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Abstract

This thesis deals with the prediction of the spatial distribution and diffusive dynam-
ics of functionalized perfluorinated alkane molecules within a phospholipid bilayer
by means of large-scale atomistic molecular dynamics simulations. Perfluorinated
molecules exhibit a special type of philicity (fluorophilicity) which is neither with
hydrophilic nor with lipophilic characteristics. This special feature makes perfluori-
nated molecules an interesting agent for insertion into lipid bilayers, because their
particular behavior might be used to tune the properties of the membrane.

In this thesis, the focus is put on the simulation of the spatial and dynamical prop-
erties of relatively small molecules (from hexane to decane) which are partially or
perfluorinated or genuine (not fluorinated). A particular spotlight is put on the ef-
fect of adding a further functionality (an acidic and an alcoholic end-group) on the
properties of the alkanes within the phospholipid membrane. The membrane itself
is represented by a dipalmitoylphosphatidylcholine bilayer (DPPC) under periodic
boundary conditions which is fully solvated in liquid water.

The aim of this project is to elucidate the complex interplay of the lipophilic core
and the hydrophilic polar head groups of the lipid bilayer with the functionalized
fluorophilic alkane molecules. Besides genuine structural and dynamical properties,
also the aggregation tendency as function of chain length and functionalization is of
high relevance within this project. Several of the quantities simulated here can be
measured experimentally in collaborating groups. The available experimental data is

fully consistent with the predicted structural and dynamical properties of the perflu-
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orinated alkanes. More specifically, the following trends are observed in the molecular
dynamics simulations; During their interactions, the short chain fluorophilic molecules
took longer time to penetrate into the leaflet of the bilayer, while the longer chain
molecules showed faster penetration with a reduction in their translational and rota-
tional movement. In contrast to shorter chain perfluorinated molecules, a clustering
phenomenon were observed in longer chain perfluorinated molecules. The clustering
effects appeared at a distance of approximately 5 A from each other. The formation
of clusters in the fluorinated acid molecules was also observed, but not so dominant
as in F10 and FTOH molecules. This confirms the better miscibility of perfluori-
nated acid with the lipid bilayer membrane as compared to perfluorinated alkanes
and fluorinated alcohol molecules. Dynamical observations such as an increase of the
order parameters and gauche-trans conformations, related to the alkyl chains of the
lipid bilayer were also computed. The order parameters of the lipid alkyl chains in the
presence of longer chain molecules such as (F10 , FTOH, and PFODA) were increased
strongly as compared to shorter chain molecules such as F6 and F8. In case of F10
and FTOH molecules, all-trans conformations in lipid alkyl chains were increased by
19%, while in the case of a fluorinated acid (PFODA) this increase was 16%. On
the basis of informations obtained from the density profiles, tilt angle of the alkyl
chain of DPPC molecules and significant reduction of Area/Lipid, one can observe,
that the perfluorinated decane (F10) and fluorinated alcohol (FTOH) molecules are

incorporated into the lipid bilayer leaflet and cause a tilting transition of the lipid.

Keywords: Dipalmitoylphosphatidylcholine, Fluorinated compounds, Fluorotelomer

alcohol, Phase transition, Diffusion, Miscibility, Fluorophilicity, onfigurations.
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Chapter 1

Introduction

1.1 Biomembranes

Investigations into the functionality of membranes have evolved over time since
the discovery of the fluid mosaic model [1|. A simple representation of the fluid mo-
saic model is shown in Figure 1.1, extracted from wikipedia. Biological membranes
are composed of various types of molecules. They consist of a variety of proteins
and a bilayer of lipid molecules. The position of the proteins is not fixed. They
may be bound, embedded or located somewhere in the periphery [2]. Nowadays, it
is generally accepted that proteins are responsible for the transport of most drugs,
metabolites, active components and ingredients through cell membranes. The fate of
a molecule situated in the extracellular fluid is determined by its chemical structure
and the corresponding functional groups on the membrane surface.

The choice of phospholipids as a constituent in model membranes is important in

describing the partitioning in a real biological system. A prominent phospholipid is
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the DPPC bilayer, for which a phase transition at 41°C has been reported |3]. For
DPPC bilayers in excess water, a T-P phase diagram is shown in Figure 1.2 explain-
ing the different phase regime |[4]. DPPC is one of the constituents of the pulmonary
surfactant found in lung alveoli [5]. DPPC bilayers are well characterized [6, 7], and
are often used as models of the outer membrane cell leaflet. A characteristic fea-
ture of the DPPC is the gel-liquid crystalline phase transition, which occurs at a
temperature Tm (melting temperature) that is dependent on the bilayer properties
and solution conditions [8]. In the gel phase (< Tm), the lipid chains are tightly
packed with strong van der Waals interactions. The chains exist in restricted lateral
and rotational motion, with perpendicular alignment to the head group plane (trans
conformation) and parallel alignment to each other |9, 10]. Above Tm, in the liquid
crystalline phase, the bilayer is characterized by a less organized arrangement with
a trans-gauche conformation of the hydrocarbon chains, increased lateral expansion,
and rotational motion. The phase transition involves the melting of hydrocarbon
tails which is dependent on the cohesion of the hydrocarbon chains. The gel phase
is rigid with high microviscosity, which decreases with increasing temperature, and a
transition to the more fluid liquid crystalline state eventually occurs. Typically, for a
well-ordered bilayer, the change from gel to fluid phase is a quick transition, occurring
over a very narrow temperature range. This is due to conformational restrictions of
the ordered chains and excluded volume interactions between the terminal methyl
groups in the bilayer |[10]. As a result of these packing constraints, the chains in the
bilayer became disordered by a cooperative event. Studies have demonstrated signif-

icant improvement in liposome stability with the incorporation of fluorinated chains.
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Vesicles formed from partially fluorinated DPPC lipids displayed a 50-fold higher sta-

bility than pure DPPC liposomes, with additional resistance to heat sterilization [11].
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Figure 1.1: Simplified fluid-mosaic model of biomembranes.
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Figure 1.2: T-P phase diagram of DPPC bilayers in excess water. Besides the Gell, Gel2 and Gel3 phase, an additional

crystalline gel phase can be induced in the low-temperature regime after prolonged cooling, which is not shown here.
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1.1.1 Membrane Models

The membrane systems of cells are of a composite character in nature [12|. The
study of their interactions with substances such as fluorocarbons, drugs, and other
small molecules is of significant biological importance. However, much simpler mem-
brane models are utilized for reasons relating to computational effort. The most
common models are lipid monolayers and bilayer liposomes [13|. In this theoretical

study, the lipid bilayer will be investigated.

1.1.2 Lipid Bilayer

Phospholipid bilayers have been studied extensively as model systems for biolog-
ical membranes. It is well known that lipid molecules aggregate in aqueous solution
by forming spherical vesicles comprised of lipid bilayers. These vesicles, commonly
known as liposomes, vary in size generally between 0.025 pm and 2.5 ym [14]. The
smaller unilamellar vesicles consist of a single bilayer, whereas the multilamellar vesi-
cles contain more than one lipid bilayer. Their generalized appearances are shown in
Figure 1.3 (adapted from wikipedia) in the form of vesicles, micelle and bilayer sheet.
In aqueous solution, the lipid molecules display a variety of lyotropic phases, com-
prising the micellar, lamellar and hexagonal state [15|. In most cases, lamellar phases
consist of bilayers and exhibit thermotropic polymorphism depending upon the lipid
structure |[16]. The manifestation of phases is also dependent on the degree of hy-
dration, the pressure, and the environmental conditions [16]. Under physiologically
relevant conditions with regard to temperature and hydration, these bilayers exist in

a fluid state that is characterized by a high degree of disorder and is very difficult to
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structurally characterize using standard techniques such as X-ray diffraction. Molec-
ular dynamics simulations have emerged to play a crucial role in understanding the
structure and dynamics of these lipid bilayers. Simplified systems are usually used
for computational studies with varying concepts of membrane model investigations
[13]. In this project, a series of molecular dynamics simulations has been carried out
to investigate the interactions of a fully hydrated fluid state DPPC bilayer with fluo-

rophilic and lipophilic organic molecules in the isothermal-isobaric (NPT) ensemble.

Figure 1.3: Cross-section view of the structures that can be formed by phospholipids in aqueous solutions.
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1.2 Fluorophilic and Lipophilic Molecules

The investigation of fluorophilicity on the basis of a genuine structure serves as a
foundation for various uses and applications in a range of scientific fields. As a pre-
liminary step on the way to investigating large polyphilic molecules with membranes,
the simplest type of fluorophilic and lipophilic additives are investigated, namely
perfluoro n-hexane (F6), perfluoro n-octane (F8), perfluoro n-decane (F10), partially
fluorinated decane (H5F5) |5 carbons attached to hydrogens, and 5 carbons attached to
fluorine], normal decane (H10), fluorotelomer alcohol (FTOH), and perfluoro octade-
canoic acid (PFODA) molecules. Some of these molecules exhibit both hydrophobicity
and lipophobicity, while some are lipophilic. These small molecules investigation with
membrane is an elementary building block and fundamental starting point for the in-
vestigation of large polyphilic molecules (linear, X-shaped, and T-shaped polyphile)
interacting with phospholipid bilayer membranes. Perfluorinated n-alkanes represent
a very interesting class of molecules due to their specific and unusual properties. As
a result of this nature, they are considerably more hydrophobic than lipids, but they
are not lipophilic either, and they have substantial applications in biochemistry. De-
spite their structural similarity to hydrocarbons, they have high thermal stability and
chemical inactivity [17]. Although strong intramolecular forces are ensured by the C-
F bond, the weak polarizability of the fluorinated chains results in low intermolecular
or van der Waals interactions [18]. Minimal intermolecular interactions, coupled with
the bulkiness and rigidity of the C-F chains, lead to higher density, higher melting
points, lower surface tension, low refractive indices, lower boiling points and surface

spreading of fluorocarbon compounds in comparison with hydrocarbons [19]. Per-
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fluorinated compounds (PFCs) have numerous applications for medical purposes as
oxygen-carrier fluids [20, 21], in purification or polymerization [20], and as lubricants
[22|. PFCs are especially interesting due to their phase separation behavior in hydro-
carbon environments [23|. The versatility of their applications can be attributed to
the strength of the C-F covalent bond, which results in physicochemical properties
that are distinct from traditional hydrocarbon-based systems |24, 25].

Fluorinated amphiphiles are also attractive because of their properties such as com-
bined hydrophobicity and lipophobicity [26], high gas-dissolving capacity, chemical
and biological inertness, and high fluidity |26, 27|. The fundamental properties and
potential applications of fluorinated amphiphiles have been reviewed in the literature
[21, 22|. Tt is generally perceived that fluorine exerts only a moderate steric influence
relative to hydrogen in organic compounds [28], but the electronegativity of fluorine
can have significant electronic influences. Amphiphiles with short F-chains (nF < 8)
are considered to be acceptable in clinical applications. In addition, highly fluorinated
amphiphiles have multiple applications in materials science |21, 29, 30| as well as in
the biomedical field, often involving colloidal systems, stabilized by monomolecular
films of fluorinated amphiphiles. They could find applications as blood substitutes
[29, 31, 32, 33, 34| and lung surfactant replacements |35, 36, 37, 38|. As examples, flu-
orinated alcohols such as hexafluoroisopropanol (HFIP) and trifluoroethanol (TFE)
are not considered sensu stricto as fluorous media [39]. However, the presence of
one or more fluoroalkyl groups introduces specific properties to fluorinated alcohols
compared with those that are non-fluorinated. They have high ionizing power [40]

and an acidic character [41]. They are strong hydrogen bond donors [42] and poor
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nucleophiles [43|. The properties of fluorinated alcohols have been exploited in phys-
ical organic chemistry [43], in the stabilization of radical cations [44], and for their
effect on the conformation of proteins and peptides [45].

Among fluorinated alcohols, fluorotelomer alcohols (FTOHs) play a significant role in
studies of atmospheric chemistry. FTOHs are linear fluorinated alcohols with the for-
mula C, Fa, 1CoH,OH (n = 2, 4, 6, ...)|46, 47]. An individual molecule is commonly
named by the number of fluorocarbons to the number that are hydrocarbon-based.
For example, a molecule with 8 fluorinated carbons and 2 hydrogenated carbons with
an alcohol group can be represented by 8:2 FTOH. The FTOH molecules have similar
physicochemical properties to those of perfluoro-n-alkanes. For this reason, the au-
thor has focused on fluorinated alcohols, i.e, CgF17(CoH,)OH, which have a hydroxyl
group of very weak acid in a normal aqueous environment and are not strongly af-
fected by pH. Some properties of this alcohol have already been investigated; however,
there are no systematic investigations. We have investigated the properties of fluori-
nated acids with the aim of improving knowledge of amphiphiles. Long-chain PFCAs
(CuF2,41COOH) where (n > 6) have been observed in large lakes [48]. PFCAs resist
degradation by oxidation and hydrolysis, and have a tendency to accumulate in the
human body |49, 50, 51, 52|. Their fundamental properties such as miscibility, philic-
ity, and the phase behavior are still poorly documented; the physiochemical properties
of PFCAs have been well characterized, but their interactions with other compounds
have not been well investigated. In particular, it has not yet been clarified how the
degree of fluorination in a molecule affects its original properties. For this reason, we

chose to investigate the interaction of PFODA with a membrane.



Chapter 2

Molecular Dynamics Simulation -

Fundamentals and Methods

This chapter introduces a summary of the theoretical framework to carry out a
molecular dynamics simulation, with particular emphasis on large scale biomolecular
systems. For more detailed information, refer to the numerous excellent book cited

in Ref. [53] available on these particular theoretical subjects.

2.1 Fundamentals of Molecular Dynamics

Molecular dynamics is a technique to investigate assemblies of molecules, and
explore their microscopic interactions in different environments at the atomistic level.
This computational method provides the prediction of the time evolution of a set
of interacting particles by solving the classical equations of motions numerically at

ambient conditions. Integration of these equations of motions for each particle in the
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given system provides a set of configurations of the system, the so-called trajectory.
This output describes the positions and velocities of the particles as they evolve with
time. One can then extract the averaged values of the structural and dynamical

properties from this generated trajectory.

2.1.1 Newton’s Equation of Motion

The molecular dynamics simulation method is based on solution of Newton’s sec-

ond law or the classical equations of motion given by
(2.1)

where F} is the force acting upon the particle ¢ at time ¢, m; and r; = (x4, y;, 2;)
are the mass, and the position vector of the particle i, respectively. For conservative
forces, the exerted force on the particle i can be determined by the gradient of the
potential energy U of the system of NV interacting particles with respect to the atomic

displacements as:

—

To solve Eq. (2.2), one needs to specify the instantaneous forces acting on the par-
ticles in the system and their initial positions and velocities. Due to the complexity
(coupling of differential equations) of the many particle problem, these classical equa-
tions of motion must be solved numerically. Several methods exist to propagate the
positions and velocities with a finite time interval by integrating the equations of
motions [54]. The following section will introduce the most common numerical algo-
rithms for integration of the classical equations of motion used in molecular dynamical

simulations.
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2.1.2 Lagrangian Equation of Motion

Another formalism for describing mechanical systems are the Lagrangian equa-
tions of motion. Such a system is completely described by its characteristic Lagrange
function L(g;, q;,t), where ¢; and ¢; denote the position and velocity of particle i,
respectively. In case of an autonomous system (i. e., with time-independent potential
function), the Lagrange function does not explicitly depend on the time and can be

written as £(g;, ¢;). For a given system, the Lagrange function can be defined by
L=T-YV, (2.3)

where T stands for the kinetic energy and V for the potential energy of the system.

The kinetic energy term usually reads

() =54, (2.4)

with generalized mass m, whereas the potential energy term is completely system-
dependent.
In order to derive the equations of motion from such a Lagrange function, the Euler-

Lagrange equation is applied, which reads

oL oL
dtdg g

(2.5)

for each degree of freedom 7 under consideration. This means that a set of N such
second-order differential equations needs to be solved to obtain the equations of mo-

tion for a system with N degrees of freedom.
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2.1.3 Hamiltonian Equation of Motion

Based on the Lagrange formalism introduced in the last section, another important
formalism for mechanical systems can be derived, which is the Hamilton formalism.
Given an autonomous system and its Lagrange function £(g;, ¢;), the Hamilton func-

tion H(q;, p;) of the system can be obtained by applying a Legendre transformation

H(q,p) = pq — L(q.q) (2.6)
with the conjugate momentum defined by p = g—g.

The Hamilton function still depends on the coordinates g;, but instead of the velocities
¢; which appeared in the Lagrange function, it depends on the generalized momenta

p;. By inserting the definition of £ and subsequently applying p = mg, one obtains

H(g,p) = pg— L(q,q) (2.7)
= pi—-T+V (2.8)
::p¢_%f+v’ (2.9)
:nﬁ—%f+v (2.10)
_ %f+v (2.11)
= T+V. (2.12)

Therefore, we find that the Hamilton function of the system equals the total energy.
To derive the system’s equations of motion from the Hamilton function, the canonical

Hamilton equations are applied, which are given by

oH
Ipi
OH
Jq;

= @ (2.13)

= —pi (2.14)
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In contrast to the Lagrange formalism, one needs to solve a set of 2N first-order
differential equations to obtain the equations of motion for a system with N degrees
of freedom. As first-order differential equations are easier to solve than second-order
differential equations, the Hamilton formalism is very important in many fields of
science.

By considering the total time derivative of H, we find

dH OH. OH. OH

- - = - - 2.1
it ap? o T on (2.15)
... OH
= qp—pq+§ (2.16)
OH
= 5 (2.17)

Therefore, if H does not explicitly depend on time (i.e., autonomous system), it
directly follows that H is constant over time, which means that the total energy is
conserved. This means that every mechanical system with time-independent Hamil-

ton function is energy-conserving.

2.2 Integrating the Classical Equations of Motion

2.2.1 The Verlet Algorithm

The aim of the numerical integration of the equations of motion is to propagate
the positions 7;(t + At) at time ¢ + At in terms of the initial positions at time ¢.
The Verlet algorithm is one of the most common and simplest of all other integrator

algorithms used in molecular dynamical simulations [54|, which can be derived from



Chapter 2: Molecular Dynamics Simulation - Fundamentals and Methods 14

the Taylor expansions for the positions 7;(¢); it follows

7t + At) & 75(t) + Atr(t) + 1At%‘i(t)
2
A2 (2.18)
~ Tt + ALT(1) + Fy(t).

1

in Eq. 2.18, the velocity term can be replaced by writing a similar expansion for

Ti(t — At) as :

2
Rt — Ab) ~ T (1) — AtT(E) + QAWZ'E(t). (2.19)

By adding Eq. 2.18 and Eq. 2.19, the final expression for the positions 7;(t + At) is

obtained as:

. . . At?

Fi(t). (2.20)

my;
With Eq. 2.20, positions and velocities of the particles can be propagated forward
in time by a time step At. Note that, the Verlet algorithm does not use explicit
velocities to determine the positions. The velocities at any time are computed by a
centered difference:

Tt 4+ At) = (= At

T(t) = N . (2.21)

is interesting to note that by adding Eq. 2.19 and Eq. 2.20 we get rid of all the odd-
order thus the local error in the Verlet algorithm is O(At*), even though it contains

no explicit third-order term [55].

2.2.2 The Velocity Verlet Algorithm

An improvement over the Verlet algorithm is introduced by explicit inclusion of the
velocities of the particles at each time step, the so-called velocity Verlet algorithm [56].

Therefore, the positions and velocities are propagated on a single time step. These
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equations can be written by starting from 7;(¢ + At) and move by a time step of —At,

which reads

At? -
7i(t) = 7 (t + At) — AtT;(t + At) + 5 Fi(t + At). (2.22)
The velocities v;(t + At) are then generated as
. . At [= =
Ui(t + At) ~ G;(t) + Y F,+ Fi(t+ At)| . (2.23)

7

It should be mentioned here that both the Verlet and the velocity Verlet algorithms are
very robust and numerically very stable. More details about the important features

of numerous integrators can be found in Ref. [53].

2.2.3 The Shake and Rattle Algorithms

One of the most crucial problem with all numerical integration algorithms is that
the time step At must be smaller than the fastest modes in the given molecular sys-
tem. Typically, these modes oscillate on the range of few femtoseconds e.g. bond
stretches involving hydrogen atoms. However, this time step size is very short com-
pared to many important reactions happening in large biological systems. For exam-
ple, folding or conformational changes of proteins occur of the order of nanoseconds
to microseconds. In order to reduce the computational effort of simulating such large
scale molecular systems, it is necessary to use a time step as large as possible. The
most common approach to increase the time step is to apply constraints to the fastest
degrees of freedom in the system and to solve the classical equations of motion for the
slower degrees of freedom. The SHAKE and RATTLE algorithms are widely used

constraint schemes in large scale molecular simulations |57, 58, 59]. The SHAKE
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algorithm is mostly used with the Verlet algorithm. Referring to the Eqs. 2.18, 2.19,

2.20, the Verlet algorithm within the presence of constraints is expressed as:

At? - At?
7+ At) ~ 27 (t) — 7i(t — At) + —Fi(t
it + At) R 203(0) = 7i(t = M) + 5 - Fi() 5

gs[r (1), v(t)], (2.24)

where gg includes the forces associated with the constraints. The velocities are then
recalculated based on the the coordinates, which are constrained throughout. On the
other hand, the RATTLE algorithm is particular to the velocity Verlet algorithm.

Again, referring to the Eqs. 2.22, 2.23:

2 2

—

E(t+At)+2

(3 1

At
() 2 7t At — ALt + A) + 5 gralf(t)],  (2.25)

where grpg is again the force associated with the constraints. The velocities U;(t + At)

are then generated as

At

T Fy+ Fi(t + At) + gra(t) + gva(t) | , (2.26)

Uit + At) = T(t) +

where gry is the constrained forces.

2.3 Computational Details

Simulations were performed with newly developed parameters based on the CHARMM
force field [17]. The simulation contains a bilayer of 72 DPPC molecules and 2189
water molecules. The lipid bilayer was sandwiched between the layers of water. The
total system size was initially 47.4222 x 47.4222 x 68.333 A, and periodic boundary
conditions were used to minimize the artificial boundary effects. In these simula-
tions, the temperature was controlled by weak coupling to a heat bath of 323 K. The

pressure was kept at 1.013 bar, while the height of the simulation box was allowed
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to vary independently from the lateral directions. The time step was 1.5 fs with all
rigid bond lengths constrained using a Verlet algorithm. The cutoff distance for the
non-bonded interactions was 15 nm and a switch distance of 12 nm was used. The
treatment of electrostatic interactions has the largest impact on the space occupied by
the bilayer structure during the simulation [60]. With this effect in mind, we applied
the particle mesh Ewald summation to avoid possible artifacts created by cutting
the long-range electrostatic interactions. The initial atomic velocities were randomly
generated from a Maxwell-Boltzmann distribution at 323 K. Different potential func-
tions have been developed over the last three decade for the water monomer and
liquid water [61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73|. For water, the TIP3P
(transferable intermolecular potential 3P) model is used here. The classical geometry
minimization and MD simulations have been calculated with NAMD 2.9 [74|. Parts
of the analysis were carried out with the help of VMD, its force field toolkit and MD

analysis |75, 76, 77, 78|.

2.4 Simulating Temperature and Pressure

The integration of Newton’s equations of motions of an isolated system generates a
dynamics in which the total energy is conserved. In this situation, the total number of
particles N, the volume V of the simulation box and the total energy E of the system
are constant. This setup is called NVE or microcanonical ensemble [53]. Experiments
are often done at constant temperature or constant pressure and not at constant
energy of the system. The first situation at constant temperature corresponds to a

constant number of particles N, a constant volume V and a constant temperature T.
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The NVT ensemble is also called canonical ensemble. With a constant number of
particles N at constant pressure P and constant temperature T we obtain the NPT
ensemble. Another reason to do simulations at constant pressure is the choice of the
volume of the simulation. In the setup of the calculation it is difficult to determine the
total density of a system consisting of different phases, because only the densities of
the components in the bulk are generally available. An equilibration of the simulation
box can help here. We want to simulate the NVT and NPT ensembles to compare
our results with experiment. To do this, additional effects need to be added to
Newton’s equations of motion. In NAMD, the Langevin equation is used to generate

the dynamics at constant temperature |[74].

L kT =
M = F(7) —v5+ 4/ 7]\; R(t) (2.27)

The particle of mass M is at position 7 with velocity v. It feels the force ﬁ(f’) The

Langevin equation has two additional terms. The first additional term is a friction
term with a friction coefficient . The second term is a random variable which follows
a Gaussian process. These two terms add noise to the dynamics of the particle, which
models the interaction of the particle with the environment. The friction coefficient
and the random variable are used to control the temperature of the simulation. To

model a changing pressure, NAMD uses the Langevin piston algorithm [72].

n%
P =p/M+ ST 2.28
=D/ +3V7" (2.28)
S 1V
= F(r) — 5P 2.29
P=F(r)=gyP (2.29)
.. 1 .
V= [P(T) = Peu] =7V + R(t) (2.30)
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The Langevin piston is modeled as an additional degree freedom. The equations of
motions of the particles now have additional terms that depend on the volume of the

simulation cell and its time derivative.

2.5 Fundamentals of Force Fields

Many of the molecular systems that could be tackled with theoretical methods are
unfortunately too large to be considered by quantum mechanical methods. Even if
one ignores some of the electrons (e.g. using pseudopotentials or semi-empirical quan-
tum mechanical methods), the length scales and time scales that need to be covered
to answer some questions are simply far beyond the computational capabilities of the
present-day, or even those of the foreseeable future. Force field methods (also known
as molecular mechanics), using simple empirical potential energy functions, calculate
the energy of a system as a function of the nuclear positions only, ignoring any ex-
plicit consideration of the electrons all together. The energy functions in force fields
are based upon a rather simple model of the interactions within molecular systems
with energy contributions from the stretching of bonds, the opening and closing of
angles and the rotations about single bonds ... etc. The gain of course is substantial
regarding the number of atoms that can be simulated, with the trade offs being in
the loss of any explicit treatment of the electronic structure, and a heavy dependence
on tedious parametrization schemes.

The utility of force fields depends on the validity of two core assumptions that are
always implicitly taken for granted. One of these assumptions is the validity of the

Born-Oppenheimer approximation, as it would be meaningless to talk at all about po-
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tential energy functions of the atomic positions without this approximation. Another
assumption is the transferability of the force field parameters, i.e. a set of parameters
developed and tested on a relatively small number of cases to be applied to a much
wider range of problems. Transferability allows parameters developed from data on
small molecules to be used to study much larger molecules such as polymers.

Most of the present-day molecular force fields are composed of a collection of bonded
and non-bonded energy terms. The bonded terms associate energy penalties with
the deviation of bonds (two-atom terms) and angles (three atom terms) and dihe-
drals (four atom terms) from some chosen reference or equilibrium values. The exact
form of the penalty function (functional form), the atom-specific parameters (equilib-
rium reference values, steepness of the potential... etc), and the rules to identify the
atoms to which the parameters apply (atom types), all collectively define the force
field. In addition to the bonded terms, a force field also includes non-bonded terms,
which typically include a long-range Coulombic interaction and a shorter-range van
der Waals term. The last terms are the most computationally intensive to calculate
as they must be calculated for each pair of atoms in the system. Atoms that are topo-
logically connected via one or two bonds are typically excluded from contributing to
non-bonded interactions. Force fields differ in the way they exclude or (partially)
include non-bonded interactions between atoms separated by three bonds. In this
work we use the popular CHARMM force field [79, 80, 81, 82], which has been ex-
tensively applied in the literature to model lipid bilayers. For our context, the new
CHARMM force field parameters were found to give a nearly quantitative description

of the lipophilicity/lipophobicity of perfluorinated chains [17]. The functional form
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of the CHARMM force field is given as:

E=) Kyfb—b)+ > Ko —6b)

bonds angles
+ Y Ks(l4cos(ng—0)+ > Kulp— @)
dihedrals improper

(2.31)
+ Z Ky (u — ug)?
Urey—Bradley
TiJ\12 TiJ\6 q:4q;
R By,
i<j 1<j

The first five terms in the CHARMM energy function are the bonded terms, the

expressions iterate only over bonded segments of the overall topology (which is typ-
ically kept constant over the whole simulation run). In addition to the generic force
field bonded terms that we have previously outlined, the CHARMM force field in-
cludes an improper torsional term that is essentially an out-of-plane bending term,
and the Urey-Bradley term, which is an additional angle-bending term that works via
a 1,3 non-bonded interaction rather than the explicit angle-bending potential. The
force field parameters are depicted in Figure (8.1). For non-bonded interactions, the
CHARMM force field uses the common Lennard-Jones model [83], and a coulomb term
for the charge interactions. The origin of the =% attractive part of the Lennard-Jones
potential is the molecular dipole-dipole interactions, which is indeed the physical ori-
gin of intermolecular (van der Waals) attraction. The repulsive part has its origin
in the Pauli exclusion principle and it would be better reproduced by an exponential
term|84], but for computational convenience it is simply represented as a squared 7~
term. The proper handling of long-range electrostatics in biomolecular simulations

cannot be overemphasized. These interactions are the most demanding to compute,

and a simple truncation would lead to serious artefacts even when using very long
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cutoff distances|[85]. Due to this reason, efficient numerical implementations, mostly

based on the Ewald summation method, are typically employed [86, 87].

2.6 Parameters for Fluorocarbons

In this work there is a particular focus on polyphilic molecules in a membrane en-
vironment, specifically, perfluorocarbons. A precursor theoretical project dealt with
the CHARMM-compatible parametrization of fluorocarbons|17], using the standard
parametrization procedure for the CHARMM force field, thus ensuring compatibility
with the other existing CHARMM parameters. In developing those parameters par-
ticular emphasis was placed on the careful tuning of the Lennard-Jones parameters,
which is of paramount importance given the prominent role of van der Waals inter-
actions within membrane environments. This extension of the CHARMM parameter
set toward perfluorinated organic molecules enlarges the applicability of this (already
versatile) force field to applications in the structural and dynamical properties of
polyphilic organic compounds embedded in lipid membranes. In this work we have

adopted those parameters, which are given in detail in Appendix B.

2.7 Experimentally Observable Physical Quantities

2.7.1 Area per Lipid

To understand the effect of the additives on the lateral density of the bilayer
structure, the area per lipid of the liquid crystalline phase of DPPC bilayer is cal-

culated from the simulations. The area per lipid is determined by multiplying the x
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dimension and y dimension of a unit cell made of the lipid molecules and dividing by
the number of lipids present in a single layer without consideration of fluorophilic or
lipophilic molecules in the bilayer. To compare with simulations, this quantity can

also be determined experimentally by neutron and X-ray scattering analysis.

2.7.2 Mean Square Displacement

Another quantity of interest is the self diffusion of additive molecules inside the
membrane environment, which is described by the mean square displacement (MSD)

of the molecules. It can be obtained from the simulations by calculating

—

MSD = (r?) = {|[Rp(t) — Ry(t)] — [Rr(0) — Ry(0)][*) (2.32)

where ép(t) is the center of mass vector of the additive molecules for time ¢. In order
to eliminate system drift during the simulation, it is necessary to subtract the center
of mass vector Rs. Experimentally, self diffusion can be determined by fluorescence

correlation spectroscopy (FCS) analysis in the liquid phase.

2.7.3 Center of Mass Distribution

Based on the simulations, the distribution of the additive molecules within the
membrane environments can be investigated by calculating the density profile of the
molecules center of mass along the membrane surface normal. These density profiles
give insight if a certain additive molecule is more likely to be found on the surface of

the membrane or in the interior.
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2.7.4 Vector Autocorrelation

Another interesting quantity which gives insight into the dynamics of the sim-
ulations is the autocorrelation function of some vector within the molecules, which

depicts the vector reorientation dynamics. Generally, it can be obtained by

! L (Vi) Vi(t + 7))
Ct) =572 HORAO) (2.33)

i=1 t=0
where V() is the time-dependent vector and “-” denotes the vector dot product and
7 is the increasing correlation time. The resulting function ranges from -1 up to 1.
If the two vectors are parallel to each other, then the result is one, and if they are
either perpendicular or anti-parallel, then it becomes 0 and -1, respectively. Within

this thesis, the vector is defined from the carbon atom at one end, to the carbon at

the other end of the molecule.

2.7.5 Flexibility of the Additive Molecules

Flexibility of the additive molecules within the simulation can be elucidated, e.g.,
in terms of dihedral angles. The dihedral angle defined by the first four atoms of
the carbon chain of the additive molecules is presented by histogram. The histogram
of the mentioned dihedral angle will be discussed. Experimentally the statistics of

gauche-trans conformations can be observed by NMR studies.

2.7.6 Tilt Angle with Respect to Normal of the Bilayer Surface

In the simulations, the DPPC bilayer is oriented in such a way that the normal

vector of the bilayer surface coincides with one Cartesian axis (z-axis). The alignment
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of the additive molecules relative to the normal of the bilayer surface can then be easily
calculated by considering a vector within the additive molecules. This vector is defined
from the carbon atoms of the additive molecule. Experimentally, NMR technique can

be used for to determine fluctuations, particle movement, conformational changes.

2.7.7 Clustering Phenomena of the Additive Molecules

To investigate clustering phenomena from the simulations, the radial pair distri-
bution function gyy(r) is used, which is proportional to the probability of finding
molecule Y at a distance r from molecule X. g¢xy(r) of the additive molecules is
evaluated in the membrane environment according to the pairwise distance concept.
According to this concept, the corresponding number of molecules around a reference
point was estimated. The system was considered as a two-dimensional box. One
molecule out of the 12 molecules was considered as a reference point. The distri-
bution function yields the probability density of neighboring molecules at a given
distance r around the reference molecule. Experimentally, this quantity can be in-
vestigated by, e.g., monitoring depletion in the cluster signal, using a bolometer, or

mass spectroscopy as well as IR spectroscopy.

2.7.8 Lipid Orientation

The alkyl chain order parameters are used to explain the lipid packing phenomena.
Experimentally, Deuterium (2H) NMR spectroscopy provides detailed information
regarding the structural fluctuations of the lipid bilayer and lipid packing, including

both the equilibrium properties and dynamics. It reveals detailed aspects with regard
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to the lipid chain packing from which structural parameters can be obtained. During
the simulations, the orientation of the phospholipid tail groups is investigated in
terms of the consideration of hydrogen order parameters with respect to the position
along the alkyl chain. C-H order parameters were calculated by first generating the
hydrogen locations for all molecules in each time configuration. Then hydrogen order

parameters Scg were computed using the following equation,

1 n m 37’2
Sen = 5— —= =1 2.34
CH mm. nz_;mz_:l(‘rnm‘g ) ( )

where r,,, is the C-H vector at molecule m with a time frame n while the z-axis of

the system was parallel to the bilayer normal.

2.7.9 Fluctuations in the Bilayer Thickness over Time

Experimentally the bilayer thickness for liquid crystalline DPPC bilayer can be
determined by neutron and X-ray scattering analysis. Computationally, it can be
calculated on the basis of the average distance concept. According to this concept,
the net average distance is obtained from the position of the phosphorus in the head
group region of the upper layer to the phosphorus position in the head group region
of the lower layer. The average through all DPPC molecules in the upper and lower

layer over time is taken. The average thickness is expressed by

(R) = % / | .t) — r.(0) . (2.35)

where R.(t) and r.(t) represent the time-dependent z coordinate of the phosphorus

atom within upper and lower lipid layer, respectively.
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Perfluorinated n-Alkanes with a

Membrane Bilayer

3.1 System Setup

3.1.1 Initial Configuration

Phospholipid bilayers have been studied extensively as a model for biological mem-
branes. Under specific conditions of temperature and hydration, these bilayers exist in
a fluid state and exhibit a high degree of disorder that is very difficult to characterize
by standard techniques such as X-ray diffraction. For this reason, molecular dynam-
ics simulations have played a very important role in characterizing the structure and
dynamics of these lipid bilayers. In this project, a series of molecular dynamics simu-
lations have been carried out to investigate the interaction of a fully hydrated DPPC

bilayer with fluorophilic and lipophilic molecules under the isothermal-isobaric (NPT)

27
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ensemble. Our system consists of 72 DPPC molecules, stacked as bilayer, 12 fluori-
nated molecules and a total of 2189 water molecules, which enveloped the bilayer from
both sides. This corresponds roughly to 30 water molecules per lipid, which is within
the range found experimentally for the number of water molecules at saturation [18].
In our simulations, we follow the usual convention, i.e., the normal vector to the
membrane plane was considered to be along the z-direction of the coordinate system.
Equilibrating a membrane bilayer is computationally expensive due to the slow relax-
ation time of the system. In membrane simulations, the common practice is to start
from an already pre-equilibrated membrane patch that is provided by other research
groups (usually the developers of the lipid force field parameters). For this work,
we obtained the starting pre-equilibrated DPPC bilayer system from Dr. Jefferey B.
Klauda, University of Maryland. In addition to the standard CHARMM parameters
for DPPC and water, we have introduced new atom types and CHARMM-compatible

force-field parameters for our fluorinated molecule [17].
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Figure 3.1: Initial configuration of 12 perfluorinated alkane molecules arranged in the x-y plane, and 72 molecules of

DPPC molecules surrounded by 2189 water molecules.

3.1.2 Embedding Protocol

Even with a pre-equilibrated membrane bilayer, the simulation of molecules em-
bedded in the membrane environment is not a trivial process. Molecules should be
introduced into the membrane environment using a carefully designed simulation pro-
tocol. Lipid bilayers are densely packed to such an extent that they cannot accommo-
date even a small additive molecule without collisions or clashes. One cannot rely on
standard computational methods (e.g. energy minimization) to remove these initial
clashes as these methods become numerically unstable with the existence of very high
forces due to the repulsive behavior of the Lennard-Jones potential. Also, there is a

danger that these strong initial repulsive forces can introduce serious artifacts into the
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membrane structure that become very difficult to get rid of, considering the very slow
relaxation time of the system. Several methods have already been developed to safely
embed a molecule in a lipid bilayer [88, 89]. One particular approach often used is to
shrink the molecules drastically (i.e., by decreasing the atomic van der Waals radii),
to insert these molecules into the membrane, and then gradually bring them back to
their original size with continued minimization of energy. This is the approach imple-
mented in the GROMACS tool chain [89]. However, it should be noted that, for long
molecules, using this approach during the rescaling of the system back to its initial
size introduces some additional problems. For example, the newly introduced long
additive molecules can push the lipid molecules out into the aqueous phase during the
rescaling of the system. Another technical difficulty with GROMACS tools in general
is the difficulty of introducing external force field parameters (e.g., for the additive
molecule) as the process is manually laborious and thus error-prone. We found that
the program NAMD is more efficient for this purposes. For this reason, we use the
Tool Command Language (TCL) interface, the extension of NAMD2. With this tool,
a repulsive sphere is slowly grown in the membrane environment during MD simula-
tion, pushing the membrane molecules away. The simulation ensures that any heat
generated during the process is dissipated. Once the sphere has grown to a sufficient
size to accommodate the additive molecule, this molecule can be embedded without

any clashes or collisions as shown in Figure 3.2.
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Figure 3.2: Initial configuration of 12 perfluorinated molecules embedded into 72 molecules of DPPC surrounded by

2189 water molecules.

3.2 Convergence of the Molecular Dynamics (MD)

Simulations

In lipid bilayer simulations, two commonly employed convergence criteria are
the area per lipid (Area/Lipid) and the mean square displacement (MSD). The
Area/Lipid for a DPPC bilayer and the MSD with various fluorophilic and lipophilic
organic molecules such as perfluoro n-hexane (F6), perfluoro n-octane (F8), perfluoro
n-decane (F10), partially fluorinated n-decane (H5F5) and n-decane (H10) were cal-
culated here. The simulation trajectories for all other molecules with a DPPC bilayer
are 300 ns, except for the F6 molecules; in the case of the F6 molecules, the simulation

was run up to 470 ns. This was done to check whether the drop in the Area/Lipid
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of a DPPC bilayer in the presence of F6 molecules is temporary or permanent. The
time evaluation of Area/Lipid and MSD plots are divided into two categories. Figure
3.3(a) describes the Area/Lipid of a DPPC membrane in the presence of F6, F8,
and F10 molecules. The Area/Lipid plots fluctuated around a common value in the
presence of all three types of molecules up to 35 ns. In the case of F10 molecules, the
Area/Lipid value was reduced due to their penetration into the leaflet of the bilayer.
At 100 ns, it had reduced by 21% and had a value of 51 A2, which is in excellent
agreement with the value generally obtained in the gel phase of a DPPC membrane.
This indicates that the simulation in the presence of F10 molecules reached the equi-
librium state and probably converged. The plots for the small molecules i.e., F6
and F8 merged initially, accompanied by microscopic fluctuation around a common
value of area, i.e., 61 A2 Due to their smaller size, these molecules were jumping
frequently in and out of the leaflet of the bilayer. After 300 ns, the simulation in the
presence of F6 molecules showed similar behavior to that of the simulation for F10
molecules in a DPPC bilayer environment. It can be concluded that the simulation
in the presence of F6 molecules probably converged, while the simulation in the case
of the F8 molecules did not converge. Figure 3.3(b) shows that the traces of F10,
H5F5, and H10 molecules overlapped and one can observe that they fluctuate around
a common value of area i.e., 61 A2 up to 35 ns of simulation time. The plot for F10
molecules is already explained in Figure 3.3(a). In the presence of the H5F5 and H10
molecules, the simulation fluctuated around this common value and probably gain
an equilibrium state. Also the equilibrium state of this complex system (F10 and

DPPC) has been successfully attained using the NPT ensemble. The convergence of
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Figure 3.3: Area/Lipid versus time for DPPC bilayer in the presence of fluorophilic and lipophilic organic molecules

(F6, F8, H10, H5F5, and F10) are presented in two categories (a) F6, F8, F10 and (b) F10, H5F5, H10.

the simulation can also be explained on the basis of the dynamic properties of the
additive (fluorophilic and lipophilic) molecules inside the DPPC environment. One of
the most important properties of the additive molecules inside the DPPC membrane
is diffusion with the progress of simulation time. Generally, the diffusion is computed

on the basis of MSD i.e., (r?) which is given by

MSD = (r?) = {|[Rp(t) — Ry(t)] — [Rr(0) — Ry(0)]*) (3.1)

where ﬁp(t) is the center of mass vector of the additive molecules for time ¢. In order
to eliminate system drift during the simulation, it is necessary to subtract the center
of mass vector R,. To understand the diffusion of any molecule during the simulation,

the diffusion coefficient D is calculated according to the following equation

(r*) = 2Dft (3.2)

5 () {[Re(t) — But)] - [Rr(0) ~ Ri(0)]P)

T T (3.3)
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In the above equation, ¢ is the time, and f is the degree of freedom of the additive
molecules. Along a single axis, the expected value of the displacement is zero, as
for any other case an external agent or a non-equilibrium initial position would be
needed. However, the period of recurrence may be infinite. Generally, the MSD gives
the space accessed by diffusion of the observed molecules. On a two-dimensional
membrane surface, this accessed space is considered as an area. Figure 3.4(a) shows
diffusion according to equation 3.1 for additive molecules (F6, F8, and F10). It is
difficult to fit the variation in the plots to the expected form of the MSD as generally
occurred in case of normal diffusion. From visual observation, it can be concluded
that the plots for smaller molecules i.e., F6 and F8 overlapped up to 100 ns and both
types of molecules have a greater diffusion coefficient than the F10 molecules in the
DPPC bilayer. Initially, the movement of F6 molecules was faster, but slowed down
at 250 ns, indicating the penetration of these molecules into the leaflet of the bilayer.
In the case of F10 molecules, the MSD plot does not show significant fluctuation and
gradually increased up to 125 ns. The mobility of the F10 molecules was hindered
in the DPPC environment because they penetrate into the leaflet of the bilayer. In
Figure 3.4(b), the translational movement of the molecules (F10, H5F5, and H10),
which have the same size but different numbers of fluorines attached to the carbons,
were compared. The plots of the translational dynamic revealed that the mobility
of the F10 molecules was significantly reduced compared the other two types of the
molecule (H10, H5F5). At this stage of the simulation, the fluctuations in the MSD
plots of H10 and H5F5 molecules were larger compared to the F10 molecules. In

general, the simulation in the presence of F10 molecules probably converged. The
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simulation with F6 molecules also showed equilibrium state during the last 200 ns.
For all the other additive molecules (F8, H5F5, and H10), the simulations fluctuated
and maybe reach the same equilibrium state only after two or three times the present

computational effort.
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Figure 3.4: Mean square displacement (MSD) of (a) perfluoro n-alkanes molecules (F6, F8, and F10) and (b) the

decane derivatives of varying fluorine content (H10, H5F5, and F10 ) inside the DPPC environment.
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Figure 3.5: (a) Area/Lipid versus time for DPPC membrane in the presence of F6 and (b) MSD for F6 molecules,

during the last 200 ns out of 470 ns.
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3.3 Behavior of the Additive Molecules

3.3.1 Density Profiles

The center of mass (CM) distribution profiles for additive molecules (F6, F8, F10,
H10, and H5F5) were computed during the last 20 ns simulation time in order to
analyze the expected density increase in the region, corresponding to the location
of these molecules. Zero represents the center of bilayer plane on the x-axis in the
density profiles. In Figure 3.6(a), the distribution of the center of mass of the additive
molecules (F6, F8, and F10) is compared. It can be observed that the central region
of the plot gets broader for the F6 molecules. This shows that only a few molecules
started moving toward the leaflet of the bilayer while most of these molecules were
still present at the center, i.e., in between the single bilayer leaflet. Also another in-
teresting effect, since F6 molecules is faster than F10 molecules, it could have moved
into the layers in the simulation time. As it has more translational entropy than
F10 molecules and less energy to gain by moving into the layers, so F6 will not be
incorporated. The F8 molecules were partially located in between the single bilayer
leaflet and had partially penetrated into the bilayer leaflet. The F10 molecules were
completely penetrated into the bilayer leaflet and aligned along the alkyl chain of the
DPPC molecules. Similarly, Figure 3.6(b) depicts a comparison between the decane
derivatives of varying fluorine content (H10, H5F5, and F10). H10 molecules were
found in the center of the bilayer in scattered form as shown by the plot of the center
of mass distribution. The H5F5 molecules had partially penetrated into the leaflet of

the bilayer. The F10 molecules were fully penetrated into the bilayer leaflet from the
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center, where they were initially embedded. From the overall comparison, a remark-
able correlation between the center of mass distribution of the additive molecules and
the pure DPPC membrane system was observed. In general, the longer the carbon
chains with a higher degree of fluorination, the greater will be the tendency to pen-
etrate into the leaflet of the bilayer. The fluidic nature of the DPPC and energy

minimization of the additive molecules are responsible for this higher penetration.
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Figure 3.6: Center of mass (CM) distribution profiles of additive molecules (a) F6, F8, F10 and (b) F10, H5F5, H10

in the DPPC bilayer environment during the last 20 ns out of the total simulation time.

3.3.2 Rotational Dynamics of the Additive Molecules

To understand the rotational dynamics of the additive molecules (F6, F8, F10,
H5F5, and H10) in the membrane environment, a special vector autocorrelation func-
tion was calculated. In our system, each of the above-mentioned additives consists of
12 molecules. Out of these 12 molecules, the velocity of one molecule was taken as a
reference vector, while the velocities of all the other molecules were considered as a

second vector which was correlated with the reference vector using the dot product.
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The result is between 1 and -1, i.e., if the two vectors were parallel to each other, the
result is one, and if they are either perpendicular or anti-parallel, the resultant is 0
or -1, respectively. The mathematical description is

Ol e Vit + 7))
CNT 2 Z (t)-Vi(t)> 3

=1 t=

In Eq. (3.5), V;(?) and V;(t + 7) are the velocity vectors of molecules i in time step ¢
and 7 is the increasing correlation time. The rotational movement of the additives i.e.,
fluorophilic and lipophilic molecules within the DPPC environment was of particular
importance, as it offers a connection between experiments and simulations. During
the experiment, it is difficult to observe the position of the additive molecules and
to determine whether they are actually penetrating the DPPC environment or not.
Unfortunately, the probability of observing this type of embedding process is too low
in routine simulation studies. In this MD simulation, there was strong evidence that
rotational mobility was reduced for penetrating molecules as molecules were likely to
be found within the bilayer leaflet. These molecules stabilized themselves inside the
bilayer leaflet with a particular orientation with minimum energy. In Figure 3.7(a),
the aligned molecules are described using the vector autocorrelation function with
respect to a reference molecule for F6, F8 and F10. The F6 molecules showed more
wobbling and rotation as compared to F8 and F10 molecules, as indicated by the
faster decaying process of the autocorrelation function. This is mainly due to the fact
that F6 molecules are in between the single bilayer leaflet at this stage. They have a
higher translational entropy as compared to F8 or F10 molecules, which are partially
or fully penetrated into the leaflet of the bilayer. Thus the smaller the size, the faster

is the rotation and wobbling inside the bilayer. F10 molecules are aligned in parallel
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with the alkyl chains of the DPPC molecules. As a result, their rotational movement
is impaired. In Figure 3.7(b), various additive molecules of the same chain length,
but of different degree of fluorination, are compared. The data shows that the lower
the number of fluorines attached to the carbon chains, the stronger is the rotation

and wobbling of the molecules.
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Figure 3.7: Vector (vect) auto-correlation for (a) F6, F8, F10 and (b) H10, H5F5, F10 molecules in the DPPC
environment, explaining their rotational dynamics. The decaying process of the autocorrelation function indicates

that the motion of the F10 molecules is hindered significantly in the DPPC environment.

3.3.3 Flexibility of the Additive Molecules

An investigation of the nature of additive molecules in the DPPC environment
is of great importance as it provides knowledge about the reactive response of the
DPPC bilayer to the embedded molecules. The conformational nature of the additive
molecules inside the DPPC environment depends not only on their own properties,
but also on the locations of these molecules inside the DPPC bilayer. The nature of

the additive molecules can be explained with the help of dihedral angles formed by
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the chain of carbon atoms of the additive molecule. Figure 3.8 shows a comparison
between normal decanes (H10) and perfluorinated decanes (F10). In this histogram,
every line shows the dihedral angle of the chain of carbon atoms. This angle is
described from the torsional angle of the first four atoms of the carbon chain of
the additive molecule. In Figure 3.8(a), the probability of the presence of gauche
conformations indicates the flexibility of the H10 molecules. In the case of the F10
molecules, this type of gauche conformation is unlikely as the molecules are like a
stiff rod and they are present inside the bilayer leaflet. Secondly, the steric effect is

responsible for this behavior.
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Figure 3.8: The population density of dihedral angles, illustrating the flexibility of (a) hydrogenated decanes (H10)
and (b) fluorinated decanes (F10) in the DPPC environment. Every line shows a histogram of one dihedral angle,
listed from the dihedral angle of the first four carbon atoms starting from one end’s carbon up to the another end’s

carbon of additive molecule.
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3.3.4 Tilt Angle of the Additive Molecules in the Membrane

Environment

In order to put the results of the simulation into perspective, it is important to
evaluate the accuracy of the process by computing the angle relative to the DPPC
bilayer surface. One of the various factors which affect the simulation results is the
overall system movement, which is an artifact of the simulation. The kinetic energy
of the center of mass motion, which is obtained from the total energy, was negligible
during the simulation studies. We are interested in the normal vector of DPPC bilayer
surface, as we have to describe the alignment of the additive molecules with the z-
axis or with the normal vector of the bilayer surface. For convenience, the DPPC
is orientated such that the normal vector of its surface is along one Cartesian axis
(z-axis), instead of considering [90] a plane of the coordinates of all phosphorus atoms
in both DPPC layers. In Figure 3.9, the alignment of the additive molecules to the
normal of the bilayer surface is calculated by considering a symmetrical vector of
the additive molecule. The symmetrical vector starts with carbon at one end of the
molecule and goes to another end. Figure 3.9(a) shows the alignment of F6, F8, and
F10 molecules. The plots for F6 and F8 molecules do not drop at the boundaries.
Although there are some weak signals of drop for F6 molecules, the overall shape
of the plot does not indicate the tilted nature. For F10 molecules, sharp drops can
be observed on both sides, showing that parallel or anti-parallel alignment with the
normal of the bilayer surface becomes very unlikely. This drop covers a range of
around 20°, which corresponds to the tilted nature of the alkyl chain of the DPPC

membrane (see section 3.4.4). The decane derivatives of varying fluorine content
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(H10, H5F5, and F10) are compared in Figure 3.9(b). The traces of H10 and H5F5
molecules show a high probability of parallel or anti-parallel alignment with the z-axis.
Once again, the curve for the F10 molecules drops sharply by 20° at the boundaries
and the curves do not exhibit parallel or anti-parallel alignment along the z-axis or
normal of the bilayer surface. we can conclude that only the F10 molecules are aligned

parallel to the alkyl chains of the DPPC molecules.
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Figure 3.9: Tilt angle of the additive molecules (a) F6, F8, F10 and (b) H10, H5F5, F10, showing probability of their

orientation within DPPC bilayer.

3.3.5 Clustering Phenomena of the Additive Molecules

To compute the distribution of the additive molecules in the DPPC environment,
the radial pair distribution function gxy(r) is used, which is proportional to the
probability of finding molecules Y at a distance r from molecule X.

In our system, gxy(r) of the additive molecules (F6, F8, F10, H5F5, and H10) is
calculated according to the pairwise distance concept. According to this concept,

the corresponding number of molecules around a reference point was estimated. The
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system was considered as a two-dimensional box. One molecule out of the 12 molecules
was considered as a reference point. The distribution function yields the probability
density of other molecules at a given distance r around the reference molecule. In
Figure 3.10(a), the behavior of F6, F8, and F10 molecules is presented. The first
higher peak is due to the additive molecules present in the first shell followed by two
peaks for F6 and F8 molecules at distances of 5 and 10 A, respectively. After that, the
g(r) value for F6 and F8 molecules is low at higher distances. In the case of the F10
molecules, two small peaks can be observed apart from the same peak at 5 A. This
shows that the additive molecules are scattered at first, and then come closer together,
forming clusters. These clustering peaks occurred at a distance of approximately 5 A
from each other. Similarly, Figure 3.10(b) shows the additive molecules of varying
fluorine content but same carbon chain length. For H10 molecules, two small peaks
are visible at distances of 5 and 10 A, respectively, while the g(r) values were low
at higher distances for these molecules. The H5F5 molecules are clustered and the
clustering peaks are visible at distances of 5, 10, 15 and 20 A, but this effect is not as
evident as for the F10 molecules. In general, the F10 molecules are clustered in the
DPPC environment. F8 molecules initially show a similar behavior that slowly fades
with distance. The F6 molecules exhibit different behavior, showing only a small
amount of clustering in the beginning with no regular patterns. In summary, a higher

degree of fluorination with longer carbon chains causes a stronger clustering effect.
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Figure 3.10: Two-dimensional radial pair distribution function, explaining the clustering phenomena of the additive

molecules (a) F6, F8, F10 and (b) H10, H5F5, F10 in the DPPC environment.

3.4 Response of the DPPC Bilayer System

3.4.1 Area per Lipid

The area per lipid (Area/Lipid) is calculated simply by taking the x-dimension
and y-dimension of the simulation box (unit-cell) and dividing by the number of lipids
present in one leaflet, independently of whether there are fluorophilic or lipophilic or-
ganic molecules incorporated into the bilayer or not. A comparison of the Area/Lipid
for various additive molecules at a temperature of 323K is shown in Figure 3.11.
The horizontal axis depicts the average Area/Lipid, while the vertical axis shows the
probability of a given area being occupied. In the case of the F6 molecules, the plot
describe that the initial Area/Lipid is around 65 A2. The decrease and shift from the
higher to lower value shows that some F6 molecules had penetrated into the leaflet,
reducing the area to 51 A2, while some of the F6 molecules remained elsewhere, allow-

ing more space per lipid. For the F8 molecules, the DPPC system shows some shift
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in the Area/Lipid value and the curve is move gradual on the left side. In case of the
F10 molecules, significant changes can be observed in the Area/Lipid. The maximum
value was 65 A2, dropping to 51 A2 due to the penetration of additive molecules into
the bilayer leaflet. Figure 3.11(b) describes the Area/Lipid for the DPPC system in
the presence of F10, H5F5, and H10 molecules. It can be observed that in the pres-
ence of H10 molecules there is no such effective change taking place in the Area/Lipid
of the DPPC system. In the presence of H5F5 molecules, the area decreased by a
small factor and was equal to 60 A2. The overall effect of the F10 molecules is clearly
different than other types of additive molecules (F6, F8, H5F5, and H10). In sum-
mary, the higher the number of fluorines attached to the carbon atoms, the greater
will be the penetration into the bilayer leaflet, ultimately reducing the Area/Lipid.
In Figure 3.12, the average numerical values of Area/Lipid are shown in the form of a
bar graph. The horizontal axis indicates the respective additive molecules, while the
vertical axis shows the average Area/Lipid. In the presence of F6, F8 F10, H5F5,
and H10, the average Area/Lipid for DPPC bilayer is 56 A2, 59 A2, 51 A2, 60 A2,

61 A2, respectively.
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Figure 3.11: The Area/Lipid, shifting from higher value to lower value for the DPPC bilayer in the presence of additive
molecules (F6, F8, H10, H5F5 and F10). The horizontal axis represents the total magnitude of Area/Lipid while the

vertical axis represents the probability of the area being occupied. A shift in F6 and F10 molecules is significant while
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Figure 3.12: Bar plot representation of average Area/Lipid in the presence of F6, F8, H10, H5F5 and H10 molecules.

3.4.2 Gauche-Trans Conformations of the DPPC Alkyl Chains

For the calculation of DPPC alkyl chain flexibility and the gauche-trans confor-
mations of these chains, as indicated by the population density of dihedral angles, the
last 20 ns of the total simulation trajectory was used. Each line shows a histogram
of the dihedral angle, for which the trajectory was described using the dihedral an-

gle of the first four carbon atoms near the head group region of the DPPC bilayer
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molecule to the carbon atom at the outer end of the alkyl chain. In the following,
the population density of dihedral angles of alkyl chains in the presence of n-decane
(H10) and perfluoro n-decane (F10) are presented in the form of histograms. The
dihedral angles of the alkyl chains of the pure DPPC membrane are shown in Figure
3.13(a). The presence of gauche conformations at approximately 70° on either side
of the center (zero) along the x-axis was observed, while Figure 3.13(b) shows the
histogram of the dihedral angles in the presence of F10 molecules. It is apparent from
the histograms that the chances of having a gauche conformation were reduced by
approximately 19% and transferred to trans conformations. The observed value for
trans conformations of the pure DPPC alkyl chains was 71% as shown in Figure 3.15.
The average value of the trans conformations in the alkyl chains rose to 89% upon
penetration of the F10 molecules into the bilayer leaflet. On the other hand, the trans
conformations for the H10 molecules were reduced by 3%, as shown in Figure 3.14(a

and b).
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Figure 3.13: Population (Pop) density of dihedral angles illustrating the alkyl chains flexibility of the pure DPPC
bilayer alkyl chain in comparison to alkyl chain in the presence of F10 molecules. Every line shows the histogram of
the dihedral angle population listed from the dihedral angle of the first four carbon atoms near the head group region
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Figure 3.14: Population (Pop) density of dihedral angles illustrating the alkyl chains flexibility of the pure DPPC
bilayer alkyl chain in comparison to alkyl chain in the presence of H10 molecules. Every line shows the histogram of
the dihedral angle population listed from the dihedral angle of the first four carbon atoms near the head group region

(bottom) upto the outer end’s carbon (top) of the lipid alkyl chain.
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Figure 3.15: The average amount of all-trans conformations in DPPC alkyl chains in the pure lipid system (gray) and

the effect induce by hydrogenated decanes (H10) and fluorinated decanes (F10) (black).

3.4.3 Lipid Orientation

The orientation of the phospholipid tail groups was investigated by studying the
hydrogen order parameter with respect to position along the alkyl chain. C-H order
parameters were calculated by first producing the hydrogen locations for all molecules
in each time configuration. The hydrogen order parameters S¢py were computed using

the following equation,

n_m 2
o = o D0 D <) (3.5)

n=1m=1
where 7,,, is the C-H vector at molecule m with time frame n while the z-axis of the
system was parallel to the bilayer normal. The order parameters for each hydrogen
atom are separately computed here, because sometimes the order parameter effect is
different for two hydrogens attached to the same carbon atom due to the penetration

effect of the additive molecules. Sometimes they are also calculated separately from

the experiments as well. Here, C2 represents the carbon atom close to the head group
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region in each of the fatty acid chain, and C15 is for the carbon atom in a terminal
methyl group. In Figure 3.16(a and b), the incorporation of F6 molecules into the
DPPC bilayer appeared to increase the order of C-H bonds related to carbon no. 2 to
carbon no. 14 of the DPPC alkyl chain. In the case of F8 molecules, it was increased
for carbon no. 3 to carbon no. 14 of the DPPC molecules alkyl chain as shown in
Figure 3.17(a and b). In the case of F10 molecules, the increase appears from carbon
no. 1 to carbon no. 14. In summary, the order parameters of the lipid alkyl chains
are significantly increased in the presence of the F10 molecules, as shown in Figure
3.18(a and b). F10 molecules are expected to be positioned closer to the head group

region due to their larger size as compared to F6 and F8 molecules.
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Figure 3.16: Order parameter magnitude |Sc | versus carbon index number for the alkyl chain-1 and alkyl chain-2
of DPPC bilayer. Comparing the pure DPPC alkyl chain order parameters (Triangle) with the order parameters of

alkyl chain in the presence of F6 molecules (Solid circle).
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Figure 3.17: Order parameter magnitude |Scy| versus carbon index number for the alkyl chain-1 and alkyl chain-2
of DPPC bilayer. Comparing the pure DPPC alkyl chain order parameters (Triangle) with the order parameters of

alkyl chain in the presence of F8 molecules (Solid circle).
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Figure 3.18: Order parameter magnitude |Scy| versus carbon index number for the alkyl chain-1 and alkyl chain-2
of DPPC bilayer. Comparing the pure DPPC alkyl chain order parameters (Triangle) with the order parameters of

alkyl chain in the presence of F10 molecules (Solid circle).

3.4.4 Tilt Angle of the Alkyl Chain of DPPC Molecules

Various types of simulations have shown that the F10 molecules have a remarkable
effect on the DPPC bilayer structure. Hence, as an example, Figure 3.19(a) presents
the angles between the normal to the bilayer surface and the vector formed by the alkyl
chain of DPPC membrane in the presence of F10 molecules, along with a comparison

with the pure DPPC system. Figure 3.19(a) presents the alignment of alkyl chains
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of a pure DPPC with respect to the normal of the bilayer surface. In this case,
there is no decrease at the end of the traces, which indicates parallelism or anti-
parallelism of the vector formed by the carbons of the alkyl chain. Figure 3.19(b)
shows the angle between the alkyl chain and the normal vector of the bilayer surface
in the presence of F10 molecules, showing sharp decreases at 20° and 160°. These
decreases are due to the low probability of finding perfectly parallel or anti-parallel
orientation of the observed alkyl chains vector. This corresponds to the tilted nature
of the additive molecules see Figure 3.9(a and b). Comparing Figure 3.19 (a and b)
with the additional informations of Figures 3.6 (a and b) and 3.9 (a and b), one can
conclude, that the F10 molecules are incorporated into the lipid bilayer leaflet and

cause phase transition of the lipid due to the increased density.
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Figure 3.19: Tilt angle of the alkyl chain of DPPC molecules with regard to normal of the bilayer surface. (a) pure

DPPC bilayer and (b) DPPC bilayer in the presence of F10 molecules.
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3.4.5 Fluctuations in the Bilayer Thickness over Time

The variation in the thickness of a DPPC bilayer is investigated in this section.
All simulations were carried out under constant pressure conditions (NPT ensemble),
meaning that the size and shape of the simulation box independently adjust the area
and thickness of the DPPC bilayer in order to fluctuate. This allows the computation
of structural properties such as Area/Lipid. To investigate the effect of the differ-
ent additive molecules F6, F8, F10, H5F5, and H10 on lipid bilayer thickness, the
same bilayer composition was used for all types of additive molecules. Figure 3.20(a)
presents the thickness of the bilayer in the presence of F6, F8, and F10 molecules. At
the initial stage, the thickness is 39.5 A Up to 35 ns it increases by a small factor and
fluctuates around a common value. After 35 ns, the thickness of the DPPC bilayer in
the presence of the F10 molecules fluctuates around a common value of roughly 46 A.
The fluctuation in the bilayer thickness is larger in the presence of smaller molecules,
i.e., F6 and F8. In the case of F6 molecules, the thickness of the bilayer also increases
to a maximum of 46 A. The simulation time was increased to 470 ns in this case. It
was confirmed that the bilayer thickness in the case of F6 was temporarily increased
but again decreased. Figure 3.20(b) shows the thickness of the bilayer in the presence

of fluorophilic and lipophilic organic molecules of various fluorine contents.
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Figure 3.20: Fluctuations in the DPPC bilayer thickness over time in the presence of (a) F6, F8, F10 and (b) H10,
H5F5, F10 molecules.

3.4.6 Final Configuration of the F10 Molecules and Lipid Molecules

The combined system of fluorophilic organic molecules and hydrated lipid (DPPC)
bilayer is presented in Figure 3.21 after 300 ns of simulation time. In both graphics,
the blue and orange spheres are nitrogen and phosphorus, respectively, while on
both sides there are layers of water molecules. As regards the lipid molecules, the
penetrated perfluorinated molecules are shown. The figure reflects the tilted nature
of the lipid molecules, which are tilted by approximately 20°. The tilted nature has
already been explained by several properties, i.e., the tilt angle of the alkyl chain of
DPPC molecules and the tilt angle of the additives inside the DPPC environment.

Also the clustering of the F10 molecules are clearly observable in this snapshots.
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Figure 3.21: Final configuration of the system representing a fully hydrated DPPC bilayer with F10 molecules after

total simulation time for two different concentration (a) 6:1 and (b) 3:1



Chapter 4

Fluorimated Alcohol with a

Membrane Bilayer

In this chapter, fluorinated alcohol (FTOH) molecules incorporated into the DPPC
bilayer are investigated using the same computational approach as that discussed in
section 2.3. There are 12 FTOH molecules, which were arranged in the x-y plane in
the same manner as in the case of perfluoro n-alkanes. 72 molecules of the DPPC
were arranged in a bilayer structure, surrounded by a total of 2189 water molecules
on both sides of the bilayer. Both FTOH and DPPC molecules have the same type
of initial configuration as discussed in section 3.1.1. The FTOH molecules were em-
bedded into the DPPC system using the extension of “NAMD2” software with its
Tool Command Language (TCL) interface. The same methodology was used for the

embedding process, as explained in section 3.1.2.

56
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4.1 Convergence of the Molecular Dynamics Simu-

lations

Convergence of a simulation is the basic requirement for obtaining reliable results
about the system being investigated in computational studies. The convergence of
the MD simulation of a system consisting of FTOH molecules and a DPPC bilayer
can be evaluated based on the area per lipid (Area/Lipid) and mean square displace-
ment (MSD). In Figure 4.1(a), the overall fluctuations in the traces of the projected
Area/Lipid are small and the equilibrium value of the DPPC bilayer can be estimated
in the presence of FTOH molecules. At the beginning, the Area/Lipid is high, with a
value of approximately 65 A2 for all types of simulated combinations. The green trace
represents the DPPC bilayer in the presence of FTOH molecules at a temperature
of 333 K. This trace fluctuates, but the Area/Lipid does not reduce significantly. At
150 ns, it decreases for short interval, followed by another decrease at 200 ns, which
indicates the penetration of the FTOH molecules into the leaflet of the DPPC bilayer.
As a result, the Area/Lipid of the bilayer was reduced. The blue and red traces (two
different concentrations, 4:1 and 6:1) of the simulated system are shown in the same
figure. The Area/Lipid in the case of the blue trace decreases sharply as compared
to the red trace. After 50 ns, the two simulated systems (indicated by the blue and
red traces) reach an equilibrium state accompanied by small fluctuations, and the
Area/Lipid is reduced by 20% and has a value of 50 A2, In general, a significant
decrease was found in the Area/Lipid in all three types of traces for the DPPC bi-

layer in the presence of FTOH molecules. The average Area/Lipid was found to be
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higher at 333 K as compared to 323 K during the overall simulation. The decrease
in the Area/Lipid at 333 K took slightly more time due to the more fluidic nature
of the DPPC system. Thus, an equilibrium state for this complex system (FTOH

and DPPC) was successfully attained. The translational movement of the FTOH
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Figure 4.1: (a) Area/Lipid of DPPC bilayer in the presence of FTOH molecules at different concentration and different

temperatures. (b) MSD of the FTOH molecules in the DPPC environment.

molecules inside the membrane environment is of great importance, because this re-
flects the idea about the fluorophilicity. The simulation of the same type of FTOH
molecules at two different concentrations and at two different temperatures on the
basis of MSD is compared. MSD, i.e, <r2> is used for understanding diffusion with
the progress of simulation time. The same methodology and equations 3.1, 3.2, 3.3,
were used for MSD, as explained in section 3.2.

Figure 4.1(b) shows the diffusion according to equation 3.1 for FTOH molecules hav-
ing concentrations of 4:1 and 6:1 at 323 K, while FTOH molecules are also compared
at temperatures of 333 K and 323 K for a concentration of 6:1 in the same figure.

Comparing the MSD plots for the system of two different concentrations, it can be
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observed that the FTOH molecules are rapidly diffused up to 10 ns. After that, the
mobility of these molecules was significantly reduced, although their level of diffusion
remains at the same rate with minor fluctuations. The MSD trace at the higher
temperature reflects the very fast diffusion of alcohol molecules as compared to the
lower temperature. From visual observation of the MSD traces, it appears that the
simulation of this system is probably fluctuating at an equilibrium state. In summary,
it can be observed from the blue and red traces that the FTOH molecules mobility
is hindered significantly, which confirms the frozen nature of the DPPC bilayer. On
the other hand, the green trace in the MSD plot shows that diffusion is faster at the
higher temperature of the FTOH molecules as compared to the lower temperature.

In this case, the bilayer system confirms the liquid phase.

4.2 Density Profile

The distribution profile was computed in order to describe the distribution of the
fluorotelomer alcohol (FTOH) molecules within the membrane environment and to
investigate the expected density increase in the region corresponding to the FTOH
locations. In Figure 4.2, the zero along the x-axis shows the center of the bilayer
plane. This figure explains the comparative position of the FTOH molecules at con-
centrations of 4:1 and 6:1 at 323 K, and the same molecules are also compared at
temperatures of 333 K and 323 K for the 6:1 concentration in the same figure with
a pure DPPC membrane. There is good correlation and correspondence between the
center of mass distribution profiles of the pure membrane system and the FTOH

molecules. It can be observed from Figure 4.2 that the molecules that are initially
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embedded at the center of the bilayer have penetrated into the bilayer leaflet and are
aligned parallel to the alkyl chain. On both sides of the zero position, the plot for
the 4:1 ratio is a little bit exposed and broadened from the inner sides at the bottom.
This is due to the higher concentration of the FTOH molecules in the case of the 4:1
ratio. The simulation run at a higher temperature (333 K) is described by the green
curve, which shows that the molecules had penetrated into the leaflet of the bilayer
but still had a probability of remaining at various positions in the bilayer, as shown by
the small peaks. The penetration of the molecules from the center of the bilayer into
the leaflet is quite fast, which is due to the more fluidic nature of the DPPC molecules
and the polar interactions between the FTOH molecules and the head group region of
the DPPC molecules. The FTOH molecules also have a tendency to minimize their
energy to bring themselves to the more stable state. At this stage of the simulation,
the FTOH molecules are stabilized inside the leaflet of the bilayer. It is possible that
these molecules could change their position in the bilayer after a very long time for

stability reasons.
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Figure 4.2: Center of mass (CM) distribution profile of FTOH molecules and DPPC bilayer at different concentrations

and different temperatures during the last 20 ns out of the total simulations time.
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4.3 Clustering Phenomena of the Additive Molecules

Inside the membrane environment, the distribution of the fluorotelomer alcohol
(FTOH) molecules plays an important role with regard to fluorophilicity. The radial
pair distribution function gxy () was used for this purpose.
gxy (r) for FTOH molecules was evaluated according to the pairwise distance con-
cept. Using this approach, the corresponding number of FTOH molecules around a
reference point was estimated. The system was considered to be a two-dimensional
box. The first molecule was considered as a reference point, and the position of the
other molecules in the DPPC bilayer environment was evaluated based on this refer-
ence point. In Figure 4.3, for the two different concentrations of FTOH molecules,
the higher peaks represent the molecules in the first shell and also indicate the phase
separation between the molecules and the DPPC membrane. The peaks in the plots
for both concentrations do not exhibit regular forms and do not have the same ampli-
tude, because the number of FTOH molecules is different at different positions. Two
molecules may come together at some locations, while more than two molecules may
exhibit a clustering effect at other locations. It is observed that the FTOH molecules
are clustered for both concentrations i.e., 4:1 and 6:1. The later higher peak for the
6:1 concentration indicates the phase separation between FTOH and the DPPC mem-
brane. In the same figure, the two-dimensional radial distribution plots for the FTOH
molecules at the two different temperatures of 323 K and 333 K were also compared.
At 333 K, the DPPC bilayer shows a more fluidic nature as compared to 323 K. Due
to this behavior, the distribution of the FTOH molecules in the DPPC environment

takes place in a better way, and the clustering effect of the FTOH molecules was not
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very evident. It can be concluded that the fluorinated alcohol (FTOH) molecules
exhibit a clustering effect in the DPPC environment at low temperature. As part of

these clustering phenomena, peaks appeared at distances of approximately 5 A.
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Figure 4.3: Two-dimensional radial pair distribution function, explaining the clustering phenomena of the FTOH
molecules in the DPPC environment. Clustering effects are observed for these molecules in both types of system (4:1

and 6:1) and at temperatures 323 K.

4.4 Area per Lipid

The calculation of area per lipid (Area/Lipid) directly relates the simulation with
experiments and provides evidence about the phase transition of the lipid (DPPC)
bilayer. The reduction in Area/Lipid and the increase in the order parameters confirm
that the investigated DPPC fluid phase system is transforming to a gel phase. The
Area/Lipid value is calculated here by simply taking the x-dimension and y-dimension
of the simulation box (unit-cell) and dividing by the number of lipids present in one
leaflet, irrespective of the incorporation of FTOH molecules into the bilayer leaflet.
The Area/Lipid for two different concentrations and two different temperatures of

the same system is compared in Figure 4.4. The horizontal axis represents the total
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magnitude of Area/Lipid, while the vertical axis represents the probability of the
area being found. The histogram reflects that the Area/Lipid for all the simulated
systems was higher and correlated well with the Area/Lipid of a pure DPPC bilayer.
The Area/Lipid for both concentrations at 323 K shifted from a higher value to a
lower value during the penetration of FTOH molecules into the bilayer, as is also
shown in the same figure. Overall, a significant reduction was observed in Area/Lipid
(the values were 51 A% and 52 A?) for the concentrations 6:1 and 4:1, respectively)
due to the penetration of FTOH molecules into the bilayer leaflet. It can be noted
that the plot of Area/Lipid was slightly broadened and a shoulder was visible to the
left at the higher temperature (333 K). At the same higher temperature, the FTOH
molecules penetrated into the leaflet of bilayer, but it took a longer time to squeeze
the area compared to the lower temperature (see section 4.1). Because of the fluidic
nature at the higher temperature, greater potential is required to shift the system to

a phase transition, i.e., from fluid to gel state.
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Figure 4.4: The shift in the Area/Lipid from a higher value to lower value of the DPPC bilayer. The horizontal axis

represents the total magnitude of Area/Lipid while the vertical axis represents the probability of the area being found.
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4.5 Gauche-Trans Conformations of the DPPC Alkyl

Chains

For the system being investigated, the gauche and trans conformations of the
DPPC alkyl chains can be estimated during the last 10 ns of the overall simulation
trajectory. The FTOH molecules embedded initially at the center of the DPPC bilayer
have now penetrated into the bilayer leaflet during the simulation. The effect caused
on the alkyl chains by these penetrating molecules can be analyzed from the dihedral
angles of the alkyl chains. In Figure 4.5(a and b), every line shows a dihedral angle, for
which the trajectory was listed from the dihedral angle of the first four carbon atoms
near the head group region of the DPPC bilayer molecule and the carbon atom at the
outer end of the alkyl chain. The same figures present histograms for the torsional
angles of alkyl chains for pure DPPC and in the presence of FTOH molecules. From
both figures, the presence of both gauche and trans conformations was observed.
The dihedral angles of the DPPC alkyl chain revealed that the gauche and trans
conformation structures were changed due to the incorporation of FTOH molecules.
On the basis of an overall comparison, it can be concluded that the probability of
gauche conformations was reduced, while the probability of trans conformations was

increased by 19%.
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Figure 4.5: Population (Pop) density of dihedral angles illustrating the alkyl chains flexibility of the pure DPPC
bilayer alkyl chain in comparison to alkyl chain in the presence of FTOH molecules. Every line shows the histogram
of the dihedral angle population listed from the dihedral angle of the first four carbon atoms near the head group

region (bottom) of the alkyl chain upto the outer end’s carbon (top) of the alkyl chain.
4.6 Tilt Angle of the Alkyl Chains of DPPC Molecules

The tilt angle of the alkyl chains in the presence of FTOH molecules at different
concentrations and different temperatures were compared with a pure DPPC bilayer
system. Figure 4.6(a) presents the alignment of alkyl chains of pure DPPC with
respect to the normal of the bilayer surface. It is clear that there is no decrease at the
end of the traces, which indicates parallelism or anti-parallelism of the vector formed
by the alkyl chains with respect to the normal of the bilayer surface. Figure 4.6(b)
shows the angle between the alkyl chains and the normal of the bilayer surface in the
presence of FTOH molecules. For concentrations of 4:1 and 6:1, sharp decreases were
observed at 25°, 155° and at 20°, 160 °, respectively. For the concentration of 6:1,
the only signs of the decrease appeared at the end of the trace on both sides at the

higher temperature. This corresponds to the tilted nature of the alkyl chains of a
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DPPC membrane (see section 4.7).
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Figure 4.6: Tilt angle of the alkyl chains of DPPC molecules with regard to normal of the bilayer surface. (a) pure
DPPC bilayer and (b) DPPC bilayer in the presence of FTOH molecules.The solid line is for alkyl chain-1 and dashed

line is for alkyl chain-2 of lipids.

4.7 Tilt Angle of the Additive Molecules in the Mem-
brane Environment

The alignment of the FTOH molecules to the normal of the bilayer surface was
calculated by considering a symmetrical vector of these molecules. The symmetrical
vector started from one carbon atom of the molecule and pointed to the carbon atom
at the opposite end. Figure 4.7 shows the alignment of the FTOH molecules with
respect to the normal of the bilayer surface for different concentrations i.e., 4:1 and
6:1 and for the system at a higher temperature. The two sharp decreases at the
boundaries of the traces correspond to two different concentrations. These decreases

cover a range of around 20°. The trace related to the higher temperature presents
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a weak sign of tilted nature of the additive molecules. All these decreases show that
the parallel or anti-parallel alignment of the FTOH molecules with the normal of
the bilayer surface has vanished at these points and these molecules are now tilted.
Comparing Figure 4.6(a and b) and Figure 4.7, one can conclude that incorporation
of FTOH molecules into the bilayer, which occur significantly at 323 K, introduce a

tilting transition of the lipids.
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Figure 4.7: Tilt angle of the additive molecules within the DPPC bilayer. The tilt angle is with regard to normal of

the bilayer surface, which coincides with the z-direction of the coordinate system.

4.8 Lipid Orientation

One of the basic purposes of investigating orientation is to calculate the order
parameters of the alkyl chain of the lipids. On the basis of this property, a basic un-
derstanding of the phase transition of the lipid system can be established. The FTOH
molecules penetrated into the bilayer leaflet during the simulation. It is expected that
the C-H bonds of the phospholipid tails were also affected during the penetration of
these molecules. The computational approach and mathematical equation as that

discussed in section 3.4.3 was taken here for calculation order parameters.
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The magnitude of the Scy order parameters versus the carbon index number is pre-
sented in Figures 4.8 and 4.9. Here, C2 represents the carbon atom close to the head
group region in each of the fatty acid chain, and C15 is for the carbon atom in a ter-
minal methyl group. In Figure 4.8(a and b), the order parameters of alkyl chains are
compared for a pure DPPC system and DPPC in the presence of FTOH molecules at
a temperature of 333 K. The comparison showed that the order parameters increased
for carbons from C2 to C13. In Figures 4.9(a and b), the order parameters for alkyl
chains are presented in the presence of FTOH molecules at 323 K. A significant in-
crease was observed in the order parameters of alkyl chain carbons from C2 to C14.
A significant increase in the order parameters was observed at 323 K as compared
to 333 K. In summary, the increase in the order parameters shows that an already

existing fluid phase of lipid has transformed to the gel phase.
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Figure 4.8: Order parameter magnitude |Scy| versus carbon index number for alkyl chains of DPPC bilayer simulated

(a)

Carbon index No. for alkyl chain-2

(b)

at 333 K in the presence of FTOH molecules (Solid circle), and pure DPPC bilayer (Triangle).
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Figure 4.9: Order parameter magnitude |[Scy| versus carbon index number for alkyl chains of DPPC bilayer simulated

at 323 K in the presence of FTOH molecules (Solid circle), and pure DPPC bilayer (Triangle).
4.9 Fluctuations in the Bilayer Thickness over Time

In this section, variations in the thickness of the DPPC bilayers are described.
The simulations here were carried out under constant pressure conditions. The size
and the shape of the simulation box were varied in order to adjust the DPPC area
and thickness. This will help to compare and validate simulations and reproduce
important structural properties such as the Area/Lipid. To investigate the effect
of FTOH molecules on bilayer thickness, the same DPPC bilayer compositions were
used. Figure 4.10 shows fluctuations in the thickness of bilayers in the presence of
FTOH molecules. Initially, a small increase was observed for the thickness of the
bilayers. However, at 35 ns, the thickness for the two concentrations (4:1 and 6:1)
at 323 K was higher than the thickness at 333 K. The bilayer thickness achieves a
maximum value of 46 A in the presence of FTOH molecules for the two different con-
centrations. It can be stated that the thickness of the bilayer attains an equilibrium

position at 50 ns, accompanied by microscopic fluctuations.
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Figure 4.10: Fluctuations in the DPPC bilayer thickness over time in the presence of FTOH molecules during the

total simulations time.

4.10 Final Configuration of FTOH Molecules and

DPPC Molecules

Figure 4.11 shows the combined system of fluorinated alcohol (FTOH) molecules
and the hydrated DPPC bilayer at the end of the simulation. This figure also shows
the FTOH molecules that have penetrated into this bilayer. It also explains the tilted
nature of the bilayer system. It was tilted by approximately 20°, which correlates
with the value already explained by various properties, i.e., the tilt angle of the alkyl
chain of DPPC molecules with the normal of bilayer plane and the tilt angle of the

FTOH molecules in the membrane environment.
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(a) (b)

Figure 4.11: Final configuration of the system presenting the DPPC bilayer with penetrated FTOH molecules, at the

end of the total simulation time.



Chapter 5

Perfluorinated Acids with a

Membrane Bilayer

In this chapter, the interaction of additive molecules i.e., perfluoro octadecanoic
acid (PFODA) with a DPPC bilayer is evaluated. The same computational approach
as that discussed in section 2.3 was taken here. The PFODA molecules were arranged
in the x-y plane in the same way as the perfluoro n-alkanes in section 3.1.1. These
molecules were embedded in the DPPC bilayer according to the same process as
that described in section 3.1.2. DPPC molecules were arranged in the bilayer and
surrounded by 2189 water molecules on both sides. Both PFODA molecules and the

DPPC bilayer have the same initial configuration as discussed in section 3.1.1.
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5.1 Convergence of the Molecular Dynamics Simu-

lation

Generally, a converged simulation of a system corresponds to a stable simulation.
Simulation of the PFODA molecules combined with a DPPC bilayer was performed at
323 K. The convergence of the simulation was evaluated on the basis of the Area/Lipid
and MSD. At the start of the simulation time, the Area/Lipid was 67 A2 Over the
course of the simulation, this area decreased and had a value of 61 A2 at 38 ns,
as shown in Figure 5.1(a). On average, this value was reduced by approximately
10%, accompanied by fluctuations. Followed by the Area/Lipid, the diffusion of
PFODA molecules in the DPPC environment was computed for the overall period
of the simulation using MSD. The findings from the MSD plot were similar to those
for the Area/Lipid that have already been discussed. Initially, the diffusion of the
PFODA molecules was fast, however the diffusion process slowed after 50 ns. A peak
at 150 ns appeared; after this, a decrease was observed, which indicates a numerical
artifact. MSD, i.e, <7"2> was calculated according to the equations 3.1, 3.2, 3.3, as
discussed in section 3.2. Figure 5.1(b) shows the diffusion according to equation 3.1
for PFODA molecules. A decrease in the plot was observed at 150 ns, which indicates

the statistical problem.
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Figure 5.1: (a) Area/Lipid of DPPC bilayer in the presence of PFODA molecules. (b) MSD of the PFODA molecules

in the DPPC environment.
5.2 Density Profile

The density profiles of the PFODA molecules were computed in order to evaluate
the expected density increase in the region corresponding to the location of these
molecules in the DPPC bilayer environment. For the DPPC bilayer and the PFODA
molecules, the system was considered as a two-dimensional box. Figure 5.2 shows the
center of mass distribution profile of these molecules, which was computed during the
last 10 ns of the overall simulation trajectory. This distribution profile also confirms
the penetration of these molecules into the bilayer leaflet. There were many peaks
visible in the density profile, this probably an artificial noise. These molecules were
aligned along the alkyl chains in a slightly scattered form as compared to the F10
and FTOH molecules discussed in the previous two sections, which confirms from its
broadened peaks in the plot of density profile. It is possible that these molecules
could change their position inside the bilayer with the progress of simulation time for

stability reasons.
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Figure 5.2: Center of mass (CM) distribution profile of a pure DPPC (magenta) and PFODA molecules in the DPPC
environment (green) during the last 20 ns out of the total simulation time. Zero represents the center of bilayer plane

5.3 Clustering Phenomena of the Additive Molecules

When studying the behavior of the PFODA molecules in the membrane environ-
ment, the radial pair distribution function is the most interesting statistical data that
can be calculated. The distribution of these molecules inside the membrane can be
analyzed by a radial pair distribution function gxy(r). In Figure 5.3, the first peak in
this function represents the presence of PFODA molecules in the first shell. This peak
also confirms the phase separation behavior of these molecules and DPPC membrane.
After the first peak, the remaining peaks were likely to be of non-uniform amplitude,
because the probability of the presence of these molecules in the bilayer environment
was also non-uniform. At higher distances r from the reference point, the amplitude
of the peaks gradually decreased. From an overall perspective, it was found that
these molecules present a weak clustering effect in the DPPC environment and that

the peaks were approximately 5 A from each other.



Chapter 5: Perfluorinated Acids with a Membrane Bilayer 76

12+ g
10+
—~ 8
=~
~—
> 6
41
2+
0 L L h
0 5 10 15 20

Distance (A)

Figure 5.3: Two-dimensional radial pair distribution function explaining the clustering phenomena of PFODA

molecules in the DPPC environment.

5.4 Gauche-Trans Conformations of the DPPC Alkyl

Chains

In this section, the effect of the PFODA molecules on the alkyl chain structure
of the DPPC bilayer was investigated. The dihedral angles were computed during
the last 20 ns in order to observe the changes in the overall alkyl chain structure
induced by these molecules. In Figure 5.4(a and b) every line shows a dihedral
angle, for which the trajectory was listed from the dihedral angle of the first four
carbon atoms near the head group region to the carbon atom at the outer end of
the alkyl chain. Figure 5.4(a) presents a histogram for the dihedral angles of the
alkyl chain of a pure DPPC bilayer, while Figure 5.4(b) shows the dihedral angles in
the presence of PFODA molecules. From an overall comparison, it was found that
trans conformations were increased by 16% and gauche conformations were reduced
by the same percentage. In general, the trans conformations of DPPC bilayer were

70% without PFODA molecules, while these conformations increased to 86% upon
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penetration of these molecules into the bilayer.
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Figure 5.4: Population (Pop) density of dihedral angles illustrating the alkyl chains flexibility of the (a) pure DPPC
bilayer and (b) DPPC bilayer in the presence of PFODA molecules. Every line shows the histogram of the dihedral
angle population listed from the dihedral angle of the first four carbon atoms near the head group region (bottom) of

the DPPC molecules to the outer end’s carbon (top) of alkyl chain.

5.5 Fluctuations in the Bilayer Thickness over Time

In this section, the variation in the thickness of the bilayer was monitored during
the overall simulation period in the presence of PFODA molecules. Figure 5.5 shows
that the DPPC bilayer thickness was initially 40 A, and it increased to 42 A at 35 ns
followed by an immediate decrease. This is an artificial decrease, which confirms just

a fluctuation in bilayer thickness in the presence of PFODA molecules.
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Figure 5.5: Fluctuations in the DPPC bilayer thickness over time in the presence of PFODA molecules during total

simulation trajectory.
5.6 Lipid Orientation

The order parameters, which can be calculated experimentally by deuterium Nu-
clear Magnetic Resonance (H-NMR), are important quantities that can be used to
explain the order of the lipid bilayers. The investigated lipid bilayer was already
in the fluid phase and was highly disordered compared to the gel phase. The same
computational approach and mathematical equation as that discussed in section 3.4.3
was used here for calculation order parameters.

Here, C2 represents the carbon atom close to the head group region in each of the fatty
acid chain, and C15 is for the carbon atom in a terminal methyl group. Figure 5.6
shows a comparison between the order parameters of alkyl chain-1 and alkyl chain-2
in the presence and absence of PFODA molecules at 323 K. An increase in the order
parameters of carbons from C2 to C15 was observed. The penetration of PFODA
molecules into the bilayer increased the order of C-H bonds; the order parameters of

carbon in the methylene group were strongly affected in particular.
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Figure 5.6: Order parameters magnitude |Scy| versus carbon index numbers for alkyl chain-1 and alkyl chain-2 of

DPPC bilayer in the presence of PFODA molecules (Solid circle) and pure DPPC bilayer (Triangle).

5.7 Final Configuration of PFODA Molecules and

Lipid Molecules

Figure 5.7 shows the final stage of the simulation period for fluorinated acids

and a hydrated lipid bilayer. This figure also shows that there is no tilting effect in

the DPPC bilayer in the presence of PFODA at this stage of the simulation. The

orientational properties were changed significantly, while the effect on the structural

properties of lipids was not as evident in the case of penetrated PFODA molecules.
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Figure 5.7: Final configuration of bilayer membrane with PFODA molecules at the end of total simulation trajectory.
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Summary

Molecular dynamics (MD) simulations for perfluoro n-hexane (F6), perfluoro n-
octane (F8), perfluoro n-decane (F10), partially fluorinated decane [5 carbons at-
tached with hydrogens, and 5 carbons attached with fluorine| (H5F5), and normal
decane (H10), in a membrane DPPC bilayer in a fluid phase were performed in the
isothermal-isobaric (NPT) ensemble. From the amphiphiles family, fluorinated alco-
hol (FTOH) and perfluorinated octadecanoic acid (PFODA) molecules were used for
simulation with a DPPC bilayer. Simulations were performed at 323 K and 333 K
and at constant pressure.

After 300 ns of simulation trajectory, the structural and oriantational properties of the
DPPC membrane such as Area/Lipid, trans-gauche confirmations, order parameters,
fluidity and phase transitions were significantly affected by perfluorinated, partially
fluorinated alkanes, normal alkanes and fluorinated amphiphiles, i.e, (F6, F8, F10),
H5F5, H10, and (FTOH, PFODA), respectively. MSD plots revealed a significant

reduction in the mobility of longer chain, i.e., F10 molecules due to penetration of
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these molecules into the leaflet of the bilayer. The diffusion of the fluorinated alcohol
molecules in the lipid bilayer system was faster at the higher temperature as compared
to the lower temperature. At the higher temperature, the membrane exhibited a flu-
idic nature, while at the lower temperature it became frozen. Plots of the rotational
dynamics of the additive molecules revealed that the rotational movement of longer
chain perfluorinated molecules is markedly hindered, due to its penetration into the
leaflet of the lipid bilayer. It is important to note that the additive molecules were
found inside the leaflet of the lipid bilayer at this stage of simulation. The penetration
of the perfluorinated and fluorinated molecules into the leaflet of the DPPC bilayer
leads to a more organized bilayer system, which is reflected in an increase in the com-
pression modulus and a decrease in the Area/Lipid. The longer chain perfluorinated
molecules showed better penetration into the leaflet of the lipid bilayer, thus reducing
Area/Lipid by 21.0%.

An increase in deuterium order parameters of the lipid alkyl chains was noticed upon
incorporation of additive molecules into the bilayer. The increase in the order pa-
rameters in case of F10, FTOH, and PFODA molecules is significant. It is concluded
that higher the degree of fluorination and longer the carbon chain leads to effective
change in the order parameters.

The clustering of F10, FTOH, and PFODA molecules was observed inside the lipid
bilayer. The clustering tendency of FTOH and PFODA molecules was sufficiently
reduced because of their head group interactions with ionic head group region of lipid
molecules. In case of F10 molecules, better clustering was observed because of ab-

sence of these additional polar interactions. The clustering phenomenon was not so
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evident in all other types (F6, F8, H5F5, and H10) of molecules.

The CM distribution profiles were calculated for the additive molecules and for a pure
membrane. Good correlation was observed between the center of mass distributions
of additive molecules and membrane molecules. At this stage of the simulation, the
perfluorinated molecules penetrated into the leaflet of the DPPC bilayer alkyl chains
and stabilized themselves by minimizing their energy. There is also the possibility
that these perfluorinated molecules could change their position inside the leaflet of
the bilayer for stability reasons after a very long time of simulation. On the basis of
our calculations and observations, it was observed that, with the progress of simula-
tion time, perfluorinated molecules that had penetrated into the leaflet of the lipid
bilayer might produce pores for water in the head group region. The incorporation of
fluorophilic molecules into the DPPC system may provide a new means of controlling
the permeability and stability characteristics of DPPC membranes. In our project,
we focused on the “complexity of the problem” and “the behavior of relatively small
fluorophilic and lipophilic organic molecules in biological systems”. Further in-depth

studies are required to address the need for research into these compounds.
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Appendix A

7.1 List of Symbols and Abbreviations

CHARMM Chemistry at HARvard Macromolecular Mechanics

NAMD Nanoscale Molecular Dynamics , formerly Not Another Molecular Dy-
namics

MD Molecular Dynamics

PFCs Perfluorinated Compounds

DPPC Dipalmitoylphosphatidylcholine

RB Ryckaert-Bellemans

UB Urey-Bradley

LJ model Lennard-Jones model

NPT Number, Pressure and Temperature
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NVE Number, Volume and Energy
NVT Number, Volume and Temperature

GROMACS  Groningen Machine for Chemical Simulations

PME Particle Mesh Ewald

TCL Tool Command Language

TIP3P Transferable intermolecular potential 3P

FTOH Fluorotelomer Alcohol

PFODA Perfluorinated Octa-Decanoic Acid

F6 Perfluoro n-Hexane

F8 Perfluoro n-Octane

F10 Perfluoro n-Decane

H5F5 Partially fluorinated decane |5 carbons attached with hydrogens, and

5 carbons attached with fluorine]
H10 Normal Decane
MSD Mean Square Displacement
C-F bond Carbon and Fluorine bond
HFTP Hexafluoroisopropanol

TFE Portotrifluoroethanol
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PFCAs

8:2 FTOH

QXY(T )
C-H bond

K

CM
ND
GX
GXC
FRAP
FCS
AFM

pK,

Perfluorocarboxylic acids

Fluorotelomer Alcohol with 8 fluorinated carbons and 2 hydrogenated

carbons

Radial Pair Distribution Function
Carbon and Hydrogen bond

Kinetic energy

Potential energy

Center of Mass

Neutron Diffraction

Gravimetric X-ray method
Gravimetric X-ray Corrected method
Fluorescence Recovery After Photobleaching
Fluorescence Correlation Spectroscopy
Atomic Force Microscopy

An acid dissociation constant, Ka, (also known as acidity constant, or
acid-ionization constant) is a quantitative measure of the strength of

an acid in solution. The lower the pKa value, the stronger the acid.
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Appendix B

8.1 Data Related to the Parametrization Process of

Fluorocarbons

8.1.1 Total Energy Function of CHARMM Force Field, its
Model Interactions and Parameters

The total energy function of CHARMM force field, its model interactions and

parameters are provided in the following.

Figure 8.1: Model interactions and parameter usage for the total energy function of the CHARMM force field.
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8.1.2 Optimization Procedure for Bonded Parameters and Charges

The procedure to derive parameters for new atom types of an optimized structure
compatible with the CHARMM force field from both experimental and theoretical
quantum chemical data [79]| are explained in Figure 8.2. Due to some unclear defi-
nitions, issues related to the lipid layers and to bond and angle definitions, as their
reference values (by or 6y, respectively) do not reproduce the ground state confor-
mation by themselves, both the CGenFF and the CHARMM force field are used for
parametrization procedure. The compounds used for the parametrization procedure
are, n-alkanes, perfluoro-n-alkanes up to perfluoro-n-octane, and partially fluorinated

n-alkanes.

8.1.3 Optimization of van der Waals Parameters

To calculate the optimal parameter values for the van der Waals interaction, both
regular aliphatic carbon chains and perfluorinated chains are almost nonpolar but ex-
hibit a highly subtle thermodynamic behavior in terms of mixing/demixing properties.
The optimized parameters in question are developed on the basis of liquid densities

for both perfluoro-n-alkanes and mixtures of perfluoro-n-alkanes and n-alkanes.
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Figure 8.2: Parametrization schema for the CHARMM force field as applied for preparation of fluorocarbons param-

eters.

8.1.4 Atom Types used for Parametrization



Chapter 8: Appendiz B

90

HCA2A HCA2A

H

HCA3A

H HCA3A

H

FCF2

FCF3

FFCF3

Figure 8.3: Atom types used for parametrization as an notation to one of the sample compounds. FCFy, FCF3, CCF2

and CCF3 are the newly introduced atom types.

| Atom type label | Mass (amu) |

Description

CCF; 12.01 carbon in CF3 group
CCFy 12.01 carbon in CFy group
FCF; 19.00 fluorine in CF3 group
FCFo 19.00 fluorine in CFy group

Table 8.1: Introduced atom types with their CHARMM-style label

8.1.5 Bonded Parameters

For bonded parameters, the equilibrium values are computed by using the atom

types CC33A, CC32A, HCA3A, and HCA2A for n-alkanes from CHARMM35 [91].

In general, the influence in terms of variation of the values for bonded parameters

of the nonfluorinated part of the n-alkanes on the fluorinated part is negligible for

ni and, hence, neither of the conformational parameters varies with increasing chain

length i. Together using the most simplified and only four different atom types in

two different chemical groups is justified for perfluoro-n-alkanes, and additional atom

types at the connection between the fluorinated and nonfluorinated parts are not

necessary to simulate in this selection of n-alkane model compounds. This follows the

typical approach for alkanes in CHARMM and CGenFF. The resulting parameters
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yield good geometries, which have good agreement of the conformations for small as

well as for larger compounds, which supports this approach. In the following tables,

the final values for the bond parameters and for angles are listed.

‘ Atom types ‘ K, ‘ bo ‘
CCF3 CC32A | 2225 1.51
FCF3; CCF; 322 1.34
FCFy CCF,y 322 1.37
CCF, CC32A | 2225 1.51
CCF3 CCF, 22.5 1.53
CCFy CCFy | 270.134 | 1.5328
CCF3; CCFj3 | 277.058 | 1.5308

Table 8.2: Bond lengths by in Angstroms and force constants K, in kcal/mol/A?

‘ Atom types ‘ B ‘ Ky
CC33A CC32A  CCF3 | 37.3227 | 112.397
HCA2A CC32A CCF3 | 34.600 | 106.820
CC32A CCFj FCF3 48.248 | 111.733
CC33A CC32A CCF, 64 111.54
CC32A  CCF, FCFy 52 110.66
CC32A  CCF, CCF;5 53 114.91
CC32A CCF, CCF, 53 114.91

CCF, CC32A HCA2A 52 107.54
FCF; CCF;3 FCF; 35.500 | 107.100
CCF, CCFj FCF; 95 111.05
CCF3 CCFy FCF, 55 106.36
FCFy, CCF,y FCFy 35 107.53
CCF, CCFy FCF;y 21.50 107.73
CCF, CCFy CCF;5 52.08 116.99
CCF3 CCF; FCF3 47.149 | 109.724
CCF3 CCF, CCF3 | 91.0318 | 116.620
CCF, CCF, CCFy | 45.7428 | 107.626

Table 8.3: Angles 6 in degrees and force constants Ky in kcal/mol/rad?. (All Urey-Bradley terms are set to zero).




Chapter 8: Appendiz B 92

8.1.6 Charges

Optimization of the charge has been carried out by using classical molecular dy-
namics. For perfluoro-n-alkanes, it is difficult to fit the optimizations done either
for matching interaction distances or for matching interaction energies. It has been
solved by defining a mathematical weighting W with physical justification as a single
parameter fitting target, and chose the geometric mean of the relative errors. By
keeping CF5 or CF3 group has to be neutral in total,only the net charges on the
fluorines and the partial charge of the carbons is evaluated. The resulting charges,

which are given in Table 8.4, are quite similar to values used in different force fields

120, 92].
W2 — [E1<M]]?]3((;E3(QM)]2 n [dl(Mgl)((gl\C})(QM)]z (8.2)
’Atom types ‘ q ‘ 3 ‘ Ryin ‘ g/ ‘Rmin ‘

FCF5 | -0.12 | -0.0240 | 1.3400 - -
FCF, | -0.185 | -0.1050 | 1.6300 - -
CCF;3 | 0.36 |-0.0780 | 2.0400 | -0.01 | 1.9
CCF, | 0,37 |-0.0240 | 2.0500 - -

Table 8.4: Lennard-Jones parameter € in kcal/mol and R, in Angstroms along with charges in e. For charge in e,

a correction (e/ and R{nm ) for 1,4 atoms is suggested by CGenFF.
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Figure 8.4: Top: Interaction energy (MD) normalized by the MP2/6-31G(d) results (M) and interaction distances
normalized the same way (o) over the FCF3 net charge for fa together with the ideal target value (/). The CCFa
net charge has been set such that the overall CFy group is neutral. It is clearly visible that there is no optimum
that fits both the interaction energies and the interaction distances. Bottom: Given the weighting in Eq. 8.2, the
deviation from the target values depending on the charges of FCF5 and FCF3 has been rasterized. The optimal value

is highlighted (o).

8.1.7 Dihedral Angles

For perfluoro-n-alkanes, the simulations confirm the reported observation about
the dihedral for the carbon chain conformations [20, 93]. This effect is modeled
accordingly by defining a nonzero phase shift for the appropriate dihedral parameter.
For short chains the tilted chain angle is not clearly visible, while for longer chains,
it is a bit more clear, therefore different potential has been used. Hence, the overall
target is to simulate comparably long perfluorinated chains, this approach is clearly
justified. However, the actual conformations of short partially fluorinated compounds

have to be used with care.
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] Atom types ‘ K, ‘ n ‘ 0 ‘
CCF, CCF,;  CCFj FCF3 | 0.515 | 1 | 180.0
FCF, CCF,  CCFq CCFs; 0529 11| 0.0
FCF, CCFy  CCFq FCFy | 2505(1| 0.0
FCF3; CCF3  CCFq FCFy |0.207 | 3| 0.0
FCF; CCF3; CCF; FCF3 |0.218 | 3| 0.0
CCF3 CCF, CCF;3 FCF3 |0.082|3| 0.0
CCF3 CCF, CCF, CCF; 1.164 | 1 | 180.0
CCF3 CCFy CCF, CCFy | 2508 | 1] 180.0
CCF,; CCFy CCF, FCF, |0.040 | 3| 0.0
CCF, CCF,  CCFq CCFy | 3.000 | 1 | 180.0

CC33A CC32A CCFj FCF3; |0.164 | 3| 0.0
CCF3 CC32A CC33A HCA3A | 0.121 | 3| 0.0
FCF; CCF; CC32A HCA2A [ 0.262 | 3| 0.0

CC33A CC32A CCF, CCF3 | 0.16 | 1| 0.0

CC32A CCF, CCF; FCF; | 0.16 | 3| 0.0
CCF; CCF,; CC32A HCA2A | 0.16 | 2| 0.0

CC32A CCF,  CCF, CCF3 | 1875 |1 0.0

CC32A CCF,  CCF, FCFy 0530 (1| 0.0

CC33A CC32A CCF, CCF, | 1481 1] 0.0

CC33A CC32A CCF, FCFy, | 0.510 3| 0.0
CCF, CC32A CC33A HCA3A | 0.341 | 3| 0.0

HCA2A CC32A CCF, CCFy 0316 | 1| 0.0
HCA2A CC32A CCF, FCFy 0.034 2| 0.0

Table 8.5: Dihedrals and their offset ¢ in degrees , force constants K in kilocalories per mol and multiplicity n
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