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Abstract

Nanotechnology and biology are two areas of scientific research where recent
progress has disclosed a variety of new perspectives. The advances in both fields
prepared the grounds for interdisciplinary studies and recent findings promise
novel applications that could lead to a technological revolution in medicine. In
particular the advent of carbon nanotubes (CNTs) gave rise to speculations on fu-
ture applications. CNTs are tubular carbon molecules whichcan be imagined to
function as nanometer size pipes and pores. In this respect,they could mimic trans-
membrane pores and channels and they could be used to manipulate the transport
across the membranes of cells and cellular organelles. Specifically, CNT based
nanopores are envisioned to transport biomolecules acrosscellular membranes for
biomedical purposes. In this thesis we assess the viabilityof transmembrane RNA
transport through CNT nanopores.

Life on earth has evolved in an environment that is characterized by the presence
of water. Consequently, biological systems such as cells and their cytoplasm con-
sist, to a large percentage, of water. The interaction of transmembrane pores with
water will be highly influential to their transport properties. To assess the viability
of transmembrane pores based on CNTs, it is therefore mandatory to understand
their interaction with aqueous solutions.

Throughout the first part of this thesis we study the water carbon interaction in
detail. In an initial study we assess the interaction between water and benzene
and between water and naphthalene using a quantum mechanical approach. We
compare and evaluate different correction schemes for density functionals and we
recommend a correction scheme to be used in future studies.

Due to the limitations of quantum mechanical methods to small systems we then
focus on molecular dynamics simulations. After an introduction to molecular dy-
namics we present a methodological advancement to steered molecular dynamics.
In molecular dynamics simulations the interactions between particles are modeled
using empirical interaction potentials. This reduces the computational cost sig-
nificantly and allows to simulate systems with several ten-thousand atoms. Due
to the empirical nature of the interaction potentials, the model assumptions and
simplifications need to be validated carefully to ensure their legitimacy.
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It is a common simplification in molecular dynamics to neglect the polarizability
of matter. Graphite and CNTs are however susceptible to polarization effects due
to their metallic character. Furthermore, water moleculescarry a strong dipole
moment. We therefore developed a polarizable force field forthe water graphite
interaction and we quantified the contribution of polarizability. It is found that
polarizability must only be included if the structure of water or isolated molecules
close to the graphitic surface are considered.

Transmembrane channels that control the transport of wateracross the mem-
brane are usually narrow and accommodate only a single file ofwater molecules.
Narrow CNTs can be imagined to replace these pores for water transport in a bio-
logical environment. We report that this application benefits from the curvature in-
duced static dipole moment of CNTs. The dipole moment bringsforth a structural
arrangement of the water molecules inside narrow CNTs, which in turn inhibits
the transport of protons across the pore. Contrary, the effect of the static dipole
moment is negligible in large CNTs which allows for bulk water structures inside.

We conclude the thesis with a large scale molecular dynamicsstudy on specific
realizations of CNTs as transmembrane pores. We study CNTs inside different
membranes and we find that the structure of lipid bilayers strongly influences the
electrostatic potential map. Depending on the hydrophilicity of the pore rims, lipid
molecules may mask the pore with zones of high electrostaticpotential. The char-
acteristics of electrophoretically driven RNA transport in those pores is assessed
in a series of simulations. We find that the transport velocity depends exponen-
tially on the transmembrane electrostatic potential difference. Furthermore, the
transport velocity is strongly influenced by the structure of the RNA which may
cause trapping. In conclusion, our simulations predict thepossible use of CNTs as
transmembrane pores for RNA transport.



Riassunto

La nanotecnologia e la biologia sono due campi di ricerca scientifica in cui ultima-
mente il progresso ha creato numerose opportunità. Gli avanzamenti in entrambi i
settori hanno preparato le basi per studi interdisciplinari, e scoperte recenti promet-
tono nuove applicazioni che potrebbero rivoluzionare la medicina. In particolare
l’avvento dei nanotubi di carbonio (NTC) promette numeroseapplicazioni future.
Gli NTC sono molecole cilindriche tubiformi di carbonio dalle propriet̀a interes-
santi. Grazie alla loro struttura tubiforme, gli NTC sono particolarmente adatti
per essere usati come condotti o pori su scala nanometrica. Come tali permet-
terebbero il trasporto di singole biomolecole attraverso delle membrane cellulari
a scopo biomedicinale e biotecnico. Questa tesi presenta alcune investigazioni
relative alle possibilit̀a di effettuare un trasporto di RNA attraverso un nanoporo
dovuto all’inserimento di un NTC in una membrana.

La vita terrestre sìe sviluppata in un ambiente caratterizato dalla presenza del-
l’acqua. Di consequenza, sistemi biologici come cellule e il loro citoplama con-
tengono una grande percentuale di acqua. L’interazione di pori attraverso le mem-
brane e il loro ambito acquoso ha una influenza cruciale sulleloro propriet̀a di
trasporto e la loro funzionalità. Risulta quindi fondamentale analizzare in detta-
glio l’interazione tra gli NTC ed il loro ambiente, prima di sviluppare congegni
basati sugli NTC.

Nella prima parte di questa tesi rivalutiamo in dettaglio l’interazione tra acqua e
carbonio. In uno studio iniziale consideriamo le interazioni tra acqua e benzene e
tra acqua e naftalene. Paragoniamo i potenziali di interazione ottenuti dalla teoria
dei funzionali di densit̀a da un lato, e dei calcoli basati su metodi di meccanica
quantistica pìu precisi ma molto pìu costosi dall’altro. Durante questi paragoni
valutiamo sistematicamente degli schemi di correzione peri funzionali di densit̀a,
tra i quali emergono degli schemi appropriati per studi futuri.

Il costo computazionale dei calcoli di meccanica quantistica limita la grandezza
dei sistemi che possono essere considerati. Per studi di realizzazioni specifiche di
pori basati su NTC̀e dunque necessario ricorrere ad un metodo diverso: la dinami-
ca molecolare in cui le interazioni sono basate su potenziali empirici e semplificati.
Questa semplificazione delle interazioni tra atomi riduce il costo computazionale
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e permette il calcolo di sistemi tre ordini di grandezza maggiore. Dato che i poten-
ziali nella dinamica molecolare sono empirici,è neccessaria un attenta convalida e
una legittimazione delle semplificazioni che si sono fatte.

Una semplificazione che viene spesso incontrata nella dinamica molecolare con-
siste nell’ignorare effetti di polarizzazione. Dovuto al fatto che la grafite e gli NTC
possiedono delle carateristiche metalliche, gli effetti di polarizzazione potrebbero
essere importanti, sopratutto in ambienti acquosi. Abbiamo sviluppato un campo
di forza polarizzabile per la grafite, il quale ci ha permessodi valutare il contribu-
to della polarizzabilit̀a sull’interazione tra grafite e acqua. Abbiamo scoperto che
dobbiamo considerare la polarizzabilità in un modo esplicito solamente se ci inte-
ressano degli effetti vicino alla superficie o se ci interessa la struttura dell’acqua
vicino a della grafite.

I canali attraverso delle membrane che controllano il trasporto d’acqua sono di
solito angusti e offrono spazio per una sola fila di molecole d’acqua. L’utilizzo di
NTC stretti potrebbe permettere di restituire tali canali per il trasporto d’acqua in
un ambito biologico. Con una analisi dettagliata di dinamica molecolare, abbiamo
dimostrato che il momento di dipolo statico degli NTC conviene a una tale appli-
cazione. Questo momento di dipolo, orientato in direzione radiale e dovuto alla
superficie curvata degli NTC, cambia la struttura dell’acqua all’interno degli NTC
e risulta in una riduzione di conduzione dei protoni. Al contrario, in NTC di rag-
gio ampio (5 nm), l’acqua contenuta nel NTC esibisce proprietà d’acqua liquida e
l’effetto del dipolo statico pùo essere ignorato.

Basato su questi studi di convalida, presentiamo finalmenteuno studio di dina-
mica molecolare su vasta scala. Facciamo delle simulazionidi una realizzazione
specifica di un nanoporo basato sugli NTC attraverso delle membrane. Studia-
mo i potenziali elettrostatici intorno a questi tubi e troviamo che la struttura della
membrana ha un’influenza notevole sul potenziale elettrostatico nelle vicinanze. A
seconda dell’idrofobicit̀a dei bordi del nanotubo, i lipidi della membrana possono
mascherare il poro con zone di alto potenziale elettrostatitico. Successivamente,
in una serie di simulazioni, abbiamo studiato il trasporto elettroforetico di RNA in
NTC attraverso delle membrane. In questo studio troviamo che la velocit̀a di tra-
sporto dipende esponenzialmente dalla differenza di potenziale tra i due lati della
membrana. Per di più, la velocit̀a di trasporto dipende fortemente dalla struttura
del RNA, la quale pùo provocare un’ostruzione del poro. In conclusione, le no-
stre simulazioni suggeriscono la fattibilità dell’uso di NTC come pori attraverso
membrane biologiche.
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Chapter 1

Introduction

Nanotechnological progress in the latest decades disclosed new perspectives in
research, practical applications and technologies. One ofthe most promising fields
in this respect is nanotechnology. Nanotechnology is characterized by the ability
to manipulate length scales of the order of nanometers and time scales of the order
of nanoseconds. Many novel concepts, applications, materials and technologies
have recently been suggested to operate on these length and time scales. While
there are already many applications of nanotechnology, there are still many more
to come and we would like to contribute.

In this thesis we will address a very promising compound – carbon nanotubes
(CNTs) – and a possible application. CNTs are carbon molecules with a tubular
shape and unique properties. Due to their shape and their properties it has been
suggested that they may work as nanometer size syringes or nanopores. In this
thesis we address the application of CNTs as nanometer size pores and the physics
of CNTs in an aqueous environment. In series of studies we present new methods
and concepts and use them to gather knowledge that is necessary for the design of
CNT based devices. The results reported bridge a wide range both in theory and
practice, as both, modeling aspects and physics of carbon nanotubes are studied.

Most of the contributions in the field of nanotechnology are obtained from ex-
perimental research. Experiments may however be costly, the results may be inter-
preted in different ways and most important, questions may remain unanswered.
Scientific simulation may provide an alternate approach that could help to circum-
vent the problems encountered by experimentalists. Although scientific computa-
tion and simulation face many problems by themselves, they may help to resolve
some of the problems encountered by experimentalists. Simulation and experi-
ment should, however, always be understood as complementing approaches each
providing aspects to the understanding which otherwise could not be obtained. In
this thesis we focus on the simulation of nanometer size systems and in particu-
lar on CNTs, their interaction with water and their behaviorwhen embedded in
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membranes.
The goal of this thesis is to assess the viability of transmembrane RNA transport

through CNT nanopores. We performed several studies on conceptual problems to
reach this goal. The methods applied range from high level quantum mechanics
calculations to large scale molecular dynamics simulations. The systems which
are studied are as different as the methods used. Nevertheless, the thesis is devoted
to a single goal: the understanding of CNT based transmembrane pores. Here we
provide a short introduction to the contents of this thesis in order to facilitate an
overview. The thesis is structured as follows:

Chapter 2: Membranes, Pores and Carbon Nanotubes

The motivation of this thesis is found where biology, medicine and nanotechnol-
ogy meet. Recent years have seen an incredible progress in all these fields. While
biology and medicine have always been closely related, a direct link to nanotech-
nology is not obvious. New materials like fullerenes and CNTs have however
opened a field of possible applications to nanotechnology which are targeting bi-
ological systems, i.e. cells and membranes. Transport process across membranes
are playing a crucial role in the biology of a cell and are usually controlled by
transmembrane pores. The importance of these transport processes is emphasized
the fact that many diseases are caused by malfunctioning transmembrane pores.
CNTs may be fabricated in a size similar to transmembrane pores. Thus, CNTs
were suggested to be used as artificial pores and nanometer size syringes. This
would allow to modify and control the transport across cellular membranes. In
this chapter we introduce the reader to the structure of biological membranes and
membrane channels. Further, background information on CNTs is presented and
an overview on CNT based applications is provided. The chapter concludes with
the motivation of this thesis: the use of CNT transmembrane pores for the transport
of biomolecules.

Chapter 3: Molecular Interaction Potentials within Density Functional The-
ory

Quantum mechanics (QM) provide a fundamental description of any system. In
theory, QM calculations do not depend on parameters and it would be desirable
to use the most sophisticated approach to QM for any calculation. Due to the ex-
cessive cost of the most rigorous QM methods, however, very often simplified ap-
proaches are chosen, e.g. density functional theory (DFT).In DFT the Schr̈odinger
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equation is solved in terms of the electron density instead of the wave function.
The result obtained with DFT is in theory correct if the true density functional is
used. But the true density functional is not known and it has to be approximated.
Depending on the realization of the density functional several simplifications are
introduced which cause a loss of accuracy. One of the main reasons for the loss
of accuracy is the dispersion energy contribution, a weak interaction arising due to
the correlation of spontaneously induced dipole moments. The dispersion energy
contribution is usually missing in current density functionals. The asymptotic be-
havior of the dispersion energy at large distances is however known and parameters
can be estimated. Thus, it should be possible to compensate on an ad-hoc basis
for the missing dispersion energy contribution in DFT. Several methods to correct
DFT results from current density functionals are compared to each other. This
comparison is performed on water-benzene and water-naphthalene clusters. Based
on the results a correction scheme is recommended to be used if water-carbon
systems are to be simulated. The chapter is concluded with the presentation of a
framework which allows to bound a range for the interaction energy of a single
water molecule on graphite.

Chapter 4: Molecular Dynamics Simulation – An Introduction

Studying nanoscale systems solely based on first principlesbecomes prohibitively
expensive very quickly. With increasing system size the need for simplified models
increases. The method of choice to study systems on the scaleof several nanome-
ters is Molecular Dynamics (MD) simulation, which allows for the study of molec-
ular ensembles of up to millions of atoms. MD simulations rely on a simplified de-
scription of the force between the individual atoms, a so-called force field. During
the course of a simulation, the Newtonian equations of motions are integrated to
obtain the particle trajectories. The force field defines theforces acting in a system
which are in turn used to compute the particle trajectories.Thus, it is crucial for the
results obtained with an MD simulation how accurately the force field describes
the molecular interactions. Despite of its conceptual simplicity, MD simulations
are subject to several computational issues which have to beaddressed. The effi-
cient computation of the nonbonded interactions, the boundary conditions to the
molecular system and the sampling of rare events are only a few of the problems
which have been active areas of research in recent years. This chapter introduces
concepts of MD which will be necessary for the understandingof the following
chapters.
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Chapter 5: Generalized Steering for Molecular Dynamics

Rare events and slow processes are difficult to study in MD. Time scales in MD
are in the order of nanoseconds and only recently simulations are overcoming the
micro second limit. Any process which takes longer than several nanoseconds or
only occurs every several nanoseconds is therefore hardly accessible by pure MD
simulation. For processes, however, where an energy barrier is the cause for the
slow evolution or the rareness of the process, steered molecular dynamics (SMD)
provides a solution to this problem. SMD has become a very popular tool to study
various problems which would not be accessible by standard MD simulation. In
this chapter the concept of SMD is extended to collective variables. Whereas SMD
in its original form was only working on atomic coordinates,this extension allows
to work on complex trajectories and along complicated reaction coordinates. The
concept is illustrated by applying it to several collectivevariables: a radius of
gyration, an angle, atomic distances and a center of mass distance.

Chapter 6: Polarizability Effects in the Water-Carbon Inte raction

CNTs and fullerenes have been envisioned to be key compoundsin the develop-
ment of novel tools and devices on the nanoscale. Many applications have been
suggested for biomedical and biological purposes. With respect to those applica-
tions it has to be considered that life on earth has evolved inwater and terrestrial
biological systems are composed of up to 99% water. Therefore, the aforemen-
tioned applications will be required to function in aqueousenvironments and the
water-carbon interaction is of preeminent importance. Even more so as the surface
to volume ratio is highly increased at the nanoscale. Here, we study the effect of
polarizability on the water-graphite interaction. Introducing polarizability in our
force field allows us to recover an optimal geometry for wateron graphite con-
sistent with QM predictions. In the presented model, the interaction parameters
are estimated by reproducing the experimental values of thecontact angle of water
droplets on graphite. With these interaction parameters weobtain an improved
interaction energy for the single molecule interaction energy of water on graphite.
Thus, the inclusion of polarizability significantly influences a single molecule on
graphite. In contrast, bulk water properties close to graphite are hardly changed.
Summarizing, the inclusion of polarizability may allow us to improve description
of water on graphite with regards to reference data from simulation and experi-
ment.
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Chapter 7: Dipole

CNTs are closely related to graphite and thus the modeling approach to both of
them is similar. From quantum mechanical considerations itis however known
that CNTs should exhibit a static dipole moment in radial direction. This static
dipole moment is induced by the curvature of the CNTs. The presence of this
dipole moment could significantly influence the operabilityof CNT based devices
on the nanoscale, e.g. CNT based nanopores or nanometer sizesyringes. In this
chapter we present a study on the structure and dynamics of water inside narrow,
short CNTs. Modeling the dipole or neglecting it leads to significant differences
in the water structure and the transport properties. For large CNTs with 2.5 nm
radius we study the effect on a droplet inside the tubes. We quantify the effect of
the static dipole moment by considering the droplets contact angle with the tube
wall and the orientation of water molecules close to the tubewall. The effects due
to the static dipole moment of CNTs are found to be insignificant. In summary,
the static dipole moment across the tube shell influences thewater structure in the
vicinity of CNTs only when the water molecules are isolated to a large extent and
not subject to nearby bulk conditions.

Chapter 8: Membrane

The structure of CNTs suggest that they may function as nanometer size syringes
or pores in biological membranes. In particular, CNTs couldbe imagined to re-
place biological pores to transport biomolecules across cell membranes. In this
chapter we present the results of a large scale MD study on CNTs acting as trans-
membrane pores. In particular we assess the viability of such an application of
CNTs. In a conceptual study we consider both, a lipid bilayeras a realistic model
for a biological membrane and dodecane layer as a membrane mimetic. The am-
phiphilic nature of the phospholipids and their head groupsare found to play an
important role in the overall behavior of the system. The electrostatic potential
maps of pores in a membrane mimetic and in a lipid bilayer differ significantly. A
rearrangement of the lipid head groups in the vicinity of thepore openings changes
the local electrostatic potential. The RNA transport across a transmembrane CNT
is found to depend exponentially on the transmembrane potential difference and a
strong hydrophobic interaction between the RNA bases and the CNT determines
the RNA structure inside the CNT during the transport process. RNA transport
across a lipid bilayer is found not to differ significantly from the transport across
a membrane mimetic. A realization of transmembrane nanopores based on CNTs
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seems therefore realistic.

Chapter 9: Conclusions

The main findings of this thesis are summarized and conclusions are drawn.

Chapter 10: Outlook

An outlook on future research is given.



Chapter 2

Membranes, Pores and Carbon Nanotubes

The goal of this thesis is to assess the viability of CNT basedtransmembrane
nanopores for the transport of RNA. In this chapter we will provide background
information on membranes, transmembrane pores and CNTs. This information is
provided to facilitate the understanding of the following chapters. Furthermore,
we will also emphasize the motivation for these studies.

2.1 Membranes

Biological membranes enclose cells and organelles and separate the contents of a
cell or an organelle from their surroundings. The spatial separation of the cell inte-
rior from the outside world is vital. Only the close integration of the cytoplasm, the
different organelles and eventually the nucleus or the genetic material allows cells
to survive. The organelles, which are themselves encompassed by a membrane, ac-
count for important functions within the cell. Many important biochemical process
take place inside organelles or on their surface, i.e. theirmembrane. But not only
do membranes separate: they control also the transport processes between their in-
terior and their surroundings, i.e. they control what is taken up into a cell and what
is expelled. These transport processes sustain differences in ionic concentration,
pH and electrostatic potential which are crucial for the a cell to function.

Biological membranes are mixtures of proteins, cholesterol and lipids. The
lipids are responsible for the structure of the membrane andthe membrane pro-
teins and the cholesterol are embedded in the lipids. The lipids are amphiphilic,
i.e. they have long hydrophobic tails and a polar hydrophilic head, see figure
2.1. Typical lipids in membranes are phospholipids: two long hydrophobic alkane
chains of variable length and a choline group are attached toa glycerol backbone.
The choline group has a zwitterionic character with a positively charged ammo-
nium and a negatively charged phosphate group. The alkane tails are attached to
the glycerol backbone by ester groups, see figure 2.1. The lipids form a lipid bi-
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Figure 2.1: The figure shows a visualization of a phospholipid (left) and its chemical struc-
ture (right). A phospholipid consists of a polar head (indicated with a gray/dotted circle)
and long hydrophobic lipid tails. In the visualization onlyhetero atoms are shown for clar-
ity (carbon – grey, nitrogen – blue, phosphorus – yellow and oxygen – red). The phosphate
and the ammonium group are part of the choline group which is attached to the glycerol
backbone of the lipid. Together with with the ester groups they form the lipid head. The
ester groups bind the hydrocarbon tails of variable length to the glycerol backbone.
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Figure 2.2: Schematic of the membrane structure. The lipidsare ordered in two layers. The
lipid heads (spheres) are exposed to the aqueous environment, whereas the lipid tails point
towards and interact with each other.

layer, i.e. the lipids are ordered in two layers. The hydrophilic heads are exposed
to the outside and the hydrophobic tails are oriented towards and interacting with
each other between the two planes formed by the lipid heads [109], see figure 2.2.
In this way, the hydrophilic heads are interacting with the aqueous solutions on
either side of the membrane and the lipid tails avoid solvation.

Pure lipid bilayers undergo several phase transitions. With increasing temper-
ature the lipid bilayer undergoes a transition from a crystalline subgel phase via
the flat gel phase to a fluid phase [179]. The only phase which isrelevant for
biological systems is the fluid phase [335]. The phase transition for pure phospho-
lipids from the gel phase to the liquid phase, however, only occurs around50◦,
which is well beyond physiological temperatures. What seems a contradiction at
first may be resolved by the presence of different compounds in biological mem-
branes. Cholesterol and phospholipids with unsaturated lipid tails disrupt the close
packing of the lipid tails and lower the temperature for a phase transition [7, 335].
Cholesterol has however another important function in a lipid bilayer, too. Choles-
terol immobilizes the first few lipid tails in its vicinity and reduces the flexibility of
the lipid bilayer. Consequently, the permeability of the membrane to water-soluble
molecules is decreased.

Apart from lipids and cholesterol membranes contain various proteins. Mem-
brane proteins are categorized in two groups: integral and peripheral membrane
proteins. The former are also called transmembrane proteins and span across the
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whole membrane. They are usually amphipatic, with hydrophobic and hydrophilic
zones interacting with the corresponding zones of the lipidbilayer. For transmem-
brane proteins it is important that the hydrophobic domain matches the hydropho-
bic domain of the lipid bilayer [163, 232, 282]. Mismatches result in perturbations
of the bilayer which decay only slowly [232] and may interfere with membrane
stability. Peripheral membrane proteins do not span acrossthe lipid bilayer [335].
They are either attached to other membrane proteins or anchored to the cytoplas-
mic surface of the membrane.

2.2 Transmembrane transport and pores

The function of membranes is not limited to the separation ofthe cytoplasm from
the outside world. A biological membrane also controls the take up and the release
of ions and molecules. The transport across a membrane occurs in different ways
and is one of most fascinating fields of current research. We can distinguish be-
tween active and passive transport across an intact biological membrane. Active
transport is referred to, if the process is actively driven by an additional energetic
contribution. Passive transport in contrast is solely driven by diffusive mechanisms
and the electrochemical potential gradient [318]. Passivetransport may be subdi-
vided in three classes: simple diffusion across the cell membrane and diffusion
facilitated by channels or carrier proteins [255]. In the following we will focus
on passive transport facilitated by transmembrane channels [111]. For more in-
formation about the other transport processes the reader isreferred to text books
[255].

2.2.1 Transmembrane channels

The malfunction of transport in transmembrane channels canlead to a variety of
diseases which underlines their importance. Diseases caused by channel disfunc-
tions are generally referred to as channelopathies. Channelopathies are encoun-
tered in many different forms [14, 58, 88, 137, 272]: renal disorders (e.g. Bart-
ter syndrom, Liddle syndrom, Dent’s disease, kidney stones), endocrine disorders
(e.g. hypoglycemia), bone diseases (e.g. osteopetrosis),neurological diseases (e.g.
epilepsy, ataxia, complete color-blindness, deafness, Usher syndrome), cardiac ar-
rhythmias and muscular disorders (e.g. periodic paralysis, myotonia). For more
information on these and further diseases, the reader is referred to the cited re-
views and the references therein. Most channelopathies severely affect the quality
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of life of the diseased. Current medical research tries to develop new treatments
that allow to cure or to disburden the affected people. This task will be signifi-
cantly facilitated by the understanding of transmembrane channels and the accord-
ing transport processes.

Transmembrane channels or transmembrane pores are usuallycomplex proteins
that show quite a heterogeneous interior. This heterogeneity, both in terms of ge-
ometry and in terms of the characteristics of the pore walls,is largely responsible
for their biological functions [118], e.g. it determines the selectivity of the pore
with regards to the molecules or the ions it transports. The shape of the pore is
determined by the underlying protein and so are the characteristics of the pore,
e.g. whether the walls are rather hydrophilic or hydrophobic. Knowing the pro-
tein structure of a transmembrane channel is therefore the first step towards the
understanding of the mechanisms of selective transmembrane transport.

We will now present four transmembrane pores and explain howthey func-
tion and what determines their selectivity. The four transmembrane channels
which will be reviewed are potassium channels, gramicidin A, aquaporine and
α-Hemolysin.

Gramicidin A

Gramicidin A is one of the best characterized transmembranechannels [73]. It per-
mits the passage of protons and alkali cations but it gets blocked by calcium ions
[73, 129, 318]. Gramicidin consists of 15 amino acids, whichare all hydrophobic,
as it is expected for such a small transmembrane protein [73,318]. It has been
used widely in experimental [10, 173] and computational studies [263, 303, 337],
mainly due to its small size, which makes it a prototypical model for other pores.

Experimentally, two structural types of the gramicidin A channel have been iden-
tified. Both structures are dimers and are illustrated in figure 2.3. The first structure
corresponds to two helices stacked on top of each other [12, 167] and the second
structure is a double helix with the two proteins nested intoeach other [13, 48].
The average pore radius for the double helical structure is about 0.2Å wider than
in the stacked structure (1.6 vs. 1.4Å) [73]. It is not clear which of these two struc-
tures is more important for ion conduction. In a recent molecular dynamics study,
however, de Grootet al. [73] found that the stability of the structure depends on
the chemical environment and significantly influences the water permeation rate.

Recently, Liuet al. [199] studied the transport of sodium cations across a gram-
icidin channel. In a steered molecular dynamics study they found that during the
translocation, the sodium ion is stabilized by backbone carbonyl oxygens and wa-
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Figure 2.3: Illustration of the gramicidin water channel and the water transport in the pore.
On the left the helical dimer is shown and on the right the double-helical conformation is
depicted. The image is taken from de Groot et al. [73].

ter inside the pore. This result along with the potential of mean force for the
translocation process provides new insights to the mechanisms acting in grami-
cidin.

Aquaporin

At least ten different mammalian aquaporins have been identified in water-
permeable tissues [39]. The aquaporins may be classified in two different groups:
orthodox aquaporins which are water selective and aquaglyceroporins which al-
low water, glycerol and some other solutes to permeate [39].The transport pro-
cess through aquaporins is a passive process which is drivenby the osmotic pres-
sure gradient across the membrane [221, 305]. There are however cellular mecha-
nisms to control the transport through aquaporins. Törnroth-Horsefieldet al.[305]
showed that a change in the cytoplasmic pH triggers a conformational change of
the protein which occludes the pore.

Orthodox aquaporins are highly water selective and inhibitthe permeation of
other solutes or even protons [345]. Although gramicidin and aquaporin both
contain single file water structures, their permeability for proton transport differs
strongly. While proton transport occurs rapidly through the former, it is inhibited
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Figure 2.4: Illustration of the aquaporin complex in a lipidbilayer and the water transport
in the pore. A reorientation of the boomerang-shaped blue water molecules within the pore
is clearly visible and prevents the proton transport acrossthe pore. The image was created
by Tajkhorshid and Schulten [115].

for the latter [253, 293]. Several recent computational studies were targeted to ex-
plain this effect. de Groot and Grubüller [72] and Tajkhorshidet al. [293] showed
that a reorientation of the single water chain in orthodox aquaporins is essential
for the inhibition of proton transfer. This reorientation is triggered by a relatively
small zone in the constriction region of the pore where a single water molecule is
forced to act as a hydrogen bond donor to both its neighbors inthe single water hy-
drogen bonded chain in the pore [293, 352]. The pore and the water reorientation
are illustrated in figure 2.4.

Further studies emphasize the importance of the protein structure on the conduc-
tance [156]. E.g. Wanget al. [330] could show that the capability of aquaglyc-
eroporins to transport glycerol relies on a very basic tuning of the pore size. The
barriers that need to be overcome during a passage through the pore were assessed
by Jensenet al. [155] who presented steered molecular dynamics studies of sugar
transport through a aquaglyceroporin. But still, aquaporins remain an attractive
subject to research as the complex machinery is not yet completely understood.
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Figure 2.5: Illustration of the potassium channel in a lipidbilayer (left), figure taken from
Berǹeche and Roux [29]. The potassium channel has a selectivity filter which closely
matches the size of the potassium ions (middle). The filter islined with carbonyl groups
(right). The ion transport may be gated by constriction of the pore opening (middle). The
middle figure is from Shrivastava and Bahar [277] and the figure on the right from Noskov
et al. [235].

Potassium Channels

Biological membranes usually show a high permeability for potassium ions. Es-
pecially the nervous system relies strongly on the ability of potassium channels to
transport potassium ions rapidly [255].

Potassium channels are highly selective towards potassiumand show a very
small permeability for other ions [84]. The pore has a complex geometry with
varying diameter and a total length of 4.5 nm. A tunnel of 1.8 nm connects the in-
side of the cell to a cavity of approximately 1 nm in diameter,located in the middle
of the protein. The cavity is followed by a narrow region of 1.2 nm which connects
the cavity to the exterior of the cell and acts as the selectivity filter [28, 84]. The
structure of the channel is illustrated in figure 2.5.

The selectivity arises due to a structurally close fit between the potassium ion
and the carbonyl groups lining the rigid and narrow pore [84,127, 235, 350, 351],
see figure 2.5. While many different potassium channels are known, the residue
sequence in the narrowest region of the pore is highly preserved [235]. Mutations
in this sequence result in the loss of selectivity [84].
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Figure 2.6: Illustration of the heptamericα-hemolysin channel in a lipid bilayer. The
protein has a heptameric structure and a mushroom-like shape. Its stem is embedded in the
membrane and the cap is located on the outside. The images is taken from Aksimentiev and
Schulten [6].

The potassium channels of the nervous system are voltage gated. In a recent
study, Longet al. [200] showed that the gating is induced by a conformational
change of relatively large independent domains which are loosely attached to the
channel. Upon a change of the transmembrane potential, these domains perform a
large scale movement, to accommodate charged residues in anenergetically more
favorable position. The mechanical work induced on the connection of these do-
mains with the pore leads to a constriction of the pore and closes it [200], see figure
2.5.

α-Hemolysin

α-Hemolysin is a rather large water filled transmembrane porewith an inner diam-
eter of approximately 1.5nm. It binds in its monomeric form to the cell membrane
where it self-assembles and leads to an uncontrolled dissipation of molecules and
ions across the membrane [17, 110]. The rapid loss of vital molecules as ATP and
the discharge of ions across the membrane leads to a breakdown of membrane po-
tential. These effects are usually combined with an osmoticswelling that can cause
rupture of the membrane (lysis). In summary,α-Hemolysin is a strong cytotoxin
which permeates mammalian cell membranes [17, 30, 31, 117, 218].

α-Hemolysin is a heptameric protein with a mushroom-like shape [6, 285], see
figure 2.6. Its stem protrudes through the membrane and the cap sits on top of the
membrane. Inside the cap there is a large vestibule with a large opening at the top
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Figure 2.7: Cut through theα-hemolysin channel in a lipid bilayer. A large vestibule is
located in the cap of the mushroom like protein. The channel which goes through the stem
has a minimal diameter of approximately 1.5 nm. The narrowest zone is located at the
transition from the stem to the cap, where it connects to the vestibule. The image is taken
from Aksimentiev and Schulten [6].

of the cap. The channel which goes through the stem has its narrowest zone at
the transition from the stem to the cap, where it connects to the vestibule [6]. The
α-hemolysin channel is illustrated in figure 2.7.

α-Hemolysin is stable over a wide range of pH and temperature [223] and it
binds spontaneously to various lipid bilayers [176].α-Hemolysin has been geneti-
cally engineered to allow the conductance to be switched on and off [19, 265] and
can therefore be used for the controlled delivery of small molecules.

A remarkable property ofα-Hemolysin is, that it allows for the transport of lin-
ear macromolecules. With a transmembrane potential difference, single stranded
RNA and DNA can be driven through the pore [3, 166, 222]. Because of this
property it has been suggested to use it as a nanopore sensor capable of sequenc-
ing RNA or DNA [126, 191]. In the prospect of these applications, Aksimentiev
and Schulten [6] assessedα-Hemolysin and the electrostatic potential maps in its
vicinity. Very recently Math́e et al. [214] studied DNA transport inα-Hemolysin
and reported that the constriction of RNA inside the pore significantly influences
the translocation. In particular, they found a directionalbias on the DNA transport,
both in experimental and theoretical results.
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2.3 Carbon nanotubes

Carbon nanotubes (CNTs) are tube like molecules or molecular compounds which
consist only of graphitic carbon. Since their discovery by Iijima [144] CNTs have
attracted constantly increasing interest [18] and researchers from diverse fields
concentrated their efforts on CNTs.

Due to unique mechanical, chemical and electronic properties novel applications
were suggested for CNTs. In this section we will provide an introduction to the
chemical structure of CNTs and we will review their physicalproperties. This
is followed by a non-conclusive listing of possible applications for CNTs. The
tubular shape of CNTs suggests they may be used as pipes on thenanometer scale
and in particular as nanopores or nanosyringes. In this thesis we want to assess
the viability of CNT based nanopores. Therefore we concludethe chapter with a
review of recent studies on artificial nanopores and relatedapplications.

2.4 Structure

Single-walled CNTs (SWCNTs) have the structure of a seamlessly rolled up
graphitic sheet. A SWCNT is uniquely defined by the chiral vector that specifies
the roll-up direction

C(n,m) = na1 + ma2, where(n,m) ∈ N, n ≥ m, (2.1)

wherea1 anda2 are the basis vectors as defined in figure 2.8. Due to the form of
their edges, SWCNTs withm = n are calledarmchair tubes and SWCNTs with
m = 0 are calledzig-zagtubes. All other tubes are calledchiral. The circumfer-
ence of the CNT is given by the length of the chiral vector and accordingly we get
for the tube radius

r =
|C(n,m)|

2π
=

a
√

m2 + mn + n2

2π
(2.2)

where the lattice constant in the graphite sheet isa = 1.42
√

3 Å.
Multi-walled CNTs (MWCNTs) either consist of several concentric SWCNTs

or a graphite sheet rolled up around itself, similar to a rolled up newspaper. While
typical diameters of SWCNTs are in the order of 1 nm MWCNTs canhave inner
diameter of up to 1µ m. Both SWCNTs and MWCNTs have been found with
lengths up to the order of 1 cm [353].
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C(5,3)

a1

a2

C(4,4)

C(6,0)

Figure 2.8: The structure of single-walled CNTs as defined bythe chiral vector. A zig-zag
(6,0), a chiral (5,3) and an armchair (4,4) CNT are shown in the top. The chiral vectors of
those CNTs are indicated on the honeycomb lattice of a graphite sheet below.
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CNTs are produced in four main approaches: the arc discharge, the laser ab-
lation, the chemical vapor deposition and the high-pressure carbon monoxide
method. These synthesis methods will not be presented here.For detailed infor-
mation on these methods we refer to a recent article of Kanget al. [164], reviews
of Dai [67], Nikolaev [234] and Baughman [18] and to the booksof Saito [270]
and Harris [123].

2.5 Properties

The interest in CNTs has to be attributed to their unique physical properties. CNTs
are very strong with a tensile strength up to 60 GPa [18, 343] and relatively low
density for a solid (∼ 1400 kg m−3). With Young’s moduli of the order of 1 TPa
[18, 271] CNT are one of the strongest materials known so far.

Single walled CNTs are excellent electrical conductors [295, 296] but depending
on the chiral vector, they can act as semiconductors. CNTs are also very good
thermal conductors along their axis and isolating otherwise [54, 237, 340].

Another fascinating attribute to CNTs is their simple yet complex structure. The
weak interaction between concentrical CNTs in MWCNTs makesthem perfect
linear or rotational bearings [64] and recently a nanoscalemotor was presented
with a CNT as an axle [94]. The tubular shape suggests similarapplications as
for macroscopic tubes, e.g. as tubes and syringes to transport materials on the
nanoscale, see below.

Due to the interest in biomedical applications the physiological action and espe-
cially the toxicity of CNTs is of major concern. CNTs have been found to pose a
big risk if inhaled and are found to be much more toxic than carbon black [185].
Various cells exposed to hydrophobic CNTs showed cell cyclearrest or apopto-
sis [41, 63, 79, 87, 157, 210, 228]. In contrast, functionalized hydrophilic CNTs
that were intravenously administered were found to leave the body quickly in the
urine [280] and Dumortieret al. [87] find that functionalized hydrophilic CNTs do
not act cytotoxic. Functionalized CNTs may therefore be thekey to biomedical
applications of CNTs [87].

2.6 Applications

Applications for CNTs have been suggested in abundance. Dueto the unique prop-
erties of CNTs, novel applications were proposed and known applications could
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be realized at new length scales. In the following a selection of prominent appli-
cations is presented. The overview does not strive for completeness and is kept
minimal. For further information on specific applications the reader is referred to
the cited publications.

Mechanical applications

The unprecedented strength of CNTs makes them ideal components for compos-
ites [32, 68] and fibers [18, 316]. An application which has already been com-
mercialized is the use of CNTs as tips for atomic force microscopes. The small
and controlled dimensions of CNTs and their mechanical strength facilitate their
use as tips for atomic force microscopes and make them superior to other tips
[55, 120, 192, 323].

Another idea which is indirectly linked to the structure of CNTs is their use for
hydrogen storage. The large surface area of CNT structures,relatively low density
and their chemical similarity to carbon black could make them suitable for this
purpose [101, 102, 135, 188, 346, 347].

Electronic applications

CNTs can be considered as a 1-dimensional conductor or semiconductor. These
unique electronic characteristics of CNTs have been exploited in a series of novel
electronic devices:

• The first intramolecular logic gate [76]

• Single electron transistors [254]

• Logic circuits [16, 76]

• Field-effect transistors [18, 296]

CNTs were also suggested to act as quantum wires themselves [295] or to act as
mold to produce nanometer size wires of controlled dimensions [168]. Arrays of
CNTs may be used as supercapacitors and the conductivity of CNTs suggests their
use as highly efficient electrodes [18].

Sensors

Functionalized CNTs may act as nanometer size sensors to detect proteins [56]
and single stranded DNA [136, 193, 197, 349]. The CNTs act as asupport for
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functionalizations that bind only to specific target molecules. This allows to probe
systems for the occurrence of specific molecules, e.g. proteins or DNA of a given
sequence. Many other applications of functionalized CNTs may be imagined and
Lin et al. [197] presented a review on different functionalizations of CNTs and
possible sensor applications.

In a slight modification on concepts presented before, Wonget al.[336] reported
on the use of funtionalized CNTs for a chemical force microscope. A chemi-
cal force microscope is used for chemically sensitive imaging. Functionalizations
which interact strongly with specific chemical groups are covalently linked to an
atomic force microscope tip. The force recorded by the atomic force microscope
then depends on the chemical properties of the surface.

Upon exposure to nitrogen dioxide or ammonia the electricalresistance of CNTs
changes dramatically [175]. This effect may be used to detect these gases even at
very dilute concentrations. For more information and references on CNT-based
gas sensors the reader is referred to the review of Terrones [298].

The flow of polar liquids (e.g. water) over CNT bundles induces a voltage [104],
which depends logarithmically on the flow velocity. This effect can be exploited
to construct a highly sensitive CNT-based flow sensor. Furthermore, the deflection
of single walled CNTs changes their electrical resistance.This effect has already
been used in highly sensitive pressure sensors [288] and it could also be used for
flow sensors.

Pores and Tubes

On this last class of applications we will elaborate in greater detail as it is the
motivation for the studies presented in the following chapters. Many biological
processes involve the transport of biomolecules across cell membranes [85, 279].
Their tubular shape suggests that CNTs may function as nanometer size syringes or
pipes. Furthermore, the dimensions in which CNTs could be fabricated are similar
to pores in biological membranes. Thus, CNTs could be used asartificial pores
across cell membranes or to stabilize pores formed by electroporation. In this
sense, CNTs could offer the key to a world of nanometer size pores, valves and
tubes, which allow to manipulate cells in very specific ways.These applications
could make CNTs the key to emerging fields as as single-molecule and single-cell
medicine and nanotechnology based medical applications. And not surprisingly,
CNTs have been suggested to be used to for DNA gene delivery [238].

Recently, the insertion of nanometer size tubes into membranes was assessed
by means of coarse grained molecular dynamics simulations [202, 203, 287] and
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Figure 2.9: Illustration of a CNT (yellow) in lipid bilayer (turquoise and red) acting as a
nanopore for RNA transport. A single stranded piece of RNA isshown inside the CNT. The
system is solvated in an aqueous solution.

influence of those tubes on the structure of the membrane was quantified [232,
286]. The nanotubes in these studies are a generic model for several kinds of
membrane spanning proteins [232] and the results may carry over to CNTs. CNTs
however, have a similar but simpler structure than most proteins and may be easier
to manipulate in a controlled fashion due to their stability.

To approach the application of CNTs as nanometer size pores or syringes sev-
eral recent studies assessed the interaction of small CNTs with water [140, 324,
352, 354] and ion transport in CNT based pores [161, 250]. Furthermore, first
studies addressed RNA and DNA transport in CNTs and CNT basedmembranes
[103, 341] and the interaction between these molecules [205]. There are even first
experimental studies which report on the insertion of single-stranded DNA into
CNTs [236].

In the following chapters we will consider CNTs for the delivery of RNA across
a biological membrane, see figure 2.9. Understanding such a transport process
should allow for insights on a conceptual level that allow tounderstand biological
pores and it should provide a first step to nanometer size devices that allow to
deliver single molecules in a controlled fashion. For a reliable study, we must
however first assess our models, which will be done in the following.



Chapter 3

Molecular Interaction Potentials within Density
Functional Theory

For the study of CNT based transmembrane nanopores it is crucial to know how
they interact with their environment. As CNTs are novel compounds there is no es-
tablished information on the interaction with their surroundings and existing model
potentials which are used in molecular dynamics simulationare hardly validated.
Quantum mechanics provides a fundamental description of any molecular system
and does not depend on empirical parameters. Quantum mechanical calculations
should therefore allow to compute interaction potentials and to validate existing in-
teraction potentials. This validation has to be performed before any further studies
can be addressed.

In this chapter we study the interactions between water molecules, aromatic
compounds and graphite. We show how this can be accomplishedwithin a den-
sity functional theory framework. The chapter starts with ashort introduction to
quantum mechanics which is followed by a more detailed introduction to density
functional theory. This introduction highlights that current density functionals do
not reproduce the dispersion interaction in weakly bound systems correctly. Then
we present an approach to correct for the missing dispersioninteraction contribu-
tion. Different variations of this approach are then testedon the water benzene
cluster and the water naphthalene cluster. This is followedby first considerations
on how the approach could be extended to semiconducting surfaces and graphite
in particular. The chapter is concluded with an outlook on future directions of
research and an overview on recent studies.

3.1 Quantum mechanics

In the framework of quantum mechanics (QM), physical systems are mathemati-
cally represented by a wavefunctionΨ. The differential equation which describes
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the system evolution in space and time was developed in 1925 by Schr̈odinger:

i~
∂

∂t
Ψ = ÊΨ = ĤΨ = − ~

2

2m
∇2Ψ + V (r, t)Ψ, (3.1)

wherei is the imaginary unit,~ is Planck’s constant divided by2π. The time is
represented byt and the energy operator bŷE. The Hamiltonian operator̂H is
the sum of the potential energy operatorV (r, t) and the kinetic energy operator,
whereinm is the mass of the particle. The Schrödinger equation (3.1), though
mostly used in its time-independent form, is the basis for the computational ap-
proach to the following problems:

• determining structural properties: conformation and configuration of molec-
ular systems, geometry optimizations

• finding energies under given conditions: heat of formation,conformational
stability, chemical reactivity and spectral properties.

Analytic solutions of the Schrödinger equation are only known for special cases,
where the potential energy contribution to the Hamilton operator is particularly
simple. This is for example the case if there is no potential energy contribution
(free particle) or in the case of a single electron in the fieldof a nucleus (hydrogen
atom).

There are several ways to solve the Schrödinger equation numerically. The so-
calledab initio methods for example, do not depend on fitted parameters and allow
to calculate the properties of interest fully deterministically. However, they may
still rely on model approximations as the Born-Oppenheimerapproximation [40]
or the choice of underlying basis sets [292] to model the wavefunction. For a
detailed introduction into different methods and the according approximations the
reader is referred to quantum chemistry text books, e.g. [292].

Semi-empirical methods rely on fitted parameters or pragmatic computational
approximations. The main advantage in using semi-empirical methods is the re-
duced computational cost, which enables the simulation of systems one to two
orders of magnitude larger in size. Therefore, phenomena can be studied on differ-
ent scales and some of the size restrictions ofab initio methods can be overcome.

Typical examples for high-orderab initio calculations are the second-order
Møller-Plesset [227] (MP2) approach and the even more rigorous self consistent
coupled cluster approach (SC-CC). Both methods reproduce the interaction en-
ergy of weakly bound molecular systems reasonably well. Theresults obtained
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with SC-CC are generally superior to those obtained with MP2, although the ac-
curacy of the results obtained with the latter is usually sufficient. The systems that
can be studied with these methods are limited in size due to the high computational
cost. Practically, SC-CC computations are limited to system sizes of 10-20 atoms,
whereas MP2 calculations have been reported for systems up to approximately 125
atoms [93].

In density functional theory (DFT) quantum mechanical problems are solved in
terms of the electron density instead of the wavefunction. DFT is in theory cor-
rect, but the true density functional is not known. The use ofapproximate density
functionals makes DFT a a semi-empirical approach that provides an intermediate
accuracy at significantly lower computational cost than themethods discussed be-
fore. It is therefore possible to study quantum mechanical properties and processes
on a much larger scale than otherab initio methods. In particular, DFT allows to
study relatively large systems with up to several hundred atoms. Such systems
are ideal to study long range interactions between distant molecules, one of the
most important applications of QM methods. Determining theexact interaction
between two molecules is of preeminent interest for the calibration of simplified
interaction potentials. Such interaction potentials are usually used in other com-
putational methods, e.g. in molecular dynamics simulation.

In the following section a short introduction to DFT is provided. For a detailed
introduction to DFT the reader is referred to standard text books [172, 240]. This
introduction is followed by a study on how weakly bound systems can be treated
within DFT.

3.2 Introduction to density functional theory

Density Functional Theory (DFT) introduces a significant simplification to the
quantum mechanical problem as posed by the Schrödinger equation, while still
allowing to retrieve information from first principles. In DFT, the calculations of
atomistic and molecular properties are based on the electron density only. This is
in contrast to other quantum mechanical methods which use the complicatedN -
electron wave function with its dependence on3N spatial plusN spin variables
instead. Due to its simplicity in theory and its predictive power in practice DFT
has become a very successful method. A short introduction isgiven in the follow-
ing, which presents the key concepts and the history of DFT. This introduction is,
however, by no means complete, see [172, 240] for further information.
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3.2.1 Historical overview

Already in the mid twenties of the 19th century, the early years of quantum me-
chanics, Thomas and Fermi [96, 302] tried to base quantum chemical calculations
solely on the electron density. In particular, they derivedan expression for the
kinetic energy of a uniform electron gas and for the energy ofan atom. These
expressions represent the first genuine density functionals, the role of which will
be discussed later. The conceptual novelty of this work was in the mere fact that
the energy is given completely in terms of the electron density, which laid the cor-
nerstone to DFT. In 1930 the Thomas-Fermi-Dirac-Model was presented which
extended the Thomas-Fermi-Model to include an exchange contribution. Further
attempts in the development of DFT followed (e.g. by Slater who presented a lo-
cal approximation of the exchange energy [281]), but DFT didnot gain significant
importance until the early sixties.

The breakthrough came only in 1964 with two theorems by Hohenberg and Kohn
[133] which provide the theoretical foundation of DFT as it is known today. In the
first theorem Hohenberg and Kohn [133] proved, that the ground state electron
densityρ(r) is determined uniquely by a given external potential. In turn, the
ground state energy of a system is determined (within a constant) by the electron
density. The second theorem introduces the variational principle, which states
that there is a density functional which delivers the lowestground state energy
of the system if and only if the input density is the true ground state densityρ0.
While the first theorem states that for any given external potential there exists a
unique solution, the second theorem provides the frameworkon how to determine
it. To obtain the true ground state electron density, it is thus sufficient to minimize
the energy obtained when applying the correct density functional to the electron
density in question.

The precondition to make these two theorems practicably applicable is however,
that the correct density functional must be known. Unfortunately, this is not the
case and efforts to develop improved approximations to the correct density func-
tional continue.

3.2.2 The density functional

In the previous section it was highlighted that DFT is theoretically correct, pro-
vided the density functional is known. However, the true density functional is not
known and only approximations of different accuracy exist.These approximations
have been proved to be extremely valuable in various fields. Certain problems,
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however, could not be addressed with DFT, mainly due to the approximate nature
of the functionals. As we will be focusing on such problems later in this chapter, a
more detailed introduction to the structure of density functionals is given here. It
will be shown how the unknown universal density functional can be approached.
The avenue sketched here was suggested just one year after the Hohenberg-Kohn
theorems by Kohn and Sham [322].

The Hohenberg-Kohn theorems state that the ground state energy of an atomic
or molecular system withN electrons subject to an external potentialVNe is given
by

E0 = min
ρ→N

{

F [ρ(r)] +

∫

ρ(r)VNedr

}

, (3.2)

whereF is the universal density functional. Equation 3.2 states that the correct
electron density minimizes the energy determined by the functional. This minimal
energy is the correct ground state energy of the system.

Conceptually, the functional can be split into different contributions: the elec-
tron kinetic energyT , the coulombic electron-electron interactionJ and the non-
classical electron-electron interactionEncl. In more formal terms

F [ρ(r)] = T [ρ(r)] + J [ρ(r)] + Encl [ρ(r)] . (3.3)

Of these different terms only the exact form of the coulombicelectron-electron
interaction functional is known

J [ρ(r)] =
1

2

∫ ∫

ρ(r1)ρ(r2)

r12
dr1dr2. (3.4)

For the electron kinetic energy and the non-classical interaction terms, the exact
expressions in terms of electron density are not known. It ishowever known that
the electron kinetic energy can be expressed in terms of a summation over the
Laplace operator acting on the different spin orbitalsχi

T = −1

2

N
∑

i

〈

χi|∇2|χi

〉

. (3.5)

The spin orbitals are however not accessible in DFT. Insteadof using the spin
orbitals, Kohn and Sham [322] suggested to only compute as much as possible
of the true kinetic energy exactly and to treat the remainderin an approximate
manner. Hence, the so-called Kohn-Sham-orbitalsφi are used to obtain the exact
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kinetic energy of the non-interacting reference system with the same density as the
interacting system

TS = −1

2

N
∑

i

〈

φi|∇2|φi

〉

. (3.6)

This effectively reduces the problem to a single electron system, which can be
solved more easily. The non-interacting kinetic energyTS is however not equal to
the true kinetic energy of the interacting system. This inequality holds even if the
systems share the same density

TS 6= T . (3.7)

This difference has to be accounted for in a different way. Usually, this remainder
from the Kohn-Sham approximation to the kinetic energy is treated in a composite
expression with the non-classical contributions to the interaction energy. The func-
tional term which deals with these expressions is called theexchange correlation
functional, which results in the exchange correlation energy

EXC = (T [ρ(r)] − TS [ρ(r)]) + Encl [ρ(r)] . (3.8)

Therefore, the problem which has to be solved in order to determine the energy of
a system, now simplifies to the eigenvalue problem

(

−1

2
∇2 +

[

∫

ρ (r2)

r12
dr2 + VXC (r1) −

M
∑

A

ZA

r1A

])

φi =

(

−1

2
∇2 + Veff (r1)

)

φi = ǫiφi

(3.9)

whereVXC is the potential due to the exchange correlation energyEXC , M is the
number of nuclei andZA are the charges of the nuclei.

3.2.3 The exchange correlation functional

While the Kohn-Sham approach as sketched before is generally applicable and
correct, a distinction between two cases should be made: thehypothetical situation
with the exact exchange correlation functional at hand and the current situation
where only an approximation to the exchange correlation functional is available.
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Since the Kohn-Sham approach does not contain any approximation whatsoever,
the results obtained with the exact exchange correlation functional should corre-
spond to the correct solution of the Schrödinger equation. But, the exact form of
the exchange correlation functional is not known and if it was, then its functional
form would most probably be of a very complex kind and of non-local dependence
on density. Various attempts have been made to approximate the exchange correla-
tion functional which have lead to a variety of density functionals. The differences
between different density functionals are only due the approximation of the ex-
change correlation functional. The quality of a DFT calculation therefore only
depends on the quality of the approximation to exchange correlation functional
and the resulting exchange correlation energy. Unfortunately, there is no system-
atic strategy on how to obtain and to improve an exchange correlation functional.

However, there are a few physical constraints which a density functional has
to fulfill to be reasonable. These rules can be used as guidelines when devel-
oping exchange correlation functionals. Amongst these rules are the sum rules
for the exchange-correlation holes (An exchange-correlation hole describes the
renormalized depletion of electron density in space when instead of an indepen-
dent electron, two interacting electrons are considered.). The closer an exchange-
correlation hole emerging from an exchange correlation functional is to the true
hole, the better the approximation. Further criteria include the cusp condition of
the exchange-correlation hole at zero distance between thetwo electrons and cer-
tain scaling conditions and asymptotic properties of the corresponding exchange-
correlation potentials. For more detail, the reader is referred to the relevant liter-
ature, e.g. Perdew and Burke or Adamoet al. [1, 243]. The quality of a density
functional does not necessarily increase with the number ofphysical constraints
met. Therefore, density functionals have to be carefully tested and their perfor-
mance has to be assessed.

In the following a brief review on exchange correlation functionals, their prop-
erties and the underlying concepts will be provided.

The local density approximation

In the local density approximation (LDA) the exchange correlation energy is com-
puted by assuming that the exchange correlation energy of a point in space with
a given electron density to be equal to the exchange change correlation energy of
homogeneous electron gas at the same density. Integrating over space leads to

EXC =

∫

ǫXC [ρ(r)] ρ(r)dr =

∫

ǫX [ρ(r)] ρ(r)dr+

∫

ǫC [ρ(r)] ρ(r)dr. (3.10)
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Where the exchange partǫX is based on the theoretical result of Bloch and Dirac
[33, 80]:

ǫX = −3

4

3

√

3ρ(r)

π
, (3.11)

This exchange is often called Slater exchange due to the similarity to Slater’s ap-
proximation of the Hartree-Fock exchange. For the correlation partǫC [ρ(r)] no
explicit expression is known. However, various analyticalforms have been fitted to
numerical energy calculations of homogeneous electron gas(the most famous cal-
culations were probably presented by Ceperley and Alder [51] which were based
on a Monte Carlo approach). Important representations of the correlation part
based on the LDA have been presented, for example by Voskoet al. [321], Perdew
and Wang [244].

The generalized gradient approximation

The moderate accuracy delivered by the LDA is insufficient for most calculations
of chemical interest. A straight-forward approach to improve the exchange cor-
relation functionals beyond the LDA is the inclusion of the local gradient of the
charge density in the functional. In other words, the LDA is interpreted as the first
term of a Taylor series expansion of the true functional. By including the next
lower term, a better approximation for the exchange correlation functional should
be obtained. This leads to the so-called gradient expansionapproximation, which
often and surprisingly performs worse than the LDA.

The reason for the poor performance of the gradient expansion approximation
is that the exchange correlation hole, corresponding to a functional in the gradient
expansion approximation, has lost many of its physical properties, which made
it meaningful before within LDA. These properties can be reinforced again. I.e.
all non-negative parts of the gradient expansion approximation exchange correla-
tion hole can be set to zero. Furthermore, the exchange and the correlation holes
are truncated such that they contain one and zero electron charges, respectively.
Functionals constructed in this way obey the generalized gradient approximation
(GGA).

Usually, the exchange correlation functional is split intotwo parts, the exchange
and the correlation contribution, for which many differentapproximation have
been suggested. The exchange contribution is often writtenas the LDA exchange
energy plus a correction term, which in turn can be either a semi-empirical ex-
pression [20] or a rational functional of the reduced density gradient [243]. For
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the correlation part, different approximation also exist.They are either obtained
through fitting procedures [241] or are derived from expressions for conceptual
systems [187]. In general, all correlation energy functionals could be combined
with any of the exchange functionals, however, the number ofused combinations
is limited.

Performance of the functionals

Due to recent advances in the development of density functionals, DFT has become
a well established tool to understand and predict electronic structure properties of
atoms, molecules and solids [158], reaction paths [37] and catalytic reaction mech-
anisms [34]. LDA results are comparable or even better than the result obtained
within the Hartree-Fock approximation. Furthermore, LDA has been successfully
applied to derive molecular properties as equilibrium structures and harmonic fre-
quencies. But when it comes to the description of bonds the performance of LDA
remains relatively poor. LDA systematically overestimates atomization energies
which results in strong.

GGA functionals have been shown to improve LDA results significantly and in
particular to remedy the poor description of bonds. Even hydrogen bonds can be
described with good accuracy [278].

However, all current density functionals fail in the description of long-range dis-
persion interactions, generally denoted as van der Waals interactions [181, 246].
In particular, the current density functionals fail to describe the leadingr−6 dis-
persion interaction term correctly [247], which originates from correlated instan-
taneous dipole fluctuations and can be derived using perturbation theory [216].
Nevertheless, there are calculations where density functionals provide good esti-
mates for the interaction energy of weakly bound systems [220]. These results,
which are mostly obtained within the local density approximation, are mainly due
to favorable error cancellation [269, 339].

The quest for the dispersion energy

The failure of current density functionals to represent thedispersion interaction
term correctly can be attributed to the fact that the functionals are based on local
electron density its gradient and the local kinetic energy density [245]. Therefore,
these functionals fail by construction to reproduce the vander Waals interaction as
they contribute to the interaction energy even at distanceswhere electron overlap
is negligible,
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Currently large efforts are undertaken to develop new density functionals that
allow for the correct treatment of the van der Waals interaction. The groups of
Lundqvist and Langreth [11, 139, 138, 269] have presented various symmetry
dependent density functionals to treat the long-range dispersion interaction and
applied it to graphite [269]. Their work is based on a double local density approx-
imation and compares in this respect to the approach of Rapcewicz and Ashcroft
[260]. The applicability of the double local density approximation is however
limited to systems with non-overlapping densities. Misquitta et al. [225] used
frequency dependent density susceptibilities provided bytime-dependent DFT to
determine the dispersion energy of monomers at all finite distances. Furthermore,
Kohn et al. [174] presented a scheme that is valid at all distances, but is also
computationally very demanding.

In the following, however, a different route will be chosen.We will not try to
find a complicated density functional which would treat the dispersion interaction
correctly. Instead we try to account for it by introducing a damped correction term
[338, 339]. This idea has been applied to Hartree-Fock calculations [83, 294] and
more recently to a density functional-based, self-consistent tight binding method
[89]. The correction terms and the accompanying damping functions for DFT
presented in the literature differ and their performance with regard to each other
will be compared in the following sections. This is done in order to determine,
whether an optimal representation of long-range forces along with current density
functionals would allow for accurate simulations of large molecular systems of
biological importance.

3.3 Dispersion corrected density functionals

In this section a survey on different dispersion correctionschemes for density func-
tionals is given. These models are then applied to two test systems in sections 3.4
and 3.5 and compared with the results of the uncorrected functionals, The test sys-
tems are a water benzene cluster in three different geometrical configurations and
a water naphthalene cluster in eight configurations.

3.3.1 Correction schemes

As highlighted in the previous section, current density functionals do not account
for the dispersion interaction. In order to correct for thisdeficiency, a termEDisp

is added to the DFT interaction energy to obtain the total potential energyEtot of
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interacting molecules [83]

Etot = EDFT + EDisp, (3.12)

whereEDFT is the DFT interaction energy computed with an approximatedex-
change correlation functional. The representation of the dispersion energy con-
tribution varies in the literature [339, 338, 89], but in general it is written as a
two-body interaction of the following form:

EDisp = −
∑

n

∑

α>β

fd,n(rαβ)
Cn,αβ

rn
αβ

. (3.13)

Here,α andβ are the centers of a pair of interacting particles,rαβ is the distance
between them,Cn,αβ andfd,n are the interaction coefficient and the related damp-
ing function of ordern. The need for a damping function arises from the fact that
the dispersion energy expansion is only an asymptotic expansion, and it becomes
physically unrealistic at small distancesr [2]. In particular, it diverges at short
range and has to be damped in order to remain physically meaningful. In other
words, a damping function has to allow for the full correction at long range, for no
correction at short range and for a smooth transition where the overlap becomes
important.

At long range, i.e. where overlap is negligible, current density functionals do
not account for the dispersion contribution. At intermediate range, i.e. in the
transition from negligible overlap to overlap, some density functionals result in
energies which seem to account partially for dispersion. Since some of the short-
range dispersion effects are already contained in the DFT functional, the damping
function has to take this into account. The damping functionis therefore clearly
dependent on the exchange correlation functional and the dispersion contribution
is only a correction term. Equation (3.12) is a partitioningof the total interaction
energy into a DFT and a dispersion contribution. In this casethe DFT contribution
should be the total interaction energy excluding the dispersion interaction energy.
A clear partitioning is however not possible at the moment, as the extent to which
dispersion is included in current density functionals is not known.

In this section we focus on physically motivated dispersioncorrections subject
to different damping functions. The joint performance willindicate whether the
interplay of dispersion correction, damping function and density functional suc-
cessfully corrects for dispersion while avoiding a double accounting of it.
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Molecular correction

Wu et al. [339] proposed the introduction of a correction term of the form (3.13)
for each pair of molecules. The dispersion coefficientsC6,αβ are then determined
according to [216]

C6,αβ =
3

2
p̄αp̄β

IαIβ

Iα + Iβ
, (3.14)

wherep̄α denotes the average molecular polarizability of moleculeα andIα its
ionization energy.

Additionally, the introduction of a higher-order correction term is discussed in
[339] and the following empirical relationship

C8

C6
= 45.9a2

0 (3.15)

is proposed [339] to estimate the coefficientC8 for systems involving benzene.
Here,a0 is the Bohr radius. The damping function is suggested [83]

fd,n(r) =

[

1 − exp

(

−2.1r

n
− 0.109

r2

n
1
2

)]n

. (3.16)

wheren is an order parameter and takes the values 6 and 8 for the dipole-dipole
and the dipole-quadrupole interaction respectively.

Atomic correction

As an alternative to the molecular-based correction scheme, one can introduce a
correction term of the form (3.13) for each atom pair. The corresponding atomic
dispersion coefficientsCn,αβ are calculated based on atomic polarizabilitiespα

listed by Miller [224], who calculated them to reconstruct the total molecular po-
larizability of a wide range of compounds. For atoms of typeα the dispersion
coefficientC6,αα is then given as [121]

C6,αα = 0.75
√

Nαp3
α. (3.17)

Halgren [121] proposes the following relationship to determine Nα, the Slater-
Kirkwood effective number of electrons,

Nα = 1.17 + 0.33nν,α, (3.18)
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wherenν,α is the number of valence electrons of atomα andNα for hydrogen is
set to 0.8. For diatomic coefficientsC6,αβ, Halgren [121] recommends the Slater-
Kirkwood combination rule

C6,αβ =
2C6,ααC6,ββpαpβ

p2
αC6,ββ + p2

βC6,αα
. (3.19)

Elstneret al. [89] used equations (3.17- 3.19) to compute their dispersion co-
efficients. Alternatively, Wu and Yang [338] proposed to usea modified Slater-
Kirkwood combination rule instead:

C6,αβ =
2
(

C2
6,ααC2

6,ββNαNβ

)
1
3

(

N2
βC6,αα

)
1
3

+ (N2
αC6,ββ)

1
3

. (3.20)

This rule is motivated by the fact thatNα can be treated as a parameter, as it is
less dependent on the molecular environment of the atom thanthe polarizability
[338]. Furthermore, Wu and Yang [338] used atomic dispersion coefficients fitted
to given molecular coefficients and propose the following two damping functions:

fd(r) =

(

1 − exp

[

−3.54

(

r

rm

)3
])2

(3.21)

and

fd(r) =
1

1 + exp
[

−23
(

r
rm

− 1
)] (3.22)

whererm is the sum of the atomic van der Waals radii obtained from Bondi [38].
These two damping functions perform well with the functionals PW91 [242] and
B3LYP [21]. Wu and Yang [338] recommend (3.21) as it decreases more slowly
than (3.22) and produces better results for their test systems. They explain this
with possible deficiencies of the exchange and correlation functionals to account
for dispersion even at overlap and conclude that there may also be a need for the
dispersion correction at these distances.

Elstner et al. [89] propose a damping function that performs well with the
PBE [243] density functional in a self-consistent-charge,density-functional tight-
binding method

fd(r) =

[

1 − exp

(

−3.0

[

r

r0

]7
)]4

, (3.23)
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wherer0 = 3.8 Å for first row elements. Note that as the damping function (3.23)
was developed for an extended tight-binding method, it might not be fully suited
to a pure DFT approach.

3.4 Dispersion corrected density functionals applied to the wa-
ter benzene cluster

Several ways to correct DFT results for dispersion effects where presented in the
previous section. Now, we evaluate the performance of thesecorrection schemes,
i.e. the molecular and three different atomic corrections,for different density func-
tionals. The atomic corrections comprise three schemes, the combination of equa-
tions (3.17,3.18,3.20), with either damping function (3.21) or damping function
(3.22) and the combination of equations (3.17-3.19) with damping function (3.23).

Besides the functionals B3LYP [21, 187], PW91 [242], PBE [243] and
B3VWN5 [21, 321], that have been recommended to be used with dispersion-
corrected DFT [89, 338, 339], we tested the performance of the BLYP [20, 187]
and HCTH/120 [35] functional subject to these correction schemes.

Comparison of the correction schemes is performed on a watermolecule inter-
acting with a benzene molecule. The small size of the water benzene cluster allows
more rigorous computational approaches and detailed MP2 studies are available
[93, 99, 291]. Furthermore, the interaction of water with aromatic systems is of
great interest for the understanding of fundamental phenomena in biological sys-
tems [143]. Interaction energy profiles are compared for three cluster configura-
tions characterized by the relative orientation of the water dipole to the plane of
the benzene molecule (see figure 3.1):

Down The water dipole points towards the center of mass of the benzene molecule,
and is orthogonal to the plane spanned by the carbon atoms. The hydrogen
atoms of the water molecule are aligned parallel to the line joining two op-
posing carbon atoms in the aromatic ring.

Parallel The plane of the water molecule and of the benzene molecule are parallel.
The dipole of the water molecule is aligned parallel to the line joining two
opposing carbon atoms in the aromatic ring. The oxygen atom is centered
on top of the aromatic ring.

Up This is the same geometry as the geometryDownbut with the water dipole
pointing away from the benzene molecule.
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Figure 3.1: Illustration of the three conformations studied in this section. From left to the
right the geometries Up, Parallel and Down are shown.

In these three configurations different types of interaction are dominant. In the
geometriesDown and Up the electrostatic interaction is important, resulting in
attraction and repulsion respectively. In the case of the geometryParallel the in-
teraction energy profile is purely repulsive at the MP2 levelof theory. The absolute
value of the interaction energy as well as the slope of its profile are small at dis-
tances greater than 3.5Å. Only small errors in the prediction of the interaction
energy will alter the shape of the profile in this range. Hence, it is a very sensitive
indicator for the quality of a representation of the interaction energy.

To quantify the performance of the correction schemes, two different approaches
for calculating the deviation from the reference data are considered. In the first and
most standard approach, a piecewise constant integration of the absolute deviation
along the interaction energy profile is averaged over the range of interest and over
the three configurations. In the second approach, we focus onthe configurations
which are more important in a finite temperature molecular dynamics run. To
quantify this effect we do not only compare the interaction energy profiles as de-
scribed above but weight the difference with Boltzmann factorse−βV (r) based on
the reference potentialV (r) at the corresponding distance. We take hereβ = 1

kBT
with the temperatureT = 300 K and we refer to this as the Boltzmann weighted
average. Unless it is explicitly referred to the Boltzmann weighted average, the
average error was calculated following the former method. In the following only
reference to selected error measures will be made, the complete set is however
available in Appendix A.

DFT calculations were performed with CPMD [60], a plane waveDFT code.
The cutoff for the plane wave basis was set to 90 Rydberg in combination with
Trouiller-Martins pseudopotentials [307]. To calculate the non-local part of the
pseudopotentials the Kleinmann-Bylander scheme [169] wasapplied. A compu-
tational cell of25 × 25 × 30 a0 was used to calculate the DFT-based interaction
energies.
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Figure 3.2: Interaction energy profiles for the water benzene interaction from uncorrected
DFT. The first graph shows the results for geometry Up, the second for Parallel and the
third for Down. Black line: reference data, green with squares: B3VWN, blue with dia-
monds: BLYP, red with circles: B3LYP, cyan with triangles: HCTH, brown with pluses:
PBE, orange with stars: PW91.

The reference interaction energy profile is obtained by counterpoise-corrected
MP2 calculations. The calculations were performed with theprogram Gaussian
98 [100] using 6-311G(2d,2p) basis sets [150].

3.4.1 Uncorrected density functionals

We begin by discussing the performance of the uncorrected density functionals
on our test system. Graphs showing the interaction energiesfor all geometries and
functionals investigated can be found in figure 3.2. None of the functionals consid-
ered reproduces the reference data throughout all three interaction energy profiles.
Nevertheless, for the geometriesParallel andUp the PW91 functional provides an
excellent estimate with a maximal deviation of no more than 0.66kJ mol−1and an
average error of 0.33kJ mol−1. However, the agreement is much poorer for the
geometryDown where the deviation amounts up to 3.78kJ mol−1with an aver-
age error of 1.57kJ mol−1. Nevertheless, the performance is still the best of all
density functionals and only the PBE functional gives comparable results.

The results for the B3LYP, BLYP and B3VWN5 functionals show the largest
deviations. It has already been argued in [339] that functionals such as PW91
reproduce the correct interaction energy only by coincidence. Thus they yield
reasonable results for rare gas dimers, but the attraction they show comes from
the exchange energy contribution, which should be repulsive, and not from the
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Figure 3.3: Interaction energy profiles for the water benzene interaction from DFT cor-
rected with a molecular correction term. The first graph shows the results for geometry
Up, the second for Parallel and the third for Down. Black line: reference data, green with
squares: B3VWN, blue with diamonds: BLYP, red with circles:B3LYP, cyan with triangles:
HCTH, brown with pluses: PBE, orange with stars: PW91.

correlation energy contribution. Conversely, the rare gasinteraction as described
by the BLYP and B3VWN5 is repulsive throughout the whole interaction energy
profile and so is Becke’s hybrid exchange [339]. It would be wrong to assume
that the interaction energy obtained with these functionals is dispersion free, as its
contribution could be small or even have the wrong sign. However, the character
of the deviation which is of comparable size in all three geometries is promising
with regard to the approach of using an additive, distance dependent correction at
intermediate and long range.

3.4.2 Molecular correction

For the water benzene interaction, we calculate the molecularC6 dispersion coeffi-
cient to be 12027kJ mol−1 Å6, using equation (3.14). The average polarizabilities
are 10.4Å3 [348] for benzene and 1.5̊A3 [300] for water. The ionization energies
are 9.24 eV [97] and 12.62 eV [304] respectively. The interaction energy profiles
obtained from DFT corrected on a molecular basis are shown infigure 3.3.

Excellent agreement between the reference data and the corrected HCTH func-
tional is obtained for the geometryDown, with a mean deviation of 0.4kJ mol−1

and a maximum deviation of 2.51kJ mol−1. In this geometry, a comparable per-
formance is found only for functional B3LYP (with a mean error of 1.13kJ mol−1)
which is mainly due to underestimated interaction in the range between 3.75̊A and
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5Å. For the other functionals significant deviations are reported. While PBE and
PW91 show good agreement at distances larger than 4Å, the description breaks
down at short ranges where overlap starts to become important.

In the other configurations, the functionals based on the LYPand VWN5 corre-
lation functional perform best, showing good agreement with the reference data.
In particular for the geometryUp, the corrected B3VWN5 functional outperforms
the other functionals, resulting in a mean deviation from the reference data of
0.34kJ mol−1. While never giving the smallest error for a specific geometry, the
corrected B3LYP functional results in the best overall estimate for the interaction
energy. The other functionals that show partially or throughout good performance
in geometryDownoverestimate the interaction, resulting in weak binding inge-
ometriesParallel andDown.

The introduction of a dispersion correction of order 8 resulted in larger devia-
tions for all tested functionals. In the range between 3Å and 4Å, the dispersion
correction is too strong, which results in large deviationsfrom the reference data.

Summarizing, none of the six density functionals correctedon a molecular basis
reproduces all reference interaction energy profiles. The B3LYP functional results
in the lowest mean deviation throughout all geometries (1.09kJ mol−1), whereas
the BLYP and the B3VWN5 functional perform comparably with mean deviations
of 1.23 and 1.29kJ mol−1respectively. The breakdown of the molecular correction
can be assigned to anisotropies that are not accounted for bya single molecular
correction, as they become important at distances which roughly correspond to the
size of the molecules in question. In particular the fact that the performance is
strongly geometry-dependent underlines this conclusion.

However, if Boltzmann-corrected errors are compared, the molecularly cor-
rected HCTH functional results in the lowest error for all the combinations of
correction schemes and functionals considered in this chapter. This is mainly due
to the excellent agreement in the geometryDown, which is strongly weighted by
the Boltzmann factors due to the low interaction energy. Whether this conclusion
is valid for other systems remains to be seen, especially as the results for the ge-
ometriesUp andParallel indicate a fortuitous agreement for the geometryDown.

3.4.3 Atomic correction

The dispersion coefficients for the atomic correction basedon atomic polarizabili-
ties from [224] are listed in table 3.1. They compare well to the coefficients listed
in Wu and Yang [338] and Elstneret al. [89]. For diatomic coefficients obtained
with mixing rule (3.20) the resulting values are approximately 7% smaller than
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Table 3.1: Dispersion coefficientsC6,αα in kJ mol−1Å6 based on atomic polarizabilities
from Miller [224] listed along with dispersion coefficientsfrom Wu and Yang [338] and
Elstner et al. [89].

Source Hydrogen Carbon Oxygen
this work 163 1881 684
Wu and Yang [338] 163 1577 669
Elstneret al. [89] 155.34 1791 –

the ones obtained with the original Slater-Kirkwood combination rule (3.19). The
interaction energy profiles from DFT corrected on an atomic basis are shown in
figure 3.4.

If mixing rule (3.19) is used along with damping function (3.23), the PBE func-
tional is found to perform best. However, the performance indifferent geome-
tries varies, showing significant deviations especially ingeometryParallel where
the corrected PBE functional results in a potential well instead of being repul-
sive throughout. But also in geometryUp the potential energy profile appears to
be distorted. Dispersive interaction energy contributions are overestimated and if
compared with results from pure DFT with the PW91 functional, the mean error
for all geometries is slightly larger (0.87kJ mol−1 vs. 0.74kJ mol−1). In con-
trast, if Boltzmann-weighted errors are compared, the corrected PBE functional
performs significantly better than the uncorrected PW91 functional. If only ge-
ometriesParallel andUp are considered the B3LYP functional has the best per-
formance. However, it deviates significantly in geometryDown, where it fails to
reproduce the depth of the potential well.

If mixing rule (3.20) is used along with damping function (3.22), the overall per-
formance of the B3LYP functional is found to be best. It reproduces the interaction
energy profiles well, with a maximal deviation of 2kJ mol−1 and a mean deviation
throughout all geometries of 0.52kJ mol−1. This result is especially reassuring
when considering the treatment of the exchange energy within the B3LYP func-
tional, which does not lead to erroneous attraction [339] for noble gases. Therefore
this suggests a successful partitioning of the total interaction energy along the lines
of equation (3.12).

Wu and Yang state [338] that equation (3.21) is better suitedfor damping than
equation (3.22) as the former decreases more slowly. If their recommendation
is followed and damping function (3.21) is used, the resultsfor the functionals
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Figure 3.4: Interaction energy profiles for the water benzene interaction from DFT cor-
rected with an atomic correction term. Different correction schemes are sorted by columns,
different geometries are sorted by rows. The first column shows the results for mixing rule
(3.19) and damping function (3.23). The second column showsthe results for mixing rule
(3.20) and damping function (3.21) and the third column shows the results for mixing rule
(3.20) and damping function (3.22). The first row shows the results for geometry Up, the
second for Parallel and the third for Down. Black line: reference data, green with squares:
B3VWN, blue with diamonds: BLYP, red with circles: B3LYP, cyan with triangles: HCTH,
brown with pluses: PBE, orange with stars: PW91.
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HCTH, B3LYP, PW91 and PBE deviate further from the referencedata than with
damping function (3.22). Especially at short range, where the damping accord-
ing to (3.22) leads to a small dispersion contribution, the dispersion interaction
seems to be overestimated if (3.21) is used. This correctionscheme results in the
lowest mean deviation for the BLYP density functional of 0.93kJ mol−1, which
is also smallest if compared to the other functionals withinthis setup. The devi-
ation reported for the BLYP functional is mainly due to a minor distortion of the
interaction energy profile for geometryDown.

The results reported in this section do not change if the deviation from the refer-
ence data is weighted with Boltzmann factors.

3.4.4 Conclusions

In the case of the water benzene interaction the uncorrectedPW91 density func-
tional shows a good performance for the geometriesUp andParallel. However,
the large deviations for the geometryDown indicate that error cancellation has a
large effect on its performance. Like the other uncorrectedfunctionals it fails to
reproduce the van der Waals interaction in this geometry.

The interaction energy profiles are much improved if corrected for dispersion
energy, even if the correction is only molecule based. The Boltzmann-weighted
average error indicates best performance for the molecularly corrected HCTH
functional. This is also the case if it is compared to atomic correction schemes.
Significant variations in the accuracy throughout the different configurations indi-
cate however the coincidental nature of this result.

If corrected for dispersion interaction in an atomic correction scheme, the PBE
functional and the B3LYP functional generally show much improved results. The
approach of Elstneret al. [89] is successful in correcting the PBE functional which
result in relatively small errors.

The B3LYP density functional results in the most consistentdescription of the
interaction energy profiles, if corrected according to [338] with a modified Slater-
Kirkwood mixing rule (3.20) and an appropriate damping function (3.22). Its be-
havior is superior to any of the other schemes listed in this work and its use is
recommended for further work on the study of water interacting with aromatics.

Though never outperforming the other functionals, the BLYPdensity functional
results in consistent profiles. In particular if corrected with the modified Slater-
Kirkwood mixing rule (3.20) and the first damping function (3.21) suggested by
Wu and Yang [338]. This result is of major interest due to the widespread use of
the BLYP functional, especially in plane wave codes and in Car-Parrinello [50]
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Table 3.2: Recommended correction schemes for selected density functionals. The PW91
density functional is recommended to be used in its uncorrected form. The error refers to
the mean deviation over all three configurations of the test system.

density damping mixing error
functional function rule [kJ mol−1]

PW91 – – 0.74
BLYP eqn. (3.21) eqn. (3.20) 0.93
B3LYP eqn. (3.22) eqn. (3.20) 0.52

PBE eqn. (3.23) eqn. (3.19) 0.87

simulations of liquid water. A short compilation of suggested correction schemes
for selected functionals may be found in table 3.2.

The results in this section indicate that the correction of DFT with a damped
dispersion contribution might be far from generally applicable. A set of correc-
tions and damping functions has to be tailored to the problem. The difference in
comparison with Wu and Yang [338] concerning the damping function to be used
along with the B3LYP density functional indicates that a detailed validation of the
approach is needed for every new class of systems.

3.5 Dispersion corrected density functionals applied to the wa-
ter naphthalene cluster

In this section we evaluate the performance of the molecularand three atomic cor-
rection schemes on the water naphthalene cluster. The density functionals consid-
ered in this section are B3LYP [21, 187], PW91 [242], PBE [243] BLYP [20, 187]
and HCTH/120 [35].

For each scheme we compute interaction energy profiles for the water naphtha-
lene cluster in eight different conformations. Two locations of the water molecule
are considered: one with the oxygen atom centered on top of anaromatic ring and
one with the oxygen atom centered on top of the carbon bond separating the two
aromatic rings. In both locations two orientations of the water molecule are consid-
ered: the plane spanned by the water molecule is either orthogonal or in line with
the main axis of the naphthalene molecule. All geometries were evaluated, once
with the water dipole pointing perpendicularly towards thenaphthalene plane and
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once with the inverse orientation. An illustration of thesedifferent conformations
may be found in the Appendix B.1.

We do not consider geometries with the water dipole parallelto the aromatic
plane as they do not provide additional information [356]. Where not stated oth-
erwise, all distances refer to the distance of the water oxygen to the naphthalene
plane.

The performance of the correction schemes is quantified in two ways. On one
hand a piecewise constant integration of the absolute deviation from the reference
energy profile is performed to obtain the average error. On the other, during inte-
gration the absolute deviation is weighted with Boltzmann factorse−βV (r) based
on the reference potentialV (r) at the respective distance. We takeβ = 1

kBT and
set the temperatureT = 300 K. kB is the Boltzmann constant.

DFT calculations are performed using CPMD [60], a plane waveDFT code. The
computational cell was set to25 × 25 × 50 a0 for the calculations of DFT-based
interaction energies. A cutoff of 90 Rydberg was applied forthe plane wave basis
and Trouiller-Martins pseudopotentials [307] were used. The non-local part of
the pseudopotentials are calculated according to the Kleinmann-Bylander scheme
[169].

The reference interaction energy profile is obtained by counterpoise-corrected
MP2 calculations. The calculations were performed using Gaussian 98 [100] with
6-311G(2d,2p) basis sets.

The full set of interaction energy profiles discussed below and the according
error measurements are listed in detail in Appendix B. In thefollowing only a
few key figures are presented to highlight the most prominentfindings. For more
detail, see Appendix B.

3.5.1 Uncorrected density functionals

The density functionals PW91, PBE and HCTH show reasonable agreement with
the reference data for the geometries in which the dipole is pointing away from the
naphthalene plane. However, for the opposite orientation of the water molecule,
all functionals fail to reproduce the strength of the interaction reliably. The PW91
density functional results in the lowest mean deviation (1.41 kJ mol−1) and the
lowest Boltzmann weighted error of all uncorrected densityfunctionals. Still, this
functional underestimates the binding strength significantly for the geometries of
low interaction energy, i.e. the geometries where the waterdipole is pointing to-
wards the naphthalene plane, (see Figure 3.5). These results are fully consistent



46
CHAPTER 3. MOLECULAR INTERACTION POTENTIALS WITHIN

DENSITY FUNCTIONAL THEORY

Distance [̊A]

∆
E

[k
J

m
ol
−

1
] 5

8

10

-5

-10

2 3 4 5 6 7 8 9 10

0

Distance [̊A]

-2

2

4

6

8

10

2 3 4 5 6 7 8 9 10

0

Figure 3.5: The interaction energy profile for the water molecule centered on top of the bond
separating the two aromatic rings of naphthalene with the dipole pointing perpendicularly
towards (left) and away from (right) the naphthalene plane.The water plane is orthogonal
to the main axis of the naphthalene. Some of the uncorrected density functionals show good
agreement for the latter case whereas the attraction is clearly underestimated in the former.
Solid line: reference data, dashed lines with symbols: DFT results, circles: BLYP, stars:
B3LYP, squares: HCTH, crosses: PBE, diamonds: PW91.

with the results reported for the water benzene cluster in the previous section and
in Zimmerli et al. [356].

3.5.2 Molecular correction

The molecular correction does not account for anisotropiesin the dispersion con-
tribution due to the geometry of the molecule. It is therefore expected to break
down at some critical molecular size.

For the water naphthalene interaction, we calculate a molecular dispersion co-
efficient of 17736 kJ mol−1 Å6 using equation (3.14). The average polarizabilities
are 1.5Å3 [300] for water and 16.5̊A3 [128] for naphthalene. The ionization en-
ergies are 12.62 eV [304] and 8.15 eV [274], respectively.

This scheme applied to the HCTH functional leads to excellent results in the
water benzene case: the lowest Boltzmann weighted error forall schemes is ob-
tained. In the case of the water naphthalene cluster there are however significant
deviations in interaction energy profiles especially for the geometries in which the
water molecule is on top of the carbon carbon bond separatingthe two aromatic
rings with the water dipole pointing away from the bond. The usually purely re-
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Figure 3.6:
The interaction energy profile for the water molecule centered on top of the car-
bon carbon bond separating the two aromatic rings of naphthalene with the dipole
pointing away from the naphthalene plane. The plane spannedby the water
molecule is orthogonal to the main axis of the naphthalene. The molecularly cor-
rected HCTH functional (dashed line with squares) shows strong attraction with
a deep minimum at approximately 3Å, whereas the reference potential is purely
repulsive (solid line).

pulsive interaction becomes attractive for the HCTH functional (Figure 3.6). This
has a significant influence on the qualitative behavior of thesystem in molecular
dynamics simulations. It would distort the probability distribution for the relative
position of a water molecule in the vicinity of naphthalene.

In general, the dispersion contribution is too large for geometries in which the
water molecule is centered on top of the bond which is connecting the two aromatic
rings. This effect can be attributed to the functional form of the correction, which
positions the two centers of interaction at the centers of mass of the molecules.
While geometries centered on top of the bond and on top of an aromatic ring result
in very similar interaction energies on a MP2 level of theory, there are large dis-
crepancies between the molecularly corrected DFT interaction energies. Both of
these effects can be attributed to the breakdown of the molecular correction scheme
that ignores the geometry of the molecules and their orientation with regard to each
other.
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Figure 3.7: The interaction energy profile for the water molecule centered on top of the
bond joining the two aromatic rings of the naphthalene molecule with the dipole pointing
towards the naphthalene plane. The plane spanned by the water molecule is parallel to the
main axis of the naphthalene molecule. The solid line is the MP2-reference data, the dashed
lines represent the corrected PBE functional, crosses indicate a correction according to
[89], circles according to [338] using damping function (3.22).

3.5.3 Atomic correction

In the previous section and in Zimmerliet al. [356], for the water benzene sys-
tem, it is recommended to use a corrected B3LYP density functional according
to Wu and Yang [338] along with a modified Slater-Kirkwood mixing rule (3.20)
and damping function (3.22). For the water naphthalene cluster the agreement of
the reference data and the corrected B3LYP functional is also good, with an av-
erage error of 1.25 kJ mol−1. The Boltzmann weighted errors also indicate good
agreement in the geometries with low interaction energy.

However, on the water naphthalene cluster, the correction scheme presented by
Elstneret al. [89] using equations (3.19) and (3.23) applied to the PBE density
functional give the most consistent results with respect tothe reference data. The
average error is 1.04 kJ mol−1 and the Boltzmann weighted error is also one of
the lowest in this study, see Appendix B. Comparable resultsare also obtained if
the PBE functional is corrected according to Wu and Yang [338] using equations
(3.20) and (3.22). While in the first case the dispersion contribution seems to be
underaccounted for, there seems to be a tendency for overaccounting it in the latter
case (Figure 3.7).

If the BLYP functional should be corrected for dispersion, the results of the cur-
rent study indicate that the approach of Wu and Yang [338] using equations (3.20)



3.5. DISPERSION CORRECTED DENSITY FUNCTIONALS APPLIED
TO THE WATER NAPHTHALENE CLUSTER 49

Distance [̊A]

∆
E

[k
J

m
ol
−

1
]

5

-5

-10

-15
2 3 4 5 6 7 8 9 10

0

Figure 3.8: The interaction energy profile for the water molecule centered on top of an
aromatic ring of naphthalene with the dipole pointing towards the naphthalene plane. The
plane spanned by the water molecule is parallel to the main axis of the naphthalene. The
reference data (MP2) is represented by the solid line, the dashed line with circles represents
the data obtained with the BLYP functional corrected according to [338] using damping
function (3.21). The interaction energy is overestimated in the range of 3.5̊A to 5.5Å the
absolute deviation however never exceeds 3 kJ mol−1.

and (3.21) should be used. However, we also confirm that in this framework, the
interaction energy is overestimated. This results in an attraction which is roughly
3 kJ mol−1 too weak in the range of 3.5̊A to 5.5Åwhen the water dipole points
towards the surface (see figure 3.8).

Except for functional BLYP the correction according to Wu and Yang [338]
using equations (3.20) and (3.22) gives better results thanthe ones damped with
function (3.21).

3.5.4 Conclusions

The results presented in this section indicate that accurate accounting of the dis-
persion interaction is crucial for the description of the interaction of water with
aromatics. Current density functionals can give reasonable results for specific ge-
ometries. In particular the PW91 density functional results in a good approxima-
tion for geometries where the water dipole is pointing away from the naphthalene
surface. However, as the quality of these results is geometry dependent, its predic-
tive power is limited.

For the water naphthalene interaction, the molecular correction scheme pre-
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sented in Wuet al. [339] breaks down gradually, though still delivering good
results in terms of average errors. Correction schemes based on atomic disper-
sion contributions are shown to be successful in predictingthe interaction energy
for the water naphthalene cluster in a consistent way. In particular the correction
scheme suggested by Elstneret al. [89] performs well in combination with the
PBE functional. Furthermore, the scheme by Wu and Yang [338]performs well in
combination with the B3LYP functional. For the calculationof the water aromatic
interaction we therefore recommend to use either of the latter correction schemes.

In general, the results reported in the previous section andin Zimmerli et al.
[356] are found to hold not only for the interaction of water with benzene but also
for higher aromatics.

3.6 Extending dispersion corrected density functionals tosemi-
conductor surfaces

Here we present the first steps towards a method that allows tofind bounds for the
interaction energy between a small molecule and a flat semiconductor surface us-
ing density functional calculations with correction termsfor the dispersion energy.
An upper and a lower bound to the interaction energy are obtained, treating the
solid surface as an isolator and as Jellium, respectively. To illustrate the presented
approach, the interaction energy between water and graphite is calculated and it is
found to be in between 2.9 kJ/mol and 25 kJ/mol.

The water graphite interaction has been widely discussed inrecent literature
[93, 332]. It can be considered as a prototypical system to study the interaction
of fullerenes and CNTs and water. However, the estimates forthe interaction en-
ergy exhibit large variations ranging from -5.07 kJ/mol [331] to -24.3 kJ/mol [93]
resulting in a large uncertainty. To the author’s knowledgeno direct measure-
ments of the interaction energy between water and graphite have been performed.
Recently, Werder et al. [332] presented a review of interaction potentials for the
water graphite interaction. In the same article the influence of the interaction en-
ergy on the contact angle of water on graphite could be determined. But, as there
are contradictory measurements of water graphite contact angles, the actual inter-
action could not definitely be determined.
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3.6.1 The dispersion correction

The approaches presented in the previous sections will now be extended. While
we concentrated on the interaction between atoms or small molecules before, we
will deal here with a semi-infinite flat semiconductor surface and a small molecule.
We will show how to find a narrow band of possible interaction energies between
the surface and the molecule. To achieve this, two models will be presented on
how the bulk semiconductor phase can be modeled. First, it ismodeled as a bulk
phase of non-interacting particles. Second, it is modeled as a perfect conductor
(Jellium).

The dispersion correction for a slab of non interacting particles

Again, we consider a dispersion correction term as presented in equation (3.12).
The functional form of the dispersion correction will conceptually remain the same
as presented in equation (3.13). Now, it is considered that the semi-infinite flat
semiconductor phase should be modeled as a bulk solid of non-interacting parti-
cles. Under these presumptions the relationship presentedby Mavroyannis [216]
can be used to obtain an approximation for a dispersion coefficient of order six,
cf. equation (3.14). This relationship was derived for the van der Waals interac-
tion of two neutral molecules indicated by the indices1 and2, whereα are the
corresponding polarizabilities andI the ionization energies.

As already discussed in section 3.3.1 a dispersion correction has always to be
paired with an appropriate damping function, as ther−6 behavior of the correction
only holds in the asymptotic limit. Again, we suggest to use the damping function
presented by Douketiset al. [83], as presented in equation (3.16).

Further we can assume that the individual carbon atoms represent a reasonable
breakdown of the semi-infinite graphite slab. Based on this assumption the prob-
lem of determining the dispersion correction reduces to theproblem of finding
appropriate polarizabilities and ionization energies. Note that this directly implies
that the individual carbon atoms are not interacting. We cannow estimate the
polarizabilities and ionization energies conservativelysuch that the resultingC6

coefficient represents a lower bound of possibleC6 coefficients. In this way we
ensure that the dispersion correction represents the upperlimit of the dispersion
contribution. This is due to the fact that the dispersion interaction is an induction
effect. Assuming non-interacting particles the inductioneffects are minimal, and
thus the according interaction energy represents an upper limit.
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The dispersion correction for a semi-infinite perfect conductor

In section 3.3.1 only the interaction between atoms or smallmolecules was con-
sidered. However, in the idealized case of a small molecule interacting with a
half-space there exists a similar ansatz. Using specific geometric information on
the system the following expression can be derived to describe the dispersion in-
teraction [344]

∆Ecorr =
C3

(z − Z0)3
g3(z − Z0) =

C3

z3
ĝ3(z), (3.24)

wherez indicates the distance of the molecule orthogonal to the surface, andZ0 is
the reference plane relevant to the interaction.g3 is a damping function andC3 is
the dispersion coefficient of order three.

In this case, the half-space is assumed to be an ideal conductor with perfect
electronic behavior, i.e. Jellium. The van der Waals interaction for such systems
depend onr−3 with the coefficient [42]

C3 =
1

8
α1I1. (3.25)

Equation 3.25 depends only on properties of the molecule. The slab which is con-
sidered to be an ideal electron gas with positive backgroundcharge does not enter
the expression. The fact that the interaction is based on theJellium assumption
implies a perfect polarizability of the interacting half-space. This maximizes any
induction effect, i.e. any effect which could lead to a van der Waals type of in-
teraction. This allows to estimate a lower bound for the interaction energy of any
molecule with a half-space.

Also within this ansatz the damping function remains indispensable. To the
knowledge of the author, there are no damping functions which would be applica-
ble tor−3 dispersion corrections. However, it can be shown that in theasymptotic
limit (z → ∞) an order three correction with dispersion coefficientC3 is related
to an order six correction with dispersion coefficientC6 [145]

C3 =
πρC6

6
(3.26)

whereρ is the number density of the relevant centers for an order sixcorrection.
This relationship provides therefore a basis to relate anyC3 coefficient to anC6

coefficient of particles at densityρ. Through thisC3 to C6 mapping the problem
of a missing damping function can be circumvented. Thus in order to estimate
the lower bound to the interaction energy only the polarizability and the ionization
energy of the molecule in question have to be estimated.
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Table 3.3: Polarizability of graphite orthogonal to the graphene planesαzz (Å3), calculated
for different cases.

Number of Sheets Atoms in Cell αzz per Atom
1 32 3.18
1 72 3.16
1 96 3.37
2 64 3.86
2 (bulk) 64 5.48

3.6.2 The bounds of the water graphite interaction

To calculate the interaction energy of graphite with water using aC6 coefficient as
defined by equation (3.14) we need to specify the polarizability and the ionization
energies for either species first.

The polarizability of water 1.60̊A3 is obtained from Putrinoet al. [256] and was
validated for the functional in use. The polarizabilities obtained for the current
functional (HCTH-120) are lower than the ones reported by Putrino et al. [256]
and resulted in an average value of 1.37Å3. This value still agrees well to the
experimental value of 1.50̊A3 [300]. For consistency the value obtained for the
HCTH-120 functional entered the calculation of the interaction energy between
water and benzene. The ionization energy of water is 12.62 eV[304].

The polarizability for graphite was determined for a singlesheet, a double sheet
and bulk graphite according to the method reported in Putrino et al. [256]. The
calculations were performed in orthorhombic cells in all three cases, using a su-
percell setup in the case of only a single or a double layer. For a single sheet of
graphite a convergence study in terms of the total energy wasperformed, consid-
ering periodic cells of different sizes. The resulting polarizabilities orthogonal to
the graphene planes are listed in Table 3.3. The polarizability of graphite enters
equation (3.14) to estimate the upper bound of the interaction energy. In order
to ensure that the absolute value of the dispersion energy contribution interaction
energy would be minimal, the minimum value for the polarizability of graphite of
3.18Å3/atom was considered in further calculations.

We calculated a band gap of 2.9 eV for a triclinic unitcell of graphite containing
8 carbon atoms with four k-points and Lanczos diagonalization and four additional
states. The ionization energy has to be at least as big as the band gap. Thus, this is
a good estimate for the calculation of the minimal absolute interaction energy. Ion-
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ization energies of polyaromatics are constantly decreasing with increasing system
size benzene 9.24 eV [97] , triphenylene 8.0 eV [66], coronene 7.21 eV [275]. This
trend in the experimental ionization energies of polyaromatics and the actual mag-
nitude of the band gap suggest that the band gap should be a reasonable estimate
for the ionization energy of graphite.

Based on aforementioned approximations we estimate a minimal C6 coefficient
to be 218.2 kJ/̊A6 for the graphite water interaction. Using the ionization energy
for water of 12.62 eV [304], combined with a polarizability of 1.60 Å3 [256] the
C3 coefficient for the graphite water interaction is estimatedto be at maximum
243.5 kJ/̊A3, assuming Jellium like properties for graphite. This corresponds to a
C6 coefficient of approximately 5500 kJ/Å3 (using equations (3.26)).

The DFT based interaction energy profile was calculated withthe HCTH-120
functional in a fully periodic super cell setup. The dimension orthogonal to the
graphite sheet was increased until the interaction betweenneighboring cells was
negligible. The graphite was modeled using a single layer of32 carbon atoms
and the water molecule was always centered on top of an aromatic ring with its
dipole pointing orthogonally into the graphite surface. Using the interaction energy
profile from DFT, the damping function (3.16) and the the twoC6 coefficients,
the minimal and the maximal interaction energy profile for water interacting with
graphite are determined. In Figure 3.9 both interaction energy profiles are shown,
and the area in between them indicates the possible range forthe interaction of a
water molecule with a graphite surface. In Figure 3.9 we shown also the interaction
energies as predicted by the GROMOS force field [312] and by the 12-6 interaction
potential by Werder et al. [332].

3.6.3 Conclusions

The range of possible interaction energies is disappointingly large and hardly nar-
rows the criteria for a reasonable choice of an interaction energy profile. The agree-
ment between traditional interaction potentials and the newly determined bounds
from DFT are reasonable for a first approximation and the two results do not con-
tradict each other. The two empirical potentials considered lie within the range
predicted by the ab-initio calculations.

However, considering the bound for the strongest interaction which results in an
estimate of approximately -25 kJ/mol suggests that the interaction energy estimate
of -24.3 kJ/mol by Feller and Jordan [93] should be considered with care. The
present strongest interaction energy estimates is based onthe Jellium assumption.
However, graphite is far from being ideal, which is obvious when considering its
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Figure 3.9: Upper and lower bounds (solid line) to the interaction energy compared with
two force field expressions GROMOS (dotted) [312] and Werderet al. [332] (dashed). The
upper bound is obtained through the assumption of a non interacting plane of molecules,
whereas the lower bound is obtained through the assumption of an ideal metal (Jellium).
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two dimensional structure. As will be highlighted below, the actual interaction
energy is considered to be much lower and the interaction energy presented by
Feller and Jordan is considered to be subject to significant basis set superposition
error effects [249].

Currently, the interaction energy ranges obtained throughthe approach presented
in this previous section are promising, but they do not improve traditional esti-
mates. However, the approach presented is only a rough engineering approxima-
tion which can be further improved. In particular, the ideality assumption in the
Jellium model can be corrected by assuming a real conductor and correcting for
non-idealities. Mavroyannis [215] reported thatC3 should be scaled by a prefac-
tor depending on the plasma frequencyωp of the according material leading to a
correctedC ′

3:

C ′
3 = C3

~ωp√
2

I1 +
~ωp√

2

, (3.27)

where~ is Planck’s constant andI1 is again the ionization energy. In this section,
effects due to non-ideality were neglected, as the plasmon frequency is a quan-
tity which is hard to determine. However, Jensen et al. [154]reported a plasmon
frequency for graphite of approximately 60 meV at room temperature. Combined
with the water ionization energy, this results inC ′

3 being 20 – 25% lower than of
the accordingC3 coefficient. Further improvements of the dispersion energyesti-
mates could lead to a significantly narrower range of possible interaction energies
and make a source of quantitative information in the development of interaction
potentials.

3.7 Outlook

The presented methods have been published in [355] and [356]. A similar study
was presented in the following by Grimme [116]. In this work the dispersion cor-
rected BLYP and PBE density functionals were applied to a wide range of differ-
ent complexes and the results presented here were confirmed.Also Grimme [116]
finds a significantly improved performance of dispersion corrected DFT if com-
pared to pure DFT. However, his results do also confirm the concerns raised here.
In particular, dispersion corrected DFT does not always lead to an improvement
of the results. And when an improvement is obtained it is highly dependent on the
system. While the results of pure DFT tend to reflect a bindingenergy which is
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too low, the results of dispersion corrected DFT tend to deviate in in either direc-
tion and the quality of the results is hard to judge, especially when no reference
data is available. Nevertheless, dispersion corrected DFTprovides an improved
description of weakly bound systems and can be used to predict system properties
[195].

The development of different methods has also continued. Groups of Lundqvist
and Langreth have followed and extended the approach present in earlier work [52,
170, 171] providing now density functional for a wide range of different systems.

A new and very promising approach has been presented by Lilienfeldet al.[319,
320]. Lilienfeld et al. add an atom centered nonlocal term to the exchange-
correlation potential. This non-local term is calibrated using density functional
perturbation theory. Within this framework Lilienfeldet al. are able to com-
pute correct equilibrium geometries and dissociation energies for a wide range
of weakly bound complexes.

Despite many recent advances open questions remain and basic concepts have
to be understood. In this context I would like to cite Becke and Johnson [22]
in a very recent publication. After deriving analytically asimple expression to
compute the dipole dipole interaction energy (referred to as “Eq. (17)”), they
state: “Initial tests of Eq. (17) [..] gave interesting results. Despite the simplicity
of the underlying model, Eq. (17) reproduces knownC6 values with remarkable
accuracy if divided by a factor of 4. [..] That Eq. (17) does work well with a
modified prefactor is, in our opinion, fascinating.”This citation characterizes well
the current state of research in this field. Many good approximations for exchange
correlation functionals or other forms of corrections havebeen found which make
DFT a valuable tool today. However, the analytic derivationof improved models
is extremely complicated and a successful route is not always obvious.

I believe the dispersion interaction within DFT will remainan active field of
research. Considering the current efforts many advances should follow in near
future. It is a fascinating field as the solution to the current problems is not obvious.
A breakthrough will however make DFT even more successful than it has been to
date.





Chapter 4

Molecular Dynamics Simulations – An Introduction

Molecular Dynamics (MD) is the main computational tool usedin this thesis. In
this chapter we outline the key aspects of the method as they pertain to the simula-
tions in this thesis. This introduction to MD does not strivefor completeness and
for further information the reader is referred to a number oftext books [9, 259].
After a historical overview, Newton’s equations of motionsare presented as they
form the foundation of MD. This is followed by an extensive introduction to the
basics of force fields. Finally, some important computational issues in MD simu-
lations are briefly reviewed.

4.1 Introduction

4.1.1 Motivation

The goal of this thesis is to understand whether carbon nanotubes can be used as
nanopores to transport RNA across a membrane. In this respect we need to charac-
terize prototypical nanofluidic systems and we have to explore specific nanoscale
phenomena. Due to their size, such systems are not accessible to quantum mechan-
ical calculations as we sketched them in the previous chapter. The computational
cost of quantum mechanical simulations limits them to systems containing only
a few hundred atoms and time scales in the order of a few picoseconds. When
simulating systems of several thousand atoms and time scales of several nanosec-
onds, their behavior is usually modeled using MD simulations. The concept of MD
simulations involves the computation of the trajectories of particles that model the
atoms of the system, as they result from simplified interaction force fields.
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4.1.2 Historical overview

MD has been extensively used to model the structural and dynamical properties of
complex fluids and solids. The first MD simulations date back to the mid-1950s
and were presented by Fermiet al. [95]. Shortly after, the phase diagram of a
hard sphere system was investigated in the seminal work of Alder and Wainwright
[8]. Only a few years later, Aneesur Rahman at the Argonne National Labora-
tory published his famous work on correlations in the motionof atoms in liquid
argon [257]. In 1967 Loup Verlet calculated the phase diagram of argon using the
Lennard-Jones potential [189] and computed correlation functions to test theories
of the liquid state [313, 314]. A couple of years later, phasetransitions in the same
system were investigated by Hansen and Verlet [122]. In 1971Rahman and Still-
inger reported the first simulations of liquid water [258]. Since then, MD simula-
tions have provided a key computational element in physicalchemistry, material
science, and nanofluidics for the study of pure bulk liquids [9], solutions, polymer
melts [301], and multiphase and thermal transport [49, 162,213, 328].

4.2 Molecular dynamics

In MD simulations a system ofN particles is propagated in space and time ac-
cording to Newton’s equations of motion

dri(t)

dt
=

pi(t)

mi
and

dpi(t)

dt
= fi(t), i = 1, . . . , N. (4.1)

The system is specified in terms of cartesian coordinatesr = (r1, r2, . . . , rN ) and
particle momentap = (p1, p2, . . . , pN ). Wherefi is the force andmi is the mass
of the particlei. The force is obtained as the gradient of a potentialU

fi(t) = −∇U(r). (4.2)

The potential energyU with the kinetic energy of the system

K(p) =
∑

i

p2
i

2mi
, (4.3)

leads to the Hamiltonian

H(r,p) = K(p) + U(r). (4.4)
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The core of any MD program is the numerical integration of theequations of
motion (4.1). The equations of motions are discretized in time and a small time
stepδt is chosen. A commonly used integration scheme is the leap-frog integration
scheme which is second order accurate and stable. Within this scheme, the veloci-
ties and the positions are not synchronous. Instead, while all positions are defined
at timet, the velocities are only defined with an offset ofδt/2. Thus positions and
velocities are staggered in time with regards to each other.The integration usually
starts with the calculation of the forces on all atoms at a given timet. The forces
are then used to update the velocity of timet − δt/2 and to obtain the new veloci-
ties at timet+ δt/2. These velocities are then used to update the particle positions
and to obtain the particle position int + δt. Both, positions and velocities are kept
constant throughout one timestep.

From the equations of motion we see that all results depend directly on the forces
acting in a system and thus on the potential energy. The potential energy of the
system therefore plays a crucial role in every MD simulation. It is usually spec-
ified in a so-called force field, which is an approximation of the true interatomic
forces arising from the interaction of electrons and nuclei. The qualitative and
quantitative results of MD simulations are intimately related to the ability of the
force field to represent the underlying system. Due to this crucial role we will
discuss force fields in more detail in section 4.4. First, however, we will explain
how macroscopic system properties may be derived from MD simulations.

4.3 System properties

MD simulations are often used to study macroscopic properties. The link between
the atomistic or molecular representation of a system and macroscopic properties
is established by statistical mechanics, which provides the theoretical and mathe-
matical foundation for this task.

Properties like temperature and pressure may be computed asstatistical averages
based on particle momenta and atomic positions. From statistical mechanics [9]
the system temperature is defined as

T (t) =
2K(p)

NfkB
, (4.5)

whereNf = 3N − NC denotes the number of degrees of freedom in the system,
N the number of atoms andNC the number of constraints. The system pressure
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in a computational cell of volumeV is defined as

P (t) =
2K(p) + W

3V
=

2K(p)

3V
+

W

3V
= Pid + Pvir, (4.6)

where the ideal pressurePid is corresponding to a system of non interacting parti-
cles and the virial pressure

Pvir =
W

3V
=

−∑i

∑

j>i rijfij

3V
(4.7)

arises due to particle interaction of forcefij between pairs of particlesi andj at
distancerij , which form the virialW .

4.4 Force fields for molecular dynamics simulations

A force field describes the potential energy which is needed in a MD simulation.
Several “generic” force fields have been developed. There are general purpose
force fields capable of describing a wide range of molecules such as the Univer-
sal Force Field [261]. Other force fields have been derived for specific types of
molecules or chemical systems: graphitic and diamond formsof carbon [43], co-
valent systems [299], various models for liquid water [24, 159, 208, 297], zeolites
[47], biomolecules such as AMBER [59], GROMOS [312] or CHARMM for pro-
teins [44] and also for organic molecules [217].

Force fields are generally empirical in the sense that a specific mathematical
form is chosen and parameters are adjusted to reproduce experimental data such
as bond lengths, energies, vibrational frequencies and density [105, 208]. In addi-
tion, generic force fields are usually developed to be suitable for a wide range of
molecules. One should be aware of this attribute when considering these generic
force fields for the study of a specific system. In this case it is not uncommon to
conduct QM calculations for a small system in order to calibrate MD potentials for
the system under consideration.

Most force fields have a similar structure that will be described in the following.
The description is not complete and particularities of specific force fields have
been omitted. This rather theoretical introduction will becompleted by a detailed
description of force field contributions to water-carbon-nanotube systems.
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4.4.1 The structure of force fields

The potential energy function or the force field provides a description of the rel-
ative energy and forces of an ensemble. This description includes energy for
distortions and vibrations of the molecules, and interaction energies between the
molecules. Classical force fields are usually built up as composite potentials, i.e.,
as sums over many terms rather than simple potential energy expressions. Mostly,
pair potentialsV (rij) are used, but multi-body contributions such asV (rij , rik),
andV (rij , rik, ril) may also enter the expression, thus

U =
∑

i,j

V (rij) +
∑

i,j,k

V (rij , rik) +
∑

i,j,k,l

V (rij , rik, ri,l), (4.8)

whererij is the distance betweeni-th andj-th atoms. The explicit form ofV may
vary and will be discussed later. This simple approach of a composite potential is
generally applicable, though for reasons of computationalefficiency the terms in-
volving more than two interacting particles are only used for well specified groups
of atoms, i.e. angle and dihedral potentials.

The contribution to the interaction potential can be distinguished in: intramolec-
ular and intermolecular contributions. While the former describe interactions
which arise in bonded systems, the latter are usually pair terms between distant
atoms.

In the following an overview on the most common potential energy contributions
will be given. These contributions are present in almost allforce fields.

4.4.2 Intramolecular terms

Various intramolecular potentials are used to describe thedynamics of chemical
bonds and their interactions. The potential

V (rij) =
1

2
Kh(rij − r0)

2 (4.9)

emerges from a consideration of simple harmonic oscillators [95], whererij and
r0 denote the bond length and the equilibrium bond distance, respectively. The
force constant of the bond is given byKh. Alternatively, the Morse potential [229]

V (rij) = KM (e−β(rij−r0) − 1)2 (4.10)

can be used, which allows for bond breaking. HereKM andβ are the parameters
of the potential.



64
CHAPTER 4. MOLECULAR DYNAMICS SIMULATIONS – AN

INTRODUCTION

At coordination centers, i.e. atoms where several bonds come together, bond
angle terms are applied. Functional forms include harmonicbending

V (θijk) =
1

2
Kθ(θijk − θ0)

2 (4.11)

or the harmonic cosine bending

V (θijk) =
1

2
Kθ(cos θijk − cos θ0)

2, (4.12)

whereθijk is the angle formed by the bonds between thei-th, thej-th, and thek-th
atom.θ0 is the equilibrium angle.

The third widely used contribution are dihedral angle potentials, which are em-
ployed for systems involving chains of bonded atoms. The dihedral angle po-
tentials ensure a consistent ordering over several centersand are usually of the
functional form of a Fourier series expansion with frequenciesm where the sum
can contain up to 12 terms. [211, 267]

V (φijkl) =
1

2

n
∑

m=0

Km cos (mφijkl + φm,0). (4.13)

The dihedral angle between particlesi, j, k andl is given byΘijkl. The potentials
may be shifted byφm,0.

The functional form of intramolecular interaction potentials is usually a pre-
sumption. It is chosen such, that it allows for a convenient determination of the
according parameters. A framework for an efficient evaluation of intramolecular
interactions in quantum mechanics is provided by linear response. The aforemen-
tioned potentials have been constructed such, that the according potential parame-
ters can be obtained either by equilibrium quantum mechanical calculations or by
linear response.

Usually, the parameters for the intramolecular terms are determined from quan-
tum chemistry calculations on small molecules and model molecules that represent
pieces of larger molecules. As an example, Waltheret al. [327] report on how the
dihedral potential of a CNT is fitted to quantum chemistry calculations of tetracene
(C18H12) using density functional theory [100]. Further examples are available in
the AMBER force field specification [59].

4.4.3 Intermolecular terms

When choosing a potential function to calculate the interatomic forces, the follow-
ing criteria are of major importance:
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• Accuracy: the simulation should reproduce the properties of interest as
closely as possible.

• Transferability: the force field expressions should be applicable to situations
for which the force field was not explicitly fitted.

• Efficiency: force evaluations are generally the most time-consuming part of
a simulation and they should be as efficient as possible

The proper balance between these criteria depends to a largeextent on the system
to be investigated.

Usually, MD simulations consider intermolecular potential energy contributions
from van der Waals terms and electrostatics. Both the van derWaals and the elec-
trostatic potentials will be introduced below.

The van der Waals interaction

The van der Waals contribution to the potential energy is usually modeled using a
Lennard-Jones 12-6 potential [189]

V (rij) = 4ǫ

[

(

σ

rij

)12

−
(

σ

rij

)6
]

(4.14)

whereǫ is the depth of the potential well, andσ is related to the equilibrium dis-
tance between the atoms. The parameters are usually obtained through fitting to
experimental data and/or theoretical considerations. Formulti-atomic fluidsǫ and
σ may not be available for any combination of atom species. In these cases, the
Lorentz-Berthelot mixing rules [9] allow to estimate the interaction parameter for
an unknown pair of atom species from the interaction parameters of the individual
atom species

ǫIJ =
√

ǫIǫJ , σIJ =
1

2
(σI + σJ) . (4.15)

Here I and J denote theI-th andJ-th atomic species. However, recent work
[283] has shown this approach to be inadequate for accurate liquid simulations, as
quantities like the mass density of a liquid are sensitive tothe choice of parameters.

Variants to the Lennard Jones 12-6 potential are used for special geometries. For
example for surfaces an averaged Lennard-Jones 10-4 potential may be obtained
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by integration of the Lennard-Jones 12-6 potential [107]

V (z) = 4ǫσ2

[

(σπ

z

)10

−
(σπ

z

)4
]

(4.16)

wherez is the wall normal distance.
The Lennard-Jones potentials are usually truncated beyonda certain cutoff ra-

dius. This can be justified by the fast decay of the Lennard-Jones potential. Typical
cutoff values are1.5σ for purely repulsive interactions, and2.5σ up to10σ for ho-
mogeneous and inhomogeneous systems, respectively.

The electrostatic potential

Long-range electrostatic interactions in MD are describedby the Coulomb poten-
tial

V (rij) =
qiqj

4πǫ0rij
, (4.17)

whereqi andqj refer to the electric charges of thei-th andj-th atoms, andǫ0 is
the permitivity of vacuum. Usually, fractional charges areused for atoms of polar
molecules and integral charges for mono-atomic ions.

4.4.4 Water and carbon nanotubes

In this section the interplay of the different force field contributions is illustrated.
We will do this by reviewing the water CNT interaction. From the modeling per-
spective the water CNT interaction is a relatively simple interaction, yet it covers
most aspects which are of importance to current force fields.

Three interactions contribute to the model of interaction potentials in water car-
bon systems. A description of the water, the graphite and their interaction. These
contributions have to be balanced and accurate.

Water models

Water models have been of preeminent interest since the inception of MD simula-
tions. The reason for this interest is due to the importance of water because of its
omnipresence. Many different water models have been presented throughout the
years [26, 24, 70, 159, 160, 258, 297] and are well established. Today’s most pop-
ular models in MD simulations are rather simple three site models, which model
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each atom within the water molecule as a point in space with a certain mass and
charge [24, 26, 160] and carry a single Lennard-Jones site onthe oxygen. The
configuration is kept fixed by rigid bonds and constrained angles. More sophisti-
cated models have been developed in order to improve the quantitative results in
predicting physical properties. Additional charge sites have been included [160],
polarizability has been considered [69] and bonds and angles have been considered
to be flexible [297]. However, the three site model remains the most important wa-
ter model in MD, its extensions being rather limited. In thisthesis, the TIP3P
[160], the SPC/E [24] and the RPOL [70] water models will be used.

Carbon nanotubes and graphite

Several potentials have been developed recently for graphite and CNTs. This was
mainly motivated by the properties of novel carbon structures as fullerenes and
CNTs. The model used throughout this thesis is based on a Morse bond, a har-
monic cosine potential for the bending angle and a two-fold torsion potential [327].
There are different models used in the literature which mostly model the bonds and
angles with harmonic potentials and use a slightly different torsion potential [140].
Often, carbon structures such as graphite and CNTs are however not simulated in
full detail. The structure is kept rigid and the intramolecular degrees of freedom
are removed. This is computationally advantageous as it usually allows for an in-
creased simulation time step and therefore a reduced computational cost since the
intramolecular interaction terms do not have to be computed.

The water carbon nanotube interaction

Traditionally, the interaction between graphitic systems, which include CNTs,
and water are modeled using a single Lennard-Jones contribution between every
carbon and oxygen atom. Variants include interaction potentials which include
Lennard-Jones interaction terms on the water hydrogen atoms. The parameters
for these interaction potentials are either obtained from other interaction potentials
using Lorentz-Berthelot mixing rules (4.15), deduced fromatomic polarizabilities
or fitted to reproduce macroscopic properties. For example,Werderet al. [332]
presented interaction parameters which would reproduce the experimental contact
angle of water on graphite and earlier Markovicet al. [212] fitted their interaction
potentials to scattering experiments of water on graphite.Werderet al. [332] also
presented a detailed review of water graphite interaction potentials previously used
in MD simulations.
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Coulombic interactions are usually omitted for graphite orCNT water interac-
tion as the single species model of graphite or CNTs do not presume charges on
the carbon atoms. The electrostatic interaction may however be more complicated
than it seems at first sight and many questions had to be answered in the modeling
process. When considering intermolecular interactions, intramolecular electronic
effects may play an important role. The special electronic structure of graphite
and CNTs gives rise to a quadrupole moment on their surface. The effect of this
quadrupole moment on the water CNT interaction was assessedbut not found to
be important [327]. Furthermore, when considering CNTs, a static dipole moment
is induced by the bending of the graphite sheet [86]. This effect was found to be
important for small CNTs and will be reported in more detail in chapter 7. How-
ever, both effects can be neglected when considering graphitic systems or CNTs
with diameters greater than 5 nm.

Another important contribution to the interaction energy of CNTs and water is
polarization. Moulinet al. [230] presented studies where they considered dynamic
polarization of CNTs subject to the electric field generatedby water. While Moulin
et al. did not find important effects, we found significant differences in both, the
single water optimal geometry on graphite and the water structure close to the
surface which could be of technical importance, see chapter6.

The added complexity in this problem is that water close to graphitic systems is
strongly affected by very short ranged interactions. This leads to the finding that
water in confined geometries behaves drastically differentthan in bulk systems
[140, 354]. When using MD simulations to reliably understand and analyze such
systems, it is important to develop suitable models and interaction potentials which
hold in such environments.

4.4.5 Force fields for membrane simulations

In chapter 8 we will consider the simulation of a specific realization of CNT based
nanopores in a lipid bilayer. Most current force fields provide extensions and spe-
cific models for membrane simulations. For example, Smondyrev and Berkowitz
[284] presented a united atom extension to the AMBER 96 [59] force field. An-
other recent force field for phospholipids was presented by Chandrasekhar [53] as
an extension to the GROMOS [312] force field.

Extensions to membranes for force fields have been designed to reproduce var-
ious properties of real membranes and provide good approximations for their de-
scription. Different force fields for membranes usually result in similar physical
properties. Thus, the decision on what force field to use is mainly determined by
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the requirement that the force field should integrate with the description of the re-
maining system. We are here interested in RNA transport in the vicinity of lipid
bilayers. We use the AMBER 96 [59] force field to model RNA, as it is known
to provide a good description of RNA and DNA. In order to modelthe membrane
we use an extension to the AMBER force field as proposed by Smondyrev and
Berkowitz [284]

4.5 Computational issues in molecular dynamics

4.5.1 Time step

The integration time step in MD simulations is usually determined by the require-
ment for energy conservation in the microcanonical ensemble. Most current force
fields are designed such that they allow for time steps in the order of 2 fs.

Increasing the time step is usually limited by bond vibrational frequencies,
which depend on the mass of the atoms involved in the bond. By far the light-
est atom in biological systems is hydrogen, which has a mass of about a tenth of
the mass of hetero atoms. Thus bonds involving hydrogen result in relatively high
frequencies, and are therefore the limiting factor in the integration of the equations
of motion. To resolve this bottle neck, these bonds are constrained at a constant
bond length, which allows to increase the time step significantly (2 fs instead of
0.2 fs). The increase in the time step overcompensates for the computational cost
of ensuring the constraints.

4.5.2 Constraints

Instead of using explicit potentials to model intramolecular potential energy contri-
butions, intramolecular distances can be constrained to target values. Constraints
in MD were introduced by Ryckaertet al. [268] in alkane simulations. Constrains
are imposed using iterative procedures such as SHAKE [98, 180, 310], SETTLE
[226], or direct methods [342]. Currently, SHAKE is widely used and we sketch
the method below.

Consider the constraint equations

|rk,a − rk,b|2 − r2
k,0 = Kk = 0 (4.18)
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with

ri = r̃i +
N
∑

k=1

λk
∂Kk

∂ri
(4.19)

wherer̃i is the unconstrained position of thei-th particle andrk,0 is the constraint
distance of thek-th constraint. SHAKE solves the non-linear coupled constraint
equations using a Jacobi iteration over the Lagrange multipliersλk with

λk = − Kk
(

∂Kk

∂λk

)

∣

∣

∣

∣

∣

∣

λ=0

, (4.20)

updating the particle positions according to equation 4.19and resetting allλk = 0
at each iteration.

Constraints, have become very important, as most currentlyused water models
consider constrained bond lengths and angles, e.g. [24, 160]. The reason for the
popularity of constrained water models has been indicated before: bonds involving
hydrogen atoms show high bond vibrational frequencies, much higher than bonds
connecting two hetero atoms. This high frequency motion requires a small integra-
tion time step in order to be reasonably resolved. Removing these intramolecular
degrees of freedom by constraining these bonds alleviates the problem, as time
steps can be chosen 5 to 10 times larger. Furthermore, the high-frequency oscil-
lation of the O-H bonds in water formally falls into a regime where quantum me-
chanical effects become important. Thus, using constraints this modeling problem
is circumvented, too.

4.5.3 Restraints

It is difficult to set up a system for an MD simulation such thatall positions and
velocities correspond to an ensemble realization. Instead, approximations to such
realizations are used to start MD simulations and the systems are equilibrated to
the desired state. For biomolecules often crystallographic structure information is
used and it is desirable to preserve that structure during the equilibration process.
The system should not be fixed completely but it should be allowed to relax high
stresses within the biomolecule. This is usually achieved by restraining the atoms
or a selection of the atoms of the molecule in question duringequilibration.



4.5. COMPUTATIONAL ISSUES IN MOLECULAR DYNAMICS 71

When the atoms of a molecule are restrained, their coordinatesri are coupled to
the reference coordinatesri,0 using a harmonic potential

Vrestrain =
k

2
(ri − ri,0)

2
. (4.21)

The coupling constantk is a parameter which determines by how much the
molecule should be allowed to deform.

4.5.4 Ensembles

The state of a thermodynamic system is characterized by a given set of state vari-
ables or properties. These properties include pressure, temperature, composition,
density, surface tension and free energy.

In statistical mechanics we distinguish between macroscopic and microscopic
states. A microscopic state is a specific realization of the system where all veloc-
ities and positions of the particles in the system are known,i.e. a point in phase
space. In contrast, a macroscopic state corresponds to a thermodynamic state,
which is defined by average, macroscopic quantities like density, pressure and tem-
perature. All microscopic states which are a realization ofa specific macroscopic
state belong to it and form an ensemble.

MD simulations are usually performed under well specified thermodynamic con-
ditions and thus specific ensembles are sampled. Although any set of thermody-
namic variables which specifies a state could be used to determine the ensemble,
only a few specific combinations are of practical relevance in MD simulation. The
most popular ensembles:

• Microcanonical ensemble (NVE):the thermodynamic state of a system is
defined by its compositionN (the number of particles and their type), its
volumeV and the total energyE

• Canonical ensemble (NVT):the thermodynamic state of a system is defined
by its compositionN , its volumeV and temperatureT .

• Isothermic-Isothermal ensemble (NPT):the thermodynamic state of a sys-
tem is defined by its compositionN , its pressureP and temperatureT .

4.5.5 Evaluation of long range forces

MD simulations are usually very time consuming. The computationally most ex-
pensive part in a standard MD run is the evaluation of the longrange nonbonded
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forces. Nominally, the nonbonded interactions should be evaluated between ev-
ery pair of atoms (in the case of pairwise interactions). Theevaluation of the
nonbonded interaction term therefore increases quadratically with the number of
atoms, as the number of possible pairs in a system withN atoms is equal to
(

N2 − N
)

/2. This scaling becomes prohibitively expensive when large systems
are considered and fast algorithms have been developed to circumvent this prob-
lem.

Cutoff schemes

A simple way to overcome theO
(

N2
)

scaling of the force evaluation, is to intro-
duce a cutoffrc. It is assumed that force contributions beyond the cutoff distance,
are negligible and can be omitted. This allows to reduce the computational cost to
O (N).

To achieve the aforementioned reduction in computational cost, however, the
atoms have to be handled efficiently and information on theirrelative position has
to be stored. Different algorithms have been presented to tackle this task. Amongst
the most popular approaches are Verlet lists [313] and cell lists [9], which have
been implemented in various ways.

The reduction in computational expense due to cutoff schemes, however, comes
at the price of a loss of accuracy. One of the most severe implications of this
is the loss of energy conservation within an MD simulation. The problem with
energy conservation depends on the energy contribution at the cutoff distance. This
contribution usually decreases with increasing cutoffs and at an infinite cutoff the
non-truncated result is recovered. In this limit, however,the speed-up of a cutoff
schemes is lost.

The Coulomb potential is usually the potential which vanishes the slowest. Due
to its r−1 dependence, truncation effects are particularly important. To overcome
this problem, the use of shifting and switching functions have been suggested. A
particular approach uses a smooth tapering of the potentialenergy function [289,
327, 332]

V (rij) ≈
qiqj

4πǫ0rij
S(rij) (4.22)

whereS(r) is a smoothing function, e.g.,

S(rij) =

{

(1 − (rij/rc)
2)2 rij < rc

0 rij ≥ rc
(4.23)
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The results obtained however from MD simulations using a truncation scheme
may be significantly different from the full treatment of theelectrostatic interac-
tions, in particular, for systems with inhomogeneous charge distributions and for
ionic solutions [315]. Significant discrepancies were alsofound at the liquid vapor
interface [231]. The results obtained however with the correct treatment of the
electrostatics may be less accurate [198, 208], if a force field was calibrated for a
truncation scheme.

Advanced schemes

As highlighted in the previous paragraph, the use of cutoff schemes for electro-
static interactions may introduce significant errors. An alternative approach to
evaluate electrostatic interactions has been known since the early 1920’s as the
Ewald summation [91]. This approach is however limited to periodic systems. The
standard implementation of the traditional Ewald summation scales asO

(

N2
)

. At
the expense of extensive memory consumption it can however be implemented in

O
(

N
3
2

)

.

In the Ewald summation technique the electrostatic interaction is split up into
a short-range and a long-range contribution. At every pointcharge of the system
a Gaussian charge distribution of opposite charge is added.This counter charge
damps the charge-charge interaction such that it decays very rapidly. To compen-
sate for the Gaussian charge distributions, we now add the same charge distribu-
tions to the system, but with the same sign as the point charges. Their interaction is
now evaluated separately. The Gaussian charge distributions are transformed into
Fourier space where the Poisson equation is solved and then they are transformed
back. Due to the Gaussian form of the charge distributions, this procedure can be
formulated analytically and performed directly in a singlestep, see appendix C for
more information.

Based on the concept of the Ewald summation technique other methods have
been suggested, increasing its efficiency in both memory consumption and scaling.
Recent advances to the original Ewald summation technique [91, 251] include the
the particle-mesh Ewald method [71], the smooth particle mesh Ewald method
[90], or the particle-particle-particle-mesh technique [131, 132, 207, 326]. The
concept in these methods is to use a grid to solve for the potential field or a part
of it. On the grid fast Fourier transforms are used to solve for the governing,
usually Poisson-type, equation linking the charge distribution with the potential
and the electric field. This reduces the order of these methods toO (N log N).
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The potential and the electric field can then be interpolatedfrom the grid with high
accuracy back on the particles. For a detailed description of the smooth particle
mesh Ewald method see appendix C.

The Cell Multipole Method [77, 114, 273] provides and alternative to the Ewald
summation based schemes for non-periodic systems. A special realization, the
Reduced Cell Multipole Method [78], was developed for periodic systems. The
multipole methods rely on the replacement of the far field interactions of a num-
ber of particles, a cluster, by the multipole expansion of the charge distribution
of this cluster and scales nominally asO(N log N). The algorithm achieves an
O(N) scaling [114], by allowing groups of particles to interact with each other by
translating the multipole expansion into a local Taylor expansion, Up to now, this
approach did not gain significant practical importance in MDsimulations due to
the extensive computational cost of the translation and thecluster cluster interac-
tion, which scalesO(P 4) whereP is the number of terms retained in the truncated
multipole expansion.

4.5.6 Boundary conditions for molecular dynamics

In a typical MD simulation there are usually about 100 particles per nm3. Even for
a relatively small system of10 × 10 × 10 nm3 this leads to a number of particles
in the order of 100’000. A simulation on 100’000 particles is, however, still a
very large MD simulation for todays standards. Thus normal MD simulations are
carried out in very small volumes. Due to the small system sizes the systems are
very susceptible to undesirable boundary effects. Their presence would require an
extension of the simulation domain and make simulations prohibitively expensive.
It is therefore mandatory to avoid boundary effects as much as possible.

When using solid walls to bound a computational domain a strong structuring in
the liquid near the wall is introduced. This structuring persists for approximately
1 nm in liquid water [332]. This effect may be minimized usingwall potentials
which simulate a continued liquid past the wall. Werderet al. [334] showed that
with such potentials density fluctuations could be reduced for liquid argon close to
the boundary of a computational domain.

Alternatively, the system may be placed in vacuum [9] or a periodic system may
be assumed. Using periodic boundary conditions, the original computational box
is surrounded with identical images of itself. Usually, if periodic boundary con-
ditions are applied a cubic or rectangular parallelepiped computational domain is
used, but theoretically all space filling shapes (e.g., truncated octahedron) are pos-
sible [9]. Periodic boundary conditions on small systems may however introduce
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artifacts if the system is not inherently periodic [142].
Petraglioet al. [252] presented an alternative method for nonperiodic boundary

conditions. The method considers a finite sphere embedded ina reaction field
described by image charges. Initial studies provide optimized parameters for two
standard solvents, water and acetonitrile. The dynamic properties are found to be
comparable to the ones obtained with periodic boundary conditions [252].

Another approach are stochastic boundary conditions. Theyallow a reduction
of the explicitly simulated domain by partitioning the system into two zones with
different functionality: a reaction and a reservoir zone. The reaction zone is the
one to be studied while the reservoir zone contains the portion which is of minor
interest to the study. The reservoir zone is excluded from MDcalculations and
is replaced by random forces whose mean corresponds to the temperature and
pressure in the system. The reaction zone is further subdivided into a reaction
zone and a buffer zone. The stochastic forces are only applied to atoms in the
buffer zone. In [27] stochastic boundary conditions are derived and in [45] the
application to a water model is described.

4.5.7 Metadynamics

Metadynamics [183, 184] is a powerful method to explore a free energy surface de-
fined in terms of a moderate number of selected collective variables. The method
relies on history dependent potential consisting of Gaussian contributions in the
space of collective variables. The Gaussian potential contributions make a return
to formerly explored points in the space of the collective variables less favorable
and therefore promote the exploration of other domains. Themethod which was
originally presented by Laio and Parrinello [183, 184], proved to be extremely
valuable to identify the free energy surface and to find transition states and mech-
anisms. It is currently one of the most powerful methods to quantitatively assess
rare events.

4.5.8 Nonequilibrium molecular dynamics

For the study of non-equilibrium processes or dynamic problems, such as flows in
capillaries and confined geometries, non-equilibrium MD (NEMD) was found to
be a very efficient tool. It is based on the introduction of a flux in thermodynamic
properties of the system [9, 57]. NEMD has been used on a variety of problems,
e.g. for the study of rheological issues [201], to evaluate the shear viscosity of sim-
ple fluids [266] and to compute transport coefficient [65]. Tuckermanet al. [308]
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presented a modified NEMD approach to ensure energy conservation. For detailed
background about the underlying statistical mechanics of nonequilibrium systems,
the reader is referred to [82].

Another form of NEMD is steered molecular dynamics (SMD), applied by
Grubm̈uller et al. [119] to determine the rupture force of proteins. It has alsobeen
proven to be extremely valuable also in many other fields in subsequent studies
[146]. The principle of SMD is to superimpose a time-dependent force on selected
atoms or molecules such that the molecules or the system are driven along certain
degrees of freedom in order to investigate rare events. The concept of SMD will be
presented in more detailed in chapter 5 where an extension toSMD is presented.



Chapter 5

Generalized Steering for Molecular Dynamics

MD simulations are one of the most popular approaches to study biophysical sys-
tems. Biological processes often evolve over times scales that are not accessible
to MD simulations. This is the case for example when large energy barriers are
present. A popular method to overcome this problem is steered molecular dynam-
ics (SMD) where a system is forced along a prescribed trajectory of certain vari-
ables. This allows us to study rare events which could otherwise not be observed
with standard MD.

This chapter presents an extension of SMD to trajectories offunctions of vari-
ables, so-called collective variables. A generalized steering on collective variables
is demonstrated in the folding of a nona-alanine peptide andthe expulsion of RNA
from a CNT. The results indicate that the present approach enables the exploration
of configurations that may not be easily accessible by SMD otherwise.

5.1 Introduction

SMD [119] is a method to overcome energy barriers by forcing the system in
question along a suitable trajectory. The method was first introduced to study
the dissociation of biotin from avidin and streptavidin [119, 147]. Since then,
SMD has been extensively utilized to study various problemsranging from the
identification of ligand binding pathways [149] to elastic properties of peptides
and unfolding of the muscle protein titin [146, 206]. In addition it has been shown
by Park and Schulten [239] how SMD can be used to extract potentials of mean
force using Jarzynski’s identity [152, 153].

In SMD a system is usually evolved along the trajectories of individual atoms. In
a recent work, however, Laio and Parrinello [183] demonstrated that a system may
be more effectively described through suitably chosen collective variables, which
are functions of atomic properties and positions. In this chapter, we will make use
of collective variables to extend the applicability of SMD.In particular, we show
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how SMD can be generalized to steer a system along a trajectory given in terms of
collective variables.

First, the concepts of SMD and collective variables are presented, followed by
the description of the generalization. Second, two exampleapplications are pre-
sented. In the first example, the folding of a peptide is compared for a steering
imposed on its radius of gyration and for a steering imposed on the angle defined
by its end groups and a central backbone atom. The second example reports on the
expulsion of a short single stranded RNA fragment from a CNT where the center
of mass distance is used as the collective variable.

5.2 The method

We give a brief description of the two underlying componentsof our method
namely:

• SMD and

• collective variables.

Then, a generalized steering on collective variables is presented.

5.2.1 Steered Molecular Dynamics

System configurations which are energetically unfavorableare difficult to study in
MD as the system hardly visits such configurations. SMD resolves this problem
by steering the system from an initial configuration towardsa target value for one
or several atom coordinates. This is done in a way that the system is either passing
through the energetically unfavorable configuration or thesystem is reaching it at
the end of the simulation.

In SMD a time dependent restraint potentialVs enters the Lagrangian. This
potential is also called the steering potential and couplesan atomic position to a
restraint pointr0. Vs is often modeled by a harmonic potential as

Vs =
k (t)

2
(r − r0 (t))

2 (5.1)

wherek is the coupling constant. We identify two commonly used approaches to
steer a system. First, the coordinates of the restraint point are fixed tõr0 and the
strength of the harmonic coupling is linearly increased in time [119, 147],

k = k(t) = αt and r0 (t) = r̃0. (5.2)



5.2. THE METHOD 79

Alternatively [148, 290], the restraint point is evolved along a certain trajectory to
its final position while the strength of the coupling remainsfixed to k̃,

r0 = r0 (t) and k (t) = k̃. (5.3)

The latter approach can be applied to relatively complicated trajectories of a large
number of atoms, e.g. to the angular movement of two protein domains [148].

5.2.2 Collective variables

Collective variables are computed as a function of one or several individual particle
coordinates

σ = σ (ri) . (5.4)

Collective variables may be used to describe a complex rearrangement in terms
of a single quantity. Recent examples include the number of contact sites, the
number of five-membered rings in ice crystals [81] and a localelectric field [183].
Other possible collective variables could include the distance between two centers
of mass or the angle between three centers of mass or the radius of gyration.

5.2.3 Generalized steering on collective variables

We propose to generalize the concept of SMD to steer a system along a set of
collective variables. In particular, we suggest to couple collective variables to a
steering potential instead of coupling individual coordinates

Vs =
k (t)

2
(σ − σ0 (t))

2
. (5.5)

Given a potential acting on a collective variable, the forcefi on particlei is then
given by

fi = −∂Vs (σ)

∂σ

∂σ (ri)

∂ri
. (5.6)

The collective variables can now be steered, using either ofthe two variants of
SMD presented above.

A trajectory may be defined in terms of several collective variables. In this
case the steering potential may be applied to each collective variable individually,
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which allows for individual coupling constants to the different collective variables.
Alternatively, the steering potential may be applied on a norm of the vector defined
by the differences of the current realizations of the collective variables and their
reference values.

Steering indirectly through collective variables can be more appropriate and
more convenient than the classical steering on single atomic coordinates as we
will show in specific examples.

5.3 Applications

We will now demonstrate the conceptual advantage of generalized steering in MD.
The proposed generalization is first applied to two studies of the folding of the
nona-alanine peptide. This is followed by a study on the expulsion of RNA from a
CNT.

In all simulations we used the AMBER 96 force field [59] and TIP3P water
[160]. A timestep of 1 fs was used and the bonds involving hydrogen atoms were
constrained. For the last application, the non-bonded interactions of the CNT car-
bon atoms are described using the parameters ofsp2 carbons in the AMBER 96
forcefield (σCC = 0.34 nm andǫCC = 0.36 kJ mol−1). The bond, angle and tor-
sion potentials for the CNT are taken from Waltheret al. [327]. The constraints
are enforced using the SHAKE [268] algorithm and the simulations were carried
out using the MD package FASTTUBE [332].

5.3.1 Folding of nona-alanine

We implement the generalized steering to the folding of nona-alanine. It is steered
along trajectories of collective variables that cannot be easily described in terms
of distances between single atoms. The nona-alanine peptide is acetylated at the
N-terminus and protected with N-methylamine on the C-terminus. Its initial con-
formation isα-helical. It is solvated in 2544 water molecules in a periodic box of
initially 4.3×4.3×4.3 nm. Throughout all simulations we use an NPT system sub-
ject to a Berendsen thermostat with a coupling constant of 0.1 ps and a Berendsen
barostat [25] with a coupling constant of 0.5 ps.

As collective variables we first consider the radius of gyration of nona-alanine

rg =

√

√

√

√

∑N
i=1 mi (ri − r0)

2

∑N
i=1 mi

(5.7)
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wherer0 denotes the center of mass andri andmi are the coordinates and masses
respectively of theN atoms in nona-alanine. In a second simulation two in-
tramolecular distances, namely between theα-carbon of the central amino acid
and the methyl group carbon atoms of the end groups, and theirangle are steered
in a concerted fashion. Considering the limited time of simulation, the strong cou-
pling and the sharp changes in the collective variables, theobserved structures are
not expected to represent optimal or equilibrium configurations.

Case A: Steering on the radius of gyration: The solvated peptide was initially
equilibrated for 50 ps. After this equilibration, the radius of gyration amounted to
0.5417 nm. Subsequently, the system was steered through theradius of gyration
for 250 ps with a coupling constant of 50’000 kJ nm−2 mol−1. Then the steering
was turned off for another 100 ps of free dynamics, totaling asimulation of 400 ps.
The steering schedule is illustrated in figure 5.1a. The steering is well reflected in
the trajectory of the radius of gyration, which closely follows the reference value.
This was ensured by choosing a relatively strong coupling.

Various conformations were visited during the steering andsome of them are de-
picted in figure 5.1a. Significant differences in the conformations could be identi-
fied, as helical and hairpin-like structures were observed at small radii of gyration.
At intermediate radii of gyration there is a preference for partially folded struc-
tures, i.e. structures where only one part of the peptide is stretched and the other
part is packed in a hairpin-like or helical structure. In figure 5.1b we show the
resulting evolution of the two intramolecular distances defined above. The corre-
lation of either of these two trajectories with the trajectory of the radius of gyration
is very limited and both show large fluctuations.

Case B: Steering on two intramolecular distances and their angle: After
an initial equilibration of 50 ps the two distances described before are linearly
stretched from their current values, of 0.955 nm and 0.999 nmrespectively, to a
target value of 1.25 nm. This stretching was performed usinga steering with a
coupling constant of 50’000 kJ nm−2 mol−1 over the course of 50 ps. The two
intramolecular distances were then restrained to 1.25 nm with the same coupling
potential for the following 260 ps.

Immediately after the two intramolecular distances had reached their stretched
state, the steering on their angle is initiated starting from 90.25◦. The angle was
coupled to a target angle with a force constant of 10’000 kJ rad−2 mol−1. The
schedule for the steering of the angle is depicted in figure 5.2. After 360 ps of
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a)

b)

Figure 5.1: a) Radius of gyration of nona-alanine along a generalized SMD run. The
green line indicates the actual radius of gyration while theblue line indicates the target
value. The structures are snapshots of the peptide configuration at the corner points of the
trajectory taken in intervals of 50 ps. b) The two intramolecular distances from the methyl
carbon atoms of the end groups and theα-carbon of the central amino acid during the same
simulation of case A (red and green) and during the simulation of case B (black and blue).
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Figure 5.2: Angle between the carbon atoms of the end groups and theα-carbon of the
central amino acid of nona-alanine during a generalized SMDrun. The carbon atoms
contributing to the angle are indicated in yellow. The snapshots show the structure of the
nona-alanine peptide and were taken at 100, 180, 280 and 360 ps.

simulation the coupling on all collective variables is suspended for 40 ps of free
dynamics to obtain a total simulation time of 400 ps.

The trajectory in terms of the angle is shown in figure 5.2. During the folding
the structural freedom is strongly limited by the restraints on the intramolecular
distances, i.e. the stretched subsections of the peptide. This leads to a behavior
which clearly reflects the prescribed motion. The structures found at large radii
of gyration are similar to case A. Significant structural differences however are
observed at lower radii of gyration.

5.3.2 Expulsion of RNA from a carbon nanotube

In this example we use as a collective variable the distance between the centers of
mass of a CNT and a piece of RNA. We use a hydroxyl terminated single stranded
fragment of RNA consisting of six adenosine nucleotides. The RNA is placed in
a single walled (14,14) CNT of 2.35 nm length (1.87 nm carbon-to-carbon diam-
eter corresponding to a pore size of approximately 1.5 nm). The whole system is
solvated with 6508 water molecules and 5 sodium ions in a computational box of
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originally 5.9 × 5.9 × 5.9 nm.
We present this application to show that in the generalization of SMD to arbitrary

collective variables the first step is to use the center of mass instead of individual
atoms. There have been previous steering simulations basedon the center of mass
[61, 155]. The aspect, however, that this is the first step towards a generalization
of SMD has not yet been elucidated.

The system temperature is controlled using a Berendsen thermostat with a cou-
pling time of 0.5 ps throughout the whole simulation. Duringthe first 20 ps of the
simulation, the system was relaxed at constant volume followed by 80 ps of cou-
pling to ambient pressure using a Berendsen barostat. This resulted in a simulation
box size of59.06×59.06×59.06 nm. Then the system was further equilibrated at
constant volume during 100 ps, totaling 200 ps of equilibration, before the steering
began.

After the equilibration, the distance between the centers of mass of the RNA and
the CNT was 0.714 nm. To steer the RNA out of the CNT the reference distance
was slowly increased from 0.714 nm to the final value of 2.8 nm reached after
1000 ps. The strength of the coupling constant was set to 50’000 kJ nm−2 mol−1.
After the 1000 ps of steering the CNT and the RNA were constrained at a center
of mass distance of 2.8 nm for another 300 ps.

The trajectory in terms of distance between the centers of mass is shown in figure
5.3. The RNA which is initially placed in A-form inside the nanotube quickly
maximizes the hydrophobic interaction between the base groups of the nucleotides
and the tube wall. Together with the geometric confinement, this leads to a strong
distortion of the RNA inside the tube which is consistent with results reported in
other works [103, 341]. When the steering is started, the configuration is further
distorted and the RNA bulks up at the tube entrance. This is attributed to a more
favorable interaction of the nucleotides with the CNT than with water, favoring that
RNA remains inside the tube. The RNA leaves the CNT by slowly creeping around
the tube edge, after reaching a relatively compact state at the tube entrance. This
movement is consistent with the hydrophobic attachment of the RNA bases to the
CNT reported by Yeh and Hummer [341]. It allows for a sustained contact between
RNA bases and the CNT while increasing the distance between the centers of
mass. A relatively large part of RNA detaches from the CNT at approximately
700 ps, after 500 ps of steering. This corresponds to a centerof mass distance of
approximately 2 nm. During this detachment a single nucleotide maintains close
contact to the CNT and only peels off in the subsequent 200 ps.The structure
is significantly perturbed due to the confinement in the CNT and when the RNA
detaches completely from the nanotube it assumes a coiled upstructure. Some of
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a)

b)

Figure 5.3: a) Center of mass distance between a six nucleotide fragment of RNA (AAAAAA)
and a CNT during a steered molecular dynamics run. Configurations during the simula-
tions are represented by nine snapshots taken every 125 ps between 200 ps and 1200 ps.
b) Running average of the steering force acting on the centerof mass distance during the
steering. Note the minimum around 700 to 800 ps when the RNA detaches from the CNT.
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the base pairs are stacked, but the overall structure is disordered and remains so
throughout the limited simulation time of approximately 0.5 ns where the RNA is
detached from the CNT.

A running average on the force acting on the center of mass distance was com-
puted with an averaging window of 50 ps and samples taken every 0.001 ps, see
figure 5.3b. As soon as the steering is started the force acting on the center of mass
distance is quickly rising to a value of approximately 50 pN.The maximal force of
approximately 100 pN at 700 ps coincides with the detachmentof a relatively large
part of the RNA from the tube. After this peak force, the forceis decreasing grad-
ually towards 0. The first 200 ps to 300 ps after the peak force are again subject to
a force in the order of 50 pN which is attributed to the subsequent detachment of
individual nucleotides after the expulsion of the relatively large part of RNA from
the tube.

We note that steering on the center of mass allows for a reorientation of the
two molecules with regard to each other. The simulation may explore a different
and possibly more appropriate configuration space than the one that would have
been achieved by pulling on a single or several atoms of the RNA in a prescribed
direction [119].

5.4 Conclusions and discussion

We have extended the method of SMD by applying it to collective variables. The
concept of the present generalized SMD has been demonstrated in two case stud-
ies involving the folding of a nona-alanine peptide and the expulsion of RNA from
a CNT. In these case studies the collective variables were the radius of gyration
and two intramolecular distances and their angle in the caseof a nona-alanine
peptide and the distance between the centers of mass in the case of the RNA ex-
pulsion from a CNT. These examples demonstrate that the generalization of SMD
to collective variables can provide additional insight in the exploration of the con-
figuration space. Steering along trajectories of collective variables enables the
exploration of configuration changes that are hard to visit by steering along the
trajectories of single atomic coordinates.



Chapter 6

Polarizability Effects in the Water-Carbon
Interaction

An appropriate description of the interaction potentials is crucial in MD. In that
respect the use of a rigorous quantum mechanical description is desirable. How-
ever, this is not possible due to the computational expense and simplified model
potentials have to be used. In this chapter we examine the current water-carbon
interaction potentials for MD and we assess the effects of polarizability. In partic-
ular, we determine whether it is important to consider polarizability to model the
interaction between water and aromatic carbon. This allowsus to validate current
interaction potentials for studies presented later in thisthesis.

It is shown, that the inclusion of polarizability allows to recover the optimal ori-
entation of a single water molecule on graphite as suggestedby Feller and Jordan,
[93]. Within the same context the interaction energy of a single water molecule
on graphite is closer to the predictions of quantum mechanical simulations. The
Lennard-Jones interaction parameters are obtained through a fit to the macroscopic
contact angle of water on graphite. On the other hand bulk properties are hardly
influenced by polarizability.

Recent quantum mechanical results by Linet al. [195], however, show that the
single water orientation of Feller and Jordan [93] is only anapproximation and the
true orientation is significantly different. Thus the modelpresented here will have
to be reconsidered, before being used in further studies.

6.1 Motivation and introduction

The water graphite interaction has been studied extensively in recent literature
[195, 249, 332]. The interest in this particular interaction is motivated to a large
extent by novel carbon nano-structures such as CNTs and fullerenes. These struc-
tures have been envisioned to provide the key to sensor and actuator applications at
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the nanoscale [178, 196]. Since the surface-to-volume ratio is significantly higher
for devices at the nanoscale, these devices are strongly influenced by their sur-
roundings. It is therefore mandatory to understand and to quantify the interactions
in molecular systems that are relevant for the design of suchdevices.

Traditionally, the interaction potential between water and graphite has been ob-
tained by fitting experimental data [212, 332] or quantum mechanical systems
[249]. The water graphite interaction is usually modeled using a single Lennard-
Jones interaction between the carbon atoms and the oxygen atoms of water. Vari-
ations include the consideration of the graphite quadrupole moment [212, 327],
local polarization [212] and additional Lennard-Jones type interactions [44, 249].
These interaction potentials, however, fail to reproduce the optimal configura-
tion of a single water molecule on graphite as suggested by Feller and Jordan
[93] except for an interaction potential that was explicitly fitted to do so [249].
More recent and qualitatively superior quantum mechanicaldata presented by Lin
et al. [195], however, suggests a different optimal configuration. This configura-
tion can be reproduced with standard force fields.

In this article we will present a physically motivated modelfor the water graphite
interaction based on polarizability. It is shown that this interaction model repro-
duces the optimal orientation of the ab-initio calculations of Feller and Jordan [93]
and it improves the estimated single water-graphite interaction energy. The param-
eters which are used for the Lennard-Jones interaction energy have been obtained
by fitting the experimental contact angle of a water droplet on graphite. We will
show that the influence on the bulk water structure close to polarizable graphitic
surfaces is negligible and we conclude with a discussion of the results presented
herein.

6.2 Methods and model

We use the revised polarizable water model (RPOL) of Danget al. [69], where
polarizability effects are included using a linear response approach and isotropic
polarizabilitiesαi

µi = αiEi (q,µ) . (6.1)

Here, the dipole momentµi induced on sitei is proportional to the electric field
Ei at sitei. The electric field itself depends on all chargesq and dipole moments
µ in the system.
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In all simulations, the graphite was kept fixed and the bond lengths were set to
1.418Å. The carbon atoms have been assigned an isotropic polarizability of 1.4 Å3

[212]. Induced dipole terms are always masked within graphite nearest neighbors,
second nearest neighbors and third nearest neighbors.

The interaction between graphite and water consists of a single Lennard-Jones
interaction between carbon and oxygen only and the electrostatic interaction be-
tween induced dipole moments and charges. The parameters for this Lennard-
Jones interaction areσCO = 0.319 nm andǫCO = 0.41 kJ mol−1. They are
obtained through a fit to the experimental contact angle of water on graphite. The
fitting procedure is described in detail below.

The induced dipole moments are calculated iteratively until self-consistency to a
precision of 10−6 Debye [306]. The electrostatic interactions including thedipolar
interactions are evaluated using a Smooth Particle Mesh Ewald (SPME) approach
[306]. For the interpolation in the SPME routine we use sixthorder B-splines and
β, the parameter determining the decay of the direct electrostatic interaction, was
set to 3.0 nm−1.

We use the SPC/E water model of Berendsenet al. [24] for reference simu-
lations of non-polarizable systems. In these simulations the interaction between
graphite and water is modeled by a single Lennard-Jones potential between the
oxygen and carbon atoms [332].

6.3 A single water molecule on a single graphitic sheet

The model for the water graphite interaction is assessed in terms of the minimum
energy conformation of a single water molecule on graphite.For this purpose we
consider a system with a single layer of graphite and a singlewater molecule. The
graphitic layer extends over11.789 × 11.9112 nm in a periodic box with height
15 nm. The water molecule is randomly placed with the oxygen atom 0.35 nm
above the graphitic layer. We use a simulated annealing approach to determine
the minimum energy configuration. This is done over a period of 50 ps and the
velocities are scaled with a constant factor of 0.999 at every time-step. Two distinct
minima in terms of potential energy were found which will be described in detail
below.
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Figure 6.1: Side (left) and top (right) view of the optimal geometry for a single wa-
ter molecule on graphite. The oxygen, a hydrogen and the carbon atomC1 are almost
collinearly aligned. The water molecule is located close tothe center of an aromatic ring
on the line joining two opposing carbon atomsC1 andC2.

6.3.1 The lowest energy conformation

In the lowest energy orientation, all water atoms are aligned collinearly on the
line connecting two opposing carbon atoms of an aromatic ring. We call these two
atomsC1 andC2, see Figure 6.1. The oxygen atom is almost centered on top of the
aromatic ring at a height of 2.947̊A slightly displaced towardsC1. The distance
betweenC1 and the oxygen atom is 3.401Å and 3.430Å betweenC2 and the oxy-
gen atom, respectively. The hydrogen-oxygen bond which points in the direction
of C2 is aligned parallel to the graphite sheet. The other one is pointing towards
C1 and the alignment of the hydrogen, oxygen andC1 are close to collinear, see
Figure 6.1.

The total interaction energy in this orientation amounts to-11.455kJ mol−1of
which -5.475kJ mol−1is contributed by the Lennard-Jones interaction energy.
This orientation has an intriguing similarity with the orientations obtained from
ab-initio simulations [93] but it is in contradiction to more recent and more rigor-
ous quantum mechanical calculations [195].

6.3.2 The local minimum energy configuration

The second local minimum energy configuration is illustrated in Figure 6.2. In this
configuration the oxygen atom is centered at a height of 3.007Å above of an aro-
matic ring and the water dipole is pointing orthogonally away from the graphite.
The water atoms are aligned collinearly on the line connecting the two midpoints
of two opposing carbon-carbon bonds within an aromatic ring. The total inter-
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Figure 6.2: Side (left) and top (right) view of the locally optimal geometry for a single water
molecule on graphite. The oxygen atom is centered on top of anaromatic ring.

action energy amounts to -10.054kJ mol−1, of which -5.906kJ mol−1are con-
tributed by the Lennard-Jones interaction energy.

6.4 The contact angle of a polarizable water droplet on
graphite

In a recent study, Werderet al. [332] reported a linear relationship between the
contact angle of a water droplet on graphite and the interaction energy of a single
water molecule with graphite. This relationship was used tocalibrate the Lennard-
Jones interaction parameters. This relationship depends on the functional form of
the interaction potential in use [151, 249]. Therefore the fitting procedure [332] is
repeated.

We followed the procedure of Werderet al. [332] in this work: a droplet of 2500
RPOL [70] water molecules is equilibrated on a 11.789× 11.9112 nm stacked
double layer of graphite with an interlayer distance of 3.4Å. The computational
cell is 10 nm in the dimension orthogonal to the graphite surface and we used a 64
× 64× 64 grid for the SPME routines. The system was initially equilibrated for
100 ps with a Berendsen thermostat with a coupling constant of 0.1 ps. It was then
further relaxed during 200 ps. After equilibration, samples were taken every 0.2 ps
during 400 ps and the contact angle was evaluated according to [332].

In Figure 6.3 the measured contact angles are plotted with respect to the en-
ergy parameter of the Lennard-Jones interactionǫCO. The uncertainty of the mea-
surements was assessed using four-fold cross-validation and was estimated to be
two degrees. A linear fit predicts the following dependence of the contact an-
gleΘ on the energy parameter of the Lennard-Jones interaction potentialǫCO near
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Figure 6.3: Contact angle of polarizable RPOL water on a polarizable stacked double
layer of graphite as a function of the the carbon oxygen Lennard-Jones interaction energy.
A linear fit predicts the experimental contact angle of 86◦ for ǫCO ≈ 0.41 kJ mol−1.

Θ = 90◦:

Θ = 160 − 181ǫCO (6.2)

Therefore, forǫCO of 0.41kJ mol−1the experimental contact angle of 86◦ should
be recovered.

6.5 Water structure at the polarizable surface

The inclusion of polarizability changes the properties of asingle water molecule on
a graphite surface significantly. The extent to which this effect carries over to bulk
water in the vicinity of a polarizable graphite surface is not clear. To elucidate this
issue, we consider the canonical system of water in between two graphitic sheets
and assess the water structure in their vicinity.

The system consists of two graphite sheets, 5.34 nm apart, with 1024 wa-
ter molecules in between. This system is contained in a computational box of
2.456×2.5524×12.0 nm and the graphite sheets are periodic in the first two dimen-
sions. The electrostatic interactions are evaluated usingSPME with a32×32×64
grid. All other parameters are taken as described earlier.
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Figure 6.4: Comparison of hydrogen density profiles betweentwo graphite surfaces, ne-
glecting polarizability (solid) and considering polarizability (dotted). The maxima are
slightly more pronounced and an additional density maximumclose to the surfaces arises
when considering polarizability.

The system is equilibrated using a Berendsen thermostat during 100 ps with a
coupling time of 0.1 ps. The system is then further relaxed during 100 ps. After
relaxation the system is simulated in the NVE ensemble and samples are taken
every 0.2 ps during 800 ps.

The density profile for oxygen when polarizability is considered is virtually in-
distinguishable from its non-polarizable counterpart. This is not the case with the
hydrogen density profiles. The density maxima are slightly more pronounced for
the polarizable model, see figure 6.4. Furthermore, the hydrogen density profile
for the polarizable force field shows a small additional peakclose to the surface.
These differences, albeit minute, suggest a reorientationof the water molecules
close to the surface such that the hydrogen atoms of the watermolecules tend to
point more towards the surface.

We now validate the hypothesis of a water reorientation close to the wall. For this
purpose we consider the distribution of the cosine of the angle Φ formed between
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the surface normal and the water dipole. Additionally, we consider the cosine of
the angleΨ formed between the surface normal and the line joining the hydrogen
atoms of a water molecule. The probability density distributions are measured for
slabs of width 0.3̊A. Distributions are shown in Figure 6.5 for slabs centered at
2.65Å, 2.95Å, 3.25Å and 3.55Å from the surface. A noticeable reorientation is
limited to a zone of less than 1̊A, i.e. to the slabs at 2.65̊A, 2.95Å, 3.25Å. For the
slab at 3.55̊A the effects are negligible. We confirm that the water dipoles have
a preferential alignment parallel to the surface at short distances from the wall if
polarization effects are neglected for the graphite [327].When polarizability is
considered the density distribution ofcos(Φ) is shifted towards values close to -1,
i.e. the dipole moment is more likely to point into the surface. ForΨ we no-
tice a shift towards a cosine of approximately 0.8 (35◦) in the layer closest to the
graphitic surface. Further away from the surface, the effect is weak if not negli-
gible. Summarizing, we find a reorientation in the slab closest to the surface that
corresponds to a shift towards the optimal orientation of a single water molecule
on graphite.

At distances farther than 3.25̊A away from the graphite surface, the water orien-
tations predicted by either model are almost indistinguishable. The water orienta-
tion at these distances agrees well with the orientations reported by Leeet al. [186]
and Wallqvist [325]. The influence of surface polarizability is therefore locally
very limited and negligible at practical distances from thegraphite surface.

To quantify the influence of surface polarizability we choose an unphysical
scenario. Reference simulations of polarizable water close to a non-polarizable
graphite wall showed orientational profiles which were indistinguishable from the
results neglecting polarizability. Therefore, the changes in the orientation have to
be fully attributed to the polarizability of graphite and not to the use of a polariz-
able water model.

6.6 Discussion

The inclusion of polarizability changes the water graphiteinteraction potentials.
Fitted Lennard-Jones interaction parameters are used thatto reproduce the exper-
imental contact angle of water on graphite. The quantum mechanical predictions
of Feller and Jordan [93] on the optimal orientation of a single water molecule
on a graphite sheet are recovered. Although this configuration is in contradiction
with recent more rigorous results by Linet al. [195] it is of significant interest, as
it is consistent with the optimal geometry of a single water molecule interacting
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Figure 6.5: Distributions of the cosine ofΦ (left) andΨ (right). Φ is the angle between
the water dipole and the surface normal,Ψ is the angle between the line connecting the the
two hydrogen atoms of a water molecule and the surface normal. Distributions are plotted
for a polarizable force field (dotted) and a non-polarizableforce field (solid). Graphs are
presented for bins at 2.65̊A (top), 2.95̊A, 3.25Å and 3.55̊A (bottom) from the surface with
a bin width of 0.3̊A
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with benzene [93, 195] The interaction energy of -11.455kJ mol−1 is closer to
the quantum mechanically predicted one of -12.14kJ mol−1 [195] than in most
previous interaction potentials [332]. The difference with regards to the quantum
mechanically predicted interaction energy of 24.3kJ mol−1of Feller and Jordan
[93] has to be considered with care. It has been reported by Karapetian and Jordan
[165] that the interaction energy in this study is most likely overestimated due to a
large uncertainty in the basis set superposition error.

The influence on the bulk water phase close to graphite are limited. A signifi-
cant effect is only reported for the layer of water moleculesclosest to the graphite
surface. The computational cost of a self-consistent treatment of polarizability is
large compared to the cost of non-polarizable simulations.We therefore recom-
mend to consider the use of a polarizable graphite model onlyfor studies where
the surface-to-volume ratio is substantial, i.e. systems that consider single or dou-
ble layers of water molecules in the vicinity of graphite. Ifpolarizability is to be
considered, we recommend, however, to revise the present model to reproduce the
correct orientation of a single water molecule on graphite [195]. Such a model
should be used in studies where the actual water orientationat the surface is im-
portant. In this respect a simplified approach might suffice in doing so [212]. We
recommend the modeling approach of Werderet al. [332] for systems where the
focus is on the bulk water phase.



Chapter 7

The Curvature Induced Static Dipole Moment of
Carbon Nanotubes: Influence on Transport, Wetting
and Water Structure

Single-walled carbon nanotubes (SWCNTs) are essentially rolled up graphite
sheets. This results in similarities in terms of structure and physical properties.
There are however also significant differences between graphite and CNTs. Re-
cently, Dumitrĭcaet al. [86] reported on the presence of a significant static dipole
moment across carbon nano shells. In particular, strong dipole moments have been
found in CNTs. The dipole moments arise due to the strain imposed from the bend-
ing of the graphene sheet into the tubular shape of a CNT. Dumitric̆a et al. [86]
found that they are inversely proportional to the tube radius

µ =
0.82 DebyeÅ

R
. (7.1)

Here, the dipole momentµ is given in Debye and the radius in̊A. Thus, the strength
of the dipole moments increases for smaller CNTs and possible effects are ex-
pected to be more pronounced for small tubes. In contrast to dynamically induced
dipole moments (see chapter 6 and [212]) or the quadrupole moment of graphite
[327] a permanent dipole moment has so far not been considered and may have a
significant influence on the system. This has to be validated before specific appli-
cations of CNTs can be studied in detail.

In this chapter, we study the influence of the static dipole across a nanotube shell
on the surrounding fluids. Here we consider water. The effectbeing dependent
on the size of the CNT, two different setups are considered. First, we study the
system proposed by Hummeret al. [140]. A narrow CNT serves as a model for a
nanometer size pore. Second, we extend the work of Werderet al. [331, 332] by
studying the effect of a static dipole on the contact angle ofwater droplets inside
CNTs.
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7.1 The effect of the static dipole moment on water inside small
carbon nanotubes

Understanding the interaction of water with small CNTs is essential for the rational
design of nanopores for water transport and has been the subject of intense research
efforts [23, 108, 140, 327, 331, 341]. The simple structure of CNTs allows to re-
duce the complexity of the system which favors new insights on a conceptual level
[140]. Despite the hydrophobic nature of CNTs [327], Hummeret al. first demon-
strated that a short CNT could fill with a single line of water molecules and could
therefore act as a possible model system for biological channels [140]. Subsequent
studies quantified the influence of different system properties, e.g. the influence of
the pore diameter, the tube helicity [329], its length and the water carbon inter-
action [324]. More recent studies have focused on the fillingand the ordering of
water molecules inside the CNT. Mann and Halls [209] reported on proton trans-
port through a CNT and Dellagoet al. [75] showed that defects within the quasi
one-dimensional hydrogen bonded chain of water molecules could significantly al-
ter the rate of proton transport through a CNT. Zhu and Schulten [352] quantified
this effect using a statistical analysis and considered theinfluence of charged atoms
in the tube wall. They reported on a charge distribution which was equivalent to
having dipole moments parallel to the tube axis.

In this section we model the CNT curvature-induced dipole moment following
the work of Dumitrĭcaet al. [86]. We report on the results of MD simulations of
narrow finite-length SWCNTs immersed in water. We show that this dipole mo-
ment generates a non-uniform electric field which changes the energy landscape
in the CNT and alters the water conduction process. The simulations show an
increased filling and a geometrical rearrangement of the single-file water chain
inside the tube in contrast to similar studies [140, 352]. Subject to the dipole mo-
ment water molecules change their orientation and a water molecule within the
chain acts as a hydrogen bond donor to both its neighbors, i.e. anL-defect is cre-
ated [75], see figure 7.1. TheL-defect may interfere with the ability of CNTs to
transport protons, similar as in aquaporins [293], becausefast proton transfer ac-
cording to the Grotthuss mechanism becomes impossible [75]. The analysis of the
water energetics and structural characteristics inside and in the vicinity of the CNT
helps to identify the role of the dipole moment. Furthermore, their understanding
allows to suggest possible mechanisms for controlled waterand proton transport
at the nanoscale.
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Figure 7.1: (a) In a quasi-onedimensional hydrogen bonded chain of water molecules each
water molecule acts as a hydrogen bond donor to one of its neighbors and as an acceptor
to the other. (b) The central water molecule acts as a hydrogen bond donor to both of its
neighbors forming an L-defect. The hydrogen bonds are indicated with dotted lines. The
water molecules are represented by a set of three circles. Black and white circles represent
oxygen and hydrogen atoms.

7.1.1 The model

MD simulations a short CNT are performed. It is in armchair configuration with
a chiral vector of (6,6) corresponding to a tube of diameter 0.81 nm. The tube is
1.34 nm long. This corresponds to the CNT originally studiedin Ref. [140]. The
present model employs the SPC/E [24] water model and describes the nonpolar
interaction between water and carbon using a Lennard-Jonespotential between the
carbon and oxygen atoms. Interaction parameters proposed by Werderet al. [332]
are used:ǫCO = 0.392 kJ mol−1 andσCO = 0.319 nm. These parameters were
found to reproduce the experimental contact angle of water on a graphite surface
of 86◦. The Lennard-Jones interactions are truncated at a cutoff distance of 1 nm.
The electrostatic interactions are calculated using the Smooth Particle Mesh Ewald
(SPME) method [90]. The parameter determining the decay of the real part of the
interaction potential for the SPME method is set to 3.0 nm−1. The charges are
interpolated using fourth order B-splines to a mesh with80× 48× 16 grid points.
Given the size of the computational box of13.614×9.498×3.166 nm, this results
in a maximal grid spacing of less than 0.2 nm.

The curvature induced static dipole moment per carbon atom is calculated ac-
cording to the relationship proposed by Dumitric̆a et al. [86], see equation 7.1.
For a CNT with a diameter of 0.8 nm the dipole moment is 0.2 Debye per carbon
atom. We model the static dipole moment across the CNT surface by placing two
particles with charges of 0.5 e and -0.5 e displaced by4.16 · 10−3 nm radially in-
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qd qd

ll

R

Figure 7.2: The setup used to model the curvature induced static dipole moment. Two
charges of equal size qd but opposite in sign are placed at equal radial distancel from a
carbon atom in the tube wall of a CNT (dashed line) with radiusR.

side and outside the CNT from each carbon atom. A sketch of thesetup is given in
figure 7.2. This approach allows for the treatment of all electrostatic interactions
within the standard SPME method. The relative error betweenthe interaction en-
ergy of a point dipole interacting with a charge at distanceslarger than 0.2 nm and
the current model is smaller than 0.05 %. This is less than theuncertainty of the
underlying model [86].

7.1.2 Simulation setup

The CNT is placed in the center of the computational box and 2464 water
molecules are placed in a slab configuration around the CNT with the free sur-
faces parallel to the tube axis, see figure 7.3. Atmospheric conditions are ensured
throughout the simulations by the free surfaces of the waterslab. This approach
avoids possible artifacts introduced by a barostat throughthe calculation of pres-
sure and the large empty volume in the interior of the CNT. Theorientation and the
position of the tube are kept fixed in the center of the computational box through-
out the simulation. The center of mass of water is constrained in order to prevent
the water slab from expelling the essentially hydrophobic CNT after long simula-
tion times. The system is equilibrated for 0.2 ns at a temperature of 300 K using a
Berendsen thermostat with a coupling constant of 0.1 ps. After equilibration, the
thermostat is turned off and the simulations are run in the microcanonical ensemble
for approximately 12 ns with samples collected every 0.2 ps.
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Figure 7.3: Cross-section of the simulation setup showing the CNT in a slab of 2464 water
molecules. The tube is oriented parallel to the free surfaces of the slab.

Two setups are considered to assess the effect of the static dipole moment:

• Case P: A 1.35 nm SWCNT immersed in a slab of water without modeling
of the dipole moment.

• Case D: A 1.35 nm SWCNT with a static dipole moment modeled as de-
scribed in the previous section. All other parameters of theset-up are the
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same as those ofcase P. Furthermore, we consider simulations of CNTs
with lengths of 1.5 and 2.7 nm to study the influence of the length on the
filling of the CNT.

7.1.3 Transport and filling

Set-upP is validated by monitoring water conduction in a SWCNT immersed in
water and comparing it to the original work of Hummeret al. [140]. Figure 7.4a
shows the evolution of the number of water molecules inside the CNT during the
course of the simulation. The water occupancy of the CNT fluctuates with sharp
transitions between two distinct states: empty and filled. This is consistent with re-
sults reported by Hummeret al. [140]. However, in [140] the CNT was filled 11 %
of the time while we observe a filled state during 25 % of the 12 ns simulation. This
increase is attributed to the energy of the water-carbon Lennard-Jones interaction
potential [332] used in the present study. It is 45 % strongerthan the one used
in [140]. The filling of the CNT is found to be very sensitive tothe interaction
potential. An increase of 10 % for the present carbon-oxygenLennard-Jones inter-
action energy results in a permanent filling with occupancy graphs similar to those
shown in figure 7.4b. This result is consistent with results reported by Hummer
et al. [140] and Wagheet al. [324].

During the course of the simulation 66 water molecules were found to enter
the CNT from one side and leave on the other. The transport of water molecules
through the tube amounts to approximately 22 molecules per nanosecond while
the tube is filled. This number is within the range of transport rates reported by
Hummeret al. [140], who observed an average of 17 molecules per nanosecond
and variations between 9 and 30 molecules per nanosecond. Insummary, water
molecule flow rates and occupancy of the CNT are in quantitative agreement with
the results reported in [140] and [324] and there is similar qualitative behavior
regarding the emptying and filling of the nanotube.

In case Dthe water molecules fill the CNT immediately and the CNT remains
filled for the entire simulation, see figure 7.4b. Only very short intervals of lower
occupancy are observed, see figure 7.4b. The rate of transport of water molecules
through the CNT amounts to 10 molecules per nanosecond. Thisrate of transport
is lower than incase P. We attribute the strong preference for the filled state in
this case to an increased interaction of the water moleculeswith the electric field
generated by the dipole moment distributed across the shortnanotube. This is il-
lustrated in figure 7.5. The field is strongest toward the tubeentrances with the
leading components in axial direction, pointing into the tube. The axial compo-
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Figure 7.4: (a) and (b) show the time history of the number of water molecules inside a
1.35 nm CNT as a function of simulation time. In (a) the CNT is modeled without and in (b)
with a static dipole moment. (c) shows the number of water molecules in a 2.7 nm CNT with
a dipole moment. The top part shows the occupancy in the wholeCNT, whereas the lower
part shows the occupancy in the central 50% of the same tube. The coinciding emptying
events in both plots shows that the breaking of the water chain occurs in the center of the
tube and not at the ends.

nents vanish towards the center of the tube and the electric field becomes radially
oriented.
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Figure 7.5: The electric field due to the static dipole momentacross the nanotube wall. It is
strongest 0.004 nm outside the tube entrances and points into the CNT along the axis of the
CNT. The axial components towards the middle of the tube and the field becomes radially
oriented The positions of the carbon atoms are indicated by black circles, the field direction
and magnitude by arrows and the field force by red isolines.

7.1.4 The water structure inside the carbon nanotube

The radial density profiles for oxygen and hydrogen atoms inside the CNT, exhibit
small differences betweencase PandD, see figure 7.6. The hydrogen density is
slightly shifted towards the center of the tube and the oxygen density is slightly
shifted towards the tube wall.

The dipole moment, however, significantly affects the orientation of the water
molecules inside the CNT and the orientation of the water dipole moment relative
to the tube axis, see figure 7.7. Incase Pa unidirectional hydrogen bonded chain
is formed. It is similar to the one reported in [140, 309] witha high probability of
the orientation of the water dipole moment to form angles of30◦ and150◦ with the
tube axis. The oxygen-carbon interaction acts so as to confine the water oxygens to
a cylinder with radius of 0.1 nm, see figure 7.6. The orientation of the water dipole
is determined by the hydrogen bonding in the water chain inside the nanotube, see
figure 7.8a.

In case Dthe presence of the electric field triggers an orientationalchange within
the chain of water molecules. The peaks of the original probability distribution
(figure 7.7) are shifted to25◦ and155◦. Additionally, there is a peak at around
90◦ which we attribute to the presence of anL-defect [75]. This is confirmed
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Figure 7.6: Radial number density distributions[nm−3] within the tube are shown for
oxygen (solid lines) and hydrogen atoms (dashed lines) for aCNT without (squares) and
with (circles) a static dipole moment. The radial number density distribution of oxygen
atoms shows a maximum around 0.09 nm, whereas the distribution for hydrogen has a clear
maximum at the tube center with a shoulder towards larger radii.

by observations of water molecules inside the CNT forming anL-defect, see fig-
ure 7.8b. This defect has significant influence on the proton transport rates in quasi
one-dimensional water chains [75, 352].

The angle of the water dipole moment changes across such anL-defect from
approximately30◦ on one side to about90◦ at the defect and approximately150◦

on its other side, see figures 7.7 and 7.8b. The shift in the probability distribution
betweencase Pandcase Dis mainly due to a reorientation of the water molecules
near the entrance of the nanotube while the peak at90◦ is due to the presence of
theL-defect at the center of the tube.

The formation of anL-defect is energetically unfavorable when considered on
its own. The difference in the interaction energy between three water molecules in
a single hydrogen bonded chain and three water molecules forming anL-defect is
found to be on average 8kJ mol−1. However, favorable overall energetics are ob-
tained when the interactions of the CNT dipole moment with the water molecules
near the entrance of the CNT are also considered. Even a single water molecule
in the electric field at the entrance of the tube experiences areduction in potential
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Figure 7.7: Probability density distribution of the angle between the water dipole moment
and the tube axis. The asymmetric shape in the case without a dipole moment (solid line)
is due to the limited sample size. For an angle of0◦ (180◦) the water dipole is parallel
(antiparallel) to the tube axis, for an angle90◦ it is perpendicular to the tube axis. An
additional peak at around90◦ is observed for the CNT with a static dipole moment (dashed
line). It is attributed to the presence of an L-defect.

(a) (b)

Figure 7.8: Typical water organization inside a CNT without(a) and a CNT with a static
dipole moment (b). In (a) the water molecules form an uniformly oriented hydrogen bond
chain. In (b) the directionality is opposite towards either end and in the middle a water
molecule donates two hydrogen bonds and accepts none, i.e. it forms an L-defect.
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energy of about 16kJ mol−1, if its dipole is pointing away from the tube.
At the entrance the CNT dipole moment reaches its maximum strength

(3.5V nm−1) and it affects strongly the nearby water molecules orienting them
along the axis of the CNT while pointing to the opposite direction of the electric
field. The interaction of the reoriented water molecules with the electric field is the
main contributor to the change in interaction energy leading to the strong prefer-
ence of the filled state (figure 7.4b) and the presence of theL-defect at the middle
of the nanotube.

The findings presented here are consistent with the results from a recent study
by Vaitheeswaranet al. [309]. In their work it was shown that for a constant ex-
ternal electric field of 1V nm−1 a filled CNT is energetically more favorable than
an empty one. Subject to such a field the water dipoles are collectively oriented
against the direction of the electric field. The electric field induced by the nanotube
dipole results in an re-orientation of the water molecules,similar to the effect of
an external electric field, albeit in opposite directions ateach entrance. Hence, two
chains of water dipoles with opposite orientations are favorable in either half of
the nanotube. In the center of the tube the electric field is weakest with its leading
components in the radial direction. This favors the alignment of a water molecule
with its dipole normal to the tube axis. With a water moleculein this orientation in
the middle of the tube, two hydrogen bonded chains with opposite orientation can
be accommodated in either half of the nanotube. Hence, the resultingL-defect in
the center of the nanotube accommodates the energetically favorable water orien-
tations at each end of the tube.

The axial number density profiles of the oxygen and hydrogen atoms shown in
figure 7.9 indicate increased structuring of the water molecules inside the tube
for case Das compared tocase P. This is attributed to a change in sign of the
gradient of the electric field at the tube entrances, see figure 7.5. Outside this
region, water molecules with their dipole moment pointing away from the tube
are pulled towards the tube. Inside the tube, water molecules with their dipole
moment pointing out of the tube are pushed towards the end. This results in an
effective compression of the water molecules at the entrance region of the tube
resulting in the aforementioned structuring. This structuring is more pronounced
for shorter nanotube lengths. The 1.35 nm tube accommodatesan even number of
six water molecules inside the tube, see figure 7.9a. Thus, onaverage there are
two water molecules around the tube center that are equally likely to participate
in an L-defect with the location of theL-defect switching dynamically between
the two. This is demonstrated by the axial number density profile for the oxygen
atoms, which does not show a density peak at the the tube center, see figure 7.9a.
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Figure 7.9: (a) Oxygen (solid lines) and hydrogen (dashed lines) number densities are
shown inside a CNT along the tube axis for a CNT of 1.35 nm length. The CNT is mod-
eled without a dipole moment (squares) and with a dipole moment (circles), respectively.
The oxygen density profile shows six peaks in the presence of adipole compared to five
in its absence. For the tube with a dipole, the hydrogen density peaks are staggered with
regard to the oxygen density peaks. The lack of a peak in hydrogen density at the center of
the tube indicates the presence of an L-defect. The number densities in (b) and (c) are for
a CNT with a dipole moment of 1.5 nm and 2.7 nm length, respectively. The results for the
1.5 nm tube are similar to the results obtained for the 1.35 nmtube. For the 2.7 nm tube,
distinct maxima in the oxygen density are present towards the tube ends and become less
pronounced towards the center of the tube. Towards the center of the tube the local density
maxima for hydrogen disappear.

The hydrogen density profile lacks a peak between the two off-center oxygen den-
sity peaks. A slightly longer tube (1.5 nm) with the same dipole moment fits an
additional molecule, containing a total of seven water molecules, see figure 7.9b.
This results in a density peak for oxygen atoms in the center of the tube while
symmetrically around it two hydrogen density peaks indicate the position of the
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L-defect.
For short nanotubes the axial components of the electric field directly determine

the water structure throughout the tube. This is reflected byan augmented structure
within the oxygen density, that is found to persist throughout the 1.35 nm CNT. The
oxygen density structure in the 1.5 nm CNTs is not significantly different although
a relative reduction of structuring is observed. However, for nanotubes longer than
2 nm the axial components of the electric field affect the water structure only near
the entrance of the nanotube. Thus the peaks in the oxygen density profile for the
2.7 nm long CNT persists near the tube ends while in the centerof the tube the
density peaks become less expressed, see figure 7.9b and figure 7.9c.

The 2.7 nm CNT exhibits full occupancy for most of the time, but we also ob-
serve intervals where about half of the water molecules leave the tube, see fig-
ure 7.4c. The partial emptying is primarily affecting the occupancy in the middle
of the tube as observed by comparing the occupancy of the whole tube with the
occupancy of the central 50%, see figure 7.4c. This reductionin occupancy for the
long nanotube, is consistent with the weaker axial component of the electric field
at the center of the nanotube.
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7.2 Dipole effect on contact angles of droplets in large carbon
nanotubes

The applications which have been suggested for CNTs is not limited to small
CNTs and their use as nanometer size pores. In fact, most applications were sug-
gested considering larger CNTs. For example, to transport biologically relevant
molecules the tube diameter has to be at least in the order of 1.5 nm [341]. Such
CNTs could be used as a nanometer size syringe [134]. It is therefore mandatory
to study the influence of the static dipole moment across carbon nano shells also
for large CNTs.

Here, we present an extension of the previously presented MDsimulations of
water in CNTs considering the curvature induced static dipole moment. Water
inside relatively large single-walled and multi-walled CNTs is considered. A small
influence on the contact angle of water droplets inside CNTs is reported. In the
course of the same simulations, we also find significant dependence of the water
carbon contact angle on truncation of long range electrostatics.

7.2.1 The model

The water molecules are modeled using the SPC/E model [24] inall but two val-
idation simulations which employ a flexible model (SPC/F) [297]. The CNTs are
modeled rigidly by fixing the positions of the carbon atoms. Alternatively and for
validation purposes, the CNTs are modeled using a Morse potential for the bonds,
a harmonic angle potential and a twofold torsion potential [327].

The nonbonded interactions between carbon and water are modeled using a
Lennard-Jones type interaction potential between carbon and oxygen withǫCO =
0.392 kJ mol−1 andσCO = 0.319 nm [332]. The Lennard-Jones interactions are
truncated at a cutoff distance of 1 nm. The Coulomb interaction is calculated using
the smooth particle mesh Ewald (SPME) method [90]. To consider truncation in-
duced artifacts, the Coulomb interaction is also considered in a smoothly truncated
cutoff scheme as described in [190] with a cutoff of 1 nm. For validation pur-
poses we also reproduced simulations as presented in [331] with the interaction
potential presented by Bojan and Steele [36], withǫCO = 0.3135 kJ mol−1and
σCO = 0.319 nm and considering a flexible water model.

The dipole moment of the carbon atoms is modeled in the same way as in the
previous section, we displace two charges of 0.5 e but opposite sign radially from
the carbon atom, (see section 7.1.1). We also estimate the cummulative effect of
the dipole moment in multi-walled carbon nanotubes (MWCNTs). This is done by
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Figure 7.10: Comparison of the interaction energy for the dipole-dipole interaction (dashed
line) to the magnitude of the Lennard-Jones interaction (solid line) [332], for a CNT with
5 nm in diameter. This has been computed one water molecule and one carbon atom. Addi-
tionally the interaction with a fivefold dipole across the tube wall is shown (dotted line).

considering single and double walled CNTs with a two-, five- and tenfold of the
predicted dipole moments. In these cases, the charges are modified to be 1 e, 2.5 e
and 5 e respectively and the radial displacement is kept constant.

The interaction energies for a single water molecule and a carbon atom due to
the Lennard-Jones interaction and the interaction energy between the water dipole
and the dipole moment of a single carbon atom are comparable in strength, see
figure 7.10. This comparison is based on a CNT with a diameter of 5 nm and we
used the Lennard-Jones parameters of Werderet al.[332]. Furthermore, the dipole
across the CNT wall and the water dipole of the SPC/E water model are assumed
to be aligned. Different alignments cause the dipole-dipole interaction energy to
decrease rapidly due to its angle dependence.

7.2.2 Simulation setup

The simulation setup is motivated by Werderet al. [331]. A SWCNT in zigzag
conformation with a diameter of 5 nm, i.e. a (64,0) CNT, is filled with a droplet
of water. For the droplet 2112 water moleucles are initiallyplaced on a 12 layer
cubic lattice of cylindrical shape. This results in an initially flat, 2.37 nm thick
cylindrical drop, wherein the orientation of the water molecules is random. The
simulation cell spans10 × 10 × 14.0382 nm, and the CNTs extend periodically
through the simulation cell along the third dimension.
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The box size is reduced to 10.2096 nm in the direction of the tubes when double
walled CNTs are considered, The tubes are set up concentrically in the middle of
the box. The interior tube is kept as a (64,0) CNT, whereas theexterior tube is
modeled as a (72,0) CNT, see figure 7.11.

Figure 7.11: The initial conditions used for the simulations of MWCNTs consist out of a
double walled CNT (64,0)/(72,0) filled with a drop of water, where the water molecules
are initially placed on a cubic lattice with 12 layers. Only apart of the CNT is shown for
visualization purposes.

In ab-initio simulations, it has been found that the presence of the second CNT
does not significantly influence the static dipole moment across the CNT shell.
The dipole moment is reduced by less than 5% with regard to itsoriginal strength.
The effect due to a static dipole moment in MWCNTs can therefore be modeled
based on a additive representation of the relationship (7.1) presented earlier in this
chapter.

The SPME parameter determining the decay of the real part of the interaction
potential is set to 3.0 nm−1 and the interpolation is performed with fourth order
B-splines. The grid spanning the computational box consists of 64 grid points in
each dimension, resulting in a maximal grid spacing of 0.22 nm.

During the first 4 ps of the simulation the system is coupled toa Berendsen
thermostat at a temperature of 300 K. Then the system is further equilibrated dur-
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ing 196 ps. In the second part of the equilibration the thermostat is switched off.
Statistics are then collected during 200 ps in the microcanonical ensemble with
samples taken every 0.04 ps.

7.2.3 Diagnostics

The contact angle is evaluated as described in Werderet al. [332], based on an
approach presented by Nijmeijeret al.[233]. A density profile is obtained from the
simulation trajectories for the drop inside the CNT througha cylindrical binning
using constant volume bins. This is followed by a two step procedure to extract the
contact angle from this profile. First, the location of the equimolar dividing surface
is determined for each vertical set of bins of the drop by fitting a sigmoid through
each slab [74]. Second, a circular best fit through these points is extrapolated to
the graphite surface where the contact angle is measured. For this fit, the points
lying within 0.75 nm of the tube wall are excluded in order to avoid the influence
of layering close to the tube wall on the contact angle measurements. Furthermore,
points that belong to fitted density profiles which predict bulk densities lower than
500 or higher than 1200 kg m−3 are excluded. The procedure is illustrated in figure
7.12.

7.2.4 The contact angle of a water droplet in single walled carbon
nanotubes

The present simulations of water droplets inside SWCNTs — anoverview of
which is shown in table 7.1 — are validated against a similar case presented by
Werderet al. [331]. They used a flexible water model and their calculationwas
based on a water carbon Lennard-Jones potential from Bojan and Steele [36]. In
contrast, we intend to use the rigid SPC/E water model and a Lennard-Jones in-
teraction potential which was fitted to reproduce the contact angle of water on a
graphite surface [332]. In order to quantify the influence ofeach of these differ-
ences a series of simulations is performed which is summarized in table 7.1.

Results of the validation run using a flexible tube, the flexible water model and
the interaction potentials from Bojan and Steele [36] compare very well to the
ones published in [331] with a deviation of less than 5◦ ([331]: 107.6◦, our result:
112◦). In two further simulations with the same Lennard-Jones potential [36] we
confirm that the change from a flexible SPC water model (SPC/F)[297, 331] to
the rigid water model (SPC/E) [24] and the change from a flexible to a rigid tube
do not influence later findings. The results show a change of less than 3◦ in the
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Figure 7.12: Isodensity profiles of a drop inside a CNT with contact angleΘ. The distance
from the tube axis is denoted by r and z indicates the verticaldistance from the drop cen-
ter of mass. The contact angle is measured at the tube walls (dashed lines). A layer of
0.75 nm is excluded from the fitting (dotted line). Points in the equimolar dividing surface
are determined (circles) and used to fit a circular drop outline (solid line).
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contact angle, which corresponds to the uncertainties in the simulation results. The
accuracy estimation presented here and later on are based ona comparison of the
contact angle on either side of the water droplet.

A significant decrease of approximately 10◦ in the contact angle is observed
when changing the parameters of the Lennard-Jones potential for the water carbon
interaction to the ones proposed by Werderet al. [332]. This shows that the major
differences in the contact angle in the simulations which are presented here and
the ones presented in [331] arise due to the change in the Lennard-Jones potential.

We study the influence of the static dipole across the CNT wallin the frame-
work of SPME. Upon transition from truncated electrostaticinteractions to SPME
the contact angle is lowered by about 3◦. Note that this is still for a CNT with-
out a static dipole moment across its shell. The contact angle remains virtually
unaltered when introducing a static dipole moment. This finding holds even if the
static dipole moment is increased to a 10 times of its predicted value. The increased
dipole is considered to have an upper bound for the effect dueto the cumulative
dipole of multiple carbon shells as in MWCNTs and to estimatethe susceptibil-
ity to model uncertainties. The interaction energy betweenthe tube wall and the
water, and the forces acting on the water molecules in the interior change signifi-
cantly when considering such a strong dipole. Based on [332]we would expect a
significant change in the contact angle. This is, however, not the case.

The aforementioned results are checked for convergence of the SPME method
in terms of the number of grid points. Upon doubling the number of grid points
the total energy of the system changes by less than10−4 % and remains virtually
constant thereafter, i.e. it changes only by less than10−5 % upon doubling the
number of grid points again. Doubling the size of the computational cell in the
directions orthogonal to the tube axis ensured that periodic images of the drop
would not alter the results. The number of grid points in these directions is also
doubled and the change in the total interaction energy is found to be less than
10−4 %.

In the framework of smoothly truncated electrostatics the introduction of a static
dipole moment leads to a lowering of the contact angle. At a tenfold value of the
predicted dipole, wetting behavior of the water droplet within the CNT is observed
(contact angle: 63◦). Note that at a tenfold dipole moment we did not observe any
effect in the SPME simulations. This behavior is consideredan artifact due to the
truncation.

The structure of the water inside the CNT is analyzed using radial density dis-
tributions within the tube. They are shown in figure 7.13. Thestructuring of the
water becomes more pronounced upon increasing the Lennard-Jones interaction
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µC Tube Water Elec. ǫCO contact
[Debye] model model model angle
0.0 flexible SPC/F cutoff 0.3135 112◦

0.0 rigid SPC/F cutoff 0.3135 112◦

0.0 rigid SPC/E cutoff 0.3135 109◦

0.0 rigid SPC/E cutoff 0.392 98◦

0.0 rigid SPC/E SPME 0.392 95◦

0.03273 rigid SPC/E SPME 0.392 95◦

0.32732 rigid SPC/E SPME 0.392 96◦

0.03273 rigid SPC/E cutoff 0.392 95◦

0.32732 rigid SPC/E cutoff 0.392 63◦

Table 7.1: Influence of the dipole moment per carbon atomµC across the CNT shell on the
contact angle of a water droplet inside a CNT. The Lennard-Jones parameters are taken
from Bojan and Steele [36] and Werderet al. [332]. The tube is modeled flexible, using a
bond, angle and torsion potential or rigid by freezing the carbon atoms.

energy and the layering of water molecules close to the tube wall is much more
pronounced. The first peak and the first well become more pronounced upon in-
creasing the interaction strength. The introduction of a dipole moment across the
tube shell however reduces the structuring of the radial density distribution, see
figure 7.13.

7.2.5 The contact angle of water droplets in multi-walled carbon
nanotubes

We compare water droplets confined in MWCNTs to the SWCNTs simulations in
the previous section. We first consider double-walled CNTs.Again, we assess the
effect due to a static dipole moment and quantify its influence on the contact angle
of a water droplet within the CNTs. Radial density distributions and a orientation
of the water molecules close to the tube wall are reported. The detailed simulation
setup and the modeling of the dipole moment is as before. We simulated the sys-
tems with SPME, the tubes are kept rigid and the SPC/E water model is used. The
simulation results are summarized in table 7.2.

Introducing a second tube wall in the absence of any static dipole moment lowers
the contact angle significantly (≈ 9◦). This is consistent with results for water
droplets on graphite [332]. Introducing a static dipole moment does not change the
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Figure 7.13: Radial density profile within the central 1.2 nmof a drop inside a CNT, or-
thogonal to the tube axis. Increasing the Lennard-Jones interaction strength (left) from
[36] (dashed line) to [332] (solid line) results in a more pronounced layering. Electrostat-
ics and the Lennard-Jones interactions are truncated in theleft graph. Effect due to the
introduction of a static dipole moment are shown, too (right). Structuring becomes less
significant for the predicted dipole moment (dashed line) and even less for a tenfold (dot-
ted line) if compared to the case without a dipole moment (solid line). These results are
obtained with an SPME treatment of the electrostatics.

contact angle much, see table 7.2. We conclude that the effect of the static dipole
moment is negligible. Especially if we compare it to the effect of the Lennard-
Jones contribution of the second wall.

The introduction of dipole energy terms does not promote further layering and
the radial density distribution within the tube remains virtually unaltered, see fig-
ure 7.2.5.

The orientation of the water molecules within the drop inside the CNT, is such
that the water dipole is aligned mostly tangentially to the tube wall. This allows
for an optimal interaction between the different water molecules, but not with a
dipole in radial direction across the tube wall. The orientation is not significantly
changed by the presence of a moderate dipole. The loss in interaction energy
due to the perturbation in the water orientation is indeed not compensated by the
gain in the interaction energy due to the interaction with the dipole moment of
the tube wall, see figure 7.2.5. A reorientation is found onlywhen the dipole
moment reaches values which exceed the magnitude of the water dipole moment.
Then the contact angle changes. In particular, when going todipole moments of
a hundredfold of the theoretically predicted value, the water wets the CNT and
exhibits a contact angle close to0◦. Under these conditions also the orientation of
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µC Elec. ǫCO contact
[Debye] model angle
0.0/0.0 cutoff 0.392 86◦

0.0/0.0 spme 0.392 86◦

0.03273/0.02914 spme 0.392 89◦

0.06546/0.05828 spme 0.392 87◦

0.32730/0.29140 spme 0.392 85◦

Table 7.2: Influence of the dipole moment per carbon atomµC across the inner/outer
nanotube shell on the contact angle of a water droplet insidea double walled CNT. The
Lennard-Jones parameters are taken from Werderet al.[332]. The tube is modeled rigidly.

the water molecules changes. However, the orientational change is limited to the
first layer and does not extend into the bulk liquid, see figure7.2.5.

This may explain the differences noted in the previous section between the trun-
cation results and the SPME results for a tenfold dipole. Thesmooth truncation
of the potential increases the resulting force. Therefore,the effect due to the static
dipole moment across the tube shell is enhanced and the behavior of the system is
altered.
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Figure 7.14: Radial density profile within the central 1.2 nmof a drop inside a double
walled CNT, orthogonal to the tube axis. Results for a tube without dipole (solid line), with
the predicted dipole (dashed line) and a tenfold of the predicted dipole (dotted line) are
shown. The differences between the different setups are very small.
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Figure 7.15: Probability densities to find a water molecule with a specific orientation are
plotted. The orientation is quantified in terms of the angle between the water dipole moment
and the tube radius. Distributions are shown at distances of0.285 nm (solid) and 0.89 nm
(dashed) from the tube wall (left) and at 0.434 nm (right). The signs indicate no dipole
(+), a tenfold dipole (◦) and a hundredfold dipole (∗). Distributions of water orientations
close to the CNT wall (left) show a tangential alignment of the water dipole moment with
the tube wall. This preference decays rapidly and is not present anymore at distances of
approximately 0.9 nm. A hundredfold dipole moment only results in a reorientation in the
closest layer to the wall, a tenfold dipole moment has negligible effect.
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7.3 Conclusions

We studied the effect of the curvature induced static dipolemoment on water con-
duction in narrow SWCNTs and on water droplets in relativelylarge SWCNTs and
their multi-walled counterparts.

In narrow CNTs the dipole moment induces an inhomogeneity inthe character-
istics of the CNT and gives rise to an axial electric field thatis strongest at the tube
entrances and smaller towards the middle of the tube. This field has a significant
influence on both the filling behavior and the orientation of water molecule chains
inside the CNT. The presence of the dipole moment results in an L-defect in the
quasi one-dimensional water chain inside the tube. This effect could have major
implications in the use of CNTs as nanoscale pores or channels [75, 352]. For ex-
ample, controlled proton conduction could be achieved by suitably manipulating
an external electric field superimposed on the electric fieldof the CNT curvature
induced dipole.

Minor effects are observed for large CNTs. The influence of a static dipole
moment across the nanotube shell on the contact angle remains negligible for tubes
of 5 nm in diameter or larger. Since even an tenfold dipole moment does not lead to
a significant change in the contact angle, a curvature induced dipole moment will
not be important for multi-walled CNTs either. A change in the Lennard-Jones
interaction between the tube wall and the water inside the tube is however found
to be of major importance. We expect that a change in the chemical composition
of the tube wall will therefore influence the contact angle much stronger than the
static dipole moment across the CNT wall. Adsorbates and chemical endgroups
such as hydroxyl-, aldehyd- and carbonategroups have dipole moments similar to
the one of water molecules and which may protrude from the CNT. The presence
of such groups may disrupt the hydrogen bond network of waterand should be
much more important with respect to the resulting wetting behavior of water inside
CNTs. These expectations have been confirmed in a subsequentstudy of Kotsalis
et al. [177].

We conclude that the radial dipole moment of CNTs is only important at small
radii, where the dipole moment is particularly strong and where the stabilizing 3-
dimensional hydrogen bond network of water is missing. The curvature induced
dipole moment may therefore be neglected for CNTs that allowfor bulk-like wa-
ter structures inside. In CNTs, which restrict the water to pseudo 1-dimensional
structures the dipole moment must be considered if quantitative results are aimed
for. If CNTs are however used as handy structures for qualitative and conceptual
studies on the effects of constriction, the dipole moment may be neglected, too.



Chapter 8

RNA Transport through Transmembrane Carbon
Nanotubes

In this chapter we assess the viability of electrophoretic transport of RNA through
carbon nanotubes embedded in membranes using molecular dynamics simulations.
Doped and naked carbon nanotubes are inserted into a dodecane membrane and a
dimyristoylphosphatidylcholine lipid bilayer and we assess the electrostatic poten-
tial maps in the presence and in the absence of a transmembrane potential differ-
ence. The interaction of the lipid head groups with the single-walled-nanotube
rims characterizes the structure of the electrostatic potential across the pore. The
electrophoretic transport of RNA is affected by its hydrophobic interaction with
membrane head groups and the nanotube and the results indicate an exponential
voltage dependence of the speed of translocation.

8.1 Introduction

Many biological processes involve the transport of biomolecules across cell mem-
branes [85, 279] and understanding transmembrane transport processes will be
the key to emerging fields such as single molecule medicine and nanotechnology
based medical applications. Studying relevant biologicalsystems is usually hin-
dered by their complexity. Transmembrane transport is controlled by membrane
proteins which form transmembrane channels and transporters [214], but it may
also be externally initiated, e.g. by viruses. Due to the complexity of this field
conceptual approaches are needed.

In a series of recent studies Aksimentievet al. [6, 112, 113, 124, 125] reported
on the electrophoretically driven transport of DNA in nanometer size silica pore.
These works report on various aspects of the translocation,e.g. the microscopic ki-
netics, deformations, stretching and the electric response of DNA in the pore. The
insights from these studies of DNA transport in the confinement of an artificial sil-
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ica pore carry over to studies of DNA transport inα-hemolysin [6, 214], a process
of major biological importance. Thus, apart from providinga first step towards
possible applications like DNA sequencing [182] the studies on silica nanopores
contribute to the understanding of the transport of DNA and RNA in biological
pores and may eventually allow for comparison with experimental results of elec-
trophoretically driven RNA transport inα-hemolysin [4].

CNTs [144] and their unique physical properties have motivated studies on many
novel applications [204, 264]. Their structure suggests that nanotubes may func-
tion as nanometer size syringes or pores in biological membranes and they could
stabilize pores formed by electroporation. CNTs have been suggested to be used
to for DNA gene delivery [238] and first studies on the toxicity of CNTs show
promising results, as intravenously administered CNTs were found to leave the
body quickly [280]. Recent experiments also report on the insertion of single-
stranded DNA into single-walled CNTs [236].

But not only the possible application of CNT based pores is ofmajor interest. It
has been shown that membranes and pore structure are important factors in trans-
membrane transport [73]. CNT based pores have a well defined structure and may
be considered the canonical model for a nanometer size pore.Due to this proto-
typical nature of CNT based pores conclusions on biologicalpores may be drawn
and promote the understanding of biological processes.

Recently, the insertion of nanometer size tubes into membranes was assessed
by means of coarse grained MD simulations [202, 203, 287] andtheir influence
on the structure of the membrane was quantified [232, 286]. The nanotubes in
these studies are a generic model for several kinds of membrane spanning proteins
[232] and the results may carry over to CNTs. CNTs however have a similar
but simpler structure than most proteins and may be easier tomanipulate in a
controlled fashion due to their stability. In this sense, CNTs could offer the key to
a world of nanometer size pores, valves and tubes, which allow to manipulate cells
in very specific ways.

To approach the application of CNTs as nanometer size pores or syringes sev-
eral recent studies assessed the interaction of small CNTs with water [140, 324,
352, 354] and ion transport in CNT based pores [161, 250]. Furthermore, first
studies addressed RNA and DNA transport in CNTs and CNT basedmembranes
[103, 341] and the interaction between these molecules [205]. But CNTs can also
be imagined to function as a pore and to transport RNA or DNA across cellu-
lar membranes mimicking biological processes. Understanding such a transport
process should allow for insights on a conceptual level thatallow to understand
biological pores and it should provide a first step to nanometer size devices that
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allow to deliver single molecules in a controlled fashion.
In this chapter we will study how CNTs can act as nanometer size pores across

cell membranes and we will determine the characteristics oftransport processes in
such pores. In the following the methodology used in this study will be explained
in detail along with the setup of the simulations. Then we will report on the elec-
trostatic potential maps of CNTs in dodecane membranes and dimyristoylphos-
phatidylcholine (DMPC) lipid bilayers. This is followed bya characterization of
RNA translocation in a CNT across a dodecane membrane and first results on RNA
translocation in a CNT across a DMPC lipid bilayer.

8.2 Methods

8.2.1 Molecular Dynamics

We use Molecular Dynamics (MD) simulations to study the systems which will be
presented in the following. The simulations were performedusing the MD package
FASTTUBE [332] and the results were visualized with VMD [141]. All membrane
simulations were carried out at constant area and temperature. The electrostatic
interactions were computed with the Smooth Particle Mesh Ewald method [90].
A 32×32×48 grid was used and validation studies using a 48×48×64 grid did
not show differences in the quantities such as the electrostatic potential maps and
the motion of RNA in the pores. The van der Waals interactionsand the real
space contribution to the Coulomb interaction were calculated using a cutoff of
1 nm. All systems were kept at a temperature of 323 K by applying a Berendsen
thermostat with a characteristic time of 0.1 ps [25]. The systems were equilibrated
to atmospheric conditions using a Berendsen barostat with acharacteristic time of
0.1 ps [25].

All simulations employ the AMBER 96 force field [59] with the extension of
Smondyrev and Berkowitz [284] for phospholipids. A time step of 2 fs was used
and all bonds involving hydrogen were kept rigid throughoutthe simulations. Do-
decane was modeled in an united atom approach analogously tothe lipid tails
in Smondyrev and Berkowitz [284]. Water was modeled using the TIP3P water
model [160].

The carbon nanotubes were modeled using the Lennard-Jones parameters for
aromatic sp2-carbon of the AMBER 96 force field [59]. The bond, angle and di-
hedral interaction potentials for the CNT were modeled as inWaltheret al. [327].
Hydroxyl and hydrogen termini of the CNTs are modeled according to correspond-
ing groups in tyrosine in the AMBER 96 force field [59]. The charges of the hy-
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droxyl and hydrogen termini were locally balanced on the carbon atoms where the
terminal groups are attached to the CNT (0.1587 e for the hydroxyl groups and
-0.1656 for the hydrogen termini).

The membranes

The dodecane membrane was set up in a 6.1 nm× 6.1 nm× 10 nm computa-
tional box. A slab of 192 dodecane molecules in random orientation with a height
of 2.5 nm was placed in between two slabs of 3610 water molecules, each ap-
proximately 3.1 nm high. After energy minimization, this system was equilibrated
subject to a Berendsen barostat and a Berendsen thermostat for 180 ps [25] with
characteristic times of 0.1 ps each. The Berendsen barostatonly acted in the di-
rection orthogonal to the membrane. After equilibration, the system was relaxed
at constant temperature for another 20 ps. The final extend ofthe computational
domain was 6.1 nm× 6.1 nm× 8.214 nm.

Coordinates for the dimyristoylphosphatidylcholine (DMPC) lipid bilayer were
obtained from the Tieleman group1. These coordinates are the result of a 1 ns
simulation of 128 DMPC molecules solvated in 3655 water water molecules.

The carbon nanotubes

The nanotubes in this study are based on a (14,14) “armchair”type CNT with
a length of 2.35 nm that has a 1.87 nm carbon-to-carbon diameter, which corre-
sponds to a pore size of approximately 1.5 nm [341]. Two variations of this base-
type CNT were considered: The naked CNT (with the unfilled valences at the
ends) and a tube where alternating hydroxyl and hydrogen termini were added to
the edge (H/OH CNT).

The CNT diameter was chosen to be comparable to the constriction region of
theα-hemolysin channel [285, 341, 6] and the CNT length was chosen such that
the hydrophobic mismatch with the DMPC membrane would be minimal. Re-
cent studies showed that a hydrophobic mismatch can have a strong influence on
the membrane structure in its vicinity [163, 232]. Due to thelimited size of the
computational domain the membrane could not compensate forthe effects of a hy-
drophobic mismatch, which leads to a destabilization of thelipid bilayer structure
2.

1We used the PDB file dmpcnpat.pdb from http://moose.bio.ucalgary.ca/index.php?page=Downloads
2In test simulations with longer CNTs we found a significant thickening of the membrane around

the CNTs which lead to subsequent membrane rupture further away from the CNTs
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The RNA

In the simulations where RNA transport was considered we used single stranded
RNA consisting of 20 adenosine nucleotides. The RNA is hydroxylated at both
ends and the charge of the whole system is balanced by adding potassium counter
ions randomly to the solvent.

8.2.2 Setup and equilibration

Inserting the CNT in a membrane

The setting up of CNTs embedded in membranes is a non-trivialtask [92] that is
hindered by the by the irregular shape and motion of the membrane lipids. In this
study we propose a novel technique in order to insert CNTs into pre-equilibrated
membranes. Initially the solvent around the membrane was removed. In the case
of the DMPC bilayer 7 lipid molecules were removed from either side of the lipid
bilayer, corresponding to the area occupied by a (14,14) CNT. In order to insert the
CNT into the imperfect cavity in the DPMC bilayer or into the unaltered dodecane
membrane we chose a scaling approach: The carbon nanotube was contracted to
a single line of carbon atoms and we set the Lennard-Jones lengthscalesσ of all
interactions between the CNT and its surrounding set to zero. This structure was
then centered into the cavity of the DMPC bilayer or insertedinto the dodecane
membrane. Subsequently the CNT was slowly grown back to its prescribed form.
First the lengthscale parameters of the Lennard-Jones interactions were linearly
scaled to their original value during an initial 2 ps. In the following 28 ps the radius
of the CNT was grown back to its original size. During this process the positions
of the CNT atoms were adjusted so that they correspond to a linear scaling of the
CNT radius. Furthermore, the motion of the membrane atoms was restricted to the
two in-plane dimensions only and the velocity components ofthe membrane atoms
in the two in-plane dimensions were capped at a maximal valueof 0.3 nm ps−1.The
system was equilibrated for 1 ns and subsequently samples were taken every 1 ps
during the course of 1 ns.

We note that the present approach differs from the insertiontechnique presented
in Faraldo-Gomezet al. [92] in that it does not require triangulation and it relies
only on quantities which are computed routinely in MD simulations.
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Solvation

After the insertion of CNT into the membrane the system is solvated by two slabs
of an approximately 1 molar potassium chloride solution that were placed on ei-
ther side of the membrane. We added and 8127 water molecules to the dodecane
membrane and 8211 water molecules to the DMPC bilayer. In both cases the water
contained 150 potassium and 150 chlorine ions.

For the DMPC bilayer, during the first 40 ps of solvation all phosphorous atoms
are kept fixed and the water is relaxed to wet the membrane. This is followed by
4 ps of dynamics where the phosphorous atoms is restricted tomove only within
the plane of the membrane. After further relaxation and a total simulation time
of 60 ps the system is relaxed using a Berendsen barostat during 200 ps. This is
followed by a further relaxation at constant volume for 40 ps.

To solvate the dodecane membrane, the dodecane molecules were kept fixed
during the first 40 ps of simulation and the water was relaxed to wet the mem-
brane. In the following the velocity of the dodecane molecules was capped at
0.3 nm ps−1 for 4 ps. After a total simulation time of 80 ps the system was coupled
to a Berendsen barostat for 120 ps. Then the system was further equilibrated at
constant volume for another 100 ps to obtain a total of 300 ps for solvation, relax-
ation and equilibration.

Insertion of RNA into CNTs

The RNA is initially placed in the solvent so that the first phosphorous atom from
the 3′-terminus is situated 0.8 nm outside the CNT on the tube axis.For the first
46 ps the whole RNA was restrained. After this initial relaxation, only the first
phosphorous atom from the 3′-terminus was restrained at its initial position, while
the rest of the RNA was allowed to move freely. Both, the RNA and the membrane
were solvated simultaneously.

After solvation and relaxation a steering was applied to pull the RNA into
the CNT [149]. A harmonic guiding potential with a force constant of
30’000 kJ nm−2 mol−1 was applied to the first phosphorous atom from the 3′-
terminus. The RNA was threaded into the CNT by moving the reference point
of the steering potential along the CNT axis during 280 ps. After the steering the
phosphorous atom was restrained at the opening of the CNT to allow for relaxation
of structural strain imposed during the steering. Figure 8.1 illustrates the system
after the insertion of the RNA into the CNT.
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Figure 8.1: Illustration of the system after the insertion of RNA (colored spheres) into the
CNT (black spheres). The CNT is embedded in a DMPC lipid bilayer. The whole system is
solvated in a 1 M potassium chloride aqueous solution.

8.3 The electrostatic potential

The electrostatic potential characterizes to a large extent the transport in trans-
membrane pores [5]. In this study we consider naked and H/OH carbon nanotubes
in the presence and in the absence of an imposed electrostatic potential difference
across the membrane. First we study a dodecane membrane, i.e. a membrane
mimetic, followed by studies of a lipid bilayer.

The molecules in the dodecane membrane are randomly oriented while the lipid
molecules all have a similar orientation with regards to thebilayer. The head
groups, are organized in two planes on either side of the membrane interior and
significantly alter the electrostatic potential in the vicinity of the membrane and
also within a transmembrane pore, as will be shown later.

The electrostatic potential is assessed following the approach of Aksimentiev
et al. [6]. Based on the atomic positions from the trajectory of thesystem we
evaluate the electrostatic potential using the SPME [90] routine of our molecular
dynamics package [332]. The instantaneous electrostatic potential is then radially
averaged, providing an axisymmetric electrostatic potential map. The mean elec-
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Figure 8.2: Electrostatic potential map for a CNT in a dodecane membrane. The left half
of the figure shows the corresponding radially averaged density profile, with the dodecane
molecules (blue) and the CNT (red). There is no potential difference acting across the
membrane.

trostatic potential map was obtained by averaging these instantaneous potential
maps over at least 1ns of an MD trajectory.

8.3.1 Electrostatics of a CNT in a membrane

CNT in a dodecane membrane

We present the electrostatic potential map of a H/OH-CNT in an approximately
2.5 nm thick dodecane membrane, see figure 8.2. The electrostatic potential map
for a naked CNT exhibited a similar structure.

The location of the membrane and the CNT is represented by radially averaged
density profiles of the constituent atoms. The electrostatic potential map exhibits
distinct zones of high and low potential while the location of the membrane and
the tube is well reflected in the electrostatic potential map. Between the bulk of
the ionic solution and the interior of the dodecane membranethere is a potential
difference of 0.65 V. This potential difference is in close agreement to the potential
difference which is found between bulk water and the interior of a lipid bilayer
[284]. The CNT interior forms a channel of low electrostaticpotential across the
membrane.
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CNT in DMPC bilayer

The electrostatic potential maps presented here are averages over 1 ns with samples
taken every 1 ps after 5 ns of equilibration. The electrostatic potential maps for a
H/OH-CNT and for a naked CNT in a DMPC lipid bilayer are shown in figure 8.3.
For the H/OH-CNT we find a channel of low electrostatic potential connecting
both sides of the membrane. At either end of the transmembrane CNT zones of
high electrostatic potential are protruding into the channel and constrict it to about
1 nm in diameter as opposed to 1.5 nm within the tube. For the naked CNT the
effects at either end of the CNT become more pronounced and weobserve zones of
high electrostatic potential which extend across the wholechannel forming barriers
of high electrostatic potential, see figure 8.3.

Both electrostatic potential maps are significantly different from the electrostatic
potential map reported for a CNT in a dodecane membrane. The differences are at-
tributed to the fact, that the lipid bilayer is thicker than the dodecane membrane and
the lipid heads extend further into the solution than the CNTs. The lipid molecules
arrange in an hourglass shape that is widening above the areaof constriction. The
lipid head groups are fanning out over the tube rims and are partially covering
the pore openings. This effect is well illustrated by the radially averaged density
profiles shown in figure 8.3.

The differences between the naked and the H/OH-CNT is attributed to the solva-
tion of the ester groups of the lipids. In the case of the H/OH-CNT the ester groups
are stabilized by the hydrogen and especially the hydroxyl groups at the tube rim
(figure 8.4). We observe hydrogen bonds between the carbonyloxygen of the ester
group and the hydroxyl groups. In the case of the naked CNT this interaction is
missing. As a consequence the lipids slide along the CNT towards the water phase
such that the ester groups come into contact with the water atthe tube rim, see fig-
ure 8.4 This allows for solvation of the carbonyl groups and is energetically more
favorable. The lipid head groups are therefore extending farther over the tube rim
than in the H/OH case which allows the ammonium groups to leapfarther into the
area of the tube opening (figure 8.3 and figure 8.4).

The instantaneous electrostatic potential map shows significant variations.
These variations are quantified by the standard deviation ofthe electrostatic po-
tential( figure 8.5). We note that the standard deviation is particularly large in the
zone occupied by the lipid head groups. The charge separation of the choline group
promotes significant local changes of the electrostatic potential. In the area of the
tube opening we find fluctuations in the electrostatic potential. These oscillations
have a frequency in the order of 5 ns−1 and they are more pronounced for the
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Figure 8.3: The electrostatic potential map of a CNT acting as a nanopore in a DMPC
lipid bilayer. The figures show on the left side the radially averaged density profiles of
the CNT-carbon atoms (red) and the DMPC-nitrogen atoms (blue) and on the right side
the electrostatic potential map. There is no electrostaticpotential difference acting across
the membrane. The figures show a H/OH CNT (left) and a naked CNT(right) inside the
membrane. We note zones of high electrostatic potential which protrude into the pore area
for both cases, but in the case of a naked CNT (right) these zones actually form a barrier
across the whole aperture.
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Figure 8.4: Sample lipids at the rims of a naked CNT (left) anda H/OH-CNT. The lipids
at the naked CNT leap farther into solution and into the tube area. For the H/OH-CNT the
lipids are fixed with the ester groups at the tube rim. The hydroxyl groups form hydrogen
bonds with the lipids.

naked CNT than for the H/OH-CNT. We attribute this effect to reorientation of the
lipid head groups whose motion is strongly correlated, see figure 8.6. This finding
is consistent with the finding that the lipid head groups are protruding farther over
the tube rim for the naked CNT than for the H/OH-CNT, see figure8.4. Consid-
ering the standard deviation (figure 8.5) of the electrostatic potential map and the
oscillations in the area of the tube opening, we expect that the mean electrostatic
potential maps may differ significantly from instantaneousrealizations.

8.3.2 Application of a transmembrane voltage difference

CNT in a dodecane membrane

We assess the electrostatic potential map of the same H/OH-CNT in a dodecane
membrane as before, but this time subject to an electrostatic potential difference of
0.95 V [62, 5, 6]. The system was equilibrated for 1 ns and subsequently samples
were taken every 1 ps during the course of 1 ns. The electrostatic potential map is
shown in figure 8.7. On either side of the membrane the electrostatic potential is
almost constant while it changes sharply within the transmembrane nanopore so
that the location of the nanopore can be easily identified.
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Figure 8.5: Standard deviation (right half of the graphs) ofthe electrostatic potential maps
(left half of the graphs) for a H/OH (left) and a naked CNT (right) in a DMPC lipid bilayer.
The standard deviation is largest in the area of the area of the lipid heads and lowest in the
center of the lipid bilayer. The standard deviation is comparable in size with the electrostatic
potential.
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Figure 8.6: The electrostatic potential in the tube openingcorrelates with the orientation
of the head groups. The figures show the radially averaged density distribution of the am-
monium group (blue) of the DMPC molecules around the cnt (red) on the left side and the
corresponding electrostatic potential map on the right side. As the density is shifted from
the center of the tube towards the tube rims the strength of the electrostatic potential in the
tube center diminishes and the electrostatic potential protruding into the tube area retracts.
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Figure 8.7: Electrostatic potential map for a CNT in a dodecane membrane. The left half
of the figure shows the corresponding radially averaged density profile, with the dodecane
molecules (blue) and the CNT (red). A potential difference of 0.955 V is acting across the
dodecane membrane.

The electrostatic potential maps reported for the CNT in thedodecane mem-
brane mimetic strongly resemble the electrostatic potential maps for solid state
nanopores presented by Henget al. [125]. The structure of the map is qualitatively
the same, although the dimensions and the shape of the pore are different.

CNT in a DMPC membrane

The electrostatic potential maps for both, naked and H/OH CNTs at an electro-
static potential difference of 1.05 V are shown in figure 8.8.For the H/OH-CNT
we observe a constant electrostatic potential on both sidesof the membrane. At
the opening of the carbon nanotube on the side of high electrostatic potential we
find a barrier in electrostatic potential. This barrier is just outside the CNT, see
figure 8.8. On the side of low electrostatic potential a similar barrier is absent for
the H/OH CNT and the pore opening is reflected in a bay of low electrostatic po-
tential extending into the pore. This bay in low electrostatic potential indicates the
absence of lipid head groups in the area of that tube opening,which is also con-
firmed by the radially averaged density profiles, see figure 8.8. This may facilitate
the access of molecules to the pore and their eventual transport.

For the naked CNT we also observe a barrier in high electrostatic potential on
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Figure 8.8: Electrostatic potential map for a H/OH (left) and a naked (right) carbon nan-
otube in a DPMC bilayer. The system is subject to a electrostatic potential difference of
1.05 V. The map looks qualitatively the same for potential differences between 0.2 and 1.5 V.
The left half of the figures shows contour lines of the radially averaged density profiles of
DMPC nitrogen (blue) and the CNT carbon atoms (red).

the side of high electrostatic potential, but in contrast tothe H/OH-CNT it is just
inside opening of the naked CNT.

The characteristics of these electrostatic potential mapspersist at other potential
differences. From to potential differences of 0.2 V up to potential differences of
1.5 V the electrostatic potential maps showed the same characteristics, i.e. the
barriers in high electrostatic potential and the bay of low electrostatic potential in
the case of the H/OH-CNT.

The asymmetry of the electrostatic potential map of the H/OH-CNT, i.e. the
electrostatic barrier on one side and the bay on the other, isattributed to a reori-
entation of the membrane subject to the electrostatic potential difference in the
vicinity of the tube entrance. The ammonium groups of the lipids carry a positive
net charge of approximately 1 e [284]. Due to the electrostatic potential difference
applied to the system, the ammonium groups of the lipids on the side of high elec-
trostatic potential are pushed into the area of the tube opening (compare figure 8.9).
On the side of high electrostatic potential, a peak of ammonium density is shifted
by about 0.7 nm from the tube rim towards the tube center for the H/OH-CNT. For
the naked CNT we observe a similar effect with an ammonium density peak just
outside the tube opening that is pushed about 0.7 nm into the tube onto the tube
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Figure 8.9: Schematic on how the head groups of the lipids close to the carbon nanotube
re-orient depending on the direction of the electric field. On the side where the electric
field points away from the membrane, the ammonium group of thephospholipid (black) is
pushed towards the membrane and thus also over the carbon nanotube rim (arc). On the
other side, the head groups of the lipids are stretched and ammonium group is pulled away
from the the membrane. The phosphate group is indicated by a white sphere.

wall, and figures 8.8 and 8.3 Consequently we observe a zone ofhigh electrostatic
potential arises for the H/OH CNT which was not present in thesituation without a
potential difference. For the naked CNT the barrier in electrostatic potential on the
side of high electrostatic potential is pronounced and is shifted into the the tube.
On the other side of the membrane with low potential, the ammonium groups are
subject to electrostatic forces which pull them away from the membrane, compare
figure 8.9. For the ammonium groups close to the tube entrancethis keeps them in
a more upright position. For the H/OH-CNT the lipid head groups are hardly leap-
ing into the tube area even in the absence of an electrostaticpotential difference,
see figure 8.4. As a consequence, the electrostatic potential difference has hardly
any effect on their density distribution on the side of low electrostatic potential, see
figure 8.8 and 8.3. For the naked CNT in the absence of an electrostatic potential
difference, the lipid head groups are leaping into the area of the tube opening, see
figure 8.3. As the electrostatic potential difference is applied, the ammonium den-
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sity retracts by about 0.5 nm away from the tube axis. The barrier in electrostatic
barrier reported in the absence of an electrostatic potential difference across the
membrane is weaker but still persists in the presence of a potential difference.

We note that these electrostatic potential maps are significantly different from
the ones obtained for a CNT in a dodecane membrane (figure 8.7)and solid state
nanopores [124]. In particular, we observe barriers in electrostatic potential and
different maps for H/OH and naked CNTs. These differences are attributed to
the lipid head groups which reorient subject to an imposed electrostatic potential
difference.

8.4 RNA translocation in transmembrane CNTs

We present a series of molecular dynamics studies of RNA transport through a
CNT in a dodecane membrane and a DMPC bilayer.

8.4.1 RNA across a dodecane membrane

We report on the transport of a single-stranded piece of RNA consisting of 20
adenosine nucleotides through a H/OH-CNT and a naked CNT in adodecane
membrane.

In a series of molecular dynamics simulations with the H/OH-CNT we varied
the transmembrane potential differences from 1.43 V to 2.10V in steps of 0.096 V.
Additional simulations with the H/OH-CNT were carried out at 0.96 V, at 1.20 V
and at 2.15 V. Simulations with a naked CNT across the membrane were carried
out at 1.51 V to 2.01 V in steps of 0.1 V. At potential differences of 2.4 V and larger
we observed membrane rupture, thus simulations under such conditions were not
possible.

Inside the tube the RNA bases maximize contact with the CNT and are attached
flat onto the tube walls (figure 8.10). This is attributed to a strong hydrophobic
interaction between the RNA bases and the CNT [341, 103]. We observed pairs
of stacked nucleotide bases, too, where one base is attachedto the tube wall and
covered by the other. The RNA backbone is exposed toward the tube center (fig-
ure 8.10). This allows for the phosphate and sugar groups of the backbone to be
solvated by the water inside the CNT. Upon entry into the CNT the RNA bases are
folded backwards with regards to the direction of translocation [214] and during
the translocation, the nucleotide bases are sliding along the tube walls(figure 8.10).
The bases remain in this orientation until they reach the other end of the CNT.
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Figure 8.10: Side and top view on a single-stranded RNA in a H/OH-CNT across a dode-
cane membrane. In the top view, only the RNA fragments withinthe tube are shown. We
note, that the nucleotides are attached flat on the tube wallsand that they are folded back-
wards with respect to the direction of transport. The RNA backbone is exposed towards the
center of the tube.

For potential differences of 1.20 V and more the RNA was driven through the
CNT in relatively short time spans of the order of 10 ns. The time needed for
translocation through the pore depends on the potential difference. We measured
the average speed of translocation based on the time needed from the exit of nu-
cleotide 3 from the tube until the exit of nucleotide 16. Thisdefinition of translo-
cation time avoids end-effects due to the first nucleotides being expelled from the
tube or due to reduced hydrophobic interactions towards theend of the simula-
tion, when the RNA is not extended across the whole CNT anymore. For potential
differences between 1.20 and 2.15 V we observe a correlationwith the speed of
translocation. A least squares fit of an exponential [341] tothe data results in the
following relationship

v = 0.087
Nuc

ns
exp (2.57∆V ) , (8.1)

of translocation speedv in nucleotides per nano second from the potential differ-
ence∆V .

The instantaneous speeds of translocation exhibit large fluctuations (figure 8.12)
that are attributed to the trapping of RNA, which is in turn caused by conforma-
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Figure 8.11: Translocation speed in nucleotides per nano second plotted versus the poten-
tial difference across the membrane. Both, translocationsin a H/OH-CNT (+) and a naked
CNT (o) are plotted. An exponential is fitted to the data.

tional changes of RNA. The trapping events are easily identified by tracking the
position of the phosphate groups of the RNA. In figure 8.12 several trapping events
can be identified for a potential difference of 1.43 V, with the longest one lasting
for approximately 1.2 ns. The trajectories of the phosphategroups in figure 8.12
exhibit step-like characteristics. These steps are associated to individual bases en-
tering the CNT. The bases of the RNA outside the CNT are stacked. When a base
enters the CNT, the hydrophobic contact to its neighboring base has to be broken
and the interfacial area is hydrated. Simultaneously wateris expelled from in be-
tween the base and the CNT wall and the base attaches to the tube wall. Along
this process the RNA bases are folding backwards with regards to the direction
of transport. During this event an energy barrier has to be overcome, which leads
to the short trapping in time and to the step-like behavior. Step-like trajectories
are only observed for potential differences below 1.55 V. Beyond this threshold
we still observe trapping of the RNA, but events where individual nucleotides are
leaving a stacked geometry and enter the tube could not be identified by a step-like
trajectory anymore. The strong driving forces at large potential differences mask
the sequential breaking of the stacking.
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Figure 8.12: The trajectories of the RNA phosphate groups within the CNT. The two ends
of the CNT are indicated by dashed lines. A bold dashed line indicates a step-like motion
between 2 ns and 3.5 ns. Afterwards, the RNA gets trapped for arelatively long time span
from approximately 4 ns until 5.2 ns.
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At 1.2 V the RNA translocation is slow and varies strongly in time. We observe
periods of trapping with intermittent periods of fast translocation. The periods of
trapping extend over over time spans of the order of nano seconds and the longest
trapping event we observed lasted for 4.3 ns. Between periods of trapping we
observe a rapid translocation with speeds of the order of 4 nucleotides per nano
second.

At electrostatic potential differences of 0.955 V the RNA gets trapped after 1 ns,
in which the first two nucleotides are expelled from the tube.In the following
8 ns of simulation no noticeable motion was observed. The RNAinside the CNT
shows only minimal spacial fluctuations in the order 0.2 nm along the tube axis.
The RNA tail on the entry side of the membrane shows dynamic behavior similar
to free RNA in solution. After 7 ns of simulation one of the terminal attaches onto
the membrane and remains attached to the membrane throughout the rest of the
simulation.

After the translocation the bases do not spontaneously leave the CNT. Only even-
tually they are pushed away by the RNA following from within the CNT. One of
the first nucleotides, however, usually reattaches quicklyto the outside of the tube
or the dodecane membrane. In the following, the RNA which leaves the tube buck-
les and forms a loop, which eventually turns into a coiled up structure. The RNA
which has a limited flexibility behaves similar to a sheet of paper that is pushed
together on a table.

The expelled RNA remains coiled up at the tube exit, during the limited simu-
lation times of 5 to 10 ns. In none of the simulations the RNA completely left the
CNT. One or two of the terminal bases always remained hydrophobically attached
to the CNT, [5]. This happened even if the bases which left thetube first did not
remain attached or did not reattach to the tube or the membrane.

8.4.2 RNA across a DMPC bilayer

We report on the transport of a single-stranded piece of RNA consisting of 20
adenosine nucleotides through a H/OH-CNT in a DMPC bilayer.During the sim-
ulation, the system was subject to a potential difference of1.6V.

The RNA structure within the CNT in the DMPC lipid bilayer does not sig-
nificantly differ from the RNA transport within a CNT in a dodecane membrane.
Again, the RNA bases are folded backwards with regards to thedirection of trans-
port and strongly attached to the tube wall. The backbone is exposed towards the
center of the tube.

The speed of translocation is found to be 1.5 nucleotides/ns. This speed is lower
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Figure 8.13: Snapshot of lipid head groups interacting withRNA (grey) in a transmembrane
H/OH-CNT (black/red/white). The lipids are indicated witha colored stick model and and
the phosphorous (gold) and nitrogen (blue) atoms within 7Å of the RNA are indicated with
spheres. Both figures show the same snapshot at an angle of 90◦.

than the speeds observed for a CNT in a dodecane membrane at the same voltage
difference. It is however of the same order of magnitude. Theslower speed is con-
sistent with expectations. The lipid head groups of the DMPCmembrane extend
over the CNT and interact with the RNA, see figure 8.13. This slows the RNA
motion down. Furthermore, the motion of the RNA is also sterically hindered, as
the lipid heads partially obstruct the pore opening, similar to the effect described
by de Grootet al. [73] and comparable to entropic barriers [194]. Consequently,
we observe a deceleration of the translocation. The translocation of RNA across
the pore takes approximately 12 ns. We visualize this process with a series of
snapshots along the trajectory in figure 8.14.

The translocation is very similar to the translocation across a dodecane mem-
brane except for the behavior of the RNA after it is expelled from the CNT. Con-
trary to the simulations of translocation through a dodecane membrane the RNA
does not reattach to CNT on the CNT, as the lipid molecules shield the outside of
the CNT. Instead, the RNA leaves the exit area and protrudes into solution. After
about 10 ns the foremost nucleotides get into contact with the lipid bilayer. The
RNA is however not adsorbed on the lipid bilayer surface but readily diffuses back
into solution.
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Figure 8.14: The figure shows 8 snapshots along an MD trajectory of the translocation of
RNA trough a H/OH-CNT in a DMPC lipid bilayer. The snapshots are taken every 1.4 ns
from 1.4 ns until 11.2 ns.

8.5 Conclusions

We studied CNTs embedded in membranes acting as transmembrane nanopores.
The CNTs are chosen such that they match the hydrophobic domain in the middle
of the membrane. We found that the electrostatic potential map of such a pore
depends significantly on the membrane in its vicinity and a membrane mimetic
like dodecane may not capture these effects. If an electrostatic potential difference
is applied across the membrane causes the lipid heads of the lipid bilayer leap into
the pore opening. The rearrangement of the lipid heads results in an electrostatic
potential barrier across the pore. This effect could be of physiological importance
and it may help to explain zones of protein based transmembrane pores, that are
situated outside the membrane and extend into solution.

The transport of RNA across a carbon nanotube transmembranepore compare
well with results reported on synthetic silica nanopores [125] and the effects of
constriction are similar to results onα-hemolysin [124]. While transport veloci-
ties in transmembrane CNTs seem to exceed those of inα-hemolysin, they seem to
be slower than in synthetic silica pores [125]. Although theelectrostatic potential
map for a CNT in a dodecane membrane is significantly different from a CNT in a
lipid bilayer, the transport process of RNA across the system is comparable. A no-
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ticeable difference was only found in the speed of translocation, as the lipid head
groups of the DMPC bilayer create an entropic barrier, whichslows the transloca-
tion down. The conceptual nature of the dodecane membrane, however, makes it
the ideal system to study transmembrane transport.

Even at strong transmembrane potential differences the RNAis never completely
released from the CNT. A few of the terminal nucleotide basesalways remain
hydrophobically attached to the CNT. Chemical modifications to the CNT interior
and the tube rims which weaken the hydrophobic interaction of RNA bases and
the CNT could be considered to promote the detachment of the RNA from the
CNT. Possible applications may however benefit from the factthat RNA does not
detach from the RNA. The sustained attachment may allow to retract the RNA
after exposing it to the cell interior.





Chapter 9

Conclusions

This thesis addressed physical problems and modeling issues that are important
for the understanding and for the development of CNT transmembrane pores. The
studies presented in this thesis cover methodological grounds from quantum me-
chanics to large scale MD simulation. In chapter 3 we assessed the interaction
between water and aromatic carbon compounds in detail and weevaluated correc-
tion schemes for density functionals. For the simulation ofrare events a method
for generalized steering in molecular simulations is described in chapter 5. Then
we assessed the influence of polarizability on the interaction of graphitic carbon
and water in chapter 6.

Furthermore we considered curvature effects on the interaction between CNTs
and water in chapter 7. Finally, we presented a detailed study on a specific real-
ization of a CNT based transmembrane pore in chapter 8. The main findings and
contributions of this thesis are summarized below.

Dispersion corrections for density functionals

We studied the interaction of water with small aromatic molecules and graphite.
Interaction energies of current density functionals were corrected for the dispersion
energy contribution and compared to high level quantum mechanical data. This
comparison allows one to identify promising correction schemes for current den-
sity functionals. In particular the correction scheme suggested by Elstneret al.[89]
performs well in combination with the PBE functional. Also the scheme by Wu
and Yang [338] performs well in combination with the B3LYP functional.

The corrected density functionals usually result in lower error measures than
uncorrected functionals. While this might be interpreted as a reassuring result,
there are however major problems:
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1. The improvements by the correction schemes are not systematic: Even
for two systems as similar as the water-benzene and the water-naphthalene cluster
the optimal correction scheme is not the same. Also the orientation of the test
molecules affects the relative performance of the correction schemes.

2. Loss of systematics of the error: When using uncorrected density function-
als we know that we are missing an attractive contribution tothe total interaction
energy. Thus we have a systematic error, but we are aware of it. Using corrected
density functionals we do not know whether we over or underestimate the inter-
action energy, e.g. we most probably make an error, but we do not know of what
sign.

These two problems indicate that dispersion corrected density functionals have
to be used with great care. Nevertheless, dispersion corrected density functionals
have been used in several recent studies and allow for the evaluation of molecular
interactions at a relatively low computational cost. In a comparative study over a
wide range of systems Grimme [116] also obtains results thatconfirm the concerns
raised here.

Generalized steering for molecular simulations

We generalized the concept of steered molecular dynamics byapplying a steering
potential to collective variables instead of particle coordinates. We illustrated the
generalization in two case studies involving the folding ofa nona-alanine peptide
and the expulsion of RNA from a CNT. In these case studies the systems are steered
along trajectories defined in terms of the radius of gyration, two intramolecular
distances and their angle or the distance between two centers of mass.

The realization of similar trajectories solely based on individual atomic coor-
dinates would have been difficult to achieve. Thus, steeringalong trajectories of
collective variables enables the exploration of changes that are hard to visit by
steering along the trajectories of single atomic coordinates.

The presented method is particularly useful for MD studies where the system be-
havior along a specific but complex reaction coordinate is ofinterest. Although the
generalized steering could be used to reconstruct potentials of mean force from the
work exerted in a steered molecular dynamics run [239], there are other methods
which are more suitable, e.g. metadynamics [183, 184].
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Polarizability of graphite

We presented a force field for the water graphite interactionthat includes polar-
ization effects. In that study, the water is described by theRPOL water model
[70] and polarization is modeled using isotropic polarizabilities on all particles.
The graphite polarizabilities are estimated from theoretical considerations and we
fitted the Lennard-Jones interaction parameters between water and carbon to re-
produce the experimental contact angle of water on graphite.

The optimal orientation of a single water molecule on graphite is significantly
influenced by polarizability. In particular, we reproduce an orientation similar to
the one reported by Feller and Jordan [93] and the interaction energy for a single
water molecule on a graphite sheet is in close agreement withrecent quantum
mechanical calculations by Linet al. [195]. The orientation reported by Feller and
Jordan [93] is however not in agreement with recent and more accurate quantum
mechanical calculations [195].

While a single water molecule close to a graphitic surface isstrongly influenced,
the changes in a bulk water phase close to the surface are limited. Significant
effects are only reported for the layer of water molecules closest to the graphite
surface.

The computational cost of a self-consistent treatment of polarizability is large
compared to the cost of non-polarizable simulations. We therefore recommend the
consideration of a polarizable graphite model only for studies where the surface-
to-volume ratio is substantial, i.e. systems that considersingle or double layers of
water molecules in the vicinity of graphite, or for studies where the actual wa-
ter orientation at the surface is important. For systems, however, where the fo-
cus is on the bulk water phase, we recommend the modeling approach of Werder
et al. [332].

Curvature effects in CNTs

We studied the effect of the curvature induced static dipolemoment of CNTs on
water structure and conduction in small CNTs and on water droplets in relatively
large single- and multi-walled CNTs.

In small CNTs the dipole moment gives rise to an axial electric field that is
strongest at the tube entrances and smaller towards the middle of the tube. This
field has a significant influence on both the filling behavior and the orientation
of water molecule chains inside the CNT: It results in anL-defect in the quasi
one-dimensional water chain inside the tube. AnL-defect blocks proton transfer



148 CHAPTER 9. CONCLUSIONS

along a quasi one-dimensional water chain and could therefore abet the use of
CNTs as nanoscale pores or channels [75, 352]. Furthermore,controlled proton
conduction could be achieved by suitably superimposing an external electric field
to the electric field of the CNT curvature induced dipole.

In large CNTs (5 nm in diameter or more) the curvature induceddipole moment
is negligible. Neither the contact angles of water dropletsnor the microscopic
water structure close to the tube walls change significantly. We also note that the
dipole moment is not important for MWCNTs of this size, because not even a
tenfold dipole moment changes the observables.

We conclude that the radial dipole moment of CNTs is only important at small
radii. There the dipole moment is particularly strong and the stabilizing 3-
dimensional hydrogen bond network of water is missing.

Changes in the carbon water Lennard-Jones interaction allow to account for
changes in the chemical composition of the tube wall. In contrast to the curvature
induced dipole moment, such changes have a direct influence on the contact angle.
The presence of adsorbates and chemical endgroups such as hydroxyl-, aldehyd-
and carbonate-groups protruding from the CNT wall are therefore much more im-
portant with respect to the resulting wetting behavior of water inside CNTs. This
is not only the case due to changes in the Lennard-Jones interaction but also due to
the fact that many of these functional groups have dipole moments similar those of
water. Thus, they are able to disrupt the hydrogen bond network of water. These
expectations have been confirmed in a subsequent study of Kotsaliset al. [177].

From a theoretical point of view the contact angles of water droplets in CNTs
may be considered to be understood to a large extent. As in anytheoretical work,
also here it would be desirable to find an experimental validation for these theo-
retical findings. In several studies, Gogotsiet al. [106, 219, 262] presented exper-
imental contact angles of aqueous liquids in CNTs. The contact angles reported
by Gogotsiet al. are different to the ones reported here. These differences can
however not be rated unless we know the chemical compositionof the droplets
inside the CNT and the characteristics of the tube wall – thisis currently not the
case. The development of experiments on contact angles in pristine or at least well
characterized systems will be one of the challenges of the near future.

RNA transport in transmembrane CNTs

This thesis concludes with a MD study on RNA transport in transmembrane CNTs.
The electrostatic potential map of such CNT nanopores depends on the characteris-
tics of the tube rims and on the membrane in its vicinity. An electrostatic potential
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difference across the membrane results in a rearrangement of the lipid heads close
to the pore, which tend to leap into the pore opening. The rearrangement of the
lipid heads results in an electrostatic potential barrier across the pore. This effect
could be of physiological importance and it may help to explain the bulky rims
of protein based transmembrane pores which extend beyond the membrane into
solution.

The transport of RNA across a CNT transmembrane pore is consistent with
translocation studies reported on synthetic silica nanopores [125] and the effects
of constriction are similar to results onα-hemolysin [124]. The translocation is
slower through a CNT embedded in a dodecane membrane than in aDMPC lipid
bilayer as the lipid head groups of the DMPC bilayer slow the translocation down.
In general, transport velocities in transmembrane CNTs seem to exceed those of
in α-hemolysin and they seem to be slower than in synthetic silica pores [125].

After the translocation, 2 to 5 of the terminal nucleotide bases always remain
hydrophobically attached to the CNT. Even at strong transmembrane potential dif-
ferences the RNA is never completely released from the CNT. Chemical modi-
fications to the CNT interior and the tube rims which weaken the hydrophobic
interaction of RNA bases and the CNT could be considered to promote the detach-
ment of the RNA from the CNT. Possible applications may however benefit from
the fact that RNA does not detach from the CNT. The sustained attachment may
allow to retract the RNA after exposing it to the cell interior.





Chapter 10

Outlook

Due to the interdisciplinary nature of this thesis we present an individual outlook
to the different subtopics of the thesis and we will concludewith an outlook on
CNT based nanopores.

Dispersion corrections for density functionals

We showed that dispersion corrections are an appropriate engineering solution to
resolve problems of current density functionals. Comparison and application stud-
ies like [116] show that dispersion corrections may indeed improve the results ob-
tained from density functional theory. The concerns raisedin this thesis regarding
the systematics of the error are however confirmed. Nevertheless, if the correction
schemes are carefully validated, the dispersion correcteddensity functionals allow
for more accurate quantum chemical simulations at the moderate cost of density
functional theory. We expect therefore further studies employing this approach in
the near future.

In the long run, we expect the method as it is presented here tobecome redun-
dant because of improved density functionals. Various research groups work on the
improvement of exchange correlation functionals and several advances were com-
municated in recent years, see references [52, 170, 171] and[319, 320]. These
approaches allow for the treatment of weakly bound systems in a self-consistent
manner, e.g. on the same level of theory and do not hinge on theblemish of being
an ad-hoc approach.

Generalized steering for molecular simulations

Future studies will prove the presented method to be useful for MD studies where
the system behavior along a specific but complex reaction coordinate is of interest.
We expect future steering studies to be formulated the longer the more in terms
of collective variables. A possible application of the algorithm is found in the
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structural dynamics of theLac repressor-DNA complex. TheLac repressor-DNA
complex shows a large scale angular motion which could well be described using
collective variables, e.g. the angle between three centersof mass. Steering along
this angle may allow to gain insight on the functionality of theLac repressor-DNA
complex.

Polarizability of graphite

The description of a single water molecule on graphite is notyet resolved. For fu-
ture research we recommend a reassessment of two simplified interaction models
presented by Markovic̀ et al.[212]. In a detailed study Markovic̀ et al.recommend
a model that does not consider polarizability but includes additional Lennard-Jones
interactions parameters between the water hydrogen atoms and the carbon atoms.
This model is known to reproduce a optimal orientation for a single water molecule
on graphite similar to the one reported in by Linet al.[195, 249]. In the same study,
Markovic̀ et al. also consider a model, which includes a local first-order approxi-
mation to polarizability and additional Lennard-Jones interactions between water
hydrogen and and carbon. Markovic̀ et al. do not actually recommend the use of
that latter model, as they find the scattering of water molecules similarly well re-
produced by the former, simpler interaction potential. However, both potentials
may lead the way to an optimal water graphite interaction potential. Such a po-
tential would be able to reproduce at least four quantities of interest: the optimal
orientation of a single water molecule on a graphitic sheet,the according interac-
tion energy, the contact angle of water on graphite and the scattering of water on
graphite.

Even if the studies suggested above result in new interaction potentials, we do
not expect them to change any bulk water properties in the vicinity of graphite.
Any changes beyond the first layer of water molecules would bea surprise.

We expect the graphite water interaction to remain an activearea of research.
The conceptual simplicity of the system and actual complexity of the physics make
it a beautiful problem, which will continue to fascinate scientists.

Curvature effects in CNTs

The influence of the curvature induced dipole on water in CNTswas discussed
in detail in this thesis. The influence on water outside CNTs is however still an
open question. We observed negligible influence on bulk water inside CNTs and
therefore we do not expect any influence outside either. If there is however con-
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fined water outside the tube, we expect an influence similar tothe effect observed
in small tubes. This may be the case between different CNTs inarrays of stacked
CNTs.

Further open questions include the influence on the interaction with molecules
different from water. This has to be quantified in further studies and the molecules
of interest would have to be defined in the respective project.

The CNTs studied in this section are very small. The controlled manipulation
of CNTs at these scales is difficult and accordingly experimental validation will
be difficult. With recent progress in manufacturing and handling CNTs it may
become possible in the near future.

RNA transport in transmembrane CNTs

In this thesis we showed that it should be possible to use transmembrane CNTs to
transport RNA across a lipid bilayer. This result is reassuring for future research on
the use of CNTs as pores in general. The transport of RNA is only one of several
interesting transport problems across cell membranes. Also, ions and glycerol are
transported in membrane channels. Thus CNTs could be imagined to act as ion
channels or channels for other molecules. The key to such applications is however
the selectivity of the pore.

Future research will have to consider variations of the transmembrane CNTs.
Variations in diameter should be considered as well as variations in length. The
variations in diameter would be targeted at the selectivityand specificity of the
pore. The variations in length should be targeted at facilitating the transport. Ex-
tended hydrophilic zones on both ends of the CNT could act as funnels which
screen the lipids from the pore entrance. Similar functionality is found in trans-
membrane proteins which usually extend well beyond the membrane.

The chemical structure is of preeminent importance for the selectivity of a CNT
based transmembrane pore. The chemical structure of the pore interior will directly
decide on its selectivity and the efficiency of the transportprocess.

Current simulations are subject to large driving forces in order to allow for the
simulations to complete within the observable time spans ofMD. Simulations
should be extended beyond these computational limits. Thiscan only be achieved
with new algorithms which allow for the coupling of different simulation methods
on different scales, both in time and space [15, 276, 317, 334]. These algorithms
should allow to consider effects which are currently neglected, to mention a few:

• The delivery of RNA to the pore opening which is governed by diffusion
and convection
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• The insertion of the RNA into the pore

• Long strands of RNA may buckle, twist and coil up

The complexity of these questions and the universal character of the problems
mentioned above make them attractive fields for research. The abundance of pos-
sible benefits from artificial nanopores in fields like nanotechnology, biotechnol-
ogy and medicine even increase the attractiveness. I hope that the findings and
techniques presented in this thesis will become part of the foundation to future
research in this direction.



Appendix A

Error Measures for Energy Profiles for Benzene
Water Cluster

In this appendix the errors relative to second order Møller-Plesset perturbation the-
ory are summarized for different dispersion corrections schemes. In particular, the
errors for pure DFT, a molecular correction scheme and threedifferent atomistic
correction schemes are reported. For detailed informationabout the underlying
models and calculations the reader is referred to chapter 3.

A.1 Uncorrected density functional theory

The errors relative to second order Møller-Plesset perturbation theory are summa-
rized in table A.1 for pure DFT.

A.2 Molecular correction

In table A.2 the errors relative to second order Møller-Plesset perturbation theory
are summarized for DFT corrected using a molecular correction scheme as pro-
posed by Wuet al. [339]. The underlying Equations for the dispersion coefficient
can be found in (3.14) and the according damping function is given in (3.16)

A.3 Atomistic correction schemes

Three different atomistic schemes are considered for the dispersion correction. In
the following, the errors relative to second order Møller-Plesset perturbation theory
are summarized.

First we consider the scheme as proposed by Elstneret al. [89]. The underlying
Equations for the combination of dispersion coefficients can be found in (3.19) and
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Table A.1: Summarized deviations of uncorrected DFT calculations relative to second order
MP2 calculations .

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 2.83 49.23 4.86 10.45
B3VWN 4.33 76.87 7.33 19.92
BLYP 3.79 72.02 6.82 13.66
HCTH 1.68 38.19 3.26 9.05
PBE 1.28 30.83 2.71 4.99
PW91 0.74 22.89 1.81 3.78

Table A.2: Summarized deviations of DFT calculations corrected according to Wu
et al. [339] using dispersion coefficients (3.14) and damping function (3.16).

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 1.09 9.48 1.35 5.20
B3VWN 1.29 34.83 2.97 6.82
BLYP 1.23 30.18 2.68 4.24
HCTH 1.63 3.30 1.29 6.66
PBE 1.99 12.57 2.04 9.11
PW91 2.59 19.22 2.78 10.47
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Table A.3: Summarized deviations of DFT calculations corrected according to Wu and Yang
[338] using mixing rule (3.19) and damping function (3.23).

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 1.07 24.11 2.12 17.97
B3VWN 2.59 51.78 4.61 8.50
BLYP 2.00 46.80 4.05 11.45
HCTH 1.51 15.60 2.00 6.82
PBE 0.87 6.52 0.97 2.54
PW91 1.42 5.11 1.39 3.58

Table A.4: Summarized deviations of DFT calculations corrected according to Wu and Yang
[338] using mixing rule (3.20) and damping function (3.21).

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 1.09 15.13 1.72 10.27
B3VWN 1.06 15.35 1.63 3.25
BLYP 0.93 13.48 1.66 4.85
HCTH 1.84 21.97 2.55 9.13
PBE 2.10 30.76 3.12 15.46
PW91 2.84 38.77 4.14 16.91

the according damping function is given in (3.23) The summarized errors may be
found in table A.3.

Wu and Yang proposed a different correction scheme [338]. The underlying
Equations for the combination of dispersion coefficients can be found in (3.20)
and the according damping function is given in (3.21) The summarized errors may
be found in table A.4.

Alternatively, Wu and Yang suggest the use of the damping function (3.22).
With this, the following errors are obtained The summarizederrors may be found
in table A.5.



Table A.5: Summarized deviations of DFT calculations corrected according to Wu and Yang
[338] using mixing rule (3.20) and damping function (3.22).

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 0.52 4.35 0.71 2.00
B3VWN 1.69 26.26 2.72 11.47
BLYP 1.12 21.27 2.17 4.94
HCTH 1.33 12.61 1.64 3.56
PBE 1.52 20.11 2.07 6.01
PW91 2.26 28.09 3.09 7.57

Appendix B

Interaction Energy Profiles for Naphthalene Water
Cluster

In this appendix the errors relative to second order Møller-Plesset perturbation the-
ory are summarized for different dispersion corrections schemes. In particular, the
errors for pure DFT, a molecular correction scheme and threedifferent atomistic
correction schemes are reported for the water naphthalene cluster. For detailed
information about the underlying models and calculations the reader is referred to
chapter 3.

B.1 Conformers

A set of eight different geometrical conformations was considered throughout the
calculations (Fig. B.1). and for each scheme the interaction energy profiles were
computed for the water naphthalene cluster in all eight different conformations.
Two locations of the water molecule are considered, one withthe oxygen atom
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Figure B.1: The different conformations of the water naphthalene cluster are illustrated.
In the top row, the water dipole moment is pointing towards the aromatic plane, whereas
it is pointing away in the bottom row. In the first two columns,the water molecule is cen-
tered on the central bond of the naphthalene molecule, whereas it is centered on top of an
aromatic ring for the latter two columns. The alignment of the plane spanned by the water
molecule with regard to the main axis of the naphthalene molecule is alternating from col-
umn to column. The plane spanned by the water molecule is orthogonal with regard to the
main axis of the naphthalene molecule in one column and alternatively it is parallel to the
aforementioned axis in the next column.

centered on top of an aromatic ring and one with the oxygen atom centered on top
of the carbon bond separating the two aromatic rings. In bothof these locations
two orientations of the water molecule are considered, the plane spanned by the
water molecule is either orthogonal or in line with the main axis of the naphthalene
molecule. All geometries, were evaluated, once with the water dipole pointing per-
pendicularly towards the naphthalene plane and once with the inverse orientation.
The different conformers are shown in Fig. B.1.

B.2 Uncorrected density functional theory

The errors relative to second order Møller-Plesset perturbation theory are summa-
rized in Table B.1 for pure DFT.

The according interaction energy profiles may be found in Figs. B.2 and B.3.
The results have been discussed in Section 3.5.
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Figure B.2: Interaction energy profiles for the water naphthalene interaction from uncor-
rected DFT. The graphs in the first column correspond to configurations where the water
plane is orthogonal to the leading axis of the naphthalene molecule, in the second column it
is parallel. In the first row the water molecule is centered onthe central bond and in the sec-
ond row it is centered on top of one of the aromatic rings, the dipole moment points orthog-
onally towards the naphtalene. Black line: reference data,green with squares: B3VWN,
blue with diamonds: BLYP, red with circles: B3LYP, cyan withtriangles: HCTH, brown
with pluses: PBE, orange with stars: PW91.
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Figure B.3: Interaction energy profiles for the water naphthalene interaction from uncor-
rected DFT. The graphs in the first column correspond to configurations where the water
plane is orthogonal to the leading axis of the naphthalene molecule, in the second column
it is parallel. In the first row the water molecule is centeredon the central bond and in
the second row it is centered on top of one of the aromatic rings, the dipole moment points
orthogonally away from the naphtalene. Black line: reference data, green with squares:
B3VWN, blue with diamonds: BLYP, red with circles: B3LYP, cyan with triangles: HCTH,
brown with pluses: PBE, orange with stars: PW91.
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Table B.1: Summarized deviations of uncorrected DFT calculations relative to second order
MP2 calculations.

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 2.71 68.30 4.69 16.06
BLYP 3.16 90.76 6.10 22.56
HCTH 1.90 54.10 3.48 17.77
PBE 1.70 45.06 3.00 10.07
PW91 1.41 36.88 2.38 8.52

Table B.2: Summarized deviations of DFT calculations corrected according to Wu
et al. [339] using dispersion coefficients (3.14) and damping function (3.16).

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 1.62 15.28 1.54 8.43
BLYP 1.43 36.53 2.51 6.44
HCTH 1.44 5.43 0.96 9.74
PBE 1.58 11.73 1.42 11.68
PW91 1.77 17.81 1.78 12.96

B.3 Molecular correction

In Table B.2 the errors relative to second order Møller-Plesset perturbation theory
are summarized for DFT corrected using a molecular correction scheme as pro-
posed by Wuet al. [339]. The underlying Equations for the dispersion coefficient
can be found in (3.14) and the according damping function is given in (3.16)

The according interaction energy profiles may be found in Figs. B.4 and B.5.
The results have been discussed in Section 3.5.
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Figure B.4: Interaction energy profiles for the water naphthalene interaction from disper-
sion corrected DFT using the molecular correction scheme The graphs in the first column
correspond to configurations where the water plane is orthogonal to the leading axis of
the naphthalene molecule, in the second column it is parallel. In the first row the water
molecule is centered on the central bond and in the second rowit is centered on top of
one of the aromatic rings, the dipole moment points orthogonally towards the naphtalene.
Black line: reference data, green with squares: B3VWN, bluewith diamonds: BLYP, red
with circles: B3LYP, cyan with triangles: HCTH, brown with pluses: PBE, orange with
stars: PW91.
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Figure B.5: Interaction energy profiles for the water naphthalene interaction from disper-
sion corrected DFT using the molecular correction scheme. The graphs in the first column
correspond to configurations where the water plane is orthogonal to the leading axis of
the naphthalene molecule, in the second column it is parallel. In the first row the water
molecule is centered on the central bond and in the second rowit is centered on top of one
of the aromatic rings, the dipole moment points orthogonally away from the naphtalene.
Black line: reference data, green with squares: B3VWN, bluewith diamonds: BLYP, red
with circles: B3LYP, cyan with triangles: HCTH, brown with pluses: PBE, orange with
stars: PW91.
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Table B.3: Summarized deviations of DFT calculations corrected according to Wu and Yang
[338] using mixing rule (3.19) and damping function (3.23).

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 1.66 35.71 2.42 11.82
BLYP 1.89 58.11 3.76 18.32
HCTH 1.46 23.29 1.85 13.53
PBE 1.04 12.64 1.01 5.83
PW91 1.17 7.62 0.99 4.28

Table B.4: Summarized deviations of DFT calculations corrected according to Wu and Yang
[338] using mixing rule (3.20) and damping function (3.21).

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 1.38 11.76 1.32 9.35
BLYP 1.18 20.60 1.65 4.00
HCTH 1.36 16.71 1.49 7.76
PBE 1.49 26.01 1.98 15.11
PW91 1.78 33.94 2.60 16.69

B.4 Atomistic correction

Three different atomistic schemes are considered for the dispersion correction. In
the following, the errors relative to second order Møller-Plesset perturbation theory
are summarized.

First we consider the scheme as proposed by Elstneret al. [89]. The underlying
Equations for the combination of dispersion coefficients can be found in (3.19) and
the according damping function is given in (3.23) The summarized errors may be
found in Table B.3.

Wu and Yang proposed a different correction scheme [338]. The underlying
Equations for the combination of dispersion coefficients can be found in (3.20)
and the according damping function is given in (3.21) The summarized errors may
be found in Table B.4.

Alternatively, Wu and Yang suggest the use of the damping function (3.22).
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Table B.5: Summarized deviations of DFT calculations corrected according to Wu and Yang
[338] using mixing rule (3.20) and damping function (3.22).

Functional mean (kBT ) weighted (3kBT ) weighted maximum
deviation deviation deviation deviation
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

B3LYP 1.25 9.55 1.07 5.84
BLYP 1.49 31.95 2.41 12.34
HCTH 1.21 9.93 1.11 7.55
PBE 1.09 14.36 1.09 3.30
PW91 1.38 22.28 1.71 4.55

With this, the following errors are obtained The summarizederrors may be found
in Table B.5.

The according interaction energy profiles may be found in Figs. B.6,B.7,B.8,
and B.9. The results have been discussed in Section 3.5.



B.4. ATOMISTIC CORRECTION 167

Distance [̊A]

∆
E

[k
J

m
ol

−
1
]

3 4 5 6
-20

-10

0

10

20

Distance [̊A]

∆
E

[k
J

m
ol

−
1
]

3 4 5 6
-20

-10

0

10

20

Distance [̊A]

∆
E

[k
J

m
ol

−
1
]

3 4 5 6
-20

-10

0

10

20

Distance [̊A]

∆
E

[k
J

m
ol

−
1
]

3 4 5 6
-20

-10

0

10

20

Distance [̊A]

∆
E

[k
J

m
ol

−
1
]

3 4 5 6
-20

-10

0

10

20

Distance [̊A]

∆
E

[k
J

m
ol

−
1
]

3 4 5 6
-20

-10

0

10

20

Figure B.6: Interaction energy profiles for the water naphthalene interaction from DFT cor-
rected with an atomic correction term. Different correction schemes are sorted by columns,
different geometries are sorted by rows. The first column shows the results for mixing rule
(3.19) and damping function (3.23). The second column showsthe results for mixing rule
(3.20) and damping function (3.21) and the third column shows the results for mixing rule
(3.20) and damping function (3.22). For the graphs in the first row the water plane is or-
thogonal to the leading axis of the naphthalene molecule, inthe second row it is parallel.
In both rows, the water molecule is centered on the central bond and the water dipole mo-
ment points orthogonally towards aromatic plane. Black line: reference data, green with
squares: B3VWN, blue with diamonds: BLYP, red with circles:B3LYP, cyan with triangles:
HCTH, brown with pluses: PBE, orange with stars: PW91.
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Figure B.7: Interaction energy profiles for the water naphthalene interaction from DFT cor-
rected with an atomic correction term. Different correction schemes are sorted by columns,
different geometries are sorted by rows. The first column shows the results for mixing rule
(3.19) and damping function (3.23). The second column showsthe results for mixing rule
(3.20) and damping function (3.21) and the third column shows the results for mixing rule
(3.20) and damping function (3.22). For the graphs in the first row the water plane is or-
thogonal to the leading axis of the naphthalene molecule, inthe second row it is parallel.
In both rows, the water molecule is centered on an aromatic ring of naphthalene and the
water dipole moment points orthogonally towards aromatic plane. Black line: reference
data, green with squares: B3VWN, blue with diamonds: BLYP, red with circles: B3LYP,
cyan with triangles: HCTH, brown with pluses: PBE, orange with stars: PW91.
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Figure B.8: Interaction energy profiles for the water naphthalene interaction from DFT cor-
rected with an atomic correction term. Different correction schemes are sorted by columns,
different geometries are sorted by rows. The first column shows the results for mixing rule
(3.19) and damping function (3.23). The second column showsthe results for mixing rule
(3.20) and damping function (3.21) and the third column shows the results for mixing rule
(3.20) and damping function (3.22). For the graphs in the first row the water plane is or-
thogonal to the leading axis of the naphthalene molecule, inthe second row it is parallel. In
both rows, the water molecule is centered on the central bondand the water dipole moment
points orthogonally away from the aromatic plane. Black line: reference data, green with
squares: B3VWN, blue with diamonds: BLYP, red with circles:B3LYP, cyan with triangles:
HCTH, brown with pluses: PBE, orange with stars: PW91.
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Figure B.9: Interaction energy profiles for the water naphthalene interaction from DFT cor-
rected with an atomic correction term. Different correction schemes are sorted by columns,
different geometries are sorted by rows. The first column shows the results for mixing rule
(3.19) and damping function (3.23). The second column showsthe results for mixing rule
(3.20) and damping function (3.21) and the third column shows the results for mixing rule
(3.20) and damping function (3.22). For the graphs in the first row the water plane is or-
thogonal to the leading axis of the naphthalene molecule, inthe second row it is parallel. In
both rows, the water molecule is centered on an aromatic ringof naphthalene and the wa-
ter dipole moment points orthogonally away from the aromatic plane. Black line: reference
data, green with squares: B3VWN, blue with diamonds: BLYP, red with circles: B3LYP,
cyan with triangles: HCTH, brown with pluses: PBE, orange with stars: PW91.



Appendix C

The electrostatic interactions between dipoles and
charges

In this appendix the electrostatic interaction between charges and dipoles and their
computation will be described in detail. In particular, it will be focused on the com-
putation of the interaction energy, the force and the electric field. After the contin-
uum representation of the interactions, the Ewald representation will be considered
and the efficient computation based on the smooth particle mesh Ewald scheme
will be explained. These algorithms have been implemented in FASTTUBE and
the presented summary is based on the seminal work of Toukmaji et al. [306].
This appendix is therefore rather intended to be a documentation of the code im-
plemented inFASTTUBE. For the theoretical background the reader is referred
to standard literature for the Ewald summation [9] or to the appropriate journal
publications of Essmanet al. [90] and Toukmajiet al. [306].

C.1 Continuum electrostatics

The charge-charge interaction

The continuum representation of the charge-charge interaction and the according
force are given by:

U =
1

4πǫ0

qiqj

r
(C.1)

F =
1

4πǫ0

qiqj

r3
r (C.2)

Whereq is the charge on particlesi and j at distancer and the permittivity of
vacuum is represented byǫ0. The electric field generated by a chargeqj is given
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by

E =
1

4πǫ0

qj

r3
r. (C.3)

The force acting on a charge in an electrical field is therefore given by

F = qE. (C.4)

The charge-dipole interaction

The charge-dipole interaction and the according force are given by

U =
1

4πǫ0

(

(µj · r) qi

r3

)

(C.5)

F =
1

4πǫ0

(

3.0 (r · µj) rqi

r5
− µjqi

r3

)

(C.6)

whereµj is the dipole moment on particlej. Thus, the electric field generated by
a dipoleµj is

E =
1

4πǫ0

(

3.0 (r · µj) r

r5
− µj

r3

)

. (C.7)

The dipole-dipole interaction

The dipole-dipole interaction and the according force are

U =
1

4πǫ0

(

−3(µi · r)(µj · r)
r5

+
µi · µi

r3

)

(C.8)

F =
1

4πǫ0

(

−15(µi · r)(µj · r)r
r7

+
3(µi · r)µj

r5
+

3(µj · r)µi

r5
+

µi · µir

r5

)

.

(C.9)

Thus for a dipoleµ in an electric field

U = −µ · E (C.10)

and accordingly

F = ∇ (µ ·E) . (C.11)
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C.2 Ewald summation techniques

In periodic domains Ewald summation techniques allow to compute electrostatic
interactions efficiently. The concept of the Ewald summation relies on a splitting
of the interaction energy into three contributions

U = Udir + Urec + Uself . (C.12)

The direct interactionUdir is laid out such that it converges within a cutoff distance
rc. Further contributions are the reciprocal energyUrec and the self energy term
Uself . WhereUself is relatively simple andUrec may be evaluated as a lattice
sum. In the following we will highlight the different terms in more detail and
it is focused on the computational and implementational aspects. For a detailed
derivation of the Ewald summation, the reader is referred tostandard text books,
which treat this topic extensively, e.g. [9].

C.2.1 Direct interaction

The direct interaction is a two body interaction between allparticles. Effectively, it
is a damped electrostatic interaction. Due to the damping the contribution is negli-
gible after a certain cutoff distancerc, which allows for an efficient computation in
cell list or Verlet list [313] approaches. It is convenient to write the damped direct
interactions by defining the series

B0 (r) =
erfc(βr)

r
(C.13)

Bk (r) =
1

r2

[

(2k − 1) Bk−1 (r) +

(

2β2
)

β
√

π
exp

(

−β2r2
)

]

, k > 0,

(C.14)

subject to the following relationship

dBk (r)

dr
= −rB(k+1) (r) . (C.15)

Hereβ is a parameter that determines the damping of the direct electrostatic inter-
action. The charge-charge interaction can then be defined as

Udir =
1

4πǫ0
B0 (r) qiqj (C.16)
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and the resulting force is

Fdir =
1

4πǫ0
rB1 (r) qiqj . (C.17)

Similarly, we obtain for the charge-dipole interaction thedirect interaction energy
and the force:

Udir =
1

4πǫ0
B1 (r) (µj · r) qi (C.18)

Fdir =
1

4πǫ0
[B2 (r) r (µj · r) qi − B1 (r)µjqi] (C.19)

Finally, the screened dipole-dipole interaction is

Udir =
1

4πǫ0
[B1 (r) (µj · µi) − B2 (r) (µj · r) (µi · r)] (C.20)

Fdir =
1

4πǫ0
[−rB3 (r) (µj · r) (µi · r)

+B2 (r) {µj (µi · r) + µi (µj · r) + r (µj · µi)}] . (C.21)

These terms can all be evaluated in a straightforward mannerand are common to
all Ewald type techniques.

C.2.2 Self interaction

The self energy does not vary in the different summation techniques and can be
written as a sum over all particlesi in the system

Uself = − β√
π

N
∑

i

(

q2
i +

2β2

3
|µi|2

)

, (C.22)

whereβ is a screening parameter used to achieve fast convergence ofthe direct
interaction. This self energy results in a self electric field given by:

Eself (ri) =
4β3

3
√

π
µi (C.23)

Note that there is no self force.
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C.2.3 Reciprocal interaction

The reciprocal part of the interaction energy can be calculated in different ways.
The conceptually most simple way is the standard Ewald summation technique.
Here, the interaction which has not been considered in the direct interaction is
accounted for. To do this a summation over all periodic images of the system in
question is performed which is achieved using a Fourier transform. More advanced
techniques include the Particle Mesh Ewald (PME) and the Smooth Particle Mesh
Ewald method, where the charges are interpolated to a grid and the poisson equa-
tion is solved using fast Fourier transforms. First the standard Ewald Summation
technique will be sketched and then the SPME method will be presented.

Standard Ewald Summation

The reciprocal energy can be written as

Urec =
1

2πV

∑

m6=0

exp
(

−π2m2β2
)

m2

×
N
∑

i=1

N
∑

j=1

(qi + µi · ∇i) (qj + µj · ∇j) exp (2πim · (rj − ri))

(C.24)

wherem are the reciprocal lattice vectors. This multiple sum can berewritten and
simplified to

Urec =
1

2πV

∑

m6=0

exp
(

−π2m2β2
)

m2
S (m)S (−m) (C.25)

using the structure factors defined as

S (m) =
N
∑

j=1

(qj + µj · ∇j) exp (2πim · rj)

=

N
∑

j=1

(qj + 2πiµj ·m) exp (2πim · rj) .

(C.26)
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The corresponding reciprocal force is then given by

Frec =
2i

V

∑

m6=0

m
exp

(

−π2m2/β2
)

m2

× exp (−2πim · ri) S (m)

(C.27)

and the electric field is

Erec =
2i

V

∑

m6=0

m
exp

(

−π2m2/β2
)

m2

× (qi − 2πipi ·m) exp (−2πim · ri)S (m) .

(C.28)

In the standard Ewald summation these sums are evaluated directly. Imple-
mented in the traditional way, this summation scales quadratically with the number
of particles and is therefore prohibitively expensive. It has, however, been shown
that it can be implemented in orderN

3
2 steps at the cost of excessive memory

consumption [248].
The computational cost of the traditional implementation and the excessive

memory consumption of the more efficient implementation area significant dis-
advantage. This disadvantage can be overcome if the charge and dipole contri-
butions are interpolated to a grid and Fast Fourier Transforms (FFTs) are used to
compute the aforementioned sums more efficiently. This approach is implemented
in FASTTUBE and will be outlined in the next section.

Smooth Particle Mesh Ewald

In the Smooth Particle Mesh Ewald approach (SPME) the electrostatic structure
factors are approximated by replacing the exponentials by appropriate interpo-
lation of their values onto nearby grid points [306, 90]. Thesketch of the ap-
proach presented here relies strongly on the description presented by Toukmaji
et al. [306]. For details beyond this summary the reader is therefore referred to the
aforementioned publication.

We are considering a grid ofK1,K2 andK3 grid points with scaled fractional
coordinates

ui =
Ki

Li
ri, (C.29)
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whereLi is the extent of the domain in dimensioni. First it is important to note
that

exp (2πim · r) = exp

(

2πi
m1u1

K1

)

exp

(

2πi
m2u2

K2

)

× exp

(

2πi
m3u3

K3

)

.

(C.30)

Now these exponentials can be approximated using simple Euler exponential
splines, thus:

exp

(

2πi
miui

Ki

)

≈ bi

(

mi

Ki

) ∞
∑

k=−∞
Mp (ui − k) exp

(

2πi
mi

Ki
k

)

(C.31)

whereMp are splines of orderp and the spline of order 1 is defined as

M1(u) =

{

1 if 0 ≤ u ≤ 1
0 otherwise

(C.32)

and splines of arbitrary order may be computed recursively

Mp+1(u) =

∫ ∞

−∞
Mp(u − s)M1(s)ds = Mp × M1(u). (C.33)

The coefficients are defined as follows

bi

(

mi

Ki

)

=
exp

(

2πi (p−1)mi

Ki

)

∑p−2
k=0 Mp (k + 1) exp

(

2πimi
k

Ki

) . (C.34)

If the charge density is now interpolated to the grid points(k1, k2, k3) this results
in the following sum which is locally restricted, due to the finite support of the
splines and therefore scales linearly with the number of particles.

QR (k1, k2, k3) =

N
∑

i=1

(qi + µi · ∇i)

× [Mp (u1i − k1)Mp (u2i − k2)Mp (u3i − k3)] .

(C.35)



178
APPENDIX C. THE ELECTROSTATIC INTERACTIONS BETWEEN

DIPOLES AND CHARGES

It can now be shown that the structure factor can then be approximated as

S̃ (m) = b1

(

m1

K1

)

b2

(

m2

K2

)

b3

(

m3

K3

)

QF (m1,m2,m3)

for
−1

2
≤ mα

Kα
<

1

2
, α = 1, 2, 3

0, otherwise

(C.36)

HereQF is the discrete Fourier transform of the interpolated charges density

QF (m1,m2,m3) =

K1−1
∑

k1=0

K2−1
∑

k2=0

K3−1
∑

k3=0

QR (k1, k2, k3)

× exp

[

2πi ·
(

m1k1

K1
+

m2k2

K2
+

m3k3

K3

)]

.

(C.37)

With these redefined structure factors it is now possible to compute the approxi-
mate reciprocal energy as

Ũrec =
1

2πV

∑

m6=0

exp
(

−π2m2β2
)

m2
S̃ (m) S̃ (−m) . (C.38)

The coefficientsbi and the prefactor which is multiplied with the structure factors,
both, do not depend on the charge distribution and may therefore be precomputed
in the influence functionGF

GF (m1,m2,m3) =
1

πV

exp
(

−π2m2/β2
)

m2

∣

∣

∣

∣

b1

(

m1

K1

)
∣

∣

∣

∣

2

·
∣

∣

∣

∣

b2

(

m2

K2

)
∣

∣

∣

∣

2

·
∣

∣

∣

∣

b3

(

m3

K3

)
∣

∣

∣

∣

2

for − 1

2
≤ mα

Kα
<

1

2
,m2 6= 0

= 0, otherwise.

(C.39)

Thus the reciprocal energy can be written as

Ũrec =
1

2

∑

m6=0

GF (m) · QF (m) · QF (−m) (C.40)

=
1

2

K1−1
∑

m1=0

K2−1
∑

m2=0

K3−1
∑

m3=0

QR (m)
(

GR ⋆ QR
)

(m) (C.41)
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which corresponds to a convolution in real space. The corresponding approximate
potential can then be written as:

Φ̃rec(ri) =
1

2

K1−1
∑

m1=0

K2−1
∑

m2=0

K3−1
∑

m3=0

Mp (u1i − m1)Mp (u2i − m2)

×Mp (u3i − m3)
(

GR ⋆ QR
)

(m)

(C.42)

To compute the approximate reciprocal energy, first the charge distributionQR

is interpolated onto a grid of ofK1,K2 andK3 grid points. This charge distribu-
tion is then transformed into Fourier space using fast Fourier transforms in order to
obtainQF . QF is then multiplied pointwise with the precomputedGF . The prod-
uct is then transformed back into real space to obtain the convolution

(

GR ⋆ QR
)

.
To obtain the reciprocal energy this is then multiplied pointwise at every grid point
with the charge distribution and summed up.

Obtaining the electric field and the forces is slightly more complicated as the
derivatives with regards to the particle positionsri have to be taken. For the electric
field this results in

Erec (ri) = −
(

∂Φ̃rec

∂u1i
∇u1i +

∂Φ̃rec

∂u2i
∇u2i +

∂Φ̃rec

∂u3i
∇u3i

)

(C.43)

with

∂Φ̃rec

∂uαi
∇uαi =

∑

m

∂

∂uαi
[Mp (u1i − m1) Mp (u2i − m2)

×Mp (u3i − m3)]
(

GR ⋆ QR
)

(m) .

(C.44)

For the force, we obtain accordingly

Frec (ri) = −
(

∂Ũrec

∂u1i
∇u1i +

∂Ũrec

∂u2i
∇u2i +

∂Ũrec

∂u3i
∇u3i

)

(C.45)

with

∂Ũrec

∂uαi
∇uαi =

∑

m

∂QR

∂uαi
(m)

(

GR ⋆ QR
)

(m) . (C.46)



180
APPENDIX C. THE ELECTROSTATIC INTERACTIONS BETWEEN

DIPOLES AND CHARGES

Here, the evaluation of the partial derivative is slightly more tricky, as

∂QR

∂u1i
(m1,m2,m3) =

= qi
∂Mp

∂u1i
(u1i − m1) Mp (u2i − m2) Mp (u3i − m3)

+ (µi · ∇u1i)
∂2Mp

∂u2
1i

(u1i − m1)Mp (u2i − m2) Mp (u3i − m3)

+ (µi · ∇u2i)
∂Mp

∂u1i
(u1i − m1)

∂Mp

∂u2i
(u2i − m2) Mp (u3i − m3)

+ (µi · ∇u2i)
∂Mp

∂u1i
(u1i − m1) Mp (u2i − m2)

∂Mp

∂u3i
(u3i − m3) (C.47)

As the interpolation scales linearly, however, the step which scales least favor-
ably are the Fourier transformations. Since we are operating on a grid we can use
Fast Fourier Transformations that scaleO (N log N). This scaling is a significant
improvement with regards to the scaling of the traditional Ewald summation.



Appendix D

Molecular dynamics with FASTTUBE

FASTTUBE is a molecular dynamics package that was developed at ETH Zurich.
It was initially written so simulate CNTs and mono-atomic Lennard-Jones fluids.
Later, it was parallelized and extended to include flexible and rigid water mod-
els and a generalized framework for the treatment of non-bonded pair interactions
was added [333]. During this thesis the code was extended to include any kind of
bonded interactions describing bonds, angles and torsion potentials. Support for
the AMBER 96 force field [59] was ensured and additional software to generate
topologies for RNA, DNA and peptides was added. Amongst manyfeatures, a par-
allel implementation of smooth particle mesh ewald [90], the support for polariz-
able force fields, metadynamics [183] and generalized steered molecular dynamics
were added, too. The extensions and some basic functionality is documented here.
For a detailed and complete documentation of FASTTUBE the thesis of Thomas
Werder [333] should be considered, too.

D.1 Units

FASTTUBE operates with a consistent set of units. These units apply throughout
the whole program as well as in the input output routines. A summary can be
found in table D.1.

D.2 Flowchart

The essential parts of the time stepping algorithm of FASTTUBE are depicted in
figure D.1. The components of the flowchart are explained below.

1. Initialization. In this step, FASTTUBE reads data files containing the po-
sitions and velocities of all particles in the system, the connectivity (i.e.
topology), the control instructions and the force field information.
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Measure Unit Conversion Factors
Length nm 10−9 m
Time ps 10−12 s
Mass amu 1.6606 × 10−27 kg
Temperature K
Charge e 1.602 × 10−19 C
Energy kJ mol−1 0.2390 kcalmol−1

Force kJ mol−1 nm−1

Pressure kJ mol−1 nm−3 16.606 bar
Velocity nmps−1 10−3 m s−1

Density amunm−3 1.6606 kgm−3

Electrical fields kJ mol−1 e nm 0.0104V nm−1

Table D.1: The units of the MD packageFASTTUBE .

2. Boundary.Periodic boundary conditions are applied in all directions. Ghost
layers are created and, in parallel runs, exchanged betweenprocessors [333].

3. Polarizability. If a polarizable force field is considered, the electric field
at the particle positions is computed. From this, the individual dipole mo-
ments are computed and an updated electric field is computed.This loop is
repeated until convergence.

4. Force computation.All particles are ranked in cell lists. The forces are
computed as the gradient of the interaction potential.

5. Velocity update.The new velocities are obtained from the leap-frog scheme.

6. Position update.New unconstrained positions are computed from the leap-
frog scheme.

7. SHAKE.The SHAKE algorithm is used to resolve the constraints and the
positions are corrected to satisfy the constraints.

8. External Bath.A Berendsen thermostat and a Berendsen barostat are applied
to equilibrate the system specific temperatureT and pressureP . The ther-
mostat scales the velocities of the individual particles ofthe center of mass
velocities of molecules. The barostat scales the positionsof the individual
particles and the size of the computational domain.
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External bath

Initialization

Position update

Velocity update

SHAKE

Output

Boundary

Force Computation
Electric field

Dipole moments

if polarizable force field

Figure D.1: Flowchart of the MD packageFASTTUBE .

9. File Output.At predefined frequencies the new positions, velocities, forces
and energies are written to trajectory files for later analysis.

D.3 Polarizability

Support for polarizable force fields is available in FASTTUBE . The implementa-
tion closely follows Toukmajiet al. [306] and may be used with SPME or trunca-
tion. Starting from an initial guess, the electric field and the dipole moments in the
system are computed until self-consistency. Convergence is checked on the root
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mean square change of the dipole moments

rms2 =
1

N

N
∑

i=1

|µi(m, t) − µi(m − 1, t)|2 < (tolerance)2, (D.1)

whereµi(m, t) indicates the dipole moment of particlei in the m-th iteration
at time t. The tolerance for energy conservation is set to 0.00021 e nm, which
corresponds to10−3 Debye [306]. First and second order predictor schemes are
available [306] in order to reduce the number of iterations needed to reach self-
consistency.

To simulate dipole dynamics we implemented a Car Parrinelloextended La-
grangian approach [306]. Due to parameter dependent results, the implementation
was not committed to the main branch of FASTTUBE . The code is, however,
available in a separate repository.

D.4 Force computation

In chapter 4 it is indicated, that the interactions in MD simulations may be divided
into intra- and intermolecular interactions. FASTTUBE implements a wide range
of interactions, a summary of which is given below.

D.4.1 Intramolecular interactions

Bonds

There are four bond models implemented in FASTTUBE : a dummy bond, a con-
strained bond, the Morse bond and the harmonic bond potential. The dummy bond
considers a pair of particles to be bonded, but does not compute any interaction.
In a constrained bond the distance between two particles will be kept constant
throughout the course of a simulation, this is ensured usingthe SHAKE algorithm,
see chapter 4 and section D.6. The Morse bond potential was presented in equation
4.10 and the harmonic stretching potential was considered in equation 4.9.

Angles

There are four angle models implemented in FASTTUBE : a dummy angle po-
tential, a constrained angle potential, a harmonic angle potential and a harmonic
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angle potential. While in the dummy angle potential a triplet of particles is con-
sidered to form an angle, there is no interaction computed. Aconstrained angle is
kept constant throughout the course of a simulation by a modified SHAKE algo-
rithm, see section D.6. The harmonic cosine and the harmonicangle potentials are
implemented as in equations 4.11 and 4.12.

Dihedrals

Four different torsion potentials are implemented in FASTTUBE : a twofold torsion
potential, a n-fold torsion potential a dummy torsion potential and a correction po-
tential for 1-4 interactions. While the dummy torsion considers four particles to
form a dihedral, there is no interaction computed. The 2-fold torsion is retained
in the code for backward compatibility, but as it is only a specific realization of
the general n-fold torsion it will not be discussed here. Then-fold torsion poten-
tial corresponds to a single term in the sum reported in equation 4.13, the code
currently supports multitudes (n) up to 4. The correction potential for 1-4 interac-
tions is a work around for conflicts between different force fields. Usually, force
fields consider a contribution from the nonbonded interactions for the 1-4 interac-
tion of dihedrals. If different force fields are mixed, some of the 1-4 interactions
have to be corrected. The correction potential therefore allows for the inclusion
of fractional contributions of the Lennard-Jones and Coulomb interaction on 1-4
pairs.

D.4.2 Intermolecular interactions

Intermolecular interactions in MD are usually pair based interactions. FASTTUBE

provides a general framework to treat nonbonded pair based interactions. Cur-
rently implemented intermolecular interactions include variants to the standard
Lennard-Jones interaction with

VLJ = 4ǫij

[

(

σij

rij

)n

−
(

σij

rij

)6
]

, (D.2)

where the parametern may be 7, 10, 11, 12 or 18.ǫij andsigmaij are parameters
which have to be set by the user. Other interaction potentials include the Coulomb
interaction (see equation 4.17 and appendix C) and the Buckingham potential [46],
which has the following functional form

VB = aij exp (−bijrij) −
cij

r6
ij

, (D.3)
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whereaij , bij andcij are parameters which have to be set by the user.
Nonbonded interactions are computed in a cell list approach[9] and are trun-

cated after a cutoff radius that is set by the user. The coulomb interaction between
charges and charges, charges and dipoles and dipoles and dipoles may also be
computed in an smooth particle mesh Ewald based approach, where the pair based
interaction is modified and long range contributions are corrected for by a mesh
based approach, see appendix C.

D.4.3 Long range electrostatics

Long range electrostatics in FASTTUBE may be truncated or may be treated with
Ewald summation or Smooth Particle Mesh Ewald (SPME) [90]. For a detailed
description of the Ewald summation technique and the SPME, please refer to ap-
pendix C.

D.5 Time integration

The discretized equations of motion 4.1 are integrated using the leap frog algo-
rithm [130]

v
n+1/2
i = v

n−1/2
i + δtfn

i /mi, (D.4)

rn+1
i = rn

i + δtv
n+1/2
i . (D.5)

The positionsri andvi are computed shifted by half a time stepδt. The forces
fi at timenδt are used to update the velocities at time(n − 1/2)δt and to obtain
the velocities at time(n + 1/2)δt. With these velocities the positions at timenδt
are updated to obtain the positions at time(n + 1)δt. From the positions at time
(n + 1)δt new forces may now be computed. The local integration error is of
O
(

δt3
)

in both, positions and velocities. The leap frog algorithm is an accurate
and simple integration scheme [311].

D.6 SHAKE

.
A description of the standard shake algorithm is provided inchapter 4. Addi-

tionally to the standard SHAKE algorithm FASTTUBEprovides a similar algorithm
to treat constrained angles. Angles are usually constrained using a pseudo bond
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between the two particles that are not bonded. In FASTTUBE , a different approach
is chosen and the angles are directly constrained. The constraint equations 4.18
are reformulated to

cos Θ2
k − cos Θ2

k,0 = Kk = 0, (D.6)

whereΘk is the realization of the angle in constraintk with target valueΘ0. Apart
from the reformulated constraint equation, the algorithm is identical to the one
sketched in chapter 4. Shaking a water molecules in terms of two bonds and an
angle instead of two bonds and a pseudo bond reduces the iterations needed until
convergence of SHAKE by a factor of five. There are several alternate approaches
to SHAKE which are however not implemented in FASTTUBE .

D.7 External baths

Both temperature and pressure usually do not correspond to target values after an
MD simulation setup. The system has to be equilibrated to reach those target val-
ues. FASTTUBE provides the possibility to couple both, pressure and temperature
to an external bath, according to an algorithm presented by Berendsenet al. [25].

D.7.1 Thermostat

Particles or molecules may be coupled to a Berendsen thermostat [25]. Given the
system temperatureT and the reference temperatureT0, the Berendsen thermostat
scales the velocities of the thermostated particles according to

v
t+1/2,′
i = v

t+1/2
i

(

1 +
δt

τT

(

T0

T
− 1

))
1
2

, (D.7)

where the strength of the coupling is determined byτT the characteristic time of
coupling. ForτT = δt the instantaneous temperature corresponds always to the
reference temperature. A weaker coupling is obtained withτT > δt. This results
in the system temperature equilibrating to the target temperature, where the actual
value ofτT determines the speed of this process.

Barostat

The pressure is controlled by coupling the system to an external reservoir [25]. In
a first order approximation, the pressure is inversely proportional to the volume.
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Scaling the volume of the computational domain allows to control the pressureP .
In FASTTUBE the volume is scaled with the factor

s = 1 + ∆t
ξ

τ
(P − P0) , (D.8)

where the ratio of compressibilityξ and coupling timeτ acts as a coupling param-
eter between the pressureP and its reference valueP0.

The computational box may be scaled isotropically in all dimensions with a
scaling factor

s′ = s
1
3 . (D.9)

Alternatively, anisotropic scaling may be considered. There are different ways of
anisotropic scaling:

• Use the trace of the pressure tensor to scale all dimensions independently.

• Couple two dimensions of the pressure tensor and scale them independently
from the third.

• Apply the whole scaling only in one or two dimensions of the computational
box.

When the computational domain is rescaled all particle positions in that dimension
are rescaled, too.

D.8 Initialization and energy minimization

D.8.1 Velocity capping

Initial conditions for molecular dynamics simulations maybe subject to large
stresses and unfavorable configurations. This is usually the case when the van
der Waals radii of two particles overlap. The resulting forces from frustrated ini-
tial conditions may exceed what can be handled with the integrator, presuming
a usual time step. FASTTUBE implements a velocity capping approach to relax
such configurations. If the absolute velocity exceeds a capping value, the veloc-
ity components are rescaled to the capping value. Alternatively, the three velocity
components may also be capped individually.
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D.8.2 Simulated annealing and quenching

In simulated annealing the temperature of a system is constantly reduced, until a
minimum energy configuration is reached. Reducing the temperature corresponds
to reducing the kinetic energy and therefore the velocity ofthe particles in the
system . In FASTTUBE it is possible to rescale the velocities at every timestep with
a constant factor, that is smaller than unity.

This approach can be used as a simulated annealing procedureto a minimum en-
ergy conformation. Usually, scaling factors close to unityare used for this purpose.
Alternatively, this approach can be used to quench the system, i.e. to remove en-
ergy very quickly. When system is quenched, the scaling factor is usually chosen
smaller than in simulated annealing.

D.9 External electrical fields

An external electrical fieldE is imposed on the system by applying an additional
forcefel

i to all charged particlesi with chargeqi

fel
i = qiE. (D.10)

FASTTUBE does not consider an energy contribution for the particles which are
moving in the external electrical field. Simulations subject to an external electrical
field are therefore not energy conserving and have to be thermostated.

D.10 Advanced methods

D.10.1 Collective variables

Collective variables are computed as a function of one or several individual particle
coordinates

σ = sigma (xi) (D.11)

Reaction pathways are usually defined in terms of collectivevariables, i.e. reac-
tion coordinates. A framework to handle collective variables is implemented in
FASTTUBE and a collection of collective variables is available, including for ex-
ample the center of mass distance between two molecules, theradius of gyration,
dihedral angles and more.
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D.10.2 Metadynamics

FASTTUBE comes with an implementation of Metadynamics [183]. A history de-
pendent potential in the space of one or several collective variables promotes the
sampling of configuration space in terms of the collective variables. At the realiza-
tions of collective variables from previous timest′ Gaussian potential contributions
are added to the potential energy landscapeV0 of the system

Veffective = V0 +
∑

t′≤t

We−
|σ(t)−σ(t′)|2

2δs , (D.12)

where the height of the Gaussians isW and their width is determined byδs. The
parameters for a metadynamics run are the height, the width of the Gaussians and
the frequency at which the Gaussians are added. The Gaussianpotentials make
visited points in configuration space energetically less favorable and therefore hin-
der the system to return.

At the end of a metadynamics run, the potential energy landscape may be re-
constructed from the Gaussians. The accuracy depends on theparameters of meta-
dynamics. For a reasonable sampling, the width of the Gaussians should be ap-
proximately a third of the potential wells that should be reconstructed. The height
of the Gaussians determines the resolution of the energy landscape and has to be
determined together with the frequency of sampling, which is mainly determined
by the diffusivity in the sampling space [183, 184].

D.10.3 Generalized steered molecular dynamics

FASTTUBE implements a generalized version of steered molecular dynamics. A
time dependent steering potential is applied to collectivevariables in order to steer
a system along a given reaction coordinate. The method is described in detail in
chapter 5

D.10.4 Generalized restraints

Generalized restraints act on collective variables. A harmonic restraint potential
acts on a collective variable and couples it harmonically toa restraint valueσ0

Vrestraint =
k

2
|σ − σ0|2 (D.13)
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wherek is a coupling constant. Restraint potentials may be one-sided only and
only act if the value of the collective variableσ is larger (or smaller) than a thresh-
old valueσ0. One-sided restraints may be used in metadynamics in order to restrict
the sampling to a zone of interest.

D.11 Biomolecule builder

Biomolecule builder is an auxiliary program that allows to construct topolo-
gies for biomolecules as DNA, RNA and peptides. The program constructs the
biomolecules from their respective building blocks, the nucleotides for RNA and
DNA and amino acids for peptides. The building blocks are geometrically re-
arranged in space and reconnected. RNA and DNA are constructed in a helical
configuration and peptides are stretched along the backbone. Different termini are
available for the peptides. The configurations have to be minimized in configura-
tional energy before they are used for an MD simulation.
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Von Howard Ebron, John P. Ferraris, Jonathan N. Coleman, BogG. Kim,
and Ray H. Baughman. Super-tough carbon-nanotube fibres.Nature,
423:703–703, 2003.

[69] Liem X. Dang. The nonadditive intermolecular potential for water revised.
J. Chem. Phys., 97:2659–2660, 1992.

[70] Liem X. Dang and B. Montgomery Pettitt. A theoretical study of like ion
pairs in solution.J. Phys. Chem., 94:4303–4308, 1990.

[71] Tom Darden, Darrin York, and Lee Pedersen. Particle mesh Ewald: An
N · log N method for Ewald sums in large systems.J. Chem. Phys.,
98(12):10089–10092, 1993.

[72] Bert L. de Groot and Helmut Grubmuüller. Water permeation across bi-
ological membranes: Mechanism and dynamics of aquaporin-1and GlpF.
Science, 294:2353–2357, 2001.

[73] Bert L. de Groot, Peter Tieleman, Peter Pohl, and HelmutGrubm̈uller. Wa-
ter permeation through gramicidin a: Desformylation and the double helix:
A molecular dynamics study.Biophys. J., 82:2934–2942, 2002.

[74] M. J. de Ruijter, T. D. Blake, and J. De Coninck. Dynamic wetting stud-
ies by molecular modeling simulations of droplet spreading. Langmuir,
15:7836–7847, 1999.

[75] Christoph Dellago, Mor M. Naor, and Gerhard Hummer. Proton transport
through water-filled carbon nanotubes.Phys. Rev. Lett., 90(10):105902,
2003. Water-chains and defects inside carbon nanotubes using CPMD.

[76] V. Derycke, R. Martel, J. Appenzeller, and Ph. Avouris.Carbon nanotube
inter- and intramolecular logic gates.Nano Letters, 1(9):453–456, 2001.



200 Bibliography

[77] Hong-Qiang Ding, Naoki Karasawa, and William A. Goddard III. Atomic
level simulations on a million particles: The cell multipole method for
Coulomb and London nonbond interactions.J. Chem. Phys., 97(6):4309–
4315, 1992.

[78] Hong-Qiang Ding, Naoki Karasawa, and William A. Goddard III. The re-
duced cell multipole method for Coulombic interactions in periodic systems
with million-atom unit cells.Chem. Phys. Lett., 196(1–2):6–10, 1992.

[79] Lianghao Ding, Jackie Stilwell, Tingting Zhang, OmeedElboudwarej, Hui-
jian Jiang, John P. Selegue, Patrick A. Cooke, Joe W. Gray, and Fan-
qing Frank Chen. Molecular characterization of the cytotoxic mechanism
of multiwall carbon nanotubes and nano-onions on human skinfibroblast.
Nano Letters, 5(12):2448–2464, 2005.

[80] Paul Adrien Maurice Dirac. Note on exchange phenomena in the thomas
atom.Proc. Camb. Phil. Soc., 26:376, 1930.

[81] Davide Donadio, Paolo Raiteri, and Michele Parrinello. Topological defects
and bulk melting of hexagonal ice.J. Phys. Chem. B, 109(12):5421–5424,
2005.

[82] J. R. Dorfman.An introduction to chaos in nonequilibrium statistical me-
chanics, volume 1. Cambridge University Press, 1999.

[83] C. Douketis, G. Scoles, S. Marchetti, M. Zen, and A. J. Thakkar. In-
termolecular forces via hybrid Hartree-Fock-SCF plus damped dispersion
(HFD) energy calculations. An improved spherical model.J. Chem. Phys.,
76(6):3057–3063, 1982.
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[246] Jośe Ṕerez-Jord́a and A. D. Becke. A density-functional study of van der
Waals forces: rare gas diatomics.Chem. Phys. Lett., 233:134–137, 1995.



216 Bibliography
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