
Charles University in Prague, Faculty of Science
Department of Physical and Macromolecular Chemistry

Doctoral Thesis

Molecular Simulations of Surfaces of
Aqueous Solutions

RNDr. Robert Vácha

Advisor: doc. Mgr. Pavel Jungwirth, DSc.

Institute of Organic Chemistry and Biochemistry, AS CR
Center for Biomolecules and Complex Molecular Systems



Přírodovědecká fakulta Univerzity Karlovy v Praze
Katedra fyzikální a makromolekulární chemie

Disertační práce

Molekulární simulace povrchů vodných
roztoků

RNDr. Robert Vácha

Školitel: doc. Mgr. Pavel Jungwirth, DSc.

Ústav organické chemie a biochemie, AV ČR
Centrum biomolekul a komplexních molekulových systémů



First of all I would like to thank my family for constant support, patience,
and understanding without which this work would not be possible. Also spe-
cial thanks go to my girlfriend Monika and friends Martin, Honza, and Zuzka
who helped me a lot.

I am grateful to my advisor Pavel Jungwirth, who introduced me to the
computational chemistry and the beauty of science, for being such an inspiring
role model. He showed me together with our collaborators Max L. Berkowitz,
Rainer A. Böckmann, and Nobuyuki Matubayasi the mysteries of nature and
ways to reveal them.

And last but not least, big thanks go to my colleagues and friends: Babak,
Basia, Eva, Frank, Honza, Jindra, Luboš, Lukasz, Martin, Martina, Mikael,
Milan, Ondra, Philip, Shirley, and Tomaso for fruitful discussions and creating
a pleasant and enjoyable atmosphere.



I declare that I wrote this thesis myself and that it represents the results of
my own work, unless stated otherwise in the text. All sources of information
such as books, articles, and internet sites are properly cited in the References
section. Neither the thesis nor any of its parts have been used previously for
obtaining any academic degree.

In Prague, 28th April 2009 Robert Vácha



Contents

1 Introduction 6
1.1 Computer simulations . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Molecular Dynamics . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Ions and molecules at water interfaces . . . . . . . . . . . . . . . 8

2 Studied systems 13
2.1 Pure water and the behavior of hydronium and hydroxide at its

surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Aqueous solutions in contact with air . . . . . . . . . . . . . . . 17
2.3 Proteins in electrolyte solutions . . . . . . . . . . . . . . . . . . 19
2.4 Ion adsorption at the phospholipid membranes . . . . . . . . . . 21

3 Summary 25

References 27

List of attached publications 39

Attached publications 41

5



1. INTRODUCTION

Chapter 1

Introduction

1.1 Computer simulations

Computer simulations or “computer experiments” represent attempts to nu-
merically solve, propagate, or sample a given model of a studied system. This
is a unique tool for investigating processes around us even at conditions that
are inaccessible to experiments or are impossible to solve theoretically. There-
fore, simulations can help both theory and experiment in many ways such as
to verify models, help with the interpretation of results, reveal a mechanism,
propose a theory, or even suggest experiments. In an ideal case, computers
provide us with a direct route from atomistic details to macroscopic properties
of studied system.

Even though there are still many limitations, rapid increase of computa-
tional power together with advances in software development constantly open
new ways and perspectives for computer simulation. While accurate meth-
ods dealing with quantum dynamics are able to simulate dozens of atoms for
tens of picoseconds, classical molecular dynamics (MD) can reach systems of
∼100 000 atoms for hundreds of nanoseconds. Moreover, if molecular coarse
grained description is applicable tens of microseconds are accessible nowadays.
Therefore, a wide range of scientific problems can be solved or explained by
computational research. However, one should bear in mind the limitations of
the employed method, since results can be only as good as are the inputs (see
Figure 1.1).

Figure 1.1: Carelessly chosen method in computer simulations.
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1. INTRODUCTION

1.2 Molecular Dynamics

Molecular dynamics simulation is a powerful technique of computer simulations
that is frequently used nowadays. It has been described in great detail in
classical computational chemistry textbooks several times, therefore, only basic
ideas and concepts related to our research are explained in this chapter and for
further reading we recommend cited textbooks and/or program manuals1–6.

MD is method based on the solution of the Newton’s equations of motion

~Fi = mi
∂2~ri

∂t2
, (1.1)

where the index i runs over all particles in the system, with mass mi and
position ~ri. The force ~Fi acting on the particle is calculated as the negative
gradient of the potential energy V :

~Fi = −∇iV. (1.2)

Numerical solution of Newton’s equations is possible using small time steps.
The size of the time step should be as long as possible for effective simula-
tions, but at the same time it has to be short enough to describe the fastest
motions in the system properly, otherwise numerical instability occurs. The
time evolution of the studied system in a given ensemble results in a time
trajectory, using which one can study both equilibrium thermodynamic and
dynamic properties.

The total potential energy V is a sum of intra- and intermolecular con-
tributions describing deviations from equilibrium bond lengths, angles, and
dihedrals (torsions) within the molecule plus van der Waals and electrostatic
interactions. The set of interaction parameters is called a forcefield and is
usually derived from experimental and/or quantum calculation data.

The bond stretching between the two atoms in a molecule is typically rep-
resented by a harmonic potential:

Vbond (r) =
1

2
kb (r − r0)2 , (1.3)

where r andr0 is a bond length and its equilibrium distance and kb stands for a
force constant. Similarly, a harmonic potential is employed for the bond angle
vibrations:

Vangle (α) =
1

2
ka (α− α0)

2 , (1.4)

where ka represents an angle stiffness, α is an instantaneous bending angle,
and α0 stands for the equilibrium angle. The four atom interactions are ei-
ther torsional rotations around bond, which are calculated by periodic proper
dihedral potential, or out of plane deviations being described by harmonic
improper dihedral:
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1. INTRODUCTION

Vproper (θ) = kd [1 + cos(nθ − θ0)] (1.5)

Vimproper (ϑ) =
1

2
kϑ (ϑ− ϑ0)

2 (1.6)

Here kd represents the height of angle barrier, n stands for multiplicity, and
θ is an angle between planes defined by the first and last trios of atoms. ϑ
represents angle between the plane of first three atoms and vector of third and
forth atom. kϑ is a force constant and subscript 0 stands for optimal value.

The non-bonded interactions consist of a short–range repulsion and disper-
sion (van der Waals) and a long range electrostatic terms. The repulsion and
dispersion terms are usually described using the 6-12 Lennard-Jones potential
or the exponential Buckingham potential:

VLennard−Jones (r) = 4ε

((σ
r

)12

−
(σ
r

)6
)

=
C12

r12
− C6

r6
, (1.7)

VBuckingham (r) = A exp(−Br)− C

r6
, (1.8)

where r is the distance between interacting atoms and ε, σ, C12, C6, A, B, C
are atom-specific constants. The Coulomb interaction between partial charges
is formulated as:

VCoulomb (r) =
1

4πε0

q1q2
εrr

, (1.9)

where q stands for partial atomic charges separated by distance r in the envi-
ronment of relative permittivity εr. ε0 is the permittivity of vacuum. There
can be additional interaction terms specific for the employed force field, for
example non-pair electronic polarizabilities.

For an effective speed up of calculations an interaction cutoff at a certain
separation is introduced. However, the Coulomb law is decaying only as 1

r
and

its value at a cutoff distance may not be negligible. To correct for this long
range error an Ewald summation method, based on the summation of charges
for periodic boundary conditions, was established7. The periodic conditions
also help us to mimic a sufficiently large system, when a smaller number of
particles has to be used due to limited computational resources. Note, that
classical MD dos not include quantum electronic or nuclear effects, therefore,
bonds cannot be formed or broken and atoms cannot tunnel or behave as
waves.

1.3 Ions and molecules at water interfaces

Water is a ubiquitous part of our environment and the same stands for aqueous
interfaces, which are present wherever water phase is in contact with another
substance - a large molecule, or a phase. One of the simplest interfaces is
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1. INTRODUCTION

that of water with its vapor. Already such a simple interface is important
in atmospheric chemistry, especially for heterogeneous reactions taking place
on water droplets in clouds, fogs, etc. Particularly important are reactions
in which all reactants preferentially adsorb on the water surface and lead to
the creation of carcinogenic species in the troposphere such as , e.g., oxidation
of cyclic hydrocarbons8. Another example of an important water boundary
is its interface with biomolecules like proteins or membranes, where adsorbed
molecules can cause a change in physico-chemical properties leading to inhi-
bition or modification of essential life processes. Moreover, also in industry
we can find a lot of water interfaces playing a crucial role, e.g., in corrosion
processes.

The basic quantity describing a liquid surface is the surface tension, which
represents a tendency of a liquid to minimize its surface and originates from
attractive intermolecular interactions. The theory of surface tension and its
changes by adsorbed molecules was derived by Josiah Willard Gibbs in 19th
century9. This thermodynamic theory is based on an idealized model of an
interface between two homogeneous phases with a zero thickness, termed the
Gibbs dividing interface. The Gibbs adsorption isotherm directly connects the
change in surface tension and the surface excess of a solute. If the solution is
ideal (dilute) and kept at constant pressure and temperature this formula can
be simplified to:

Γ = − 1

RT

∂γ

∂ ln c
= − c

RT

∂γ

∂c
. (1.10)

Here, T stands for temperature, R is the universal gas constant, γ represents
the surface tension, c is the bulk concentration, and Γ is the solute surface
excess. Γ is an integral quantity representing the difference between the total
number of solute moles in the system minus number of moles in homogeneous
phases, each expressed per surface area:

Γ =
ntotal − nphase1 − nphase2

A
=

+∞∫
−∞

ρ (z) dz−
gds∫
−∞

ρphase1dz−
+∞∫
gds

ρphase2dz. (1.11)

As shown above, the surface excess can be reformulated in terms of solute den-
sity ρ (z) profile perpendicular to the Gibbs dividing surface (gds) the position
of which is defined by zero surface excess of the solvent (see Figure1.2).

Surface excess can be negative (surface depletion), zero, or positive (ac-
cumulation at the interface). However, as depicted in Figure 1.2 an integral
quantity can have different functional representations. Therefore, experimen-
tal increase of surface tension related to negative surface excess does not rule
out solute surface enhancement followed by an overcompensating subsurface
depletion. To get further information about the surface distribution of solute
other methods have to be used.
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Figure 1.2: A schematic picture of density profile across the interface with
marked regions that contribute to the surface excess. Part A depicts the
definition of gds (solvent Gibbs dividing surface), which is positioned at zero
total surface excess. In part B is a classical and most common density profile for
surface depleted solute. Part C shows a possible other density profile that has
negative surface excess, where the solute is enhanced at the interface followed
by subsurface depletion.
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Experimental techniques, capable to test water interfaces and the effects of
adsorbed molecules in more detail, were developed recently. These are the sec-
ond harmonic generation spectroscopy (SHG) and vibrational sum-frequency
generation spectroscopy (VSFG)10–13. Both methods are non-linear and are
getting the signal from an anisotropic environment being ,therefore, surface
sensitive. In addition, photoelectron spectroscopy (PES) on liquid jets can
also probe surfaces14,15. Nevertheless, even these state-of-the-art techniques
provide only a partial surface information without the whole density profile of
studied species.

The missing gap has been filled by computer simulations in the last two
decades. Namely, MD calculations have proven to be a powerful tool pro-
viding full solute density profiles across the interfaces16–20. Simulations of
salts solutions indicated that small and non-polarizable ions are depleted from
the water surface. This result is in agreement with the textbook knowledge
developed by Onsager and Samaras in the early 20th century21. Their con-
tinuum theory is based on the image charge repulsion of point charges (ions)
from the plate boundary between two dielectrics representing the water/vapor
interface. However, this picture is not consistent with other result of MD sim-
ulations that large and polarizable ions (for example Br− or I−) are enhanced
at water surface16–18,20,22,23. The computational predictions have been sup-
ported by VSFG, SHG, and PES experiments10–15,24 and are consistent with
atmospheric chemistry measurements of heterogeneous reactions22,25. Thus, it
has been manifested that the continuum approach is oversimplified for large
and polarizable ions20,23, which are electrostatically repelled from the water
surface, however, this is overwhelmed by cavitation and polarization contribu-
tions leading to the surface enhancement. The bottom line is that even for
such a simple water/vapor interface the surface behavior of large and more
complex ions could not be determined apriori.

More complicated biological interfaces, such as water/protein and water/mem-
brane interfaces, are full of charged groups and highly curved regions, so pre-
dictions are even more difficult than for the water/vapor interface. However,
semi-quantitative predictions are possible thanks to Franz Hofmeister, who
ordered ions according to their strength in salting out proteins in the 19th
century (see Figure 1.3)26,27. These experimental series has shown a general
applicability in ion-specific effects at bio-interfaces28–35, nevertheless, the order
is sometimes reversed or has abnormalities36,37, which decreases its predictabil-
ity and shows the lack of our understanding. MD simulations can reveal some
of the underlying mechanisms and provide a molecular understanding of these
phenomena on water interfaces, as described in following sections.
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most stabilizing most destabilizing
Strongly hydrated anions Weakly hydrated anions

citrate3− > sulfate2−> phosphate2− > F−> Cl− > Br− > I− > NO−3 > ClO−4

N(CH3)
+
4 > NH+

4 > Cs+ > Rb+ > K+ > Na+ > H+ > Ca2+ > Mg2+ > Al3+

Weakly hydrated cations Strongly hydrated cations

Figure 1.3: Hofmeister series
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Chapter 2

Studied systems

Our studied problems addressing behavior of molecules at aqueous interfaces
can be divided into four groups and sections of this chapter are structured
accordingly:

1. Pure water and the behavior of hydronium and hydroxide at its surface.
2. Aqueous solutions in contact with air (vapor).
3. Proteins in electrolyte solutions.
4. Ions adsorption at phospholipid membranes.

2.1 Pure water and the behavior of hydronium
and hydroxide at its surface

Pure water has been shown to have a lot of remarkable properties, many
of which are still not understood at molecular level and remain a subject of
current research38. At ambient conditions water molecules can be auto-ionized
(autolyzed), which results in the formation of hydronium and hydroxide at
concentrations of 10−7 mol/l in the bulk. Naively, one may try to extrapolate
this concentration to the surface. However, it is not obvious, that the ion
concentrations should remain unchanged at the water/vapor interface. As
mentioned in the introduction, we could apriori say anything conclusive about
the preference of hydronium and hydroxide for the water surface.

Very recently, several molecular simulations of hydronium in water has been
carried out using classical empirical forcefield, empirical valence bond method
or ab initio. All of these simulations on water slabs or small clusters showed
enhancement or at least occurrence of hydronium at the surface39–46. However,
no quantitative values were given, nor was the complementary hydroxide anion
studied at the water surface. We started our research from this point with the
aim to investigate surface behavior of both hydronium and hydroxide and to
obtain quantitative results.

We started with the development of polarizable forcefield for both hydro-
nium and hydroxide. The ab initio interaction energy of the ion with small
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CHAPTER 2. STUDIED SYSTEMS

water cluster was the main parameter to reproduce47,48. Since hydronium
can exist in water in two very different binding configurations and since in
classical molecular dynamics chemical bonds cannot be broken or formed to
switch between these configurations we parametrized these structure of the so
called Eigen (H9O

+
4 ) and Zundel (H5O

+
2 ) cations separately48. For hydrox-

ide we built several forcefields which were then compared to results of x-ray
diffraction experiments49. All our models reproduced the experimental data
reasonably well and performed much better than the previously used non-
polarizable forcefield49. One of the reasons is that polarizability can at least
partially account for the charge transfer between hydroxide and its surround-
ing water molecules. Our new parametrization of hydronium and hydroxide
were also compared to BLYP DFT results on larger water clusters, where the
trends for ions to be inside the cluster or on its surface were reproduced48.

Consequently, we used the Free Energy Perturbation method to calculate
the free energy difference between systems with the ion on water surface or in
the bulk. For both Eigen and Zundel structures we obtained surface preference
of hydronium about 2-3 kcal/mol, which corresponds to a ∼100 times enhanced
surface concentration of hydronium compared to bulk (10−7 mol/l). These
values are likely to be lower bound, since our parametrization underestimates
the surface preference of hydronium in clusters of 48 water molecules by about
4 kcal/mol compared to B3LYP values. On the other hand, hydroxide weakly
preferred the water bulk by 1 - 2 kcal/mol, which means that OH− can still
occasionally diffuse all the way to the surface with favorable orientation of
hydrogen pointing out of water47,50. The results are consistent with short ab
initio simulations on small water cluster47.

The molecular rationalization of the observed phenomena lies in the low
negative charge of the hydronium oxygen (about -0.4 e) compared to water
oxygen (-0.8 e) which makes it a poor hydrogen bond acceptor. In contrast,
the hydronium hydrogens are a bit better hydrogen bond donors than water
hydrogens. Therefore, H3O+ disrupts the local hydrogen bond network in
bulk water while it is stabilized on the water surface with its oxygen pointing
out into the gas phase. This is the reason why hydronium has been called the
smallest amphiphilic molecule51. Oxygen of OH− is a very good hydrogen bond
acceptor, while its hydrogen is still able to form a weak donating hydrogen
bond52–54. Accordingly, hydroxide is better solvated in the bulk and has a
much smaller amphifilic character than hydronium.

Our results are in agreement with recently performed surface sensitive ex-
periments. VSFG measurements showed that the surface spectrum of acids
but a weak one of not of bases is strongly changed compared to pure wa-
ter45,55,56. SHG spectroscopy indicated a strong affinity of hydronium for the
surface by comparison of iodide signal from HI and NaI. The best fit to NaOH
data gives a vanishing surface affinity or a weak surface repulsion of OH−

from the water/vapor interface51,57,58. A similar picture was obtained from
PES measurements on aqueous solutions59 as well as from isotope exchange

14
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IR measurements on solid water nanoparticles47. There are also macroscopic
measurement of surface tension that supports our conclusions. The surface
tension increases with increasing concentration of inorganic bases and salts
but decrease for acids60. This can be translated to a negative surface ex-
cess (depletion) of hydroxide but a positive surface excess (enhancement) of
hydronium using the Gibbs adsorption isotherm (Equation 1.10).

In contrast to the computational and experimental results presented above,
an opposite behavior of hydroxide was suggested by colloid scientists. A strong
surface enhancement of hydroxide was used for the explanation of charging ef-
fects on water surface. Negative charge has been reported on water droplets
in the so called waterfall effect, in electrophoretic mobilities (ζ-potential mea-
surements) of air bubbles and oil droplets in water, titration of oil emulsions,
and experiments on stability of thin films61–71. Interestingly, the oil droplets
in ζ-potential measurements became positively charged at low pH, which is
in agreement with the surface free energy minimum of hydronium. The main
controversy, therefore, remains for the surface behavior of OH−.

Due to the fact that most of the experiments in favor of the negative sur-
face charge were done on oil/water systems we focused our further research
also on this interface, exploring the possibility of its qualitative difference from
air/water interface with respect to OH− adsorption. Indeed, recent ab initio
simulations of the graphene/water interface showed shallow (< 0.5 kcal/mol)
free energy minimum of hydroxide72. In addition, MD simulation of water
between two hard carbon walls yielded enhancement of hydroxide at the in-
terface73. We discovered that the above described OH− accumulation is due
to the hardness of the carbon wall and its specifically strong van der Waals
attraction. The hydroxide enhancement disappears for a thermally fluctuating
and less attractive models of the interface which better mimics the oil/water
environments74.

We continued with the investigation of hydronium and hydroxide behavior
on more realistic hydrophobic interfaces employing long alkanes as the hy-
drophobic phase. In a qualitative view all water/air, water/carbon wall, and
water/alkane (ordered and disordered) interfaces behaved the same exhibit-
ing accumulation of hydronium and depletion of hydroxide. Quantitatively,
the rigid wall interface is different in inducing stronger water orientation and
significant density fluctuations in the interfacial layer. These are related to a
narrower and higher peak of H3O+ and a small interfacial peak of OH−. In
contrast, water at the water/air interface has broad and smooth water density
profile which is connected with broad hydronium peak and no hydroxide peak.
The water/alkane interface has only small density fluctuations and in terms of
ion segregation lies between the above interfaces being closer to the water/air
one50.

Most recently, new PES experiments directly measured the amount of hy-
droxide at the surfaces of basic aqueous solutions. The obtained linear increase
of the OH− signal with increasing concentration of NaOH demonstrated that
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there is no appreciable surface enhancement, nor a surface free energy mini-
mum. Moreover, there was no measurable signal of hydroxide at the surface of
pure water. The results are matching well the linear increase of signal calcu-
lated from our MD simulations of NaOH solutions at varying concentrations59.

The invoked OH− surface adsorption from colloid experiments has been
quantitatively compared to the surface tension measurements75. Using the
Gibbs adsorption isotherm the 3.1015 m−2 surface excess of hydroxide at neu-
tral pH, which corresponds to -5 µC.cm−2surface charge65,66, is related to the
change of surface tension of 3 mNm−1 per unit pH, however, only order of
magnitude smaller change has been observed in measurements60. There is a
possibility to reconcile the discrepancy by the subsurface depletion of hydrox-
ide that decreases the integral surface excess, nevertheless, this would lead to
the macroscopic millimeter subsurface region without any hydroxide.

To summarize, we investigated the behavior of the hydronium and hy-
droxide ions at the water/air and other water/hydrophobic medium interfaces
by means of molecular dynamics simulations. The observed surface enhance-
ment of hydronium and the lack of hydroxide adsorption at water surface is
consistent with the results of surface selective spectroscopies, surface tension
experiments, and with electrophoretic mobility measurements at acidic condi-
tions. In contrast, these results are in disagreement with the interpretation
of ζ-potential measurements of neutral and basic solutions, titration measure-
ments of oil emulsions and thin film stability experiments. It should be stressed
that the later experiments provide neither the chemical nature nor the exact
location of the observed negative charge, which could be the main cause of the
present disagreement.
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Figure 2.1: A typical MD snapshot of water/vapor interface, where hydronium
(red) is at the water surface while hydroxide (orange) is in the bulk.

2.2 Aqueous solutions in contact with air

This project is the continuation of my diploma work that revealed a sizable
surface enhancement of atmospherically relevant molecules, most importantly
oxidants such as ozone and hydroxyl radical76. This is very important for the
atmospheric heterogeneous chemistry, especially for oxidizable compounds that
also accumulates on water surface77–79. Of particular interest are polycyclic
aromatic hydrocarbons (PAHs), which are ubiquitous in atmosphere arising
from car pollution, fuel combustion, and many other sources such as biomass
burning, petroleum cracking, smelting, biosynthesis, and volcanic eruptions.
Moreover, PAHs are carcinogenic and their oxidation products are even more
toxic and harmful to living organisms8. This is the reason why the behavior of
PAHs and their chemical reactions at water surface became subject of intense
research including our simulations.

First, we focused on the surface enhancement of PAHs. In order to achieve
that a parametrization reproducing experimental hydration free energies had
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to be developed. We begun with a monocyclic aromatic hydrocarbon (benzene)
as the most simple compound, moving then towards larger PAHs (naphtha-
lene, anthracene, and phenanthrene). In addition, pyridine was included as
a simple representative of heterocyclic aromatic compounds. To model the
air/water interface we employed the water slab geometry with periodic bound-
ary conditions, which results in two such interfaces. The studied molecules
were moved slowly across the interfaces and the free energy profile (i.e, the po-
tential of mean force) along this coordinate was calculated. For all investigated
molecules a strong surface enhancement (orders of magnitude) was observed80,
which is in agreement with experimental findings81,82.

Heterogeneous reactions at aqueous surfaces can be affected by the orienta-
tion of adsorbed molecules and related interactions with dangling water hydro-
gens. We have evaluated orientational distributions for benzene, naphthalene,
and pyridine at low coverages and compared them to cryogenic experiments
on amorphous solid water. In addition, the computational results were ver-
ified by short ab initio simulations employing empirical dispersion. Benzene
preferentially lies flat on the water surface, but undergoes thermal rotations -
flipping over, which are suppressed in the cryogenic experiments. Simulations
of naphthalene revealed that the most abundant orientation on the surface is
flat as for benzene, but due to its size much less rotation was observed. Pyri-
dine stays at the interface tilted with its nitrogen pointing into the water phase
without flipping over, which is also in agreement with experiment83.

We have also simulated systems with different concentrations of naphtha-
lene and ozone, which demonstrated a linear dependence of reaction contacts
on the concentration. However, real reactions (bond making/breaking) are not
accessible by the classical MD, therefore, no products were present. At larger
concentrations, ozone adsorb mostly on the top of the surface naphthalene
layer being effectively without contact with water83. This provides an expla-
nation for the experimental observation of a weak ozonolyzis dependence on
the chemical nature of the substrate84.

In conclusion, we used molecular dynamics simulations to study the be-
havior of polycyclic aromatic hydrocarbons at the water/vapor interface. The
observed orders of magnitude surface enhancement is an agreement with ex-
periments on thin water films. This adsorption together with accumulation of
ozone have important implications for the heterogeneous atmospheric oxida-
tion taking place in clouds, fogs, mist, and smog, which is further studied via
atmospheric measurements.
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Figure 2.2: An illustrative snapshot from MD simulation, where naphthalene
is covering water surface and is in contact with ozone molecules (red).

2.3 Proteins in electrolyte solutions

Protein activity, denaturation, solubility, and crystallization are effected by
presence of salt. All these effects are ion-specific and the ions can be ordered
according to the strength of their influence. This was originally done by Franz
Hofmeister via measurements of the ability of individual electrolytes to precipi-
tate egg white proteins already in the end of 19th century26,27. The ordering of
ions, nowadays called the Hofmeister or lyotropic series, showed general appli-
cability in many areas of chemistry and biochemistry28–35, however, the order
of ions does not always hold and is sometimes reversed or has anomalies36,37,
which points to the need of a detailed molecular understanding. To reveal the
origin of ion specificity several different projects were carried out.

Starting with cations we investigated the affinity of sodium and potassium,
two biologically most important monovalent cations, to the protein surface. A
series of both intra- and extracellular proteins were studied including actin,
bovine pancreatic trypsin inhibitor, ubiquitin, hyperthermophilic rubredoxin,
and ribonuclease A. Molecular dynamics simulations revealed that sodium
binds at least twice as strongly than potassium to the surface of all the above
proteins. In addition, a specific local affinity was observed revealing that dif-
ferent parts of the protein surface vary with respect to the cationic affinity.
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Particularly important were negatively charged groups of aspartate and glu-
tamate, which indicated that local ion pairing is the key factor determining
surface preference for sodium. This was further examined on short oligopep-
tides and even on isolated amino acids. The preferential sodium binding was
also quantified on the negatively charged functional group of amino acids (car-
boxyl) by ab initio calculations. The results of simulations are supported by
conductivity measurements of bovine serum albumin and ribonuclease A in
sodium and potassium chloride solutions85. In addition, the same trend of
sodium and potassium binding was found for human imnunodeficiency virus 1
protease, which is in agreement with protein activity measurements86.

After the discovery of local ion-pairing being the key factor determining
cation affinity for protein surface we continued with investigation of other
negatively charged groups. By combination of classical molecular dynamics
simulations and ab initio calculations with a polarizable continuum model
(COSMO) we consistently showed that it is possible to divide anions into three
groups according to their preference for the sodium and/or potassium. The
first group ( HCOO−, OH−, HSO4

−, and F−) binds more strongly with sodium
than potassium. The second group of anions has roughly the same affinity
to both cations (Cl−, Br−, H2PO4

−, and NO3
−) and the last group contains

anions that preferentially binds with potassium (SCN− , CH3SO3
−, ClO4

−, and
I−). In general, it is possible to say that small anions prefers sodium, while
large and polarizable anions are in favor of potassium. In between these groups
there are ambivalent anions that have roughly the same preference for both
sodium and potassium87. These results are in agreement with measurements
of surfactant transition from micelles to vesicles in salt solutions, where methyl
sulfate and acetate were compared for the affinity to sodium and potassium88.

The cation affinity to anions was extended by investigation of lithium, ru-
bidium, cesium, and ammonium. The calculated results were verified by x-ray
spectroscopy, which is sensitive to the changes of electronic structure of anion
induced by the presence of cation in vicinity. The order of cationic preference
for interaction with carboxyl group is as follows: Na+ > Li+ > K+ > NH4

+ 89.
This is in agreement with the model of matching water affinities introduced by
Collins90–93. This empirical rule relates the propensity of oppositely charged
ions to form contact pairs in water solution with roughly matching hydration
free energies (i.e., sodium prefers smaller anions while potassium larger ones).

In addition, anionic preference for a model protein was studied by means of
molecular dynamics simulations. The protein was approximated by a macro-
molecular hydrophobic sphere with positively charged patches of sodium size
and the affinity of fluoride and iodide were calculated. We observed a higher
density of fluoride at sodium patches, while iodide was enhanced in between,
which means that local ion-pairing is important for small anions (fluoride)
while the larger and polarizable ones (such as iodide) have propensity for the
hydrophobic patches94. This trend is in agreement with experimental activity
coefficients for alkali metals95,96. Based on these results, association of real
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proteins in alkali halide solutions is expected to be sensitive to the surface
distribution of amino acids.

To sum up, we have established the importance of local ion pairing for
cationic association with protein surfaces, where the main role is played by
carboxyl groups on negatively charged amino acids. The difference between
sodium and potassium for a series of anionic groups was quantified by classical
molecular dynamics as well as by ab initio calculations. Our results agree with
the empirical law of matching hydration free energies, which opens a way to
molecular understanding of Hofmeister series.

Figure 2.3: HIV protease in salt solution and schematic drawing of sodium-
potassium exchange in contact with carboxyl group. Sodium is green, potas-
sium colors in blue and orange stands for chloride. Note that ions in the
vicinity of protein are magnified and negatively charged groups (ASP, GLU)
are depicted.

2.4 Ion adsorption at the phospholipid mem-
branes

The cellular plasma membrane is a semipermeable lipid bilayer, which has a
vital role in separation and protection of cell. It is also important for trans-
port between the intracellular cytoplasm and the extracellular environment and
communication among cells. In order to maintain all the above functions mem-
branes are composed of a wide variety of biomolecules like proteins, sterols,
and of course, different lipids97. While proteins actively transport molecules,
lipids are responsible for passive transport through membrane. The lipid in-
teractions with surrounding environment influence membrane properties, for
example it is known that the presence of divalent cations can leed to the phase
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separation of lipid mixture into the domains of a single lipid type98–101. Ions
are also influencing the stiffness and density of the membrane102. Therefore,
it is important to understand the ion-lipid interactions.

While molecular details are not directly accessible by experiments, MD
simulations provide a powerful tool to understand the ion lipid interaction
at an atomistic level. Indeed, there are already several computational stud-
ies dealing with ion-lipid interactions, most of which are focusing on the
sodium/potassium difference103–111, but smaller cations (Li+) and cations with
higher valency were also investigated106,112,113. Nevertheless, systematic study
of the effect of cationic size or the presence of different anions was missing.

For carefully parametrized ions tested in previous studies87,114–116 we devel-
oped a consistent forcefield for the dioleoylphosphatidylcholine (DOPC) lipid.
We have chosen DOPC, because the zwitterionic phosphatidylcholine (PC) is
the most abundant lipid in cellular membranes. We compared our developed
parameterization based on the all-atom generalized Amber force field (GAFF)
with the experimental available data and also with two the most widely used
forcefields, the all-atom CHARMM27 and the united atom Berger force field.
The total electron density profiles for all the above parametrizations were in
agreement with the x-ray diffraction measurements117, however, the MD par-
tial profiles differ significantly. The closes density match in the middle of
the bilayer was obtained for GAFF. Another experimentally measurable prop-
erty, the area per lipid, was reproduced well by all models, but both all-atom
forcefields needed an applied surface tension. Interestingly, only GAFF mim-
icked the experimentally observed split in the order of the C2 atom at carbon
chains118.

Having the parametrization complete we focused on ion-lipid interactions,
especially on alkali cations and halide anions. Our MD simulations revealed
that sodium was adsorbed at the membrane mostly in the vicinity of the phos-
phate groups. On the other hand, cesium was not attracted to the bilayer
and only slightly penetrated the headgroup region. Potassium behavior was
somewhere between the above cations. Halide anions compensated the positive
charge of adsorbed sodium in NaCl, NaBr, and NaI solutions. Larger anions
penetrated deeper into the membrane toward the hydrophobic chains. Note
that this effect is likely to be underestimated in our simulations due to the
missing polarizability term. We also remarked that chloride did not display
affinity to the membrane in the CsCl solution118.

To generalize, we found that there are several determining effects of ion-
lipid interaction: 1 - Ion-pairing - anions can pair with the positively charged
choline group, while cations can create contacts with the negative phosphate
group and carbonyl oxygens. As discussed in the previous section, this follows
the rule of matching hydration affinities90–93, according to which the contact
ion pairs are the most preferred for ions of matching hydration free energies. 2
- Water/hydrophobic interface - the presence of the boundary between water
and hydrocarbon chains implies affinity of large and polarizable ions, however,

22



CHAPTER 2. STUDIED SYSTEMS

it is modified by the presence of negatively charged groups at the interface.
3 - Steric hindrance - this is important mainly for the dynamic properties. 4
- Counterions attraction - salts ions cannot be fully separated, therefore, ad-
sorption of one of them at the membrane leads to the attraction of counterion.

Addition of salts modified physical properties of the membrane such as
the area per lipid headgroup, headgroups orientation, bilayer thickness, and
electrostatic potential. Moreover, sodium adsorption slowed the DOPC lateral
diffusion and headgroup mobility, which was verified by fluorescence spec-
troscopy119. While the partial density profiles differ significantly for different
salts, overall membrane properties were only weakly ion specific, therefore, the
measurements can exhibit different ion specific sensitivity depending on the
probing technique.

Apart from the model DOPC membrane we also investigated a multicom-
ponent asymmetric bilayer in mixed sodium and potassium chloride solutions.
The geometry of the system was prepared in such a way that the mem-
brane separated two compartments: one mimicking intracellular cytoplasm
and the other extracellular environment. The bilayer composition was chosen
such as to mimic the plasma membrane of the human erythrocyte employing
the four most abundant lipids: zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine (POPE), N-palmitoyl sphingomyelin (PSM), and anionic 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoserine (POPS)120,121. Note that this represents a
cholesterol poor regions.

We discovered that also at this membrane sodium was adsorbed more than
potassium and a significant excess of potassium in solution is necessary to
overwhelm the preference of sodium. The ppopulations of different ion-lipid
complexes were calculated. Salt concentration also effected the electrostatic
potential across the membrane and its profile in the intracellular region, where
the negatively charged POPS lipid are heading. In addition, water perme-
ation across the bilayer was observed and quantified on the submicrosecond
timescale120.

To conclude, we addressed the ion specific phenomena on model lipid bi-
layer. The mechanisms determining the local ion-lipid interaction were identi-
fied and the salt influence on the membrane physical properties was computed.
The observed slow-down of the lipid diffusion upon addition of NaCl is consis-
tent with fluorescence measurements. Additionally, study of the asymmetric
lipid mixture represent a step toward modeling of realistic biological mem-
branes at physiological conditions in the natural environment.
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Figure 2.4: Molecular model of multicomponent asymmetric bilayers in aque-
ous solutions of sodium and potassium chloride mimicking an eukaryotic
plasma membrane in physiological environment.
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Chapter 3

Summary

This thesis consists of 18 papers, in which we investigated the behavior of
molecules and ions at aqueous interfaces by means of molecular dynamics (MD)
simulations.

We started our simulations with the surface of neat water, where we in-
vestigated the behavior of hydronium and hydroxide ions, i.e., the products
of autolysis of water that are of 10−7M concentration in pure water. The re-
sults, ranging from ab initio high level calculations on water clusters and ab
initio dynamics on small systems to statistically converged classical molecular
dynamics simulations are mutually consistent47,48,50. The observed surface ad-
sorption of hydronium is also consistent with the surface selective spectroscopy
experiments (VSFG, SHG, PES)45,51,55–59, surface tension measurements60,
and with ζ-potential measurements of acidic solutions62,63. The spectroscopy
and surface tension experiments are also in agreement with the weak surface
repulsion/non-accumulation of hydroxide observed in our simulations. How-
ever, there are macroscopic measurements, such as higher pH electrophoretic
mobility measurements, titration of oil emulsions, and thin film stability ex-
periments that indicate a negative charge on air/water and oil/water inter-
faces61–71. Even though these experiments do not directly reveal the chemical
nature or position of the observed charge, the consistency among them at
different conditions led the researchers to interpretation in terms of a strong
adsorption of hydroxide at interfaces64–66. Therefore, more experiments and
simulations, directly addressing the chemical nature and exact location of the
interfacial charge, are needed to resolve the present controversy. Nevertheless,
it is at least clear now that the surface of neat water is not ion free.

In the second project connected with atmospheric research we examined
polycyclic and heterocyclic aromatic hydrocarbons at the water surface. This
class of organic compounds is environmentally significant due to its toxicity for
humans and mass production in petrol combustion and biomass burning8,122.
The free energy profiles associated with moving benzene, naphthalene, an-
thracene, phenanthrene, and pyridine across the air/water interface were cal-
culated using MD simulations. A sizable surface free energy minimum corre-

25



CHAPTER 3. SUMMARY

sponding to orders of magnitude surface enhancement was found for all the
above species80. This, together with surface accumulation of atmospheric ox-
idants such as O3 or OH· has important implications for chemical reactions
in the troposphere, especially for regions rich in water surface such as clouds,
fogs, and mists. In other words, chemistry proceeds differently in clouds than
in air. Our results are in agreement with recent experiments on thin water
films and atmospheric field measurements77–79,81,82,123–125.

In a biochemically oriented study we investigated ion specific effects that
are responsible for protein association (salting in and salting out), denatura-
tion, and change in activity. As mentioned in the introduction, these phenom-
ena are usually explained in terms of the Hofmeister series27,30,31,33,126, however,
a molecular understanding is still missing. We have found that for cations local
ion pairing with proteins surfaces plays an important role, which was further
quantified by MD simulations and ab initio calculations employing a polariz-
able continuum model for the solvent85. Particularly, sodium has about twice
higher affinity for the carboxyl group, a functional group of negatively charged
amino acids, than potassium. Also, other anions were ordered according to
their preference for sodium and potassium, i.e., the two most abundant mono-
valent cations in biological systems87,89. Our results are in agreement with
the proposed model of matching hydration free energies87,89 and are supported
by conductivity and activity coefficients measurements85,86. This opens a way
to molecular understanding of ion specific phenomena on proteins and other
biomolecules.

Cellular membranes also interact with salts in the natural environment
and several ion specific phenomena were observed98,102–105,107–109,111,112,127–132.
For this study we developed and tested a new all-atom forcefield for DOPC
lipids based on the Generalized Amber forcefield, which is consistent with al-
kali halide salts parametrization118. The influence of the membrane physical
properties were computed and the mechanisms of ion-lipid interactions were
identified. Our results were supported by experiments using fluorescence spec-
troscopy119. In addition to the model of a single lipid bilayer, we investigated
a multicomponent asymmetric system mimicking the plasma membrane of eu-
karyotic cells in a natural environment120. This represents a first step toward
detailed studies of complicated biological membrane systems with atomistic
resolution.

To summarize, in this thesis we demonstrated the general applicability of
MD simulations for investigating aqueous interfaces. These provide us with a
molecular insight into the surface phenomena and give relevant information for
many different fields ranging from atmospheric chemistry, biochemistry, and
biology to technology and industry.
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