreed with the experimental data by Ataman and coworkers

[9] who assigned the two bands in the cysteine N–1s spectrum to neutral and zwitterionic

species. Adsorbates connected through the S–Ti bond alone (zwS) or accompanied with a

hydrogen bond (HS–Obridge interaction - i.e. physisorbed species) showed a negative S–2p

BE shift which was larger for the chemisorbed species. Again, the calculation predicted, in

line with experiments, two well-resolved bands for the protonated and unprotonated forms

with an energy difference of about 2 eV. This suggested that, at submonolayer coverage,

both –S− and –SH forms of cysteine could be found. Similarly to the thiol group attach-

ment, the carboxyl-surface interaction could be realized through O–Ti coordination and/or

hydrogen bonds between the carboxyl hydrogens and the bridging oxygens (for zwS). This

determined the non-equivalence of the two oxygen atoms that was reflected in the computed

XPS spectra. Indeed, the spectra were characterized by two well resolved peaks separated

by 6 eV at most. The computed spectra revealed that the nonequivalence could lead to dif-

ferences of 1 eV, at most, in the O–1s BEs. These findings indicated that the experimental

single broad band (with a line width around 2 eV) [9] could not be assigned to deprotonated

carboxylic moieties only.
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Geometries Extracted from the Reactive MD Simulations

In the reactive dynamics simulations the N–Ti and S–Ti distance distributions of the most

populated species (anS) were more confined and had peaks at about 0.38 and 0.30 nm,

respectively. This supported the view of a preferential binding accomplished through direct

interaction of the S lone pair with a Ti atom instead of the coordination of the nitrogen

atom to the surface. Presumably, this was because in most of the structures the amino

terminus hydrogens were interacting with the mobile bridging oxygens close by. The S–2p

BEs were in satisfactory agreement with the experimental data and predicted a range of

167–169 eV for the SH forms which was reduced to 164–167 eV for the S− species. Rather,

the carboxyl attachment was not so relevant, as confirmed by the average Ti–O distances

which were longer than 0.35 nm. Actually, the carboxyl oxygens were more often connected

to the hydroxyl hydrogens and not to the Ti atoms of the support. Hence, the cysteine O–1s

computed spectra had a large variability. A definite picture of the character of the carboxylic

group could not be deduced from the experimental data as well, because the resolution was

not high enough to assign clearly the signals. Moreover, it should be noticed that the oxygen

atoms of the surface could contribute to the spectrum due to the perturbing action of the

adsorbates which could induce chemical shifts. In sum, the results suggested that the broad

high energy peak could include contributions from both carboxylic and bridging oxygens

interacting with cysteine.

4.1.3 Final Considerations

The results of this study demonstrated that, although both nonreactive and reactive meth-

ods identified sulfur binding as the main and more stable adsorption mode and determined

accurately its location and dynamics, the nonreactive technique was unable to provide infor-

mation regarding important chemical transformations of the molecules, of the interface and,

as a consequence, of the binding modes of cysteine on the support, which determined the

variety of the experimental data. The simulation of the XPS spectra and the comparison

with their experimental counterpart supported these conclusions: only taking into account

speciation during and after adsorption it was possible to explain local phenomena and give

a more realistic picture of the whole deposition process.

4.2 Adsorption of Cysteine on Au(111)

in the context of Simulation of Gold Functionalization with Cysteine by Reactive

Molecular Dynamics J. Phys. Chem. Lett. 2016, 7, 272–276
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This investigation was focused on the possibility to reproduce realistically, by means of an

ad hoc optimized reactive force field, the cleavage of the –S–H bond of the cysteine side chain

and the subsequent chemisorption of the molecule on a gold slab through the formation of

a covalent –S–Au bond in the presence of water molecules.

4.2.1 Force Field Validation

After the long parametrization process the force field was validated against data extracted

from quantum dynamics simulations in order to check its ability to reproduce both low and

high energy configurations of a complex system made of a small gold slab with a cysteine

molecule and a few waters on top of it. The results matched quite satisfactorily the general

energy trend (shown in Figure 3.1) and suggested, supported by the other validations, that

the force field could be used confidently to run simulations of multi-component systems.

Figure 4.3: Left: evolution of the potential energy of the system. Right: NEB energy

trend. The NEB profile was obtained from the structures (shown above the plot: reagents

and products) extracted from the MD simulations. All the models comprised the whole

slab, cysteine, and nine water molecules.
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Physisorption and Chemisorption on the Slab

After approaching the surface with its side chain, cysteine relocated appropriately the –SH

group in a hollow site of the interface (physisorption), the carboxyl oxygens were positioned

in close contact with the atoms of the support, whereas the protonated amine terminus

(NH+
3 ) was accommodated in a region relatively far from the gold layer and well surrounded

by water molecules. Such a configuration was, on the whole, quite immobile (appreciable

translations were, indeed, not observed) and the molecule resulted stably adsorbed in that

region for the entire simulation time. However, the continuous conformational readjustments

induced by the activity of water and by the interactions between the molecule and the closer

gold atoms caused the release of the sulfur hydrogen. In order to proceed with the needed

action, however, it was necessary that the surrounded water molecules were appropriately

aligned with the –SH direction and located in favorable interconnected positions around

the thiol group. This resettlement took a relatively long time (around 12 ps) in comparison

with the time needed by the sulfur hydrogen to migrate far from the cysteine side chain that

was about 200 times shorter (i.e. around 0.06 ps). This data suggested that, once reached

the surface the cleavage mechanism took place spontaneously. To support this finding the

activation energy barrier was estimated from a NEB simulation and the evolution of the

potential energy of the system was examined in detail in the most relevant time gap (about

100 ps). The barrier resulted to be around 7 kcal/mol (upper limit), the products were more

stable than the reactants by about 7 kcal/mol and after the formation of the S-Au bond the

total potential energy decreased by about 10 kcal/mol. Then, it remained in that interval

oscillating around a stable average value (Figure 4.3).

Surface Reconstruction: Formation of an Adatom

After the formation of the covalent bond with the metal, cysteine was essentially grafted

to the Au(111) top layer but could rotate around the Au–S axis and freely rearrange its

torsional angles to find the most comfortable and energetically cheap accommodation on

the support. Here, it is worthwhile to remind that the atoms of the slab were free in their

motion and could oscillate around their average positions, even though they were hindered in

their movements by their packing configuration. However, the adsorbate-gold interactions

and the activity of water caused a dislocation of one of the surface atoms, which moved

on top of the interface. This occurred concomitantly with a remarkable rotation of the

torsional angle defining the position of the terminus group that resulted in the entrapment

of the adatom between the sulfur and both of the carboxyl oxygens (Figure 4.4. This action

further stabilized the system as shown in the potential energy plot (Figure 4.3).
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Figure 4.4: Left: atomic cysteine–gold radial distribution functions. Right: variation

of a conformational dihedral angle determining the binding orientation together with the

distance changes of the adatom from the slab.

4.2.2 Final Considerations

The simulations were capable of suggesting possible explanations of the formation of stable

covalent cysteine adsorbates on the Au(111) surface by: 1) identifying preferential adsorp-

tion sites of the sulfur atom, namely bridge or hollow positions, in line with experiments

[62]; 2) estimating the type of mechanism in relation to time and energy barriers for the

deprotonation process, in agreement with the experimental observations [63]; 3) disclosing

reconstruction effects and gold chelation events. All the theoretical results were in satisfac-

tory agreement with experimental findings [64].

4.3 Adsorption of Cysteine on a AuNP

in the context of Decoration of gold nanoparticles with cysteine in solution: reac-

tive molecular dynamics simulations Nanoscale, 2016, 8, 12929–12938

This is another application of the reactive force field developed for gold-cysteine-water sys-

tems to check its performance in describing more complex configurations. The focus was

on the adsorption of many molecules dispersed in solution on an almost spherical gold

nanocluster (AuNP).
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4.3.1 Characterization of the Structural Evolution of the Gold

Support

The results of MD simulations of the AuNP in various environments (i.e. in the gas phase,

in pure water, surrounded only by cysteine molecules and in mixed solution, that is cys-

teine+water) confirmed that structural changes were very limited and involved mainly the

atoms at the interface. The greatest perturbations were those due to the action of water,

in pure or mixed solutions, which caused a slight expansion of the structure, surface recon-

struction and formation of adatoms. These effects were also observed in the case of cysteine

adsorption but they were less and more contained. Even though water seemed responsi-

ble for major deviations of the gold atoms packing from their original crystallinity, these

changes were, on the whole, confined within a shell about 0.3 nm thick around the AuNP

and did not change substantially the morphology of the support, which remained compact.

Visual inspection of the final configurations and examination of the distributions of Rgyr

confirmed this general trend (Figure 4.5).

4.3.2 Physisorption and Chemisorption of Cysteine on the various

Low Index Faces of Gold Nanoparticles

Limiting the analysis to the molecules of the first adsorbed shell (cysteine monolayer), that

is within 0.35 nm of the Au atoms, it was observed that:

1. The deposited cysteine layer (30% of the total population) was randomly distributed

on the surface due to self-interactions during the adsorption (in Figure 4.5C green

lines represent hydrogen bonds);

2. The outer cysteine layer, not in contact with the support, remained stably accommo-

dated on top of the first decorating shell preventing water to reach the substrate;

3. When the cysteine layer was attached to the AuNP, water molecules were shifted to

larger Au-water separations or confined to outer regions.

In Figure 4.5A,B,C the final snapshot of the simulation is depicted using sticks (for cysteine),

spheres (for gold and waters) and molecular surfaces (for cysteine) to highlight the trapping

effect on water due to the adsorbate self-assembly. In Figure 4.5A all the cysteine shells

covering gold are displayed, whereas in Figure 4.5B only the molecules in direct contact

with the support are retained. As it can be noticed, apart from a small patch of gold which

was not decorated by cysteine but solvated by water, a limited number of water molecules
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Figure 4.5: A. AuNP surrounded by all the molecules within 0.6 nm. Cysteines are rendered

through a molecular surface and waters by means of deep sky blue spheres. B. Similar to A

except that the surrounding layer is reduced to the molecules within 0.35 nm, that is the first

adsorbed shell. C. Like A but with simpler rendering options and possible intermolecular

hydrogen bonds (green lines). D. Comparison between the Au–O(water) radial distribution

functions, and the distributions of the radius of gyration of the AuNP in pure water and

when it was functionalized with cysteine.
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(deep sky blue spheres visible in Figure 4.5B under the solvated AuNP portion) remained

in contact with gold at a longer distance with respect to the pure water case (see the trend

of the RDFs in Figure 4.5D). Essentially, these waters were captured by the deposited

solute and used as cross-linkers to reinforce solute intermolecular connections. In fact, the

attached cysteines were all joined by hydrogen bonds and stably adsorbed. The variety

of surfaces available for adsorption, cysteine self-interactions and perturbing action of the

solvent seemed all equally responsible for the multiplicity of binding modes adopted by

the adsorbate. As already evidenced in Paper III, the strongest attachment was realized

through the covalent connection of sulfur to gold, which could be, eventually, reinforced by

oxygen-gold interactions and by the nitrogen-gold coordination. To check this, descriptors

related to atoms, such as radial distribution functions, minimum distances, spatial density

maps, and also the final configurations, were examined in detail. Even though this was a

very complex system where it was difficult to simulate massive spontaneous chemisorption

events because of the huge number of degrees of freedom and the limited simulation time, a

few typical covalent thiol connections were identified. Instead, the statistics showed that the

oxygen atoms were much more often in contact with gold than sulfur and nitrogen atoms,

which were found farther away from the support. This could be due to their charged state

and affinity for gold which rendered them strong competitors of the amino acid side chains.

As mentioned before, also nitrogen was found anchored to gold by means of the nitrogen

lone pair, but also in this case the percentage of structure having these arrangements was

low. However, these findings agreed with both theoretical and experimental studies on the

anchoring mechanism of amine-containing molecules to metal supports [65, 66] (Figure 4.6).

4.3.3 Preferential Binding Zones in terms of Low-Index Single

Crystal Facets

It was difficult to establish a correlation between facet type and adsorbed population because

the size of the system was too small to have a good statistics. More specifically, the facets

were tiny separated patches, which could host two or three molecules, at most. When we

examined the percentage of molecules adsorbed on each type of facet, we noted that probably

it was associated to the facet areas which represented 50%, 36% and 14% of the whole surface

for (111), (100) and (110), respectively. However, we observed that sulfur chemisorption

was mostly realized on the steps (33% against 19% in the other cases), whereas nitrogen

was found connected to gold on the (100) surfaces. Similarly to sulfur atoms, oxygen atoms

were preferentially trapped near the boundaries between the structured motifs, essentially,

close to the steps.
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Figure 4.6: Distribution of the minimum distance of nitrogen, oxygen and sulfur from gold;

SH bond cleavage in the three different simulations; various binding modes.
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4.3.4 Release of the Sulfur Hydrogen on Slabs and AuNP

In order to disclose the influence of the type of support on sulfur chemisorption we compared

the mechanisms simulated on the infinite Au(100), Au(110) slabs with one extracted from

the AuNP trajectories. Examination of the evolution of the S–H separation could be useful to

identify more easily functionalizable sites. Again it was found that the hydrogen release was

activated, in all cases, by the correct alignment and location of the nearby water molecules

when the molecule was on the slab alone, but in a more crowded environment the triggering

factor could be a combination of events involving other cysteine molecules. As it can be

noticed in Figure 4.6, the lengthening of the SH bond was initially slow but then after the

active participation of the interposing solvent molecules it became faster. From the trends of

the plots it could be deduced that after about 50 fs the covalent connection was established

in all cases in agreement with previous data.

4.3.5 Final Considerations

We managed to identify different cysteine binding modes which comprised physisorbed struc-

tures and covalent attachments to the gold atoms. Most of the molecules were connected

through the carboxyl oxygen. The stability of the adsorbed monolayer was reinforced not

only by the dense network of hydrogen bonds which interconnected a good portion of the

adsorbates but also by a few adatoms which emerged from the interface and became part of

this protective layer. Water, indeed, was confined to outer regions and only a few molecules

were found close to the surface.

4.4 Adsorption of Cystine on Au(110)

in the context of Theoretical Study of the Adsorption Mechanism of Cystine on

Au(110) in Aqueous Solution Small DOI: 10.1002/smll.201602275

In this work we explored the adsorption of a cysteine dimer on the Au(110) slab in water solu-

tion. We identified and characterized all the steps of the mechanism, namely physisorption,

disulfide bond breaking, chemisorption and formation of staples, and eventually disulfide

bridge reformation. The simulations were able to explain the experimental data by López-

Tobar and coworkers who found that when the concentration of cystine on gold was high the

molecules preserved their disulfide bridges, whereas at low surface coverage they underwent

dissociation. The conditions that led to the bridge cleavage on the Au(110) slab and the
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effects due to the orientation of the molecule on the type of adsorption, which could be

fundamental from an experimental point of view, were disclosed.

4.4.1 Adsorption of a Single Dimer in Parallel Orientation

Once the dimer was physisorbed flat, with the disulfide bridge in parallel orientation and

the sulfur atoms close to the surface (at about 0.22 nm), it preserved its connection to the

support binding to low-coordinated surface sites, preferentially bridge locations. On the

contrary, the amino and carboxyl groups changed very often their relative positions to find

a balance between solvation and atom-metal interactions (Figure 4.7). The disulfide bond

breaking started during the equilibration and was caused by the need of the two sulfur atoms

to maximize their interaction with the gold atoms nearby. A quite improved stabilization

of the adsorbate was obtained by disulfide bridge breaking and independent chemisorption

of the two fragments (Figure 4.8). The gained stability was confirmed by estimation of the

relative energies of the six model structures displayed in Figure 4.9. The S–S bond cleavage

was accompanied by the extraction of a gold atom from the top layer of the support (adatom)

and its capture in between the two sulfurs (Figure 4.8). This phenomenon was a typical

effect observed in the case of thiolates [67, 68, 69]. Usually, the adatoms become part of

the molecular layer by forming the so–called staple motifs. As already noted for cysteine,

the sulfur chemisorption was strengthened by the addition of the coordination of the amino

lone pair with a gold atom of the first inner layer (gold atoms under the top layer) and

interactions of the carboxyl oxygens with the substrate (Figure 4.10).

4.4.2 Adsorption of a Single Dimer in Perpendicular Orientation

When in the starting configuration the molecule was perpendicular to the support, with one

of its carboxyl groups oriented towards the surface, its dynamics produced two separately

adsorbed monomers. The sequence of events was the following: firstly, the molecule moved

to the support to reach the gold atoms and connect its oxygens, then it bent towards the

surface. This remarkable relocation caused the cleavage of the disulfide bridge that was due

to the strong interactions between oxygen and nitrogen with gold and to the stretching of

the whole structure towards the binding points. Also in this situation, gold atoms were

extracted from the interface and chelated by the two monomers. Contacts with gold were

established mainly through oxygen coordination, whereas the nitrogen maintained its degree

of solvation observed in solution, implying no surface binding (Figure 4.7).
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Figure 4.7: The two configurations examined in the case of single adsorption.
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Figure 4.8: Disulfide bond breaking and formation of a staple motif during equilibration.

On top of the graphs: three characteristic snapshots (reduced models) extracted from the

MD equilibration stage.
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Figure 4.9: Molecular stabilization on the surface due to the cleavage of the disulfide bridge.

Evaluation of the energy difference by QC calculations.
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Figure 4.10: Pyramidalization of the nitrogen atom of the cysteine monomer on the right

hand side after releasing one of its hydrogens to the carboxyl oxygen nearby. On top

of the graphs: three characteristic snapshots (reduced models) extracted from the MD

equilibration stage.
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4.4.3 Adsorption of a Cystine Monolayer in Parallel Orientation

To disclose the effects due to inter-adsorbate interactions on the most favorable arrangement

of the molecule on the surface (parallel orientation of the disulfide bridge), the dynamics

in solution of twelve units, evenly distributed over the slab, was simulated and analyzed.

Unexpectedly, the system followed a complex dynamics where all the molecules underwent

dissociation and then adopted many different orientations, both parallel and perpendicular

to the support. Staple motifs were identified but also new cystines in perpendicular orien-

tation. This could be explained observing that some of the monomers migrated far from

the surface moving to the location of a hypothetical second layer and there they reformed

the original dimers by interacting with the molecules of the first layer or became indirectly

connected to the support through escaped gold atoms (adatoms). Adatoms were found not

only on top of the interface but also in locations corresponding to a second outer layer of

the gold support. Chelated complexes were identified as well. Finally, the interface was

covered with physisorbed, chemisorbed species and gold adatoms. The MD simulations of a

crowded system reproduced essentially the situation already observed in the case of a single

molecule on gold in terms of reactivity and anchoring mechanisms.

4.4.4 XPS Spectra

We calculated the core binding energies of a few representative adsorbed configurations to

find a correlation between their structure and the anchoring mode. Fifteen models were

extracted from three different characteristic stages of the simulations: Equilibration (Figure

4.9), dynamics of the fragments stabilized on the surface (Figure 4.10 - in this case only

three of the models used are shown above the plot) and dynamics during the formation of

an adatom (Figure 4.8). In these geometries the zwitterion was anchored to the surface

mainly through S–Au bond and occasionally through the COO–Au contact, which was

weaker than the S–Au bond and less stable than the N–Au coordination. The percentage

of NH2 in the sample was about 70%. Inspection of the BEs of the two nitrogen atoms

(N1 and N2 – see Figure 4.11) and the related geometries reported in the Table of Figure

4.11 and in Figure 3S of the Supporting Information of the paper, suggest that when the

group was protonated and/or solvated by water and/or H-bonded to the nearby carboxyl

moiety the BEs were in a range 407.5–410.5 eV, whilst the connection of nitrogen to the

surface decreased both the BE and the range explored by it (to 404–405 eV). In the case of

NH+
3 groups, instead, the N–1s BEs had a very small chemical shift (about 0.2 eV). This

chemical shift was comparable to that of the neutral form of cystine in the gas phase. When

both NH+
3 and NH2 groups were present, the chemical shift was about 2.5 eV, on average.
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Figure 4.11: N–1s and S–2p Binding Energies (eV) of cystine in different adsorption con-

figurations (see Figure 3S in the corresponding paper) and in two different conformations

optimized in the gas phase (images below the table).



60 Chapter 4 Results and Discussion of the Selected Papers

Then, the N–1s chemical shift between the solvated NH+
3 and bound NH2 was estimated to

be about 2.5 eV with a ratio of the relative intensities of about 0.4 which is in agreement

with available experimental data for a similar case [70]. The calculated S–2p BEs could

predict the chemical shift between nonequivalent S atoms and assign both the main and

the weaker band observed in the experimental spectrum. This was obtained checking the

last three geometries (Figure 4.8), which depicted the dissociative adsorption of cystine on

gold with and without surface reconstruction. The average value of the S–2p BE for the

last two geometries was about 168.1 eV, whereas for the first one it was about 167.4 eV.

Considering that the MD simulations showed that a negligible number of cystines remained

intact during the adsorption, our simulations predicted that the main band observed in the

S–2p XPS spectrum was due to a dissociative connection with surface reconstruction, while

the weaker shoulder on the low energy side was caused by dissociative adsorption without

surface reconstruction, that is to two different chemical states of the adsorbate.

4.4.5 Final Considerations

From a methodological point of view it should be emphasized that, even though we did

not find experimental data corresponding exactly to the systems and conditions simulated

in this work, we have found a few contact points with some experimental studies available

in the literature, dealing with similar topics. The agreement was good and the adsorption

mechanism suggested by our simulations seemed reliable. The methodology we have used

could provide a viable and effective description of complex systems as adsorbates where

chemical reactivity may play a crucial role.

4.5 Adsorption of an Indoline Dye on Anatase

in the context of Theoretical Investigation of Adsorption, Dynamics, Self-Aggrega-

tion, and Spectroscopic Properties of the D102 Indoline Dye on an Anatase (101)

Substrate J. Phys. Chem. C, 2016, 120, 2787–2796

This work was inspired by the extensive theoretical and computational research conducted,

over the last few years, on the conformational, self-assembling, optical and charge transfer

properties of the D102 dye [71] in solution and on specific supports appropriately designed

to mimic the behavior of solid-state dye-sensitized TiO2 solar cells (DSSC) [17, 72, 73, 74,

75] (Figure 4.12). The choice of this molecule was dictated by its superior performance

[76, 77, 78] and rather narrow absorbance range (around 485 nm) when in contact with
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TiO2 substrates.

In this investigation, the complexity of the computational models was extended by combin-

ing quantum chemistry single point calculations with classical reactive molecular dynamics

simulations to describe the various processes involved in DSSCs functioning. Extensive sam-

pling of the adsorption phases of isolated molecules or crowded clusters on medium/large

size slabs were carried out. A complete characterization of their behavior was provided by

identifying a wide variety of binding modes, which were then used to evaluate the optical

response.

4.5.1 Preliminary Checks

ReaxFF parameters were validated by means of a direct comparison with the quantum me-

chanical (QM) data from previous studies [17, 72, 73]. The first type of validations were plain

geometry optimizations of a complex made of one dye and then two dye molecules on a small

anatase cluster [17], which were obtained through energy minimization by DFT/B3LYP/6-

31G* calculations (Figure 4.12). The resulting classically optimized structures reproduced

quite well the QM configurations (with a root mean square deviation of the coordinates of

the heavy atoms of about 0.07 Å) confirming the reliability of the force field to represent

these systems. Moreover, self-interactions, which are important in the description of ad-

sorption, conformational organization and distribution of the dye on the surface, were well

accounted for. The dyes were quite bent towards the support to self-assemble effectively

through stacking and T-shaped interactions and in contact with the surface through car-

boxyl oxygen and sulfur atoms. The second type of validations were short MD simulations

of one dye vertically adsorbed on top of a periodic anatase(101) interface. During all the

dynamics runs the molecule maintained substantially its original structure but showed the

propensity to bend slightly towards the surface to improve dye-surface interactions in per-

fect agreement with the DFT description. Given these premises, it was not necessary to

modify the force field.

4.5.2 Aggregation Dynamics, Flexibility and Optical Properties

of the Grafted Dyes

The morphology and dynamics of partially covered surfaces, where the density of the ad-

sorbed dyes was close to the experimental values, were studied through a series of MD

simulations at ambient temperature. All the technical details regarding the simulations and

how the initial configurations were built can be found in the paper. In sum, examination

of the final configurations revealed that in all cases the perpendicular arrangements were
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Figure 4.12: D102 molecules adsorbed on a small anatase (101) cluster as single or dimer

configurations.
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not maintained due to intermolecular interactions between both the portion of the molecule

in contact with the surface and the aromatic rings farthest from the support (Figure 4.13).

This was essentially caused by the flexibility of the surface and, more importantly, by the

type of packing which was not thick enough to prevent the re-arrangement of the flexible

parts of the dye and their concerted relocations. These movements were responsible for the

occurrence of molecular patches separated by uncovered surface regions (Figure 3 of the

paper). In these molecular aggregates the dyes could be bound to the inorganic support

differently, namely by coordinating one or both of the carboxyl oxygens, one oxygen and the

sulfur atom or even both oxygens plus the sulfur atom to the surface (Figure 4.13). How-

ever, according to the MD results the three-atom attachment was preferred and guaranteed

a more stable connection of the molecules to the interface. Moreover, the phenyl groups

were randomly oriented.

Figure 4.13: Theoretical absorption spectra of the isolated dye (solid blue line) and geome-

tries extracted from the simulations (dotted lines). Averaged absorption spectra of selected

D102 aggregates made of five molecules (solid red line). The vertical lines represent the cal-

culated excitation energies and oscillator strengths. HOMO and LUMO isodensity surfaces

are also shown.



64 Chapter 4 Results and Discussion of the Selected Papers

Randomly extracted samples were used to calculate the average absorption spectra of the

dyes bound to the surface. Aggregation was confirmed by the behavior of the signals that

were broadened and red-shifted in relation to the spectra calculated in solution. Indeed,

examining the spectra of the isolated dye, shown in Figure 4.13, it is apparent that the ab-

sorption band, which was due to the HOMO–LUMO excitation, was affected by the mutual

arrangement of the triphenyl ethylene and the indoline-rhodanine moieties. Coplanarity

favored delocalization and stabilization of the LUMO, whereas loss of coplanarity implied

a lower conjugation between donor and acceptor and thus a destabilization of the LUMO

level (blue shift). The absorption spectrum of the aggregates was red shifted and had a low

energy tail, typical of J-aggregates, in agreement with the experimental observations.

4.5.3 Final Considerations

The optical properties of dye-sensitized TiO2 materials can be disclosed effectively through

a combination of experimental data, quantum chemistry and force field-based simulations

that allow altogether to characterize at the atomic/electronic level the interfacial regions

by capturing the evolution of the various configurations, the strength of the anchoring

interactions and their effects on the measured signals.



Conclusions

In order to comprehend the mechanisms of biomolecular thiol-based functionalization of ti-

tanium and gold-based materials, we carried out reactive molecular dynamics (ReaxFF) sim-

ulations of various model systems after having parametrized ad hoc the force fields against

quantum chemistry calculations and optimized the whole multi-level computational proce-

dure to obtain more realistic models.

In the case of titanium decoration the reactive methodology was compared with the standard

classical approaches (nonreactive force fields), which were unable to follow the evolution of

the species but were able to identify potential binding sites.

Even though the main adsorption modes of the molecule onto the substrate were recognized

by both these descriptions, reactivity was fundamental for predicting a realistic proportion

of the species formed in the final mixture, their influence on the physico-chemical properties

of the support and their preferential mode of attachment. As a matter of fact, hydroxylation

of the titanium dioxide surface could be observed only through the reactive representation.

The consequence of this was a change in the nature of the support and, as a result, a different

response of the interface to the surrounding medium. The presence of various species in the

same sample biased, in a sense, the adsorption by favoring one type or another depending on

their prevalence and location. Of course, the most stable connection was realized through

the simultaneous coordination of the three active moieties of cysteine, namely the S, O and

N atoms, to the available Ti sites of the interface (essentially Ti5c), but this type of binding

was less probable in a more complex environment (the reactive one) than other weaker con-

nections more easily accessible. This was due to the several perturbations present, such as

hydrogen exchanges and hydroxyl groups, which prevented these atoms from reaching their

more favorite locations. In support to these findings it was observed that the available XPS

experimental spectra matched only a reactive interpretation.

As far as the gold support is concerned, the results of the reactive simulations were even

more satisfactory. The developed ReaxFF parameters were employed to understand all the

reaction events between various substrate morphologies/topologies and the adsorbate as a

single unit or as multiple conformations in the presence of the solvent (water molecules). All
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the steps of the SH bond cleavage and the formation of a covalent Au-S interaction were re-

produced in detail and various effects, such as surface reconstructions, unveiled adequately.

Cysteine physisorption, chemisorption, stabilization of the gold clusters and its action on

the adsorbed waters were clarified.

The force fields appropriately described the dimer of cysteine (cystine) as well, its forma-

tion and stability in the gas phase on a TiO2 support and in water solution. In agreement

with experimental data the simulations confirmed and disclosed accurately the behavior of

the dimers when adsorbed on Au(110) in diverse situations. There, on the interface, the

equilibrium of the molecule seemed unstable and dependent on the molecular arrangement,

concentration and surface coverage.

The simulations regarding the dye adsorbed on anatase supports in different concentrations

were capable of identifying all the preferential anchoring modes of the molecules and their

self-assembling characteristics through T-shaped and stacked interactions. The adsorbates

were grouped, inclined in relation to the surface, and organized in separated patches. The

calculated optical properties matched satisfactorily the experimental spectra and suggested

that the developed methodology could be predictive.

All these very promising results suggest that this multi-level computational tool could be

applied quite confidently to more elaborate environments closer in size and composition

to the experimental samples. Indeed, we have started the simulations of many different

coated nanoparticles (with various degrees of functionalization by means of cysteine-based

peptides) in solution in order to characterize their dynamics and self-interactions. By using

extensive simulations we will be able to disclose the role played by the adsorbates and to

identify the causes of eventual sintering processes. This will be extremely important for

designing tuned delivering agents for selective biomedical applications.
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