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Annotation 

Interactions between (bio)molecules, ions and solid surfaces play crucial role in many 
biological processes as well as in many scientific applications and understanding of this 
phenomenon on molecular level is a challenging task for today science. Computer 
simulations can provide detailed view on atomic level if carefully prepared and evaluated 
models are used. 

 In this thesis, interactions of several types of (bio)molecules with inorganic surfaces 
are studied by classical and ab initio molecular dynamics. Chemisorbed biomolecules, 
namely DNA and oligopeptide, covalently attached to graphene and mercury surface, 
respectively, were studied to make link with DNA chip design and experimental label-free 
electrochemical measurements, respectively. Quartz (101) surface model applicable to 
wide range of pH conditions was developed and evaluated against experimental X-ray 
data. Physisorption of the nucleobases on quartz (101) surface and oxalate dianion on 
rutile (110) was examined and discussed. 
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1. Introduction 

1.1 Motivation 

Interactions between (bio)molecules, ions and solid surfaces play crucial role in many 
biological processes as well as in many scientific applications. Understanding of this 
phenomenon on molecular level is a challenging task for today science. From the 
beginning of the 20th century when Langmuir presented his model for the monolayer 
adsorption of species onto simple surfaces [Langmuir, 1918], the surface and interface 
science has gone long journey and has grown up into fully-fledged discipline with its own 
specific experimental methods and theoretical models. Experimental techniques like 
atomic force microscopy (AFM), surface plasmon resonance (SPR), resonant anomalous 
X-ray reflectivity (RAXR) and second harmonic generation (SHG) together with in-silico 
techniques like classical molecular dynamics (CMD), ab initio molecular dynamics 
(AIMD), and accompanied by various models of electric double-layer (EDL) and surface 
complexation models (e.g. MUSIC-CD, i.e. MUltiSIte Complexation – Charge 
Distribution) can give complex and detailed picture of what happens at the surface and 
interface during adsorption of (almost) any kind atom, ion or molecule.  

(Bio)molecules/solid surface interactions that are heart of this thesis belong to a wide 
family of processes generally called adsorption. Adsorption is defined as "the 
accumulation of a substance at an interface" [Butt, 2003] and it is purely surface 
phenomenon with no penetration of the adsorbate into the bulk region of the adsorbent 
(contrary to absorption). Interface is a narrow contact region between two phases where 



physical and chemical properties of adsorbate differ from their bulk values. Properties and 
processes in this region are crucial for understanding of adsorption. 

If we consider three states of matter, i.e. solid, liquid and gas state, we get several 
combinations of the interfaces: the solid–liquid, the solid–gas, and the liquid–gas interface 
(commonly called surfaces), or interfaces between two immiscible liquids (liquid–liquid 
interfaces) or different solid materials (solid–solid interfaces). Out of these combinations, 
only the solid–liquid interface is a subject of our interest, because all simulations 
described in this thesis are tightly connected to experiments investigating this interface. 

Adsorption can be categorized using various criteria, but the strength of the interaction 
between adsorbate and adsorbent is the key factor. Weak adsorption where only van der 
Waals forces act between surface and adsorbate is called physisorption while strong 
adsorption accompanied by creation and/or disruption of chemical bonds is called 
chemisorption. Physisorption is usually characterized by the sorption energy of the order 
of 20–40 kJ.mol-1, relatively free adsorbate able to diffuse and rotate on the surface, and 
quick establishing of an adsorption equilibrium. Contrary, chemisorption has usually 
typical sorption energies of 100–400 kJ.mol-1, the adsorbate is relatively immobile and 
usually does not diffuse on the surface and often leads to surface reconstruction. We have 
dealt with both types of the adsorption in our work, physisorption is described in Chapter 
3 and chemisorption in Chapter 4. 

As adsorption of (bio)molecules takes place very often in water environment with 
dissolved ions, one has to be also beware of adsorption of these substances. Water 
molecules at a solid substrate often experience a hindered rotation relative to those in the 
bulk, forming dense layers of the solvent up to few nanometers above the surface. Then, if 
liberated from the surface via displacement by an adsorbed molecule, a net entropy gain 
results. At the same time ions can occupy charged spots on the surface and/or and 
adsorbent, hereby influencing equilibrium of the adsorption. Thus, high-quality models of 
the surfaces and adsorbing molecules that properly quantify interactions with water and 
ions are crucial for the success of simulations. Development and evaluation of these 
models is discussed in detail in Chapter 2 and Chapter 3. 

Due to complexity of the topic and corresponding large number of simulations, 
systems and analyzed data, not all results included in thesis have been published yet. But 
to give overall picture of our work and to maintain hierarchy of the topic, we combine 
both published and unpublished data in the following text. 

  



1.2 Organic molecules, nucleic acids and peptides 

1.2.1 Oxalic acid 

Oxalic acid is the most simple dicarboxylic acid, being composed of two COOH 
groups directly connected together (see Figure 1-1, C2H2O4). It occurs in nature as a 
calcium oxalate mineral (whewellite, weddellite), it has been spotted in traces in 
atmosphere as a product of the combustion of fossil fuels or exhaust of cars, representing 
37-69 % of the total dicarboxylic acids in atmosphere [Kawamura and Ikushima, 1993]. It 
also shows a wide biological activity in plants and animals. For example, it was revealed 
[Sharma, 1993] that oxalic acid and diacylglycerol metabolites in blood are quantitatively 
depleted under sleep-restricted conditions and restored after recovery of sleep. Under 

physiological conditions, oxalate ion can 
interact with calcium ion and thus it plays 
an important role in the formation of 
calcium-containing uroliths in human 
body. It has high solubility (143 g.dm-3; 
due to polarity and formation of intra and 
intermolecular hydrogen bonds) and very 
low first deprotonation constant of pKa1 = 
1.24. Thus, in near-neutral pH it occurs 
mainly as oxalate dianion (C2O4

2-) with 
very small amounts as hydrogenoxalate 
anion (C2HO4

-, pKa2 = 4.23) (Figure 1-1). 
Albeit oxalic acid and both its anions are 
relatively simple chemical compounds, 
their structure, solvation and 
parameterization is still a matter of debate. 

1.2.2 Nucleobases 

Nucleic acid bases, i.e. nitrogenous purine and pyrimidine bases, and their related 
structures with attached 5-membered sugar ring and phosphate group(s) - nucleosides and 
nucleotides (see Figure 1-3 in Charter 1.2.3), are essential molecules for all living beings. 
They serve as building blocks of nucleic acids and as co-factors of enzymatic reactions 
(coenzyme A, FAD, FMN), and alone they participate in metabolism as chemical energy 

 

Figure 1-1. Fraction of total oxalate in 
any protonation form as a function of pH. 
Neutral pH highlighted by dashed curve. 
Inset: corresponding structures and 
naming. 



storage media, or in cellular signaling [Francis and Corbin, 1999]. Nucleosides are also 
used as dietary supplements and modified forms of purines and pyrimidines are promising 
new drugs [Jordheim, 2013]. 

The primary nucleobases are cytosine (DNA and RNA), guanine (DNA and RNA), 
adenine (DNA and RNA), thymine (DNA) and uracil (RNA), abbreviated as C, G, A, T, 
and U, respectively (Figure 1-2, uracil not shown). Adenine and guanine belong to the 
purine and thymine, cytosine and uracil to the pyrimidine family of bases. Apart primary 
nucleobases also modified versions exist with hypoxanthine, 7-methylguanine, or 5-
hydroxymethyl cytosine being the most known examples. 

Immobilization of nucleobases (and all derived molecules mentioned above) onto 
inorganic surfaces is a determining factor for many scientific techniques such as 
biosensing (DNA microarray) [OK2], chromatographic and electrophoretic separation of 
these species [Marrubini, 2010], oligonucleotide synthesis (phosphoramidite process) 
[Sanghvi, 2000], for development of biocompatible materials [Li, 2011] and for prebiotic 
polymerization of RNAs and DNAs [Brindley, 1968; Mignon, 2009]. 

There is an ongoing interest in nucleobases adsorption onto various surfaces. The most 
recent experimental studies have focused mainly on the adsorption onto pure metal [Feyer, 
2011; Plekan, 2010] (and especially gold [Pagliai, 2012; Plekan, 2012; Yang, 2009; 
Kundu, 2009]) and carbon-based [Panigrahi, 2012; Varghese, 2009; Sowerby, 2001] 
surfaces due to applicability of these results in biosensing. The main emphasis in these 
studies has been on the orientation of the adsorbed molecules (perpendicular vs. parallel) 
and a type of the adsorption (physi- vs. chemisorption). Similar situation occurs in the 
field of theoretical chemistry with several quantum mechanical [Bogdan and Morari, 
2012; Umadevi and Sastry, 2011; Rajarajeswari, 2011; Piana and Bilic, 2006] and 
molecular dynamic studies [Maleki, 2011; Rapino, 2005; Piana and Bilic, 2006].  

 

Figure 1-2. Four nucleobases used in our study. Main atoms and vectors used to 
complete bivariate plots shown.  



Some experimental studies have focused on the behavior of the nucleic acids 
components near metal-oxides [Cleaves, 2010; Plekan, 2007] and clay materials [Baú, 
2012; Carneiro 2011] with the main motivation to explain a prebiotic chemical processes, 
since it is believed that immobilization of nucleic acid components is a necessary step for 
the polymerization of these species. 

Few molecular dynamics studies have tried to identify a binding arrangement and to 
quantify the strength of interactions of nucleobases with the rutile surface [Monti, 2011] 
and with a Si (111) surface with attached alkyl-amine molecules [Monti, 2011]. 

To the best of our knowledge, there are no systematic all-atom molecular dynamics 
simulations studying these nucleobases binding on various surfaces at various conditions. 

1.2.3 Nucleic acids 

Nucleic acid molecules (NAs) are essential biomolecules that all living organisms have 
in common. They execute variety of functions in living cells ranging from transmission of 
genetic information between generations and transcription of the genetic information into 
proteins, through catalytic functions to gene regulation. Basic structural unit of nucleic 
acids is the nucleotide (Figure 1-3a, yellow), each of which contains a pentose sugar 
(deoxyribose in DNA and ribose in RNA), a phosphate group, and a nucleobase (Figure 1-
3b). Sugar and phosphate group creates so-called sugar-phosphate backbone (Figure 1-3a, 
purple) that carries large negative charge due to deprotonated phosphate (PO4

-1) groups. 
Nucleobases were described in detail in previous chapter (Chapter 1.2.2). NAs can be 
either single-stranded or double-stranded with complementary bases that can hybridize via 

 

Figure 1-3. (a) Schematic representation of the DNA constituents, (b) Ball-and-stick 
representation of the nucleotide; (c) Licorice representation of a double stranded DNA 
with its typical helical geometry. Single strand highlighted by orange color. 



making of the weak hydrogen bonds between nucleotides and forming typical double-
stranded helix. DNA molecules are in most cases double-stranded, whereas RNA 
molecules are usually single-stranded [Hodge, 2009].  

DNA is more stable than RNA and is located in a cell nucleus where it stores genetic 
information, being coiled into higher structural units called chromosomes. All 
chromosomes together make up so-called genome that is, in the case of humans, 
composed of approximately 3 billion of base pairs arranged into 46 chromosomes. Gene is 
a certain part of long DNA molecule that encodes a functional RNA or protein product. 
Rapid and cheap detection of a sequence of the nucleotides in a gene (so-called 
sequencing), is a main interest of today science because with knowledge of the exact order 
of nucleotides one can identify changes in genes, associations with diseases and 
phenotypes, study how different organisms are related and how they evolved, determine if 
there is risk of genetic diseases, etc. 

For this purpose, microarrays or DNA chips are appropriate devices. Arrays of tens to 
tens of thousands of microscopic spots containing single-stranded deoxyribonucleotides 
are attached to a solid surface (such as a membrane, a polymer, or glass) of the 
microarray, and these are used to analyze simultaneously a sample solution containing 
fragments of nucleic acids. Oligonucleotides (capture probes) in individual spots are 
identical, but their sequences are different for each spot to match the various 
complementary DNA sequences (targets) present in a given sample. The sequences of 
surface-immobilized capture probes needs to be designed to meet several criteria: they 
should not allow the formation of internal structures such as hairpins and they should be 
sensitive to sequence variations and bind only to complementary strands. Usually, 
software tools available for probe design during the process of microarray development 
are based on standard hybridization conditions, i.e. nucleic acids in solution, not being 
attached to a surface.  

However, the surface plays an important role and can influence process of 
hybridization to a large extent. First, the capture probes are immobilized to a certain extent 
by surface binding and therefore their molecular dynamics is different from that 
describing a system of two free strands in a solution. Second, the presence of the surface 
and the interactions of the capture probe with the surface represent an important sterical 
hindrance making single-strand – double-strand transitions more difficult. Third, in 
addition to the van der Waals interactions, the surface, whether it is charged or not, 
generates nontrivial electrostatics and interfacial structure owing to the interactions 
between the solution and the surface, influencing the density profiles of the water and ions 
in the vicinity of the surface and attached probes. 



1.2.4 Peptides 

Peptides are short chains composed of amino acid monomers (Figure 1-4a) linked by 
peptide bonds. There is 23 proteinogenic, i.e. protein-building amino acids. Peptide bonds 
are formed by condensation reaction when the carboxyl group of one amino acid reacts 
with the amine group of another (Figure 1-4b) while water is released. As peptides are a 
continuous and unbranched chain (Figure 1-4c), they fall under the broad chemical classes 
of biological oligomers and polymers, alongside nucleic acids, oligosaccharides and 
polysaccharides. Peptides contain approximately 50 or fewer amino acids, but the border 
is not strict.  

Similarly as in a label-free or label based analysis of nucleic acid (and also of 
polysaccharides and glycans), so far only carbon and mercury based electrodes have been 
found useful for the sensitive analysis required by contemporary peptide/protein research 
[Paleček, 2012; Paleček, 2015]. Use of carbon electrodes is limited to oxidation reactions 
of tyrosine (Tyr) or tryptophan (Trp) residues, while utilization of mercury or amalgam 
electrodes was earlier restricted only to the reduction processes involving SH- groups of 
Cys and/or SS-bonds of cystine (CSSC) residues. Nowadays, considerable progress in 
development of a method called constant current chronopotentiometric stripping (CPS), 
that utilizes mercury electrode, has widened number of amino acids that can be detected 
by this type of an electrode (see below), and has allowed characterization of the 
nanomolar quantities of various peptides and proteins.  

This label-free and also structure-sensitive method is based on catalytic hydrogen 
evolution reaction (CHER) with a typical analytical output known as peak H (Figure 1-5) 

 

Figure 1-4. (a) Example of the several amino acids with highlighted side functional 
groups, (b) Creation of the peptide bond; (c) Peptide chain, backbone in licorice 
representation, side functional groups highlighted by orange and blue color and ball-
and-sticks representation. 



[Heyrovsky, 2005]. In hydrogen evolution catalyzed 
by a peptide or a protein molecule,  CPS peak H is 
reflecting consumption of electrons in the irreversible 
reduction of exchangeable protons from the functional 
groups (–XH, located at side chains of some AA 
residues) close to the negatively charged electrode 
surface (reaction 1, Figure 1-5). The effect is much 
more pronounced in buffered media in which the 
catalyst (peptide or protein) molecule (R–XH/R–X-) 
in adsorbed state mediates a transport of protons from 
the acid constituent of a buffer (BH, reaction 2) onto 
negatively charged electrode surface where 

subsequently surface bound hydrogen atoms (H•) combine into more stable molecules of 
gaseous hydrogen (H2, reaction 3). Deprotonated functional groups (–X-) are then 
immediately reprotonated by an excess of slightly acidic BH (reaction 2) and enter 
reaction 1 closing thus a catalytic cycle. The net result is that while the catalyst is restored, 
the acid constituent of the solution is reduced under formation of molecular hydrogen 
(reaction 4).  

Artificial and bioactive peptides were studied mostly as a protein like models to 
identify catalytically active sites or to better understand fundamental basis of the 
electrocatalytic process taking place in the case of complex protein molecules [Sestáková, 
2000; Enache 2013; Zuman, 2005]. In search for catalytically active amino acid residues, 
so far involvement of Cys thiol (pKa ~ 8), lysine (Lys) ε-ammonium (pKa ~ 11), arginine 
(Arg) guanidinium (pKa ~ 12), and His imidazolium (pKa ~ 6) groups had been 
unambiguously confirmed [Zuman, 2005, Palecek, 2014]. However, also ammonium 
group (pKa ~ 9) at peptidic chain N-end and hydroxyl group at Ser, Tyr, or Thr residues 
(pKa ~ 10) are capable of proton exchange reaction in solution but their involvement in 
CHER was neither confirmed nor denied. 

From previous brief description of the CPS method it is evident, that interactions and 
conformations of peptide(s) on a mercury electrode are crucial for success of this method. 
Contrary to previous successful event, it was also shown on a set of angiotensin (AT) 
peptides [Dorčák, 2013] that presence of aspartic acid (Asp) residue bearing negatively 
charged carboxylate group in the vicinity of Arg residue can cancel catalytic activity of 
the peptide. Other preliminary results from Dorčák group with several Cys containing 
peptides indicate that also carboxylate group at side chain of glutamic acid (Glu) residue 
or at C-end of the peptide backbone can prevent involvement of the SH-groups in CHER. 
It is believed that very probably the electrostatic repulsion between the negative charges at 

 

Figure 1-5. CHER mechanism  



the electrode surface and carboxylate group prevailed over the electrostatic attraction of 
the positively charged Arg guanidinium group or hydrophobic interaction of Cys SH 
group and thus, detracted their involvement in CHER. 

1.3 Computer simulations 

1.3.1 Classical molecular dynamics 

The classical molecular dynamics simulations propagate a series of instantaneous 
atomic configuration over time by integration of Newton’s equations of motion. In CMD 
the atoms are represented by interacting sites (points) corresponding to their nuclei, while 
the electrons are considered only effectively via partial charges located at the atomic or 
auxiliary sites and assumed to follow the Born-Oppenheimer approximation. With this 
significant simplification and adopting pair-wise potentials for all inter-atomic interactions 
except angular bonded terms, systems composed of ~105 atoms can be simulated for times 
up to hundreds of nanoseconds on modern clusters of CPU and GPU units. 

Basics of the classical molecular dynamics can be found elsewhere [Leach, 2001; 
Schlick, 2002]. For the purpose of this thesis just brief description of the non-bonded 
interactions is mentioned because we had to take special care of them. 

Non-bonded interactions play an important role in MD simulations, because precisely 
these interactions stand behind adsorption phenomena, higher-level structure of 
molecules, hydration and hydrogen-bonding. Therefore the best possible parameters 
describing non-bonded interactions are crucial for success of the simulation. 

 We explicitly incorporate two types of non-bonded interactions in MD simulations: 
electrostatic interactions that are described by Coulomb's law (Equation 1-1): 

 𝑼𝑬𝒍𝒔𝒕.�𝒓𝒊𝒋� = 𝒒𝒊𝒒𝒋
𝟒𝝅𝜺𝟎𝒓𝒊𝒋

 (1-1) 

and van der Waals forces that are almost exclusively described by Lennard-Jones 
potential (Equation 1-2) in standard biomolecular force fields: 

 𝑼𝑳𝑱�𝒓𝒊𝒋� = 𝟒𝜺𝒊𝒋 ��
𝝈𝒊𝒋
𝒓𝒊𝒋
�
𝟏𝟐
− �𝝈𝒊𝒋

𝒓𝒊𝒋
�
𝟔
� (1-2) 

where σij denotes the distance where the intermolecular potential between two atoms is 
zero, and and εij the well depth characterizing how strong the attraction between two 



atoms is. Using Lorentz-Berthelot combination rule (Equation 1-3) one can derive the 
cross parameters for different species: 

 𝝈𝒊𝒋 = 𝝈𝒊𝒊+𝝈𝒋𝒋
𝟐

;  𝜺𝒊𝒋 = �𝜺𝒊𝒊𝜺𝒋𝒋 (1-3) 

Another possibility is to take into account van der Waals forces in simulation using 
Buckingham potential (also known as exp-6 potential) (Equation 1-4): 

 𝑼𝑩𝑯�𝒓𝒊𝒋� = 𝑨𝒊𝒋 𝐞𝐱𝐩 �−
𝒓𝒊𝒋
𝒃𝒊𝒋
� − 𝑪𝒊𝒋𝒓𝒊𝒋𝟔   (1-4) 

where Aij, bij describe components of the repulsive interaction and Cij describes the 
attractive interaction. Both potentials for van der Waals interactions appeared in our work 
together in Chapter 2.4 and we had to dealt with their incompatibility. 

1.3.2 Ab initio molecular dynamics 

Unlike classical molecular dynamics, in ab initio molecular dynamics forces are 
computed on-the-fly by accurate electronic structure calculations and therefore AIMD 
does not rely on a set of empirical parameters as CMD. It also implies that bond making 
and breaking events are naturally included when ab initio calculations are involved.  

Two approaches are in use [Vidossich, 2016]: Born-Oppenheimer MD (BOMD) where 
the time-independent electronic structure problem is solved for the actual nuclear 
configuration at each step during the dynamics, and Car-Parrinello MD (CPMD) where 
the electronic orbitals are evolved together with the ions, thus not requiring optimization 
of the wave function at each MD step. 

Computer power requirements of ab initio calculations are enormous. State-of-art 
AIMD calculations dealt with systems composed of hundreds of atoms and simulation 
times up to hundreds of picoseconds, i.e. several orders of magnitude less than CMD. 

In our work [OK4], we have used BOMD to study conformation and solvation shell of 
the oxalic acid anions.  

1.3.3 Structural characteristics 

Radial distribution function 

The key structural property, radial distribution function g(r), gives the probability of 
finding a particle in the distance r from another particle. Simply speaking, radial 



distribution function (RDF) informs us how atoms in a system are radially packed around 
each other. This is particularly useful if one wants to describe the structure of disordered 
molecular systems, especially pure liquids and solutions. The disordered movement of 
molecules and atoms in a system with hardly recognizable order is converted by 
computing RDF to behavior of the average structure. It can reveal short range order due to 
presence of hydrogen bonds, London forces, etc., including contributions from nearest 
neighbors as well as more distant molecules. 

RDF gAB(r) between particles of type A and B, resp. A and A is computed as 
(Equation 1-5): 
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where NAA, resp. NAB is the number of corresponding pairs within a spherical shell of 
thickness ∆r and centered around distance r from one of the species and NA, NB are 
numbers of particles (atoms) of given kind. 

Except of being very informative structural property, great benefit of RDF arises from 
the fact, that it can be indirectly determined via its relation with the structure factor S(q) 
from neutron scattering or X-ray scattering data. This allows experimental measurements 
and computer simulations to be mutually compared and interpreted. 

Axial density profiles 

Axial density profiles represent density profiles of species averaged laterally in the x 
and y directions to obtain only z dependent density, where z axis is perpendicular to the 
surface, typically with origin at the interface and facing the liquid phase. They are useful 
for the analysis of the distribution of groups or atoms across the interface including 
recognition of dissolved vs adsorbed species. They are easily accessible from the 
simulations and more indirectly from experimental studies too. Comparison between 
theoretical and experimental data was done by us many times [OK1, Chapter 2.1, Předota 
et al., 2004] and allowed us to justify our models and thereafter broaden experimental 
findings with more detailed molecular view. 

From the experimental techniques, X-ray reflectivity (XR), crystal truncation rod 
(CTR) and standing wave (XSW) measurements provide invaluable information on the 
structure of interfacial liquid (most commonly water), surface relaxation, and geometry of 
adsorbed ions [Zhang, 2004]. Typical XR signal, R(Q), of quartz (101) in contact with 
deionized water and RbCl solution as a function of vertical momentum transfer is depicted 



at Figure 1-6a [Bellucci, 2015], 
accompanied with derived axial electron 
density profiles (Figure 1-6b).  

  

 

Figure 1-6. (a) Specular XR signal, R(Q), 
of quartz (101) in contact with DIW 
(empty blue circles), and RbCl solution 
0.01 M at pH 9.8 (fullred circles), as a 
function of vertical momentum transfer, 
Q;.(b) Derived electron density profiles 
for quartz(101) in contact with DIW (blue 
line) and 0.01 M RbCl solution at pH 9.8 
(red line). 



 

2. Surfaces 

Four different surfaces have appeared one by one in our studies, namely graphene, 
mercury, quartz (101) and rutile (110) surfaces (Figure 2-1). This chapter describes in 
depth developing, evaluation and comparison of these surface models. 

2.1 Graphene  

Graphene surface was used as a substrate in our study focusing on a behavior of 
nucleic acids chemisorbed on the graphene surface [OK2].  

Graphene is two-dimensional material only one monolayer thick (Figure 2-1). It can be 
considered as one layer from multi-layered graphite mineral. It consists of carbon atoms 
densely packed in regular hexagonal pattern with surface atom density of 38.2 atoms.nm-2. 

 

Figure 2-1. Top and side views of four different surfaces used in our studies.  



This surface atom density is more than four times the density of mercury atoms used to 
model mercury surface. Graphene surface possesses very extraordinary properties like 
very high specific surface area (2630 m2.g-1 ), remarkable electron mobility at room 
temperature (15000 cm2.V-1.s-1), unique optical properties with an unexpectedly high 
opacity, etc.  

This particular surface was selected as the substrate in our simulations, because it was 
a relatively simple but realistic surface with its geometry independent of pH, salt 
concentration, etc. Furthermore, some theoretical studies on DNA interactions with carbon 
nanotubes (surfaces based on graphene geometry) were available at that time and binding 
of DNA to carbon nanotubes was identified as a way to open the door to carbon–
nanotube–based applications in biotechnology. 

For the carbon atoms of graphene, we have used ‘CA’ atomic type from Amber99SB 
force field with parameters σCC = 0.340 nm and εCC = 0.360 kJ.mol-1. Similar parameters 
were used in other papers simulating carbon–nanotube–DNA interactions [Hummer, 2001; 

Zhao, 2007; Johnson, 2009]. 

 Axial density profiles of the water 
oxygens and hydrogens depicted in Figure 
2-2 were not included in the original 
manuscript, but for comparison it is 
worthwhile to discuss them here. On water 
oxygen profile, two distinct peaks up to 
cca 1 nm above the surface are visible. In 
uncharged system, the first peak is 
positioned at 0.333 nm and the second one 
at 0.625 nm. In their experimental and 
theoretical study, Zhou et al. [Zhou, 2012] 
have derived from X-ray measurements 
positions of the first and second peak of 
the water to be 0.319 and 0.633 nm above 
the graphene surface. Thus, our results are 
just 0.015 and 0.008 nm off the 
experimental ones. With increasing 
positive surface charge, position of the 
first peak uniformly moves toward the 
surface and its height increase 
considerably. This is caused by increased 

 

Figure 2-2. Axial density profiles of 
water oxygen Ow (upper graph) and 
hydrogen Hw (lower graph) for all 
surface charge densities. Positions of 
experimentally observed density peaks 
for water are shown by red dashed lines 
[Ho, 2013]. 



electrostatic attraction between positive surface charge and negative partial charge on the 
oxygen. Influence of the negative surface charges on oxygen density profile is different. 
While for surface charge density -0.06 C.m-2 the change is rather small with respect to 
neutral system, for surface charge density -0.12 C.m-2 height of the first peak reaches 
similar values as for +0.12 C.m-2.  

Water hydrogen profile shows two peaks at 0.334 and 0.664 nm above the uncharged 
surface. The first peak is positioned at the same distance as water oxygen. Since our axial 
density profiles have practically the same shape as those in the study by Ho et al. [Ho, 
2013] (Figure 2-2), we suppose that even in our simulations some of the water molecules 
within the first hydration layer (~9 %) point one of their OH bonds towards the surface, 
others having planar geometry with both hydrogens parallel to the surface. Positive 
surface charge density changes position of the first peak in accordance with the change of 
the position of the oxygen first peak. Contrary, negative charge density causes more 
pronounced changes. Negative surface charge attracts positively charged hydrogens and 
these having no assigned Lennard-Jones parameters start to orient toward the surface with 
no restriction on how close they can get to the surface. This behavior is represented by 
peaks emerging at ~0.22 nm above the surface. 

2.2 Mercury  

Mercury served as an electrode in combined experimental and ab initio study by 
Dorčák et al. (see Chapter 1.2.4) [OK3], whose results were further developed in classic 
molecular dynamics (CMD) study (Chapter 4.2). 

Since mercury is the only common metal which is liquid at ordinary temperatures, 

Table 2-1. Lennard-Jones parameters from available mercury models. Final parameters 
used in our simulations are highlighted by green color. 

Ref. σHg (nm) εHg (kJ.mol-1) Parametrization on 

Hg01 - - Water next to the liquid/solid mercury 
benchmark  

Hg12 0.2610 11.10 Liquid bulk mercury 
Hg23 0.2969 6.23 Free diffusion of Hg2+ in water 
Hg34 0.3128 4.04 Hg0 dimer 
1Hg0 ref. [Dimitrov and Raev, 2000; Bopp and Heinzinger 1998], 2Hg1 ref. 

[Bomont and Bretonnet, 2006], 3Hg2 ref. [Kuss, 2009] and 4Hg3 ref. [Munro, 2001]. 



computer simulations of this element 
based on empirical methods are not easy. 
Lack of studies is not surprising and only 
few of them describe mercury using 
functions which are compatible with 
biological force fields [Bomont and 
Bretonnet, 2006; Kuss, 2009; Munro, 
2001]. The Lennard-Jones parameters 
obtained from these works are summarized 
in Table 2-1. Unfortunately, none of these 
parameters was parameterized in a study of 
interactions with biomolecules. Thus, a 
reproduction of the axial water density 
profile on mercury was used as a criterion 
of reliability of the parameters. Results 
obtained from computer simulations based 
on ab initio data [Dimitrov and Raev, 
2000; Bopp and Heinzinger 1998; noted as 
Hg0] served for us as a benchmark. 

It is clear from the Figure 2-3 that the 
density profiles are rather insensitive to the choice of Lennard-Jones parameters, however 
slight differences in positions and heights of peaks can be found. The Hg2 parameters 
were selected for our further study due to the best reproducibility of ab initio data. The 
rigid solid mercury surface was used systematically in all our simulations. It was shown 
by Bosio et al. [Bosio, 1979] and Porter and Zinn [Porter and Zinn, 1993] that liquid 
mercury surface is smooth down to the atomic level with average Hg-Hg distance very 
close to the distance found in bulk mercury (appr. 3.0 Å), and can be approximated by a 
solid α-mercury lattice. The final surface atom density of mercury surface was 11.7 
atoms.nm-2.  

2.3 Quartz (101) 

Quartz surface was extensively studied by us [OK1] and new partial charges that 
extend original ClayFF force field [Cygan, 2004] to be able to describe deprotonated 
surfaces were presented in our study.  

 

Figure 2-3. Axial number density 
profiles of water oxygen (top) and 
hydrogen (bottom) above the mercury 
surface. Hg0 - solid and liquid represent 
the benchmark data.  



Silicon dioxide with all its crystalline and amorphous modifications is one of the most 
abundant materials of Earth’s crust. α-quartz (α-SiO2) is a crystalline form of silicon 
dioxide, which can be found in soils, clays, and rocks and constitute about 20% of the 
Earth’s exposed crust. α-SiO2 is very important for environmental applications as well as 
for mimicking laboratory experiments (e.g. oligonucleotides or other molecules attached 
to glass surface).  

Quartz surface exposed to water is covered with rather strongly acidic hydroxyl 
groups, silanols, that become partially deprotonated above the point of zero charge. It has 
been suggested that the pHpzc at the point of zero charge (PZC) for quartz is approximately 
2.0−4.5 (Figure 2-4). As the pH is increased, the number of deprotonated silanols and the 

negative charge of the surface increase and 
the properties of the surface and the 
interface change considerably. 

From this point of view it was rather 
surprising, that for neutral crystalline and 
amorphous forms of SiO2 there were 
several force fields available, whereas 
force fields that incorporate deprotonated 
silanol groups were rare [Hassanali, 2010; 
Butenuth, 2012; Emami, 2014]. Moreover, 
some of these force fields used terms that 
were incompatible with common 
biomolecular force fields (see also Chapter 
2.4) and hardly implementable to standard 
simulation packages like Gromacs or 
Amber. 

For this reason we modified the well established ClayFF force field to be able to model 
charged quartz surfaces properly. Based on ab initio cluster calculations, we proposed 
method how to redistribute remaining partial charge after deprotonation and we have 
tested our new modification against experimental data. Results were quite encouraging, 
giving good agreement between simulation and experiment in positions of the water and 
ions above the charged surface. The availability of the modified force field allowed us to 
carry out much more realistic simulations of quartz compared to existing models of 
neutral surface (see Chapter 3.2) 

 

Figure 2-4. Charging curve of the α-
quartz surface. Inset: scheme of the 
deprotonation reaction. 



2.4 Rutile (110)  

Rutile (110) surface was extensively studied by Předota et al. in series of papers that 
have focused on water behavior at the rutile interface [Předota, 2004], ions at the rutile 
interface [Předota, 2004] and viscosity and diffusivity measurements at the rutile interface 
[Předota, 2007]. 

Matsui and Akaogi (MA) parameters [Matsui and Akaogi, 1991] (originally developed 
to model bulk properties of TiO2) have been used by Předota for a rutile/water interface in 
combination with SPC/E water model [Berendsen, 1987]. It was proved, that MA model 
gives very good agreement with the experimental data, although originally derived for 
different application. Unfortunately, MA parameters are unsuitable for simulations in 
standard MD packages (Gromacs, Amber, Charmm) in combination with standard force 
fields for (bio)molecules. The reason is Buckingham potential (Equation 1-4) used in MA 
model to describe van der Waals interaction between Ti and O atoms of the surface. 
Unfortunately, biomolecular force fields use almost exclusively Lennard-Jones potential 
(Equation 1-2) to describe van der Waals forces and combination of both potentials is 
extremely demanding in terms of computation time and preparation of the cross 
interaction tables. At least two publications [Brandt and Lyubartsev, 2015; Luan, 2015] 
have dealt with this problem and have tried to fit MA parameters with Lennard-Jones 
potential. 

Table 2-2 shows that at the end both studies have reached similar values of ε and σ 
parameters and shapes of fitting Lennard-Jones curves match original Buckingham 
potentials with similar accuracy. None of the mentioned studies has focused on rutile 
(110) albeit it was shown [Fenter, 2000] that this crystallographic face is the most 
abundant in nature. For that reason we had to test these new fitting parameters and 

Table 2-2. Buckingham potential parameters and Lennard-Jones potential parameters for 
titanium and oxygen atoms in  

 Matsui-Akaogi1 Brandt-
Lyubartsev2 

Luan-Huynh-
Zhou3 

 A  
(kJ.mol)-1 

b  
(Å) 

C  
(kJ.mol-1.Å-6) 

σ  
(nm) 

ε  
(kJ.mol-1) 

σ  
(nm) 

ε  
(kJ.mol-1) 

Ti-Ti 3002664 0.154 506 0.1958 2.542 0.1960 2.427 
O-O 1136872 0.234 2916 0.2875 1.390 0.2887 1.297 
Ti-O 1636167 0.194 1215 0.2417 1.880 0.2423 1.774 

1 ref. [Matsui and Akaogi, 1991], 2 ref. [Brandt and Lyubartsev, 2015], 3 ref. [Luan, 2015] 
 



compare new results with those using original MA model. Due to complexity of the 
published data, we have decided to test parameters of Brandt and Lyubartsev (BL) [Brandt 
and Lyubartsev, 2015].  

Figure 2-5 shows water oxygen and hydrogen axial density profiles at the TiO2 (110) 
surfaces with various surface charge densities. Comparison of original data from Předota 
et al. [Předota, 2004a; Předota, 2004b] and new data based on Brandt and Lyubartsev fit 
indicates that for oxygen, satisfactory agreement is obtained. In all systems, second peaks 
are slightly lower with BL and the one in the system with positive surface charge is shifted 
by 0.02 nm to higher values. Water hydrogen distribution is more sensitive to the choice 
of potentials. First peaks are lower with BL, indicating somewhat different orientation of 
water molecules in the first adsorbed layer. 

Distributions of sodium and chloride ions were compared too (Figure 2-6). Sodium 
ions give good agreement between original and fitted parameters, however height of the 
peaks is slightly lower with BL. Although not so important for the systems with negative 
surface charges (notice the different vertical scales in Figure 2-6), differences in 
distributions of chloride ions for the original and fitted parameters are greater. First peaks 
are underpopulated with BL while second peaks are higher with BL than with MA. The 
same holds true for second and third peaks in the system with positive surface charge, 

 

Figure 2-5. Comparison of the water oxygen (top) and hydrogen (bottom) axial density 
profiles extracted from simulations with Matsui-Akaogi parameters (black lines) and 
Brandt and Lyubartsev parameters (orange lines). Hydroxylated TiO2 (110) surfaces 
with surface charge densities 0.00, -0.10, -0.20 and +0.10 C.m-2 were used as 
substrates. 



while positions and heights of the first peaks are comparable for both sets of parameters 
used. 

It is clear that simulations with new parameters slightly differ from those with original 
Matsui-Akaogi parameters. New parameters slightly underestimate strength of the non-
bonded interactions giving less populated first peaks, mainly for water hydrogen and 
chloride. On the other hand, simulations with new parameters result in very similar results 
for water oxygen and sodium ions. Despite these deviations, both force fields comparably 
well agree with experimental data, where available. Because of advantages of using 
Lennard-Jones potential with Brandt and Lyubartsev parameters for studying interactions 
with standardly parameterized molecules, we have used these fit parameters in consequent 
study on oxalate adsorption on rutile surface (for oxalate parameterization see Chapter 
3.1). 

  

 

Figure 2-6. Comparison of the sodium (top) and chloride (bottom) axial density 
profiles from simulations with Matsui-Akaogi parameters (black lines) and Brandt and 
Lyubartsev parameters (orange lines). Hydroxylated TiO2 (110) surfaces with surface 
charge densities 0.00, -0.10, -0.20 and +0.10 C.m-2 were used as substrates. Note 
different x and y scales. 



2.5 Discussion 

Due to their similarities and differences, it is worthwhile to draw a comparison 
between graphene and mercury surfaces and, similarly, between quartz and rutile surfaces. 
All the studied surfaces have in common exploration of the effect of electrostatics on the 
behavior of liquid phase including ions and molecules present, namely surface charge or 
applied voltage in a simulation cell. As mentioned previously, on the metal oxide surfaces 
charging naturally arises from deprotonation of the surface hydroxyl groups. On 
metal/metalloid surfaces, charging can be realized by putting partial charge on surface 
atoms (used in the case of graphene) or by switching up electric field in a simulation cell 
(used in the case of mercury). All used surface charge densities and corresponding electric 
fields are summarized in Table 2-3. We used Equation 2-1 to relate surface charge density 
with electric field: 

 𝜎 = 𝐸𝜀0 (2-1) 

where σ is surface charge density in C.m-2, E is electric field in V.m-1 and ε0 is permittivity 
of vacuum.  

2.5.1 Graphene vs. mercury 

Graphene and mercury surfaces were used as monoatomic layers in our simulations. 
While in the graphene case carbon atoms were held together by bond and angle potentials, 
in the mercury case the initial α-mercury lattice was kept frozen during simulations and 
mercury atoms were treated as solid Lennard-Jones spheres. Final Lennard-Jones 

Table 2-3. Surface charge densities σ and electric field intensities E used in 
simulations with different surfaces. Similar surface charge densities are highlighted by 
orange and blue color, respectively.  

Graphene Mercury Quartz (101) Rutile (110) 

σ 
(C.m-2) 

E 
(V.nm-1) 

σ 
(C.m-2) 

E 
(V.nm-1) 

σ 
(C.m-2) 

E 
(V.nm-1) 

σ 
(C.m-2) 

E 
(V.nm-1) 

0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00 
±0.059 3.33 ±0.001 ±0.14 -0.030 -1.69 0.100 5.65 
±0.118 6.66 ±0.011 ±1.25 -0.060 -3.39 -0.100 -5.65 
±0.297 16.77 ±0.030 ±3.45 -0.120 -6.78 -0.200 -11.29 
±0.594 33.54 ±0.061 ±6.89   -0.400 -22.59 
 



parameters for graphene carbon atoms were σCC = 0.340 nm, εCC = 0.360 kJ.mol-1, and σHg 
= 0.2969 nm, εHg = 6.23 kJ.mol-1 for mercury atoms. 

The differences in σ and ε parameters as well as differences in surface charging reflect 
in behavior of water at the studied surfaces (Figure 2-7). In uncharged systems, water is 
closer to mercury surface by 0.033 nm compared to graphene. Situation is the same for 
both oxygen and hydrogen. On mercury surface, the peaks are higher, indicating greater 
water structuring. Non-zero surface charge reduce the difference in positions and heights 
of the peaks between graphene and mercury surface. Interestingly, despite different 
charging method both surfaces give similarly pronounced small peak around ~0.22 nm on 
Hw axial density profile. 

2.5.2 Quartz vs. rutile 

Both surfaces have some characteristics in common: surface hydroxyl groups, charging 
via partial deprotonation of these groups and several types of the hydroxyl groups. Surface 
number density of the hydroxyl groups on quartz and rutile is 5.8 and 10.4 OH.nm-2, 
respectively, i.e. rutile surface carries almost two times more hydroxyl groups on its 
surface.  

To quantify the adsorption, we plot in Figure 2-8 the dependence of the amount of 
adsorbed ions (considering inner-sphere adsorption and first peak of outer-sphere 
adsorption) on surface charge density for both quartz (101) and (110) rutile surfaces 

 

Figure 2-7. Comparison of the water oxygen (top) and hydrogen (bottom) axial density 
profiles on mercury (full line) and graphene (dashed line) surfaces with various surface 
charge densities. 



[Předota, 2013]. Adsorption on rutile is 
stronger compared to quartz for all ions. 
Differences are bigger for neutral surfaces 
where the rutile surface adsorbs 3.3, 2.1, 
and 6.6 times more sodium, rubidium, and 
strontium ions, respectively, than the 
quartz surface. With increasing surface 
charge density these ratios decrease. Rutile 
has higher selectivity to different ion 
species, with Na+ adsorption being larger 
than that of Rb+ and Sr2+ on all surfaces. 
On quartz, the adsorption of sodium and 
rubidium is practically the same, but the 
adsorption of Sr2+ is much lower, 
particularly on the neutral surface. The 
experimental value of adsorbed rubidium 

on quartz in the first two adsorption layers is 0.23 ± 0.03 Rb/AUC (where AUC = 0.338 nm2 
is the area of a unit cell along the (101) plane) [Bellucci, 2015]. Our simulations predict a 
value of 0.20 Rb/AUC when integrating over the first two well-pronounced peaks or 0.24 
Rb/AUC if even the third peak (up to 0.93 nm from the surface) is taken into account. 

  

 

Figure 2-8. Dependence of the adsorbed 
amount of sodium (black), rubidium 
(orange), and strontium (green) ions on 
surface charge density. Data for rutile 
(dashed lines) surface are taken from 
Table 8 of Předota et al. [Předota, 2013] 



  



 

3. Physisorption of organic 
molecules and nucleobases 

3.1 Oxalic acid parameterization 

Unlike standard biomolecular residues (e.g. amino acids, DNA nucleotides, 
carbohydrates, etc.), small organic molecules have to be parametrized prior to use in 
simulations. As we witnessed, this step can be non-trivial. Unsuitable bonding parameters 
together with inappropriately-optimized partial charges and Lennard-Jones parameters can 
lead to distorted structures, too strong or weak interactions with water and ions, too high 
or low affinity to the surface, etc. Thus, one has to take care while parameterizing new 
residues. In the case of nucleobases (Chapter 1.2.2) standard RESP procedure [Cornell, 
1993] to get partial charges was sufficient since these molecules are quite standard and 
represent subunits of the well-parameterized nucleotides. In the case of oxalic acid and its 
anions, situation was more complicated and required more complex approach. 

3.1.1 Simulation setup 

Periodic boundary conditions AIMD simulations based on Born-Oppenheimer 
approximation were carried on using a hybrid Gaussian plane-wave method (GPW) 
implemented in CP2K software. Charge density cut-off of 400 Ry with NN50 smoothing 
was used in all simulations. BLYP functional with the empirical dispersion term for the 
main group elements was used in conjunction with double-ξ molecularly optimized basis 
functions augmented by polarization function (DZVP) and appropriate pseudopotential of 
Goedecker, Teter and Hutter (GTH). All hydrogens were replaced by deuterium to reduce 
quantum effects of the hydrogen nuclei and to increase the time step. Each simulation box 



(Figure 3-1) was composed of (hydrogen) 
oxalate anion and 50 heavy water (D2O) 
molecules. The net charge of the system 
was compensated by the neutralizing 
background charge. Production runs were 
carried out within NVT ensemble with a 
Nosé-Hoover thermostat and time step of 1 
fs. A temperature was set to 300 K and 
each trajectory was 30 ps long. 

Classical MD simulation in NVT 
ensemble had been performed during 
parametrization phase with one oxalate ion 
and 918 water molecules. The net charge 
of the system was compensated by the 
neutralizing background charge. 

Simulation step was set to 1 fs, temperature to 300 K and trajectories had been 2.5 ns long. 
Gaff force field with partial charges derived by standard RESP procedure had been used 
both for oxalate and SPC/E model of water.  

3.1.2 Results 

 First, we have focused on both forms of oxalic acid anions, i.e. hydrogenoxalate anion 
and oxalate dianion, in computational study that has combined ab initio optimizations with 
ab initio molecular dynamics [OK4]. We have confirmed that the most stable 
conformation of oxalate dianion both in gas phase and in the implicit solvent is the 
staggered D2d form. From AIMD calculations we have seen that the rotational barrier 
around C-C bond can be relatively easily overestimated in the explicit solvent. Preferred 
conformation remains the staggered one in explicit solvent, but it can partially deviate 
(~20°) from the ideal value. Regarding hydrogenoxalate anion, we have found 
discrepancy between implicit and explicit solvent calculations: while implicit solvent (and 
gas phase) calculations predicted global minimum to be the planar structure (ox-1-closed 
in Figure 1-1), where hydrogen of COOH group is involved in intramolecular hydrogen 
bond with neighboring COO- group, the AIMD calculations predicted staggered 
conformation in the presence of more than 8 water molecules and in the bulk. The rotation 
around C-C bond was almost free at the room temperature in the bulk. It was shown that 
the solvation pattern around negatively charged carboxylate group is very similar for both 
anions with approximately 2.5 water molecules around each oxygen, and number of water 

 

Figure 3-1. AIMD simulation setup. 
Oxalate dianion by vdw spheres and 
water by licorice representation. 



molecules in the first solvation shell (~15) was found to be the same for both anions and 
in the agreement with previously reported data [Rosas-García, 2013; Gao and Liu, 
2005]. 

With AIMD data serving as a benchmark, we have designed new model of an oxalate 
dianion. Standard RESP procedure 
combined with Antechamber routine was 
applied to get partial charges and all 
bonding and nonbonding parameters. 
However, resulting model showed 
exceptionally strong interactions with 
water (Figure 3-2) and ions (Figure 3-3), 
as indicated by red dashed curves in both 
graphs. Especially overshooting of 
interaction with sodium ion could lead to 
unrealistic adsorption behavior. This is 
probably caused by relatively large charge 
localized on two functional groups close to 
each other. Thus, we have adopted the 
concept of MDEC (Molecular Dynamics 
in Electronic Continuum), alternatively 

 

Figure 3-2. Radial distribution functions between water oxygen (top)/hydrogen 
(bottom) and oxalate dianion oxygen and carbon. Comparison between AIMD data 
(black), CMD fit with full charges (red, dashed) and scaled charges (orange). Ox 
stands for oxalate oxygen and Cx for oxalate carbon, respectively. 

 

Figure 3-3. Radial distribution functions 
between oxalate oxygen and sodium 
cation. 10 ps long AIMD run (black) is 
compared to CMD simulations with full 
charges on all ions (red, dashed), scaled 
charges on oxalate (orange) and scaled 
charges on all ions (blue). 



 

Figure 3-4. Simulation setup. Silanol 
groups shown by a ball-and-stick and 
deprotonated silanols by vdw spheres. 

also called ECC (electronic continuum correction), [Leontyev and Stuchebrukhov, 2012] 
and according to this concept we have scaled down all partial charges on an oxalate 
dianion to give 75% charge of the ion, in this case -1.5e. Resulting rdf's between oxalate 
oxygen/carbon and water oxygen/hydrogen are in good agreement with AIMD data 
(Figure 3-2). Similarly, interaction with sodium ion has improved considerably (Figure 3-
3). In our final choice, charge on sodium ion is scaled down to +0.75e and agreement 
between CMD and AIMD is even better. 

3.2 Physisorption of nucleic acid building blocks 

We have focused on studying interactions of nucleobases with quartz (101) surfaces of 
various charge to bring molecular modeling much closer to real conditions. The main goal 
is to provide a detailed description of the binding behavior of the four nucleobases 
(guanine, cytosine, adenine, thymine) to see the influence of the surface charge, to show 
the best binding arrangement, and to quantify the strength of their interactions with the 
inorganic surface. Simulated quartz surfaces cover the surface charge densities 0.00, -0.03 
and -0.06 C.m-2, approximately corresponding to pH values 4.5, 8.5 and 9.5.  

3.2.1 Simulation setup 

For simulations of a nucleobase 
adsorption, we prepared box with 
dimensions 5.50 × 3.98 × 24.00 nm 
(Figure 3-4) and two quartz (101) slabs 
with equally charged (or neutral) surfaces 
positioned in the middle of the box. The 
gap between slabs (~5.3 nm) was filled 
with 1 nucleobase (~ 0.01 M), sodium and 
chloride ions (giving conc. 0.13 M) and 
approx. 5400 water molecules. Modified 
ClayFF force field for quartz [OK1] was 
used in combination with SPC/E water 
model. Amber99SB force field for 
nucleobases was completed by partial 
charges generated by RESP procedure. 



Simulation protocol consisted of and equilibration phase in NVT (200 ps) and NPT 
ensemble (200 ps), followed by production run in NVT ensemble for 100 ns. Time step 
was set to 2 fs and temperature to 298 K. Other setting were similar to those in [OK1]. 

3.2.2 Results 

During 100 ns runs nucleobases have undergone several adsorption/desorption events 
on both quartz surfaces in the simulation cell. We have plotted z coordinate of the center 
of mass of the nucleobases and using these plots we have determined borders limiting 
adsorption event. Structures within these limits were analyzed. 

Bivariate plots can unambiguously describe orientation of the nucleobase above the 
surface [Jedlovszky, 2006]. Bivariate plot is a combined plot of two angles, one between 
vector p and z axis and second between vector o and z axis. Both vectors are depicted in 
Figure 1-2. Adenine is the only nucleobase without oxygen in the structure and shows the 
most distinctive adsorption motifs among studied nucleobases (Figure 3-5). For neutral 
surface, there is one characteristic adsorption structure around angles (75, 20) indicating 
binding motif with N7 atom and NH2 group making hydrogen bonds with silanol group. 

 

Figure 3-5. Bivariate plots showing orientation of the adsorbed nucleobases. φ is an 
angle between vector p and z axis and ω is an angle between vector o and z axis. For 
definition of the vectors see Figure 1-2.  



On surfaces with charge densities -0.03 and -0.06 C.m-2, adenine behaves similarly being 
adsorbed by N9H group (70, 160). Thymine is remarkable due to its bulky hydrophobic 
CH3 group. Thymine interacts by N1H group and O2 with uncharged surface (160, 80) 
with second maximum around (70, 150), i.e. interaction by N1H group. On -0.03 C.m-2 
surface, thymine shows wide scale of adsorption motifs, going from O4 through N3H and 
O2 to N1H group. Adsorption motif of thymine on -0.06 C.m-2 surface is hardly 
recognizable. Guanine on neutral surface binds mainly by its nitrogen groups N9H, N3 
and NH2 (120-140, 120-140), accompanied by portion of structures adsorbing by O6 atom 
(80, 20). The same structure occurs on charged surface, in the case of the -0.06 C.m-2 
surface completed by structures interacting by NH2 and N1H (120-140, 20-90). Cytosine 
interacts mainly by O2, N3 and NH2 group on uncharged surface having slightly tilted 
position (90, 140). On -0.03 C.m-2 surface the predominant adsorption site is (60, 140) 
NH2 group with N3 nitrogen. Contrary, on -0.06 C.m-2 surface cytosine interacts the most 
by its hydrophobic part, i.e. two CH groups (35-70, 30-60). 

These preliminary results suggest that each nucleobase behaves uniquely and it is hard 
to find any unifying binding motif even within purine or pyrimidine bases. The only 
binding motif occurring in multiple systems is the one where one nitrogen (or oxygen) of 
nucleobase forms hydrogen bond with hydrogen on one silanol group, and simultaneously 
NH or NH2 group binds to oxygen on another silanol. Work on other results, including 
role of ions or deprotonated silanol groups, is in progress. 

3.3 Physisorption of an oxalate dianion 

Hydroxylated rutile (110) surface with new parameters by Brandt and Lyubartsev 
(Chapter 2.4) together with oxalate dianion with newly developed parameters (Chapter 
3.1) were combined to simulate adsorption of this chemical compound. 

We have focused on uncharged and positively charged surfaces, since these particular 
surfaces are the most attractive for oxalate dianions, as observed experimentally by Ridley 
et al. [pers. comm., 2016].  

Figure 3-6a shows plot of the axial density of the oxygen is oxalate above 
hydroxylated rutile surface with surface charge densities 0.00 and +0.10 C.m-2. For 
comparison, corresponding water oxygen density profiles are included. One can notice 
that Ox of oxalate can interact with surface very similarly as Ow of water – the position of 
the first peak (~0.37 nm) is very similar. Regarding the 2nd peak around 0.6 nm, the story 
can be much more complex for oxalate. First possibility is that this peak represents outer 



 

Figure 3-6. (a) Axial density profile of the oxalate dianion on hydroxylated rutile 
surface with surface charge density 0.00 C.m-2 and +0.10 C.m-2, y axis values of the 
water oxygen profiles are scaled down by 100; (b) Snapshot of the typical adsorption 
motif.  

sphere oxalate, i.e. oxygen of oxalate which does not interact directly by any of its (four) 
oxygens with surface atoms. Alternatively it can represent another oxalate oxygen of 
oxalate molecule interacting directly with the surface via another oxygen atom. Not 
surprisingly, oxalate axial density near the surface increases with increasing positive 
surface charge due to enhanced electrostatic attraction. Figure 3-6b shows snapshot of a 
typical adsorption configuration. 

Further work on this topic is the current focus of the work of doctoral student Denys 
Biriukov and is beyond the scope of this thesis. 

  



  



 

4. Chemisorbed biomolecules  

4.1 Chemisorbed nucleic acid on a graphene surface 

From the chemical point of view, work on the chemisorbed nucleic acids on graphene 
surface [OK2], follows and extends work on physisorption of the nucleic acid bases on a 
quartz surface. This study is tightly connected to biosensing, microarrays or DNA chips, 
and its main purpose was to investigate the role of the surface charge density in the 
structure and orientation of covalently attached single-stranded and double-stranded 
DNAs (Chapter 1.2.3). 

The graphene surface (Chapter 2.2) has been selected as the substrate in our 
simulations, because it is a relatively simple but realistic surface and its structure is 
independent of pH, salt concentration, etc. Finally, some theoretical studies on DNA 
interaction with carbon nanotubes (i.e. with surfaces based on graphene geometry) have 
already been conducted [Hummer, 2001; Lu, 2005; Zhao, 2007; Johnson, 2009]. The 
binding of DNA to carbon nanotubes has been identified as a way to open the door to 
carbon-nanotube-based applications in biotechnology [Zheng, 2003]. 

4.1.1 Simulation setup 

Full simulation setup was described in detail in [OK2]. Just few parameters important 
for comparison with peptide/mercury system (Chapter 4.2) are mentioned here. 

Simulation box is depicted on Figure 4-1. Two graphene layers of size of 6.81 × 6.64 
nm and separation 6.33 nm enclose space for water, ions, and DNA attached to a charged 
surface. The role of the second graphene surface, which was always neutral, was to close 
the system. In order to minimize the influence of the electric field generated by the 



charged graphene layer on the periodic 
images, the replicas of the system were 
separated by a 10 nm vacuum gap. Similar 
setup was used later for peptide/mercury 
system (Chapter 4.2). 

ds-DNA and ss-DNA decamers with 
the base sequence 5’-CCACTAGTGG-3’ 
at the canonical B-form were covalently 
bonded to the graphene layer via an 
aliphatic carbon linker consisting of six 
methylene groups (C6). The linker was 
attached to the 5’ end of the cytosine 
nucleotide by the phosphodiester bond. In 
the initial position, the DNA helix axis was 
orientated perpendicularly to the graphene 
slab. 

In order to test the role of the charge of 
the graphene layer on the position and the 
orientation of the DNA, all of the carbon 
atoms of the graphene layer, to which 

DNA is anchored, were charged to one of the following values: -0.1, -0.05, -0.02, -0.01, 0, 
+0.01, +0.02, +0.05 or +0.1 elementary charge (e) per carbon, corresponding to the range 
of the surface charge densities -0.594 to +0.594 C.m-2 (see Table 2-3) comparable to those 
used in the experiment. The sodium/chloride ions were used in order to neutralize fully the 
charge applied on the graphene, whereas the DNA was neutralized independently by 
sodium cations.  

All of the molecular dynamics simulations were carried out with an atomic resolution 
including all the hydrogens and in explicit water. An equilibration protocol consisted of a 
series of energy minimizations and short restrained NPT MD runs. The equilibration 
phase was followed by an NVT MD production run at 298 K. The restraint of 10 kcal.mol-

1.Å-2 on all of the graphene atoms was used for the production run in order to keep the 
graphene layer planar during the simulations. The separation of the two graphene layers in 
the z-direction, 6.33 nm, was sufficient to prevent the interaction of the 3’-DNA terminus 
with the neutral graphene layer. Each trajectory covered 50 ns. 

 

Figure 4-1. A schematic representation 
of the simulated system. 



4.1.2  Results 

The probe surface excess concentration used in our study ΓP = 3.32 × 10-12 mol.cm-2 
was selected to be of the same order of magnitude as a microarray maximum sensitivity 
for a 10-mer long probe (ΓP = 9.96 × 10-12 mol.cm-2) [Vainrub and Pettitt, 2003]. Probe 
surface excess concentration used in peptide/mercury study (Chapter 4.2) was comparable, 
ΓP = 2.68 × 10-12 mol.cm-2. 

For comparison with peptide/mercury system just results for ss-DNA are highlighted 
here. Detailed results can be found in the original manuscript [OK2]. 

The ss-DNA exhibits ordered stacked helical structure if left free in solution, but it 
shows localized structural collapse when a graphene layer is present, even if it is not 
charged. In neutral system, interactions between the surface and the ss-DNA confirm both 
the experimental and theoretical results, that more bases than merely the first one are 
adsorbed to the surface because of the higher flexibility of the ss-DNA. 

For low negative charge density (-0.01e), an attractive dispersion interaction between 
the closest base and the graphene layer (majority of the simulation) and attraction of the 
polar amino group of the closest cytosine and the graphene (shorter periods of the 
simulation) was seen. For the medium negative charge densities, -0.02 to -0.05e, the 
electrostatic interactions become the leading factor for the stabilization of the DNA-
graphene complex and the attraction of the amino group of the closest cytosine and the 
surface is crucial. In addition to these interactions, in the -0.05e system, the interaction of 
the negatively charged sugar-phosphate backbone in the middle part of the ss-DNA with 
the counterions localized close to the surface is observed as well. In systems with the 
highest applied negative charge density on the graphene (-0.1e), an oppositely charged 
layer of counterions was formed and a strong attraction of the phosphates with the sodium 
cations was observed immediately after the beginning of the simulation. 

In the system with lowest positive surface charge (+0.01e), approximately after 10 ns 
of the simulation the whole ss-DNA is localized close to the surface and interacts via 
phosphates (by electrostatic forces) and as well as with majority of its bases (by dispersion 
forces) with the surface. When the charge of the carbons in graphene is changed to +0.02e, 
the electrostatic attraction between the phosphates and the surface causes a parallel 
orientation of the DNA already in the early stage of the simulation. In addition, an 
electrostatic interaction of the guanine with the surface mediated via the O6 oxygen atom 
of the base is observed. Occasionally, one or few bases still interact with the surface by 
dispersion forces. For the system containing graphene with a charge of +0.05e on the 
carbon atoms, the electrostatic forces attracting the phosphates to the surface are crucial, 



but it takes about 10 ns before the parallel orientation of the DNA with the surface is 
reached (probably owing to the presence of a non-negligible amount of chloride anions 
next to the surface). At the surface with a charge of +0.1e, the ss-DNA remains extended 
and perpendicularly orientated to the graphene surface covered by an almost immobile 
layer of counterions (Cl-) at the beginning of the simulation. This rather strong repulsion 
between the chloride anions and phosphates leads to the extension of the linker as well as 
the DNA.  

4.2 Chemisorbed peptides on a mercury surface 

Having experience with simulations of graphene surface and chemisorbed 
oligonucleotides, we have joined experimentalists J. Vacek (Department of Medical 
Chemistry and Biochemistry, Palacký University Olomouc) and V. Dorčák (Institute of 
Biophysics, Brno) who have studied peptides on mercury electrode by label-free 
electrochemical method called constant-current chronopotentiometric stripping (CPS, 
Chapter 1.2.4). Method was described in detail in experimental and theoretical study by 
Dorčák et al. [OK3]. In this study, proton transfer ability of peptidic H-wires was 
characterized experimentally in an adsorbed state using an approach based on a label-free 
electrocatalytic reaction. The experimental findings were complemented by theoretical 
calculations on the ab initio level in vacuum and implicit solvent. Experimental and 

 

Figure 4-2. Initial configurations of studied systems. Top and side view of the 
simulation box. Histidine residues are highlighted by orange color and licorice 
representation, anchoring surface mercury atom is highlighted by blue color. 



theoretical results indicated Ala3(His-Ala2)6 to be a high proton-affinity peptidic H-wire 
model. 

As a follow-up to experimental and ab initio results, we continued with MD 
simulations. Our task was to prepare and simulate systems with different surface charge 
densities, with different densities of the chemisorbed peptides and with different 
protonation state of the histidine residues to show how these three parameters influence 
conformations and dynamics of the peptide strands covalently attached to mercury 
surface. Our findings should support experimental data [OK3] and give detailed insight on 
the molecular level. 

4.2.1 Simulation setup 

Verification of the proper parameters for the mercury surface was described earlier in 
Chapter 2.2.  

The simulated system is depicted in Figure 4-2. All the simulations were carried out in 
a periodic box with dimensions 7.6 × 8.1 x 100.0 nm. Water, ions and peptide were 

confined between two solid monolayer 
mercury surfaces; one surface was 
positioned at z = 0 and the second one in z 
= 7.5 nm. Similarly to previous study with 
graphene surface, role of the upper surface 
was to close the system. Overall height of 
the simulation box was set to 100 nm to 
suppress influence of the applied electric 
field on images of basic simulation box in 
z direction. A 21-mer peptide of sequence 
AAA HAA HAA HAA HAA HAA HAA 
peptide (Figure 4-3a) was covalently 
anchored to the mercury surface through 
modified cystein residue. Two possible 
protonation states of histidine residues 
were systematically employed in our 
simulations (Figure 4-3b): a) all histidines 
were neutral with proton on ε-nitrogen 
atom of the imidazole ring (system 
abbreviated as "HIE" in the following 

 

Figure 4-3. a) Top CA carbon atom 
(blue) and middle CA carbon atom (red) 
used for further analysis highlighted by 
vdw sheres representation. Color coding 
of the histidine residues used in following 
graphs shown on the left; b) Neutral 
(HIE) and protonated (HIP) histidine 
residues. 



text); b) all histidines were protonated with protons both on ε- and δ-nitrogen atoms of the 
imidazole ring (system abbreviated as "HIP" in the following text). 

The ionic strength of the NaCl solution was set to 0.05 M to mimic usual experimental 
conditions. The charge on mercury surface was realized by application of the voltage 
between the mercury surface and opposite wall of the periodic box. The series of voltages 
-50 V, -25 V, -10 V, -1 V, 0 V , +1 V, +10 V, +25 V, +50 V was applied in the 
simulations with one peptide strand (for corresponding surface charge densities see Table 
2-3). Voltage between two mercury surfaces was generated by setting up the appropriate 
electric field times the height of the gap between these surfaces (7.5 nm). During 2 ns long 
equilibration phase only water molecules and ions were allowed to move, while peptide 
was held in its upright position applying position constraints. Simulation time of the 
production run was 50 ns for each trajectory. During production run all the molecules 
except mercury surfaces were allowed to move. 

4.2.2 Results 

System with only one peptide strand represents limiting situation where interactions 
with neighbor strands are excluded and the anchored peptide is moving freely under given 
conditions. Surface excess concentration for this setup is ΓP = 2.68 × 10-12 mol.cm-2, 
corresponding to the available area for one peptide strand aP = 62.06 nm2.  

HIE system. Time evolution of positions of middle and top points on peptide backbone 
is depicted in Figure 4-4. The initial conformation oriented perpendicularly to the surface 
has a tendency to slowly approach the surface and adsorb on it. The center of the peptide 
started interacting with the surface no later than in 20 ns under any applied electric field. 
Even the top of the protein in negative and low positive voltages can be found in the 
vicinity of the surface. Only the highest applied positive voltages (+25 V and +50 V) 
cause notable fluctuations of this part of the peptide. This can be caused by repulsion 
between surface and positively charged N-terminus of the peptide. Despite these 
fluctuations, results clearly indicate an effort of the peptide to maximize the interaction 
with the surface, no matter what value of the voltage is applied. This view is supported by 
Figure 4-5a where time evolutions of distances of the imidazole rings from the surface are 
depicted. Positions of side chains fluctuate notably only when voltage of +50 V is applied, 
otherwise all the imidazole rings are located no farther than 1 nm from the surface during 
analyzed time.  

HIP system. As one can expect, the electrostatic forces between charged histidines 
(HIP) and mercury surface influence behavior of the peptide-surface complex. 



On the first sight and rather surprisingly, there are not so big differences between 
orientation of protonated and deprotonated peptide relative to the mercury layer. The time 
evolutions of their distances from the surface are similar both for HIE and HIP systems for 
majority of applied voltages (Figure 4-4). Only when highly positive voltages of +25 V 
and +50 V were used, HIP system shows enhanced fluctuations of its middle part 
compared to the HIE system with neutral histidines since parts of the peptide are more 
repealed from the surface forming various kinks and loops. Although the upper end of the 
peptide is adsorbed on the surface, the central part remains desorbed, making loop with 
positive histidine residues pointing out of the surface. On the other side, this also 
illustrates that relatively high positive charge on the surface cannot fully prevent 
positively charged residues from approaching the vicinity of the surface. Stacking 
interactions between the surface and the histidine residues as well as the hydrophobic 

 

Figure 4-4. Time evolution of the z coordinates of the two points on protein backbone 
for 1 strand system. "TOP" is the CA carbon on the alanine most distant from the 
surface at the initial configuration; "MIDDLE" refers to CA carbon on middle alanine 
(see Figure 4-3a). Results in the left column are for deprotonated histidine (HIE), 
results in the right column for protonated histidine (HIP). 



interactions of the alanine residues (CH3 group) can stand behind this behavior. 

Graph with time evolution of the z 
coordinates of the geometric centers of the 
imidazole rings (Figure 4-5b) shows that in 
the most negative system all imidazole 
rings except one are located within 0.3 nm 
from the surface. In -25 V system 
electrostatics still pushes histidine residues 
close to the surface and number of the 
adsorbed species is greater than in the HIE 
system. While in -10 V system charged 
histidine residues behaves similarly as in 
the matching HIE system, starting from -1 
V system histidine residues show greater 
fluctuations and, thus, positions close to 
the surface are less populated at the 
expense of the peaks far from the surface. 
Difference between neutral and charged 

 

Figure 4-5. Time evolution of the z coordinates of the geometric centers of the heavy 
atoms in imidazole rings. Color coding according to Figure 4-3. (a) for HIE system and 
(b) for HIP system. 

 

Figure 4-6. Merged histograms of the z 
coordinates of the geometric centers of 
the heavy atoms in imidazole rings for all 
applied electric fields. Axial density 
profiles of water oxygen and hydrogen 
included.  



histidine residues is most visible for +25 V and +50 V systems, where fluctuations in the 
HIP systems are considerable. 

Position of imidazole rings. If we merge histograms of perpendicular positions of the 
imidazole rings for all applied voltages in HIE and HIP systems, four well separated peaks 
appear (Figure 4-6). The same holds true even for HIP system. Peaks are approximately 
located at regions 0 - 0.47, 0.48 - 0.57, 0.58 - 0.78 and 0.79 - 1.02 nm above the surface. A 
probable reason for this discrete arrangement of histidine residues is an inability of 
adsorption of all histidine residues to the surface due to steric reasons and structured water 
near the surface. Water oxygen density profile is depicted in the same graph as merged 
histograms (Figure 4-6). One can see that up to ~1 nm imidazole rings are mostly 
positioned between minima and maxima of the water oxygen density curve. This curve 
shows two distinct peaks positioned at 0.3 and 0.58 nm, respectively. In the case of HIE 
system the more distant peaks are more populated due to overall lower affinity of this 
system to the surface than in HIP system. 

4.3 Discussion 

There are certain similarities in both studies that dealt with chemisorbed biomolecules. 
First, in both studies an atomically flat surface with a regular structure was used as a 
substrate. Second, positive and negative electric fields were applied in both systems and to 
some extend their intensities overlapped (see Table 2-3). Third, DNAs and peptides with 
protonated histidines (HIP system) carry significant charge, although one has to keep in 
mind that these charges have opposite values and are located on different parts of 
biomolecules (ss-DNA backbone vs. histidine residue). And finally, both used 
biomolecules contain heteroatomic aromatic rings that can be involved in similar type of 
the weak intermolecular interactions. 

In the following text we will focus on ss-DNA/graphene systems denoted as 0.00, 
±0.01 and in the original manuscript [OK2] and on peptide/mercury systems denoted as 0 
V and ±50 V in previous chapter, because according to the Table 2-3 these systems have 
comparable voltage applied in a simulation cell. But it is important to recall different 
approach to generate electric field in a simulation cell. While in ss-DNA/graphene 
simulations electric field was generated by partial charges on each carbon atom in a 
substrate, in peptide/mercury simulations external electric field was applied by switching 
on corresponding option in Gromacs software. An approach applied in ss-DNA/graphene 



simulations required enormous number of the compensating ions in the simulation cell and 
this could lead (besides other factors) to differences in two studied systems.  

Comparing systems with no voltage applied (Figure 4-7, middle graphs) is the most 
straightforward. One can see that it took ss-DNA molecule almost 40 ns to get close to the 
surface, while HIP peptide reached the surface in 20 ns. In neutral HIE peptide, middle 
part of the peptide reached surface even faster, within less than 10 ns. But overall behavior 
is very similar. Short initial period where ss-DNA/peptide strand remained in upright 
position was followed by sorption of other nucleobases/imidazole rings and this led after 
several nanoseconds to a spreading of the strand onto the surface with some 
nucleobases/imidazole rings stacked and some not. Figure 4-8 illustrates this on snapshots 
with typical conformations. For ss-DNA this behavior on graphene surface was supported 
by other experimental and theoretical studies [Hummer, 2001; Zhao, 2007; Johnson, 
2009]. In the case of peptide, it is hard to find supporting data due to unusual substrate and 
specific peptide constitution. It was suggested for pH neutral solution of the histidine 
amino acids, that the orientation of neutral HIE or charged HIP on the mercury electrode 
[Słojkowska and Jurkiewicz-Herbich, 1999] was with the neutral imidazole ring 
perpendicular to the Hg surface and NH3 group also directed towards the metal. Contrary, 
study conducted on gold surface concluded, that the HIE molecules are adsorbed through 

 

Figure 4-7. The distance of the (a) central phosphorus atom (in nm) of ss-DNA; and 
(b) middle CA atom of the HIP peptide strand; and (c) middle CA atom of the HIE 
peptide strand to the graphene and mercury layer, respectively. 



the deprotonated nitrogen atom of the imidazole ring and with NH3 group located nearer 
to electrode than COO- [Lim, 2008]. One has to keep in mind, that these studies dealt just 
with amino acids in solution. Theoretical study on adsorption of the amino acids on the 
gold substrate [Hoefling, 2010] predicted very high affinity of amino acids with aromatic 
rings to the gold. Another study [Iori, 2009] also found stronger-than-expected 
interactions for aromatic amino acids. It was suggested [Hoefling, 2010] that these strong 
interactions may be caused by π-electron mediated effects and, simultaneously, the 
planarity of aromatic amino acids allows maximizing the dispersion interaction with the 
equally planar surface. 

Positive voltage in ss-DNA/graphene system has the same effect as negative one in 
peptide/mercury system (Figure 4-7 and Figure 4-8, left graphs). In +0.01 ss-DNA system, 

ss-DNA benefits from the mutual cooperative effect of the electrostatic and dispersion 
interactions and after few nanoseconds the whole ss-DNA is localized close to the surface 
and interacts via phosphates (by electrostatic forces) and as well as with majority of its 
bases (by dispersion forces) with the surface (80 %, Figure 4-9). In -50 V HIP system, the 
strands collapse on a shorter time scale (<5 ns) compared to +0.01 ss-DNA, but the 
number of the adsorbed heterocycles is similarly 80 % (Figure 4-9) and peptide adopts flat 
conformation as ss-DNA. Lower attraction between HIE system and negative surface 
compared to HIP system causes lower number of the stacked imidazole rings and structure 
with several kings. 

 

Figure 4-8. The typical conformations of ss-DNA, HIP and HIE peptides after the 
equilibrium is reached. 



 

Figure 4-9. Fraction of the adsorbed 
nucleobases and imidazole rings in 
ss-DNA/graphene and peptide/mercury 
systems, respectively. Heterocycles were 
considered as stacked when N1/NE and 
N3/ND atoms in their heteroatomic rings 
were within 0.45 nm from the surface. 
Upper horizontal scale is for 
ss-DNA/graphene.  

Negative voltage in ss-DNA/graphene 
system and positive one in 
peptide/mercury system causes notable 
fluctuations of the strands (Figure 4-7 and 
Figure 4-8, right graphs). Electrostatic 
repulsion plays key role here while 
stacking interactions are suppressed, 
especially in the ss-DNA/graphene system. 
Mutual repulsion of the sugar-phosphate 
backbone and surface leads to bent 
structure of the ss-DNA with just first 
nucleobase stacked onto the surface 
(Figure 4-9). Peptide systems with 
negative voltage are highly dependent on 
protonation state of the histidine residue. 
Whereas HIE system shows mild response 
on increasing voltage and structures are 
still very close to the surface, remarkable 
fluctuations and upright position can be 
seen for the highest voltage applied in the 

HIP system (Figure 4-8). Similarly to negative surface charge, number of the stacked 
imidazole rings in HIP system is comparable to number of stacked bases in ss-DNA 
system.  

  



 

5. Conclusion 

This thesis represents author's effort to learn advanced computer modeling methods 
and to apply them to study interactions of biomolecules with mineral surfaces. Where 
necessary, auxiliary studies (in terms of the main goal of this thesis, but otherwise 
representing interesting studies themselves) of interactions of molecules with the aqueous 
solutions without a presence of surfaces or interactions of water and ions with the surfaces 
(inevitable to understanding of the adsorption of molecules) were carried out. As a result 
of this effort three articles on adsorption and two others that dealt with biomolecules in 
water were published in international peer-reviewed journals. One more is submitted.  

Four different surface models were prepared, parameterized and used in simulations. 
Special effort was paid to the quartz (101) surface that was parameterized to reflect its 
nature under neutral and basic pH conditions [OK1], i.e. to device models of charged 
surface corresponding to these conditions. The validity of the quartz and graphene surface 
[OK2] models was confirmed by comparison with experimental data. In both case, 
agreement in positions of the structured water molecules above the surface was 
satisfactory. Fairly good agreement was found in positions of the rubidium ions above the 
quartz surface, where two experimentally observed peaks were suggested to be completed 
with one more peak positioned between these two. In the case of the mercury surface, 
several parameters taken from literature were compared with ab initio derived data. The 
best matching parameters were used in subsequent study on chemisorption of peptides. 
Due to compatibility issues, well-established parameters by Matsui and Akaogi for rutile 
surface were replaced by parameters by Brandt and Lyubartsev that suit better for systems 
combining inorganic surface with biomolecules. Since good agreement was found, rutile 
surfaces with implemented Brandt and Lyubartsev parameters were used in subsequent 
oxalate adsorption study. All prepared models will serve for further simulations in the 
Předota's group. 



 Prior to an adsorption study, oxalate dianion and hydrogenoxalate ion were inspected 
by means of AIMD to get detailed information about structures and solvation shells of 
these species [OK4]. Oxalate was confirmed to adopt staggered conformation in water. 
The most stable conformation of a hydrogenoxalate from ab initio optimizations in 
implicit solvent was denied by AIMD in explicit water environment. Extended analysis 
supported AIMD results that predicted disruption of intramolecular hydrogen bond and 
transitions from planar to staggered structure is correct. Solvation shell of both ions was 
described in detailed and final results served as benchmark for oxalate model 
parameterization. RESP procedure was used to derive first trial model of an oxalate for 
CMD. Subsequent tuning of partial charges together with bonded and non-bonded 
parameters led to new model of oxalate dianion that should behave properly in contact 
with water and ions. 

Preliminary results for physisorption of the oxalate on a rutile surface and nucleobases 
on a quartz surface were presented here. Different adsorption patterns of four nucleobases 
were revealed with a help of bivariate plots. Results suggested that each nucleobase 
behaves uniquely and it is hard to find any unifying binding motif even within purine or 
pyrimidine bases. Regarding oxalate on rutile surface, it was shown that despite its high 
negative charge oxalate occupies similar positions as structured water above the surface. 
An adsorption activity increased with increasing positive charge on a surface. Further 
work on this topic is currently followed by another doctoral student . 

Two published studies dealt with chemisorbed biomolecules: in one of them we 
studied single- and double-stranded DNA on a graphene surface [OK2] and in other we 
focused on peptide wires on a mercury surface [OK3]. Study of DNA on a graphene 
surface outlined the role of surface charge on DNA adsorption and found notable 
differences in ss- and ds-DNA adsorption. While in ds-DNA electrostatic forces between 
charged surface and ds-DNA backbone play major role, in ss-DNA stacking interactions 
become also involved and in particular cases stacking interactions can compete with 
electrostatic forces, making adsorption of ss-DNAs more varied compared to ds-DNA. In 
combined experimental and ab initio study [OK3], ability of peptides with particular 
composition to act like proton wires was confirmed. Subsequent CMD study  focused on a 
more detailed analysis of chemisorbed peptide(s). Mainly the role of the surface charge in 
combination with different protonation states of the histidine residues was described. 
While peptides with neutral histidines were found to be rather insensitive to different 
surface charge, peptides with protonated histidines showed greater sensitivity to surface 
charge applied.  



To summarize, in this thesis the author attempted to demonstrate the applicability of 
methods of molecular dynamics to describe adsorption of various chemical species (going 
from water and ions through small organic molecules to larger biomolecules) on various 
types of inorganic surfaces. Since adsorption events stand behind various natural and 
artificial processes and experimental techniques, presented results provide information 
relevant for many fields of biophysics. 
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ABSTRACT: The original force field for clay materials (ClayFF) developed by Cygan 
et al. (J. Phys. Chem. B 2004, 108, 1255) is modified to describe negative charging of the 
quartz (101) surface above its point of zero charge (pH ~ 2.0−4.5). The modified force 
field adopts the scaled natural bond orbital charges derived by the quantum mechanical 
calculations which are used to obtain the desired surface charge density and to determine 
the delocalization of the charge after deprotonation of surface silanol groups. Classical 
molecular dynamics simulations (CMD) of the (101) surface of α-quartz with different 
surface charge densities (0, −0.03, −0.06, and −0.12 C.m−2) are performed to evaluate the 
influence of the negative surface charge on interfacial water and adsorption of Na+, Rb+, 
and Sr2+ ions. The CMD results are compared with ab initio calculations, X-ray 
experiment, and the triple-layer model. The modified force field can be easily 
implemented in common molecular dynamics packages and used for simulations of 
interactions between quartz surfaces and various (bio)molecules over a wide range of pH 
values. 
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ABSTRACT: Molecular dynamics (MD) simulations of single-stranded (ss) and 
double-stranded (ds) oligonucleotides anchored via an aliphatic linker to a graphene 
surface were performed in order to investigate the role of the surface charge density in the 
structure and orientation of attached DNA. Two types of interactions of DNA with the 
surface are crucial for the stabilisation of the DNA–surface system. Whereas for a surface 
with a zero or low positive charge density the dispersion forces between the base(s) and 
the surface dominate, the higher charge densities applied on the surface lead to a strong 
electrostatic interaction between the phosphate groups of DNA, the surface and the ions. 
At high-charge densities, the interaction of the DNA with the surface is strongly affected 
by the formation of a low-mobility layer of counterions compensating for the charge of the 
surface. A considerable difference in the behaviour of the ds-DNA and ss-DNA anchored 
to the layer was observed. The ds-DNA interacts with the surface at low- and zero-charge 
densities exclusively by the nearest base pair. It keeps its geometry close to the canonical 
B-DNA form, even at surfaces with high-charge densities. The ss-DNA, owing to its much 
higher flexibility, has a tendency to maximise the attraction to the surface exploiting more 
bases for the interaction. The interaction of the polar amino group(s) of the base(s) of ss-
DNA with a negatively charged surface also contributes significantly to the system 
stability.  
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ABSTRACT: The transfer of protons or proton donor/acceptor abilities are important 
phenomena in many biomolecular systems. One example is the recently proposed peptidic 
proton-wires (H-wires), but the ability of these His-containing peptides to transfer protons 
has only been studied at the theoretical level so far. Here, for the first time the proton 
transfer ability of peptidic H-wires is characterized experimentally in an adsorbed state 
using an approach based on a label-free electrocatalytic reaction. The experimental 
findings are complemented by theoretical calculations at the ab initio level in a vacuum 
and implicit solvent. Experimental and theoretical results indicated Ala3(His-Ala2)6 to be a 
high proton-affinity peptidic H-wire model. The metodology presented here could be used 
for the further investigation of the proton-exchange chemistry of other biologically or 
technologically important macromolecules. 
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Manuscript 
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ABSTRACT: Hydrogenoxalate (charge -1) and oxalate (charge -2) anions and their 
solvated forms were studied by various computational techniques. Ab initio quantum 
chemical calculations in gas phase, in implicit solvent and microsolvated (up to 32 water 
molecules) environment were performed in order to explore a potential energy surface of 
both anions. The solvation envelope of water molecules around them and the role of water 
on the conformation of the anions was revealed by means of Born–Oppenheimer 
molecular dynamics simulations and optimization procedures. The structure of the anions 
was found to be dependent on the number of water molecules in the solvation shell. A 
subtle interplay between intramolecular and intermolecular hydrogen bonding dictates the 
final conformation and thus an explicit solvent model is necessary for a proper description 
of this phenomena. 
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