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Abstract

Among all the natural adhesive materials, it is known that polyphenols are the common
chemical ingredients playing a significant role in the adhesive properties. More especially,
the crucial chemical structure of natural adhesive materials consists of benzene ring
derivatives with varied number of hydroxyl groups.

DOPA derivatives materials with varied number of hydroxyl groups have been studied with
molecular dynamics simulations in three different structures: as a bulk, as a layer and as
a solvated layer. The software Gromacs provided data about H-bonds and energies within
the systems, meanwhile the conformation of the interacting molecules was studied using
Python.

This work highlights the key roles played by hydroxyl groups in DOPA derivatives materials
which are to actively participate in forming H-bonds and to bind the systems, shortening
the length of H-bonds, the distance between interacting benzenes, and affecting the
potentials in the systems and the molecules conformation. The irregularities among the
different hydroxyl groups impacts are also underlined thorough the results.

The conclusions of this study demonstrate the important role of hydroxyl groups on the
adhesive properties of DOPA derivatives materials by focusing on the side chain of
monomers and it would be interesting to extend these results by the study of long chains
of polymers.



Sammendrag

Blant alle naturlige klebematerialer er det kjent at polyfenoler er de vanlige kjemiske
ingrediensene som spiller en betydelig rolle i klebeegenskapene. Mer spesifikt bestdr den
avgjgrende kjemiske strukturen til naturlige klebematerialer av benzenringderivater med
varierende antall hydroksylgrupper.

DOPA-derivater med varierende antall hydroksylgrupper har blitt studert med molekylaer
dynamikk-simuleringer i tre forskejellige strukturer: som et bulkmateriale, som et lag og
som et Igsningsmiddellag. Programvaren Gromacs har gitt data om H-bindinger og energi
innenfor systemene, samtidig som konformasjonen til de interagerende molekylene ble
studert ved hjelp av Python.

Dette arbeidet fremhever de viktige rollene som hydroksylgrupper i DOPA-derivater spiller,
nemlig & aktiv deltai dannelse av H-bindinger og & binde systemene sammen, forkorte
lengden p& H-bindinger, avstanden mellom interagerende benzenforbindelser og pavirke
potensialene i systemene og konformasjonen av molekylene. Ujevnhetene blant de ulike
hydroksylgruppenes pavirkning blir ogsa understreket gjennom resultatene.

Resultatene i denne studien viser den viktige rollen som hydroksylgrupper spiller for
klebeegenskapene til DOPA-derivater ved @ fokusere pa sidekjeden til monomerene, og
det ville vaere interessant @ utvide disse resultatene ved & studere lange polymerkjeder.
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1 Introduction

1.1 Natural adhesive materials

Natural adhesive materials, especially the underwater adhesive of marine organisms and
the tannin compounds from many plants, have been the focuses of biomimetics study in
the past decade [1]. Among all the natural adhesive materials, it is known that polyphenols
are the common chemical ingredients playing a significant role in the adhesive properties,
as shown in Figure 1. More especially, the crucial chemical structure of natural adhesive
materials consists of benzene ring derivatives with varied humber of hydroxyl groups.
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Figure 1 : Examples of adhesives proteins in nature

One of the most famous natural adhesive materials is the adhesive protein in the mussel
foot [2]. The adhesion mechanism of the mussel adhesive protein, or mussel foot proteins
(MFPs), had been in-depth investigated by [3]. It describes the molecular organization of
a mussel foot and the chemical reactions and processes that take place to set up the
adhesion of the mussel to the substrate. A better understanding of these mechanisms could
lead to many applications because of the great strength and moisture-resistance of the
bonding. The understanding of the adhesion mechanism of mussel adhesive protein is also
critically important for anti-biofouling, which could shed light on the improvement of the



coating industry for boat hull [4]. Furthermore, applying the adhesion mechanism of
mussel foot could also be at the guidelines in new biomimetic materials synthesis for
biomedical or other industrial applications [5].

There are six different mussel foot proteins (MFPs) identified today, with their spatial
organization, indicated Figure 2, and their chemical roles in the attachment process. One
of the unique features of MFPs is the abundance of the catecholic amino acid, called DOPA,
in their protein sequences, as the chemical structure of DOPA shown in Figure 3.
Specifically, a DOPA monomer is made of a catechol sidechain two hydroxyl groups
attached to the benzene ring, and other groups with O and N atoms on the backbone. The
presence of catechol is believed to fulfill the dual role of interfacial bonding and the
solidification of the adhesive proteins. Comparing the amino acid monomer tyrosine (Figure
3), the extra hydroxyl group in the catechol of DOPA is the key to its extraordinary adhesive
properties [3]. It is thus interesting to speculate the effect of different number of hydroxyl
group in determining the adhesion performance of mussel-foot-protein-like (MFP-like)
materials.
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Figure 2 : MFPs schematic distribution in a mussel foot thread (readapted from [3])
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Figure 3 : (a) DOPA, 3,4-dihydroxyphenylalanine. (b) Tyrosine, 4-hydroxyphenylalanine.
(c) Phenylalanine.

The benzene and the hydroxyl groups of catechol obviously have distinct functions. As
shown in Figure 4, the benzene ring is at the heart of many interactions (covalent or non-
covalent cross-linking) and reactions in its environment. The hydroxyl groups are likely to
play a key role in all the non-covalent cross-linking, because of its dual properties of being
both the donor and the accepter of hydrogen bonding. However, the benzene ring can
interact with other rings through n-n electron interaction or with positively charged ions
through cation-n interaction [6]. More details about these interactions are given in the
following chapter.

As example by comparing DOPA and tyrosine monomers above, the modification of one
extra hydroxyl group on the benzene ring of tyrosine leads to substantial changes in
physical and chemical in the properties of the MFPs. It is thus intriguing to understand the
properties of MFP-like materials with further extra hydroxyl group or no hydroxyl group at
all.
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Figure 4 : Interactions and reaction products of the catechol side chain of DOPA

This master thesis focuses on atomistic modeling and molecular dynamics (MD) simulations
of DOPA derivatives with varied number of hydroxyl groups, devoting to dissect the key
molecular ingredients of adhesive performance of the materials. Specifically, the following
DOPA derivatives with varied hydroxyl groups are first modeled: phenylalanine, tyrosine,
DOPA (Figure 3) and 3,4,5-trihydroxyphenilalanine. To make this report more
understandable, we call these molecules respectively Ohydro, 1hydro, 2hydro and 3hydro
according to their number of hydroxyl groups. The four derivatives are subjected molecular
dynamics (MD) simulation to the investigation of their molecular compact ability, their
interface properties with and without water environment. The results of this master thesis
will provide the molecular basis for the understanding of the determining roles of hydroxyl
groups and benzene in MFP-like materials.

1.2 Atomistic parameter and MD Simulation

For carrying out calculations related to this master thesis, the super-computer Sigmaz2 in
the Norwegian research infrastructure services were utilized. The selected method, MD
simulations [7], is one of the most popular computational tools for investigating
interactions and behaviors of molecules nowadays. This is a numerical simulation method
allowing to model the movement of atoms and molecules over time and study the evolution
of a system. The systems studied with MD simulation are normally very small, as well as
the duration of the simulation. These two parameters have a major influence on the
simulation time. The evolution of the system in MD simulation follows the Newton’s
equations of motion, in a given environment (temperature, pressure, boundary conditions,



electrostatic field...). MD simulation is used for multiple-particle systems which are too
complex to be determined analytically. Of course, like as a numerical method, MD
simulation makes assumptions and therefore approximations. These approximations can
however be minimized by choosing the more adapted algorithms and settings for a given
system [8]. To carry out all the MD simulations in this work, the software Gromacs (Version
2016.6) was used. Gromacs is a package mainly designed for simulations of proteins,
nucleic acids and lipids [9]. This software was developed by the University of Groningen
and is a free and open source. The main concepts useful for understanding this work are
described in the following sub-sections.

1.2.1 Force Fields

A force field is a vector field corresponding with a non-contact force acting at various
positions in space. So, a simple example of force field in Gromacs is the electrostatic field
created by the atoms. Sets of force fields are already implemented in the software like
AMBER, CHARMM or GROMOS [10]. The following section briefly introduces all the
equations and atom parameters needed for our work.

The Coulombic force, also called electrostatic force, expresses the attractive or repulsive
electric force between two charged bodies. For two charges of opposite signs, the force will
be attractive and its value negative. This force is inversely proportional to the square of
the distance r between them.

1 qq, 4192
. — ke
72

F.=
€7 4me, 12
Equation 1 : Coulombic force between two charged bodies

Where ql1 and g2 are the magnitudes of the charges, ¢, is the vacuum electric permittivity
and k, = 8,988 x 10° N.m?2.C2.

Hence the electrical potential energy:

9192

Ve =k,

Equation 2 : Coulombic Potential

The Lennard-Jones potential is an intermolecular pair potential used for simple yet realistic
intermolecular interactions:

o 12 o 6
Vij=4e [(;) -(5) ]
Equation 3 : Lennard-Jones Potential

Where o is the distance at which the particle-particle potential energy is zero and ¢ is a
potential energy such that, when the distance r between the two particles allows the
Lennard-Jones potential to be at its minimum, the potential energy is V = -¢. See [11] for
more details about the determination of the Lennard-Jones parameters.
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Figure 5 : Example of Lennard-Jones Potential curve

These potentials can be applied on all the pairs of atoms present in the system, whatever
the distance between the two atoms. However, these potentials decay fast and the
calculation of all the potentials in the system is not relevant as many are negligible. So, a
cut-off is used in Gromacs to save calculation capacity and time. That is to say that for
each atom, only the atoms that are close enough are considered in the calculation of
potentials. The cut-off used in this work is 1.0 nm.

1.2.2 Hydrogen bond and hydroxyl group

The hydrogen bond or H-bond is an intermolecular or intramolecular attractive interaction
between a hydrogen atom, covalently bound to an electronegative group or atom (the
Donor), and a less electronegative atom (the Acceptor) [12]. Electronegativity (symbol x)
is a chemical property that describes the ability of an atom to attract electrons when
forming a chemical bond. The higher the electronegativity, the more the atom or group
attracts electrons to itself. For example, according to the Pauling scale, running from 0.79
to 3.98, we have in one hand the oxygen which is very electronegative y, = 3.44 and in
another hand lower electronegative hydrogen y, = 2.2. The strength of the H-bond is
weaker than a covalent bond but stronger than a van der Waals interaction. Nitrogen (N),
oxygen (O) and fluorine (F) are the most frequent donor and acceptor atoms because of
their high electronegativity.

All possible H-bond donors and acceptors in the simulation systems are evaluated for the
existence of H-bonds in Gromacs. Two geometrical criteria are used to determine if an H-
bond exists. According to the Figure 6, the criteria are: « <30° and r < 0.35nm , where a
is the Hydrogen-Donor-Acceptor angle and r is the Donor-Acceptor distance. Moreover,
potential H-bonds are also recorded in Gromacs: the number of potential H-bonds is the
number of H-bonds that could exists regarding only the criteria r < 0.35 nm.
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As shown in Figure 7, the hydroxyl or hydroxy group is a functional group composed by
one oxygen atom and one hydrogen atom. The term hydroxyl group refers more
particularly to the hydroxy radical O-H, so to the unbonded hydroxy group. Hydroxy groups
are likely to be engaged in hydrogen bonds because of the important difference of
electronegativity between the oxygen atom and the hydrogen atom. Moreover hydroxy-
containing compounds engaged in intermolecular H-bond increases the electrostatic
attraction between molecules. An example of effect caused by the presence of hydroxy
group is that organic molecules, often poorly soluble in water, become more soluble when
they are composed of one or several hydroxy groups [13].

Figure 7 : Hydroxyl group or hydroxy group

1.2.3 Computing methods

In order to prepare equilibrated systems and accessing the role of hydroxyl groups in
forming H-bonds, and further affect on the properties of MFP-like materials, different
simulation techniques are used in this thesis. The following section provides a brief
introduction of all the utilized methods.

To begin with, energy minimization (EM) is the most effective approach to achieve a spatial
arrangement of a group of atoms with acceptable interatomic forces and potential energy
[14]. EM is necessary to avoid MD simulation to fail because of a starting configuration
including excessively large forces (two atoms too close from each other for example).
Additionally, during this optimization certain coordinates, such as a chemical bond, are also
optimized. Gromacs allows several algorithms to perform EM, the one we used in this study
is the steepest descent method [15]. It is a reliable and robust method, easy to implement
but it is not the most efficient. It calculates new coordinates following using the gradient
of the forces or potential without consideration of the previous steps. The algorithm stops
when the maximum absolute force is smaller than a required value or when the user-
specified number of force evaluations has been realized.



Equilibration is the first simulating step coming after the EM. It includes specified pressure,
temperature, velocities, and others similar components that were not taken into account
during EM. The equilibration step allows the system to reach its stationary state. The
molecules arrange themselves in a conformation similar to their experimental states.
Different ensembles can be chosen for equilibration, for example two different ensembles
are utilized in this work: the NPT ensemble where in the number of particles, pressure and
temperature are all constant, and the NVT ensemble wherein the number of particles,
volume and temperature are all constant. The first one will be particularly useful to simulate
the system response to the external pressure to rearrange itself, avoiding small potential
barriers and spatial bounding. Whereas with NVT equilibration the system relaxes in a
given appropriated volume, with the possibility to include vacuum volume for interface
effects, as naturally as possible.

Simulated annealing is a method to change the reference temperature of a part of the
system or the whole system during a simulation. It models the physical process of heating
a material and then slowly lowering the temperature to decrease defects, thus minimizing
the system energy needed for effective conformation space sampling. The annealing is
implemented by changing (not instantaneously) the current temperature of reference of
the system or of a designed group of atoms. So, the actual relaxation and coupling
properties depend on the number of thermostats used, the temperatures chosen, and the
times chosen to reach these thermostats.

1.3 Molecular structure analyzis

There is already a good number of studies highlighting the importance of atomistic
interactions to the properties of adhesive materials [16]. There is a known atomistic
interaction type, namely the pi-interaction, that is crucial to the adhesive materials
property [17]. The pi-interaction is a type of non-covalent interaction that involves a pi-
system, which is in our study the benzene ring. Cation-n, anion-n and n-n interactions are
three non-covalent bonds that are explained in previous studies [6]. In order to capture
the pi-pi interaction in the simulation systems, the conformation of the benzene rings is
thoroughly studied in this work. As indicated in previous studies [18], the n-n interaction
between two aromatic species could be classified into three geometric categories (Figure
8): the edge-to-edge T-shape (preferred by the small unsubstituted aromatic compounds),
the parallel-displaced geometry (preferred by substituted and large multiring aromatic
compounds) and the cofacial or sandwich parallel stacked geometry (rather rarely
observed). The benzene type of molecules has a quadrupole moment with partial negative
electrostatic potential above both faces and a partial positive electrostatic potential around
the periphery (Figure 9). Previous studies [17] indicates that two such quadrupole
moments in proximity should prefer the edge-to-edge T-shape or parallel displaced
geometry. A reversal of the polarization can occur if there are strong electron withdrawing
groups attached to the aromatic ring. In that case the negative electrostatic potential is
around the periphery and the positive electrostatic potential is above both the faces.
Accordingly, if such electron-deficient quadrupole comes close to an electron-rich one, an
electrostatic attraction takes place and the system adopt the cofacial parallel stacked
geometry. Multiples studies have theoretically demonstrated that the T-shaped and parallel
displaced geometries are stable and nearly isoenergetic whereas the cofacial parallel
stacked geometry is least favoured in the case of benzene dimers [19].
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Figure 8 : n-n interaction conformations

Figure 9 : Benzene quadrupole moment

In an important previous study [17], researchers introduced a model that indicates that
the geometries of n-n interactions are controlled by electrostatic interactions but that the
major energy contribution comes from other factors. According to their result,
unfavourable contributions such as electron-n can be outdone by attractive contributions
between n-electrons and the o-framework. This is to what is due the n-n interactions and
not an attractive electronic interaction. The model implies that the donor-acceptor concept
can be misleading about the n-n interactions. The properties of the atoms in the region of
the intermolecular contact control the interaction rather than the overall molecular
potentials. Both of the so-called Atomic Charge Model and the Electron Donor-Acceptor
Model were studied and rejected because they cannot explain or correspond with their
experimental results. 3 rules for non-polarized n-systems were formulated to predict the
most favourable geometry of interaction:

1. n-n repulsion dominates in a face-to-face n-stacked geometry.
2. n-o attraction dominates in an edge-on or T-shaped geometry.
3. n-o attraction dominates in an offset n-stacked geometry.

However, when the polarization effects are considered, the polarized pi-system follows
extra rules:

4. For interactions between highly charged atoms, charge-charge interactions
dominate.

5. A favourable interaction with a neutral or weakly polarized site requires the
following n-polarization: (a) a n-deficient atom in a face-to-face geometry, (b) a n-
deficient atom in a vertical T-group in the edge-on geometry, (c) a n-rich atom in
the horizontal T-group in the edge-on geometry.



6. A favourable interaction with a neutral or weakly polarized site requires the
following o-polarization: (a) a positively charged atom in a face-to-face geometry,
(b) a positively charged atom in the vertical T-group in the edge-on geometry, (c)
a negatively charged atom in the horizontal T-group in the edge-on geometry.

According to this paper, the contribution of Van Der Waals interactions to the total energy
will be proportional to the area of n-overlap and will vary with solvent as outlined above.
In order to have a rough estimation of the magnitude of pi-interaction and the interaction
geometric preferences, assumptions were adopted in previous studies [20]. Interaction
between two benzenes rather than the whole phenylalanine monomers is used in the
calculation. Moreover, the electrostatic potential around a benzene molecule has
essentially radial symmetry, the interaction energy can be considered as independent of a
third angle and studied with only two rotations. The Shortest Inter-Residue C-C Distance
(SICD) was used as a criterion to decide if there is actually a n-n interaction or not: the
criterion distance is 0,48 nm. The energy calculations were done by 3 methods. As such,
the attractive and repulsive geometries depending on few parameters were obtained. Other
studies has confirmed the above so-called Hunter-Sanders rules for non-polarized n-
systems [20]. Finally, the previous study also indicated that n-n interactions between
Phenylalanine residues in proteins occur predominantly in orientations that give rise to
electrostatically favourable interactions, but that no single geometry correlates well with
Hunter-Sanders rules for n-n interactions. In particular, offset stacked interactions are
observed. Stacking with extensive n-overlap is believed to be unfavourable for non-
polarized n-systems.
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Figure 10 : Representation of the molecules, a and d in the Python code

Beside the simulations and analyses made with Gromacs in this study, Python was also
used to analyze the final spatial configurations obtained with the simulations. According to
the points made by the papers about n-conformation of benzene-containing molecules, we
define an angle a and a SICD distance d for a given pair of molecules (see Figure 10). First
the part of our molecules with the ring is represented as a vector, from the atom called CZ
in the files to the atom called CG that links the benzene ring to the backbone. It must be
noticed that this representation does not take in account the rotation of the benzene ring
on the axis formed by these two atoms. a is the angle formed by the vectors symbolizing



the two molecules, and d is the shortest distance between two carbon atoms belonging to
each ring. The values defined here are then used to detect the differences of the
conformation among the molecules Ohydro to 3hydro. Thus, we will have an additional idea
about the effect of the extra hydroxyl groups.

The same way [20] used the SICD and a cut-off distance to determine if there is interaction
between two rings or not, a cut-off distance will be introduce in our code. The functioning
of the python code applied to the simulation system is the following. Each molecule is
assigned a distance from an atom in another molecule, and then the angle formed by the
two molecules is calculated. It should be noted that often two molecules will be associated
together twice in the process. For the molecules on the edge of the box, the calculation is
made using the periodic boundary condition. Finally, the data on distances and associated
angles will not be taken into account if d > 0,48 nm. The value used for the cut-off agrees
with the conclusion drawn following the approach in the previous studies [20] which is that
a Phenylalanine-Phenylalanine interaction is judged to occur if the SICD is less than 0,48
nm.



2 Modeling and Simulation

2.1 Atomistic Parameterization

The goal of this work is to study the effect of varied number of hydroxyls on the properties
of MFP-like materials through MD Simulation using the software Gromacs. Because such
molecules are not provided by any standard force-field, the first step is to parameterize
these molecules so that Gromacs can simulate them.

For each one of these four molecules, namely Ohydro, 1hydro, 2hydro and 3hydro with 0O,
1, 2 and 3 hydroxyl group on the benzene ring in the sidechain of the monomers, two files
named conf.gro and topol.top are prepared. The “gro” file extension contain a molecular
structure in Gromos87 format, related to the software Gromacs. The second file is the
topology file containing all the Gromacs specifications for an atomistic parameter
(properties, kind of bonds and interactions, force fields, ...). The main body structure of
each of these two files are respectively given in Table 1 and Table 2 to facilitate the
understanding of their content. Initially in this work the files corresponding to the molecules
Ohydro and 1hydro were borrowed from amino acids of phenylalanine and tyrosine,
respectively, with atomistic parameters from the OPLS force field [10]. So, additional
hydroxyl group modification on the benzene ring was carried out taking 1hydro as template
to keep the atomistic parameter format consistent, which result in two molecules of 2hydro
and 3hydro.

Briefly, the procedure to create the new file conf.gro for 2hydro starting with a copy of the
1lhydro’s file is described here. Indeed, the molecule 1hydro already include a first hydroxy
group and therefore its structure is closer than the Ohydro’s structure to the one of the
2hydro. The modification consists in adding one oxygen atom between a carbon of the
benzene ring and its hydrogen, in order to create a hydroxy group. As such, a new line
was inserted for the new O atom between those corresponding to the two atoms C and H.
In the new line:

e the residue number and name are the same as the carbon one line above with which
the O is bonded (they are included in the same residue).

e an atom name is chosen and must be unique to this atom.

e the added oxygen atom takes the atom number of the hydrogen one line below with
which the O is also bonded, and the atom numbers in all the following lines are shift
by one.

e consistent coordinates are given regarding the length of a C-O bond, the position
of the carbon atom and of the rest of the molecule. However, the hydrogen atom is
now bonded to the added oxygen atom and no longer to the C atom. So, its position
must also be modified regarding the length of a O-H bond, the position of the
oxygen atom and of the rest of the molecule.

Following the formatting of conf.gro for 2hydro, the same protocol is followed to create the
3hydro conf.gro file, but this time starting with a copy of the file from 2hydro, including
already two hydroxy groups.



The new file topol.top for 2hydro was created using lhydro topol.top as a template.
Specifically, a line is added between the concerned atoms C and H in the [atom] part of
the file. As such, the [atom] part of the file is as follows:

for each atom the “nr” must be the same as the atom number corresponding in
conf.gro.

In the column “types” we precise what OPLS will be used for the atoms, regarding
to the atom and its environment. The added oxygen atom and its corresponding
hydrogen have respectively the same types as the oxygen and hydrogen atoms of
the first hydroxy group.

The added oxygen’s line takes the same “resnr” and residue as the carbon atom
one line above, indicating that there are in the same structure.

For each atom, the column “atom” must be fulfilled with the name used as atom
name in conf.gr.

The charges of the added oxygen and of the carbon and hydrogen atoms bonded to
it must be modified with the same values as the atoms involved in the other hydroxy
group.

The “cgnr” refers to the groups of charge, each group of atoms has to be electrically
neutral. In our case the new hydroxy group forms one electrically neutral group, so
the three lines corresponding to the three atoms must have the same number in
“cgnr”.

The mass of the new O is the same as the others oxygen atoms.

There is a [bonds] part in the file indicating all the covalent bonds in the molecule, each
line precising the two atoms involved and the type of bond. The [pairs] part allows us to
add extra Lennard-Jones or Coulombic interactions back between atoms by pairs. In the
[angles] part is indicated how each angle formed by three bonded atoms in the molecule
has to be treated about its vibration potential. Finally, the last part of the file is dedicated
to proper and improper dihedrals, where all parameters defining dihedral (formed by four
bonded atoms) planar, and how the angles and torsions energies among a dihedral are

given.

Once again, the same protocol is applied to a copy of the final 2hydro topol.top in order to
create the 3hydro topol.top file.

Title string

Number of atoms

Residue number | Residue name | Atom name | Atom number | Position (nm) (Xx,y,z)

Box vectors (Bx, By, Bz)

Table 1 : Main body structure file .gro

[atoms]

nr type resnr residue | atom cgnr charge mass
[bonds]

ai aj funct

[pairs]

ai aj funct




'[.éngles]

ai aj ak funct
[dihedrals]
ai aj ak funct Co

Table 2 : Main body structure file .top (ai, aj and ak are atoms numbers)

2.2 Bulk Study

Once the four molecules of this study are modeled for Gromacs, the role of hydroxy groups
can be studied. In this first simulation part, the focus will be on the bulk properties of the
materials. So, for each molecule the goal is to simulate a system filled with molecules in a
state of equilibrium with minimum energy at a given temperature of T =300 K and under
the pressure of P =1bar. In order to provide a statistical significance staying within
achievable targets, three samples for each molecule type will be simulated. The protocol
followed for each molecule type is described below.

Starting with the creation of the system, one square simulation box is created and filled
with one thousand molecules like the one studied. The initial size of the box does not
matter as long as the software succeeds in adding the 1000 molecules (Figure 11). Indeed,
the box size will be adapted in the incoming simulation. An energy minimization (EM) is
done with the steepest descent algorithm. The periodic boundary conditions are used for
this simulation but also for all the following ones. So Gromacs will be able to calculate the
potentials without crashing at the beginning of the next simulation, for example because
of two molecules generated too close.

S

Figure 11 : Visualization in VDM of the box filled with 1000 2hydro molecules

Then an NPT equilibration is simulated during t = 1 ns (dt = 0.002 ps , nsteps = 500000), using
md (leap-frog algorithm for integrating Newton’s equations of motion) as run control
integrator. The md parameter will be used in all the simulation described below. The
temperature is set at T = 400 K and the pressure is set at P =5 bar. The temperature and



pressure couplings are respectively done with the Nose-Hoover and Parrinello-Rahman
algorithms [21]. A temperature higher than the final wanted temperature of 300 K is used
to facilitate the movements of the molecules otherwise we obtain a bulk of material with
void holes. Meanwhile a higher pressure must also be set to compensate for the increase
in volume due to the higher temperature. This simulation is realized three times with three
different random values of velocities among atoms in the systems, this way we obtain
three different samples. Each sample starts this simulation with the same initial structure
but evolves differently during the simulation. So, the final systems are independent. The
simulations described below are done for each one of the three samples.

Another NPT equilibration is performed with the same algorithms but during t = 10 ns (dt =
0.002 ps , nsteps = 5000000 ) at T = 300K and P = 1 bar. The system is well equilibrated, its
potential energy is constant as is the box volume.

Finally a simulated annealing is performed with the following parameters: constant volume
(same box dimensions as in the end of the last NPT equilibration), t = 10 ns (dt = 0.002 ps ,
nsteps = 5000000 ), the temperature coupling is still done with the Nose-Hoover algorithm
but 4 annealing points are specified for the temperature evolution as shown in Figure 12.
Increasing the temperature allows the molecules to overcome energy barriers and then to
a configuration, structure, thanks to a progressive cooling, with a lower potential energy.
It must be noted that the system energies have been checked during the last 0,5 ns of the
simulation (at the final target temperature) to make sure that 0,5 ns is enough for the
system to equilibrate.
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Figure 12 : Temperature evolution during the simulated annealing

The bulk obtained in the end of this simulated annealing is at equilibrium, at the target
pressure and temperature, and still contains one thousand molecules. It can now be
analyzed for a better understanding of the hydroxy group effects on the bulk properties of
materials. The software Gromacs includes analysis packages. These functions directly give
the system data over the duration of the simulation. Therefore, the humbers of hydrogen
bonds and the energies within the system can be analyzed and comparisons between
systems can be done. Moreover, an analysis of the final structure will be done using Python,
in order to study the arrangement of the rings between themselves, using the parameters
d and a described in the introduction of this work.



2.3 Layer Study

It is important to understand the adhesive properties of MFP-like materials at their
interface, either toward the air or other materials. The Layer systems are prepared for such
purpose. In the systems, vacuum buffer was created, which allows the molecules to
organize and adapt to the vacuum space for the creation of a materials interface.

The model is realized from the bulk resulting from the last bulk simulation, the simulated
annealing. Indeed, at this state the bulk is well equilibrated. The box y-dimension is
extended to 15 nm i.e., about twice the side of the box. A layer as shown in Figure 13 is
obtained.

Figure 13 : Visualization in VMD of the layer box containing 1000 2hydro molecules

Because of the box dimension change, the molecules on the surface of the material are not
at equilibrium anymore. A simulated annealing is performed with the same parameters as
the simulated annealing done for the bulk and described above: t = 10ns (dt = 0.002 ps ,
nsteps = 5000000), at constant volume and still with the periodic boundary conditions, the
temperature coupling is again done with the Nose-Hoover algorithm and 4 annealing points
are specified for the temperature evolution as shown in Figure 12. The goal of this SA is to
allows an important reorganization at the surface of the layer.

Then a NVT equilibration is simulated with the following parameters: t = 10 ns (dt = 0.002 ps,
nsteps = 5000000), constant volume and temperature T = 300 K, Nose-Hoover algorithm for
the temperature coupling, periodic boundary conditions. This step is to make sure the
system has the time to equilibrate.



The final structure can now be analyzed for a better understanding of the hydroxy group
effects on the layer properties of materials. The numbers of hydrogen bonds and the
energies within the system can be analyzed and comparisons between systems can be
done. Moreover, an analysis of the final structure will be done using Python, in order to
study the arrangement of the rings between themselves.

2.4 Solvated Layer Study

A number of potential applications for the adhesive properties of derivatives of the DOPA
molecule would be in contact with water. That is why the last system studied in this master
thesis is a layer of material in contact with water on both sides.

The structure resulting from the layer study above is fulfilled with water as shown in Figure
14. Water molecules were introduced to fill the empty spaces i.e., above and below the
layer, but also inside the layer between the Ohydro molecules.

L

Figure 14: Visualization in VMD of the layer box containing 1000 Ohydro molecules
fulfilled with water molecules

The water molecules’ introduction was made based on geometric considerations, so the
whole process of equilibration must be done again. First an EM is performed with the
steepest descent algorithm and the parameters (dt = 0.001 ps, nsteps = 10000). We keep
using the periodic boundary condition for those simulations as well as the Verlet cutoff-
scheme.

Then a NPT equilibration is simulated during ¢t = 10 ns (dt = 0.002 ps , nsteps = 5000000 ),
using md (leap-frog algorithm for integrating Newton’s equations of motion) as run control
integrator. The md parameter will be used in all the simulation described below. The
temperature is set at T = 300 K and the pressure is set at P = 1 bar. The temperature and
pressure couplings are respectively done with the Nose-Hoover and Parrinello-Rahman
algorithms. During this step the pressure is kept constant, but the volume can change
when the box dimensions were kept constant since the NPT simulation for the bulk



structure. However, the temperature parameter is still the same so even with the added
water molecules the box dimensions don’t change significantly: the Table 3 gives one
example of box dimensions change for each molecule type. The dimensions are almost the
same before and after, as well as from one molecule to the next.

Ohydro 1hydro 2hydro 3hydro
Samplel Samplel Samplel Samplel
Box Dimensions 7.06720 7.17287 7.07332 7.14990
Before NPT 15.00000 15.00000 15.00000 15.00000
7.06720 7.17287 7.07332 7.14990
Box Dimensions 7.13212 7.22250 7.11909 7.19944
After NPT 15.13779 15.10379 15.09706 15.10393
7.13212 7.22250 7.11909 7.19944

Table 3: Examples of box dimensions changes after the NPT simulation

The system is now equilibrated and is subjected to conformation space sampling to
reorganize the internal molecular structures. A simulated annealing is performed with the
following parameters: constant volume (same box dimensions as in the end of the last NPT
equilibration), t = 10 ns (dt = 0.002 ps , nsteps = 5000000 ), the temperature coupling is still
done with the Nose-Hoover algorithm but 4 annealing points are specified for the
temperature evolution as shown in Figure 12. Increasing the temperature allows the
molecules to overcome energy barriers and then to a configuration, structure, thanks to a
progressive cooling, with a lower potential energy. It allows more displacements in the
system and the molecules structure fully takes in account the presence of the water
molecules.

Then a NVT equilibration is simulated with the following parameters: t = 10 ns (dt = 0.001 ps,
nsteps = 10000000), constant volume and temperature T =300 K, Nose-Hoover algorithm
for the temperature coupling, periodic boundary conditions. The time step parameter dt
used is smaller than for all the other simulations to make sure that the water molecules
displacements and vibrations are well simulated. This NVT makes sure the system has the
time to equilibrate.

The solvated layer obtained in the end of this NVT equilibration is at equilibrium, at the
target pressure and temperature. It can now be analyzed for a better understanding of the
hydroxy group effects on the properties of materials as a layer in water. The analysis
method is the same as for the bulk and the layer except that the hydrogen bonds analysis
will be separated in two parts: hydrogen bonding among the DOPA derivatives, hydrogen
bonding between DOPA derivatives and water. We may use Xhydro to designate the DOPA
derivatives under study: Ohydro, 1hydro, 2hydro and 3hydro.



3 Results and Discussions

3.1 Atomistic parameterization and monomer minimization

The prepared molecular structures and the corresponding atomistic parameters need to be
compatible with the required formats of the used simulation software Gromacs. Indeed, all
the structures of the four monomers, namely Ohydro, 1hydro, 2hydro and 3hydro, were
successful recognized by Gromacs. With the corresponding atomistic parameters, the four
structures were first optimized by energy minimization to relax any internal stress in the
molecular structure. As depicted by the optimized structured in Figure 15, all the four
monomers gain the appropriate bond and angle values comparable with those provided in
the OPLS force field [22]. However, this study aims at focusing on the catecholic sidechain
properties. Therefore, two methyl groups were added to neutralize the terminals and
reduce the interaction of the backbone.

(c) (d)



Figure 15 : (a) Ohydro. (b) 1hydro. (c) 2hydro. (d) 3hydro

3.2 Bulk study

As discussed in the Method section, the bulk materials of the four molecules are
investigated by periodic simulation box with fully filled molecule. In such a setup, there is
no interface in the system. Because simulated annealing enables the systems to explore a
large conformational space of the system, the analysis in the follow section focuses only
on the data obtained from simulated annealing simulation, if not otherwise specified. The
results are presented and discussed in three topics, the hydrogen bonding, the energies
and the structure arrangement.

3.2.1 Hydrogen-Bonds

The number of H-bonds in the system is monitored in the course of the simulated annealing
simulation. As shown in Figure 16, the evolution of the number of H-bonds during the
simulated annealing simulation. As expected it can be seen that the number of H-bonds
decreases for each sample when the temperature increases, and on the contrary increases
when the temperature decreases (the system stablelize itself creating H-bonds). Globally
the differences between molecules are constant accross the simulation.
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Figure 16 : Number of H-bonds evolution during simulated annealing for each sample

The different humber of hydroxyl group of the four monomers indeed leads to varied
number of H-bonds formed in the simulation systems. As shown in Figure 17, the mean
number of H-bonds for each molecule, in the last part of the simulated annealing, when
the system is at equilibrium. The number of H-bonds in the system increases with the
number of hydroxy groups. As hydroxy groups are likely to be implied in a H-bond, the
more hydroxy groups the system has, the more connections there are within the system.
As expected, the hydroxyl groups in the systems actively participated in forming bonds.



The transition from 0 to 1 hydroxy group induces a bigger increase of the H-bonds number
(+758 H-bonds) that the transition from lhydro to 2hydro and from 2hydro to 3hydro
(~400 H-bonds). The stable number of H-bonds in the end of the simulation is shown in
Figure 17, the increase in H-bond number in 1hydro, 2hydro and 3hydro increases almost
linearly. It should be noted here that Ohydro has no hydroxyl group on the benzene. All
the H-bonds in the Ohydro system are by the backbone. As such, one extra hydroxyl group
on the benzene ring could lead to the most abrupt increase in the number of H-bonds in
the system. Further increase in the number of hydroxyl groups on the sidechain leads to
almost constant increase in the overall number of H-bonds in the system. Thanks to the
increased number of hydroxyl groups in the four systems from Ohydro to 3hydro, there is
a corresponding increase trend hydrogen bond donors and acceptors in the four systems
as shown in Appendix 1. Interestingly, the number of potential H-bonds increases less from
Ohydro to 1hydro than for the others. The ratio number of new H-bonds divided number
of new potential H-bonds is higher when the first group is added than for the following
added hydroxyl groups.
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Figure 17 : Average number of H-bonds per molecule-type during the last 0,5 ns of the
simulation

There is no obvious difference in H-bond angles among the four systems. As shown in
Figure 18, all the H-bond angles fell in the range of 0 to 30 degree, with H-bond angle
distribution in 3hydro slightly deviates from the other three systems. Such deviation is
however negligible. Overall, the addition of hydroxyl group in the system did not alter the
H-bond angles, despite the fact that H-bonds in the systems were formed from both the
sidechain and the backbone.
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Figure 18 : Average repartition of the H-bond angle per molecule type

The same way the H-bond length repartition by molecule is given in Figure 19. There
Ohydro distingishes itself very clearly meanwhile the other molecules curves are pretty
much the same because hydrogen bonds in Ohydro are formed only by the backbone, the
comparison of hydrogen bond distance between Ohydro with the other three system
difference clear demonstrate the differences between hydrogen bonding by the sidechains
and the backbone of the four modelled molecules. Hydroxyl groups on the sidechain, even
only one, makes shorter hydrogen bonds in the systems. The shorter the bonds are, the
stronger. So this result indicates that the 1hydro, 2hydro and 3hydro should have overall
stronger internal molecular interactions, and thus higher cohesive energy than that of
Ohydro.
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Figure 19 : Average repartition of the H-bond length per molecule type

In summary, the addition of hydroxy group in the system increases the number of H-bonds
but also improves their strength. And the addition of the first group is definitely the one
which affects the most the hydrogen bonds for the number of bonds and length. However,
no conclusion can be made about the bond angles if not that the hydroxy groups have no
sensible influence on it.

3.2.2 Energy

The system potential energy collectively summarized all the atomistic interactions in the
system, which is an important quantity measuring the stability of the system. Furthermore,
the items of the potential energy, namely the bond energy, the Lennard-Jones potential
and the Coulombic potential gives more detailed information on their corresponding
contribution to the overall system stability. The final system and the specific potentials
after the simulated annealing are thus put together for comparison. For each molecule-
type, the potential energy, the bond energy, the Lennard-Jones potential and the
Coulombic potential are given respectively in Figure 20, Figure 21, Figure 22 and Figure
23. It's recalled here that the a system is composed of 1000 molecules, so dividing the
energy or potential by 1000 gives directly the amount per molecule.

It can be seen in Figure 20 that the potential energy of the system decreases when the
number of added hydroxy groups increases. The result was expected because of the
increases of the number of hydrogen bonds found previously. Indeed the formation of
hydrogen bonds leads to lower potential. The system is more stable with higher number of
hydroxyl groups. However, it’s noticeable that the decrease of the system potential energy
of the system is irregular regarding the addition of hydroxy groups. The most important
energy change is obtained by the transition from 1hydro to 2hydro.
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Figure 20 : Average potential system energy per molecule-type during the last 0,5 ns of
the simulation

The bond energy shown Figure 21, called binding energy in physics and chemistry,
represented the required energy to disassemble the system into individual parts. The
higher is the number of bonds in the systems, the tighter the atoms are bonded and the
system in general. Therefore the increase of the bond energy following the increase of the
number of hydroxy groups makes perfectly sense. Meanwhile it can be observed that
increases seems to be linear, mostly owing the linear increase in the number hydroxyl
group in the four systems.
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Figure 21 : Average bond system energy per molecule-type during the last 0,5 ns of the
simulation

On the contrary, the evolutions of the Lennard-Jones and Coulombic potentials aren’t
consistent. It is important to note here that Lennard-Jones potential, together with
Coulombic potential, is important to hydrogen bonding. The higher number of hydrogen
bonds in the system, the lower Lennard-Jones potentials. Because the forming of hydrogen
bonds is a random event in the simulation, deviation in the Lennard-Jones potential is thus



anticipated. Both decrease when the number of hydroxy groups increases because of the
new interactions implied by the added electronegative oxygen atoms. The standard
deviation is obvious in lhydro, with 1 hydroxyl group in the sidechain. With increasing
hydroxyl group in the sidechain, the deviation decreases and the Lennard-Jones potential
decreases as well, showing the sidechains steadily form hydrogen bond with increasing
number of hydrogen bonds in the system (Figure 22).
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Figure 22 : Average system Lennard-Jones potential per molecule-type during the last
0,5 ns of the simulation. The error bars represent the average of the samples’ standard
deviation.

The Coulombic potential in the four system also shows a decreasing trend with increasing
number of hydroxyl groups on the side-chain. Specifically, a small evolution is first
observed (-16 MJ/mol from Ohydro to 1hydro) and then an important one (-215 MJ/mol
from lhydro to 2hydro). As such, it indicates that addition of two hydroxyl group in the
sidechain could lead to an abrupt enhancement in the system Coulombic interactions, and
thus the stability of the system.
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Figure 23: Average system Coulombic potential per molecule-type during the last 0,5 ns
of the simulation

Finally, we can conclude that the adding hydroxy groups to the benzene ring of
phenylalanine increases the system stability, namely by decreasing the overall system
potential energy. The transition from 1hydro to 2hydro is particularly favorable to increase
the Coulombic potential meanwhile the transition from 2hydro to 3hydro is more favorable
to increase the Lennard-Jones interaction.

3.2.3 Python Code Analyzis

The organization of the molecules in the bulk system is analysed by the developed python
codes in this work. So the parameters d and a described in 1.3 are used for the analyzis.

Table 4 presents the number of remaining values after the application of the cut-off.
Between 100 and 150 values are deleted in each case, the vast majority of our rings are
therefore considered to be interacting.

Molecule type Ohydro lhydro 2hydro 3hydro
Number of remaining
values d and a after the 2897 2854 2854 2869
cut-off 0,48 nm

Table 4: Cut-off effect among the 3000 d and a calculated

Figure 24 shows for each molecule-type the distribution of angles for the n-n interactions
detected in the final configuration of the system, after the simulated annealing. Besides,
the average angles and standard deviations are gathered in Table 5. The average angle
clearly increases from Ohydro to 1hydro, and then slowly decreases but not enough to be
considered as a real change. However the standard deviation is important and it seems
that there is not one strict favorable conformation. The average angle results confirm in a
way the conclusion of [17] saying that the T-shape conformation (a = ™/,) is the most

favorable arrangement for our molecules. Meanwhile it can be seen that for the molecules
with added hydroxy groups, the probability density for high angles is higher than for
Ohydro. It could be explained by the polarization of the ring by the oxygen atoms, which
leads to more sandwich and parallel-displaced conformations in the bulk. Indeed [17]’s
rule number 5 says that a n-deficient atom in a face-to-face geometry could lead to a
favourable interaction with a neutral or weakly polarized site.

It is worth noting here that the shape of the distribution in Figure 24 also gives information
of the effect of the number hydroxyl groups in the system. Specifically, the distribution of
Ohydro features a normal distribution, while the distributions obtained from the other three
systems show right-skewed shape. The addition of hydroxyl groups in the system clear
affect the arrangement of the sidechains, and thus organization of the molecules.
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Figure 24 : Histogram of the angle a for each molecule, taking into account the 3 samples
(i.e., 3000 angles calculated) and the cut-off

Molecule Ohydro lhydro 2hydro 3hydro
a average (rad) 1,5582 1,6611 1,6585 1,6207
a standard 0,7172 0,7745 0,7543 0,7710
deviation (rad)
Table 5 : a average and standard deviation values calculated with Python for each

molecule, taking into account the 3 samples (i.e., 3000 angles calculated) and the cut-off

Then the Figure 25 demonstrates that the addition of the oxygen atoms to form hydroxy
groups lenghtens the distance d between the rings. It can be explain by the fact that in
the T-shape conformation for example, the oxygen is one more atom between the two
carbons we use to calculate the inter-molecular distance d. The Table 6 makes clear the
progressive increase of the distance d from Ohydro to 3hydro. The values are always
between 0,3 nm and 4,8 nm. Previous studies [17] predict with the hard sphere atom
model that the SICD must be between 0,34 and 4,8 nm for phenylalanine molecule. Our
results are in line with this assumption, which confirms that they are within a relevant
order of magnitude.
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Figure 25 : Histogram of the distance d for each molecule, taking into account the 3
samples (i.e., 3000 distances calculated) and the cut-off

Molecule Ohydro lhydro 2hydro 3hydro

d average (nm) 0,3684 0,3718 0,3803 0,3862

d standard 0,0290 0,0333 0,0351 0,0370
deviation (nm)

Table 6 : d average and standard deviation values calculated with Python for each
molecule, taking into account the 3 samples (i.e., 3000 distances calculated) and the cut-
off

So, the extra hydroxy groups result in a slight increase of the angle a even the distribution
stay very similar, and in a gradual increase of the length d while maintaining the same
value of maximum probability (~3,6 nm).

3.3 Layer Study

In this part, the results about the hydroxy groups influence on the layer properties are
presented and discussed. The layer width is around 7 nm. The potential applications for an
adhesive polymer and the boat hull coating improvement lead us to be interested more
particularly in the behaviour of the material in surface. We indeed wonder if, comparatively
to the bulk, the structure and intermolecular interactions change at the surface of the layer.



The analyze is divided the same way as it is for the bulk study, in three topics: the hydrogen
bonds, the energies and the structure arrangement.

3.3.1 Hydrogen-Bonds

The number of the H-bonds in the systems are monitored in the course of the simulated
annealing simulation. As shown in Figure 26, the evolution of the number of H-bonds during
the NVT equilibration of the layer. As this simulation is an equilibration and the system was
already somewhat in balance at the end of the previous simulated annealing, one can see
that the numbers of H-bonds remains constant. However, as for the bulk, we notice that
the differences between molecules are constant accross the simulation.

The different number of hydroxyl group of the four monomer indeed leads to varied number
of H-bonds formed in the simulation systems. As shown in Figure 27, the mean number
of H-bonds for each molecule, in the end of the NVT equilibration. The conclusion about
the influence of the presence of hydroxy groups is exactly the same as for the bulk; indeed,
with the final number of hydrogen bonds very close to that in the corresponding bulk
systems (see Figure 17). The number of H-bonds in the system increases with the number
of hydroxy groups. As the hydroxy groups are likely to be implied participating in a H-
bond, the more hydroxy groups the system has, the more connections there are within the
system. As expected, the hydroxyl groups in the systems actively participated in forming
H-bonds. The transition from 0 to 1 hydroxy group induces a bigger increase of the H-
bonds number (+739 H-bonds) that the transition from 1hydro to 2hydro and from 2hydro
to 3hydro (~400 H-bonds). Thanks to the increase number of hydroxyl groups in the four
systems from Ohydro to 3hydro, there are a corresponding increase trends hydrogen bond
donors and accepter in the four systems, as shown by Appendix 2. Interestingly, the
number of potential H-bonds increases less from Ohydro to 1hydro than for the others. The
ratio number of new H-bonds divided number of new potential H-bonds is higher when the
first group is added than for the following added hydroxyl groups.
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Figure 26 : Number of H-bonds evolution during NVT equilibration for each sample
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Figure 27 : Average number of H-bonds per molecule-type during the last 0,5 ns of the
simulation

We find out that the number of H-bonds is slightly higher in the layer case. The opposite
was expected because the molecules at the surface have fewer neighbors than in the bulk
case and should be resulting in less bonds. That is first the sign that the simulated
annealing and the equilibration worked well. Then it can be explained by the fact that the
layer had a longer time to equilibrate and create H-bonds than the bulk had in the end of
its simulated annealing.

There is no obvious difference in H-bond angles among the four systems. As shown in
Figure 28, all the H-bond angles fell in the range of 0 to 30 degree, with H-bond angle
distribution in 3hydro slightly deviates from the other three systems. Such deviation is
however negligible. Overall, the addition of hydroxyl group in the system did not alter the
H-bond angles, despite the fact that H-bonds in the systems were formed from both the
sidechain and the backbone.
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Figure 28 : Average repartition of the H-bond angle per molecule type



The same way the H-bond length repartition by molecule is given in Figure 29. The results
indicates that Ohydro distingishes itself very clearly meanwhile the other molecules curves
are pretty much the same. The addition of the hydroxyl groups on the sidechain, even only
1 in the 1hydro, makes shorter hydrogen bonds in the systems. The shorter the bonds are,
the stronger. So this result indicates that the 1hydro, 2hydro and 3hydro should have
overall stronger internal molecular interactionsn and thus higher cohesive energy than that
of Ohydro.
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Figure 29 : Average repartition of the H-bond length per molecule type

In summary, the addition of hydroxy group in the system increases the number of H-bonds
but also improves their strength. And the addition of the first group is the one which affects
the most the hydrogen bonds for the number of bonds and length. However, no conclusion
can be made about the bond angles if not that the hydroxy groups have no sensible
influence on it.

Moreover, this first part allows us to conclude that the hydrogen bonding works the same
in the layer and bulk structures.

3.3.2 Energy

As discussed above, the energetic properties of the system is an good indication of the
system stability, which are also analysed for the layer systems. For each molecule-type,
the potential energy, the bond energy, the Lennard-Jones potential and the Coulombic
potential are given respectively in Figure 30, Figure 31, Figure 32 and Figure 33. It's
recalled here that the a system is composed of one thousand molecules, so dividing the
energy or potential by one thousand gives directly the amount per molecule.

It can be seen in Figure 30 that the potential energy of the system decreases when the
number of added hydroxy groups increases. The result was expected because of the
increases of the number of hydrogen bonds found previously. Indeed the formation of
hydrogen bonds leads to lower potential. The system is more stable with higher number of
hydroxyl groups. However, it’s noticeable that the decrease of the system potential energy



of the system is irregular regarding the addition of hydroxy groups. The most important
energy change is obtained by the transition from 1hydro to 2hydro.
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Figure 30 : Average potential system energy per molecule-type during the last 0,5 ns of
the simulation

The bond energy shown Figure 31, called binding energy in physics and chemistry,
represented the required energy to disassemble the system into individual parts. The
higher is number of bonds in the systems, the tighter the atoms are bonded and the system
in general. Therefore the increase of the bond energy following the increase of the number
of hydroxy groups makes perfectly sense. Meanwhile it can be observed that increases
seems to be linear, mostly owing the linear increase in the number hydroxyl group in the
four systems.
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Figure 31 : Average bond system energy per molecule-type during the last 0,5 ns of the
simulation



On the contrary, the evolutions of the Lennard-Jones and Coulombic potentials aren't
consistent. Both decrease when the number of hydroxy groups increases because of the
new interactions implied by the added electronegative oxygen atoms. The standard
deviation is relevant to be shown for the Lennard-Jones potential, however they’re too
small to be represented on the other figures. The comparison of the error bars with those
from the Figure 22 shows that the results are more regular in the layer configuration. This
may be because of the longer equilibration of the system. These values indicate that the
transition from 1hydro to 2hydro and from 2hydro to 3hydro have a bigger impact on the
Lennard-Jones interaction.
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Figure 32 : Average system Lennard-Jones potential per molecule-type during the last 0,5
ns of the simulation. The error bars represent the average of the sample’s standard
deviation

The Coulombic potential in the four system also shows a decreasing trend with increasing
number of hydroxyl groups on the side-chain (Figure 33). Specifically, a small evolution is
first observed (-16 MJ/mol from Ohydro to 1hydro) and then an important one (-216
MJ/mol from 1lhydro to 2hydro). It has the same phenomenon as what observed in the
bulk system. Two additional hydroxyl groups leads to abrupt enhancement of coulombic
interaction in the system. As such, the result is also in accord with the enhanced adhesive
properties of DOPA, having two hydroxyl groups, if compared with tyrosine [23]. This
interesting effect is worth further investigating in the future study.
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Figure 33