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Zusammenfassung

Diese Dissertation beschéftigt sich mit der Entwicklung einer neuartigen
Simulationsmethode zur Untersuchung von Makromolekiilen in Elektrolytlosungen
mit dem Ziel einer Effizienzsteigerung gegeniiber {iblichen, auf Molekulardynamik
basierenden, Simulationsmethoden. Die zu untersuchenden Makromolekiile sind
in Losung umgeben von Salzionen, wodurch ein komplexes Zusammenspiel von
elektrostatischen und hydrodynamischen Wechselwirkungen die Gleichgewichts- und
Nichtgleichgewichtseigenschaften der Losung bestimmt. Hierbei fordern die Beschreibung
des Losungsmittels als auch der gelosten Salzionen den Grofiteil der Rechenzeit.
Daher ist eine effiziente Modellierung beider Komponenten essentiell fiir die
Leistungsfahigkeit einer Simulationsmethode. Im hier beschriebenen Ansatz wahlen wir
eine vergroberte Darstellung des Losungsmittels und behandeln die Ionen in dynamischer
Molekularfeldnaherung, womit wir effektiv die elektrokinetischen Gleichungen fiir die
Dynamik losen. Somit kombinieren wir Partikel- und Feldbeschreibungen zu einer
Hybridmethode. Der Algorithmus wird umfangreich auf Genauigkeit und Schnelligkeit
getestet und geeignete Einstellungsparameter bestimmt. Daraufhin folgen zwei
Anwendungen. Zuerst widmen wir uns der Untersuchung von geladenen Polymerlésungen
(Polyelektrolyte) unter Scherung zur Bestimmung der viskoelatischen Eigenschaften.
Dabei werden auch rechnerisch aufwendige semiverdiinnte Losungen betrachtet. Danach
untersuchen wir den elektro-osmotischen Fluss auf superhydrophoben Oberflachen, wobei
ein detaillierter Vergleich mit theoretischen Vorhersagen durchgefithrt wird. Hierbei
bestatigt sich, dass eine Optimierung der Oberflachenstruktur die Flussgeschwindigkeit
deutlich erhchen kann, was hinsichtlich mikrofluidischer Anwendungen von grofler
Bedeutung ist.
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Abstract

This thesis deals with the development of a novel simulation technique for macro-
molecules in electrolyte solutions, with the aim of a performance improvement over cur-
rent molecular-dynamics based simulation methods. In solutions containing charged
macromolecules and salt ions, it is the complex interplay of electrotatic interactions and
hydrodynamics that determines the equlibrium and non-equilibrium behavior. How-
ever, the treatment of the solvent and dissolved ions makes up the major part of the
computational effort. Thus an efficient modeling of both components is essential for
the performance of a method. With the novel method we approach the solvent in a
coarse-grained fashion and replace the explicit-ion description by a dynamic mean-field
treatment. Hence we combine particle- and field-based descriptions in a hybrid method
and thereby effectively solve the electrokinetic equations. The developed algorithm is
tested extensively in terms of accuracy and performance, and suitable parameter sets are
determined. As a first applicaton we study charged polymer solutions (polyelectrolytes)
in shear flow with focus on their viscoeleastic properties. Here we also include semidilute
solutions, which are computationally demanding. Secondly we study the electro-osmotic
flow on superhydrophobic surfaces, where we perform a detailed comparison to theoretical
predictions.

v
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INTRODUCTION

Computer simulations of matter can be divided into several categories separated ac-
cording to the length and time scales, ranging from quantum mechanical calculations
of electronic structures up to cosmological simulations of entire galaxies. This study
will focus on the mesoscale of physics, which is found between the macroscopic scale,
which we deal with in every day life, and the atomistic scale, where quantum physical
effects start to set in. Thus it spans length scales of nanometers and micrometers, and
accordingly, time scales of nanoseconds up to microseconds, as illustrated in Figure 0.1.
The description of matter on the mesoscale is rather ambiguous, as both continuum and
particle descriptions are useful, depending on the circumstances. However, the particle
description is usually rather coarse. Thus it is a microscopic macromolecular approach,
i.e. the role of smallest building blocks is not played by atoms, but by molecules. Strictly
speaking this description is also phenomenological, because some parameters have to be
introduced and determined empirically [1]. Nevertheless it allows to explain phenomena
from the macromolecular point of view without the need to know all the microscopic
details.

From a microscopic, bottom-up perspective, we are interested in the behavior of elec-
trolyte solutions, which contain salt ions and solvent particles. Often macromolecules are
additionally dissolved in the solution, which are in the focus of the scientific investiga-
tions. A typical example would be the study of DNA-molecule dynamics in salt solution.
The complex conglomerate of molecules is dominated by long-ranged interactions, namely
the electrostatics and the hydrodynamics. The former are related to the electric charges
carried by ions, and the latter are related to forces transmitted by the motion of sol-
vent. From a macroscopic, top-down perspective, it is the electrokinetic equations that
describe the dynamics of such solutions, leaving out all the particle-details and describing
the constituents as continuous concentration fields.

By combining the two perspectives, we are able to build a hybrid simulation scheme,
where both particle and continuous descriptions come into play. More precisely, we re-
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Figure 0.1: Illustration of the mesoscale, bounded by atomistic and continuum descriptions of
matter.

place the explicit ions in the electrolyte solution by a dynamic mean-field description
of the ion concentration field. Thereby the computational cost for the electrostatics is
largely reduced as all pair-interaction contributions between ions vanish. The drawback
is that this approach also neglects any ion-correlation effects. Though, when considering
high salt concentrations, the importance of pair correlations is largely reduced due to
screening effects. Thus the concept of a mean-field description of ions is particularly ap-
plicable to high salt concentrations, which can be found, for instance, under physiological
conditions. Meanwhile the description of the solvent molecules, as well as of dissolved
macromolecules, is left in the particle frame.

Such a hybrid approach to the description of electrolyte solutions is very promising in
terms of computational efficiency. Even with the nowadays ever-growing computational
capabilities, we are still in need of more efficient methods for simulations of soft materials,
such as biological matter, solutions of polyelectrolytes or colloidal suspensions. The
development of efficient simulation methods is thus an ongoing challenge. In the recent
past several methods have been developed to solve electrokinetic problems. A recent
overview has been published in [2]. In addition, we mention a non-complete list [3, 4, 5,
6, 7, 8, 9, 10], which we will cover at a later point in this study. Many of the presented
simulation methods have their own drawbacks as they make strong approximations to
the interactions. Therefore, depending on the purpose and aim of the study, the right
simulation method will have to be chosen. A few methods also solve the electrokinetic
equations on the mesoscale [11, 12]. However, both methods are based on a lattice
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approach.

As an alternative, in this study we will develop an off-lattice particle-based method to
solve the electrokinetic equations, called in the following the condiff algorithm . As we
will see, the particle description has certain advantages regarding the implementability
of boundaries and macromolecules. Therefore the condiff method is not only readily
applicable to the study of electrolyte solutions, especially in flow situations, but also to
problems that are motivated by molecular biophysics or biotechnology, as biomolecules
are often dissolved in physiological solutions in a geometrical confinement, both in vivo
(cells) and in vitro (i.e. bioanalytical devices) [13, 14, 15].

Outline

This thesis is structured as follows: In the first chapter we will present the theoretical
background required for the development of the algorithm and its applications. The sec-
ond chapter describes the successive construction of the condiff algorithm and discusses
its characteristics. The third chapter is devoted to tests and comparisons, both with re-
gards to accuracy and performance. It concludes with a short summary and outlook for
further implementations. Further details to chapter three are remarked in the appendix.
The first application of the algorithm is presented in chapter four, where we study poly-
electrolyte solutions under shear. Chapter five presents the second application, which is
the electro-osmotic flow on superhydrophobic surfaces. Finally, the main results of this
study will be discussed in the conclusion.

Unit System and Important Quantities/Abbreviations

Throughout this study we will stick to the simulation unit system, sometimes also called
Lennard-Jones units. The length scale is set through the parameter o, which can be
viewed as the typical particle diameter. Generally, we set ¢ = 1. As is customary, the
particle mass m = 1 is set to unity as well, i.e. particle velocities and momenta are equal.
The energy scale is set through ¢ = 1, which sets the interaction strength for excluded-
volume interactions, i.e. is related to the “softness” of particles. The time scales follows
accordingly with 7 = y/m/e.

In this unit system the simulation results are scale independent. A mapping to real
units can be obtained by choosing a model system to be represented. For the length
scale this is usually done through the Bjerrum length, which is unity throughout this
study, too. For instance, the Bjerrum length for water at room temperate (7' = 300K)
is g &~ 0.7nm, which then states that particle diameters are of size ¢ = [ = 0.7nm.

While all quantities and abbreviations throughout this study are explained where they
are defined or used for the first time, in the following we want to list the most frequently
occurring ones:

!The name originates from the convection-diffusion equation that has to be solved.
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Symbol Name Meaning
At time step discrete measure chosen to integrate the
equations of motion
o length scale of the underlying length scale, monomer diameter
WCA repulsion
€ energy scale or depending on context, energy scale of WCA
dielectricity repulsion, or dielectric constant of medium
(here e = 1/(4m))
kgT =1 thermal energy all energies measured in units of kgT'
lp Bjerrum length length scale for electrostatics
K inverse Debye length  thickness of electric double-layer, range of
screening
n shear viscosity
YDPD friction coefficient in
DPD interactions
YL friction coefficient of  determines the slip length
tunable-slip boundary
interactions
b slip length measure for slippage of surface
2B position of the “felt” position of the boundary
hydrodynamic
boundary
cao charge assignment order (# grid points used) of the assignment
order scheme
D diffusivity
N, pseudo-charge amount of pseudo-ions representing one unit
fraction charge (not to be confused with z.)
Ze valency of ions defines the charge unit
L,xL,xL, dimensions of measured in o, either centered to [—L/2, L/2]
simulation box or [0, L]
PB Poisson-Boltzmann approximated theory for electrostatics
EOF electro-osmotic flow flow due to local net charges close to a charged
boundary, induced by an external electric field
DPD Dissipative Particle
Dynamics
counts in profile plots: height of histogram bin
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Specific for Chapter 4

Symbol Name Meaning
c, p concentrations, mostly number densities
densities
R. end-to-end distance measure for polymer conformation
R, radius of gyration
Ry hydrodynamic radius

gyration tensor

bond length
pressure/stress tensor
shear-rate

average distance between connected monomers
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CHAPTER 1

Theoretical Background

1.1 The Electrokinetic Equations

It might seem obvious that an atomistic approach to physics is not applicable to large
scale systems of the size of centimeters to meters, where one would deal with an amount
of particles in the order of magnitude of Avogadro’s constant

Ny = 6.022 10% . (1.1)

But even for systems on the micron and nanoscale the amount of particles is still too
large to allow for a detailed atomistic approach. However, classical physics offers the
approach of continuum mechanics, where particles are no longer the degrees of freedom.
Instead one deals with continuous density fields. The corresponding equations of motion,
can be extracted from the underlying symmetries which result in conservation laws for
certain quantities. In this study we focus on the description of an electrolyte solution,
i.e. a charge-neutral solvent that has some charged species dissolved into it to form a
complex solution. This solution will be the basis for all further systems, where other large
molecules that do not follow a continuum description can be dissolved in the solution as
well.

In order to describe an electrolyte solution in a continuum frame, one needs to ac-
count for three fundamental physical laws, namely the conservation of momentum, the
conservation of mass and/or charge as well as the conservation of energy. The electroki-
netic equations are the manifestation of these fundamental laws, where the degrees of
freedom are the local density fields of solvent py(x,t) and any charged species ¢, p.(x, t),
the local velocity field v(x,t), and the electrostatic potential ®(x,1).

In this mean-field description all cross-correlations between particles and thermal fluc-
tuations are neglected. This is the sacrifice we make by introducing the field description,
which, however, enables the study of large scale systems, where both these effects vanish.
On the other hand the continuum approach is not just limited to the macroscale, but
can in principle be taken down to the microscale and even to the nanoscale, where the

7
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particle-shape of matter starts to become important. We start out by discussing each
part of the electrokinetic equations separately.

1.1.1 The Navier-Stokes Equation

The conservation of momentum leads to a description of the velocity or momentum field
inside the system, mostly dominated by the solvent as it usually is the main part in terms
of mass. The governing equation is called the Navier-Stokes equation and originates in
the description of the local momentum field p(«, t), which obeys a continuity equation

0 0
EriL + 8—%(1%‘%‘) =0 (1.2)

with ¢, 7 = z,y, z and the Einstein summation rule used for j, and v the local velocity
field. The combination p;v; can be seen as the momentum current of orientation ¢ in
direction j. We will make the assumption of a Newtonian fluid, i.e. a fluid with a
proportionality between stress and shear
ov
T X — 1.3
ox (13)

to make up our electrolyte solution. By accounting for all momentum changes the
local mass-density field p can experience, one ends up with the full Navier-Stokes equation
for a Newtonian fluid

PO + oV 0] =V + (V(V - v) = Vp— kT Y 2p.VO (1.4)

which in principle is just a force balance equation with several contributions. In the
case of an electrolyte solution, the total density is built up by the solvent and the ionic
species

P=pst Y pe - (1.5)
The left hand side of Eq. 1.4 can also be reshaped

plow + vV -v] = 0(pv) + V - [pvv] (1.6)

through the continuity equation for the total mass density

op+V-(pv)=0 . (1.7)

With regards to Eq. 1.4, the first and second term on the right hand side are due to
the viscous forces in the liquid, where 7 is the shear viscosity and ( the bulk viscosity
[16]. The second part vanishes in the assumption of an incompressible fluid. The gradient
of the pressure p leads to flow from high pressure to low pressure regions. In principle
p could have a tensorial form. For a Newtonian fluid, however, we assume isotropy and
thus the pressure is only scalar. For an ideal gas it is simply given by the relation
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p=kslp , (1.8)

with kg Boltzmann’s constant and the temperature 7'. The third contribution con-
tains the reduced electrostatic potential ® = [e/kpT]® with the elementary charge e in
the appropriate unit system and the Bjerrum length [, which is the distance at which
the electrostatic interactions become comparable to the thermal energy, and thus is a
measure for the relative strength of the electrostatics

e2

B ArekgT

Only the charged ion species contribute to the last term, weighted with their valency
Z.. Thus this term describes the convection of the fluid due to electrostatic forces onto
its charged components.

For the case of an incompressible fluid, i.e.

(1.9)

D
5P =0V w=0, (1.10)

and sufficiently low Reynolds numbers, i.e. laminar flow, the Navier-Stokes equation
reduces to the Stokes equation

0=nVv-Vp+F |, (1.11)

where F' stands representative for any kind of driving force of external nature or,
as in this case, of internal nature due to electrostatic interactions. The assumption of
incompressibility is reasonable for liquids such as water, while the assumption of laminar
flow holds for most situations on the mesoscale. In section 1.1.4 we will discuss the
Reynolds number, which quantifies whether the assumption of laminar flow is correct.

1.1.2 The Convection-Diffusion Equation

The laws of mass and charge conservation lead to a description of mass/charge trans-
port, where there are basically two governing processes involved, namely convection and
diffusion. If there are different ionic species ¢, each of them is related to a conserved
quantity, which is the integral of the density, i.e. the total charge of this species Q).

Qc:/dvchc(r> . (112)

Here z. is the valency of the ions which can differ from unity. As conservation also
must hold locally, there is a continuity equation for the corresponding current j,.

The current now is composed of three parts, which have to do with the local influence
on the density
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Je = pov— DN p, — ZCDCpCV(i) ) (1.14)

Inserting 1.14 into 1.13, one arrives at the convection-diffusion equation for charged
species

op.=-V - |pv—D.NVp.— chc,oCV(i)] ) (1.15)

In this context it is also called the Nernst-Planck equation. The first term on the rhs.
is the motion due to the local flow of solvent. This is called convection, or sometimes also
advection, depending on the context. The second term arises from the fact that dissolved
ions undergo Brownian motion due to the random collisions with solvent molecules. From
a macroscopic view the term also corresponds to Fick’s law of diffusion, where D, is the
diffusivity and the negative gradient ensures that the net transport is from regions of
higher concentration to ones of lower concentration. D, is also directly related to the
mobility of ions in the particle-frame through the Einstein relation

J— DC
 kgT

The third term describes a migration of ions due to the electrostatic interactions
between the charged species, hence the valency z. and the electrostatic potential ® in the
reduced form. Similarly to the diffusive term, D, appears in the electrostatic contribution,
as the particles try to escape from regions of high electric field. Thus in total, the model
depends only on one kinetic parameter. Once the fluid reaches equilibrium, i.e. 9;p. =0
and v = 0, the ionic species remain in a Boltzmann distribution

e (1.16)

o~ e (1.17)

If the relaxation of p. is infinitely fast on the considered time scale, then this holds
true even in non-equilibrium situations in the so-called adiabatic limit. The relative flow-
field strength with respect to temperature and diffusivity determines which of the two
mechanisms, convection or diffusion, dominates the movement. Here the Péclet number
comes into play, which is also described in section 1.1.4.

1.1.3 The Poisson Equation

As we are dealing with classical matter in a limited velocity range much smaller then
the speed of light v < ¢, all electromagnetic interactions reduce to electrostatics, so
that a description by the full Maxwell equations becomes obsolete. For electrostatics,
the Poisson Equation is the basic equation that relates the electrostatic potential to the
distribution of charge in space

V2 = —Anlp (Z ZePe + 0) : (1.18)
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Here, o represents the charge of additional objects such as boundaries or macro-
molecules. On top of that, an external potential could be applied as well, which simply
adds up in a linear fashion. Combined with the equilibrium version of the convection-
diffusion equation (Eq. 1.17), one obtains the Poisson-Boltzmann equation described
in chapter 1.2. Here and in the remainder of this study, we assume a homogeneous
background with a constant dielectricity €, which in our unit system is set to be

1
T ar

As our simulations mostly refer to aqueous solutions, it is worth mentioning that the
dielectric constant in water is rather high ¢ ~ 80, which becomes crucial when dealing
with interfaces, where image charge effects occur.

5 (1.19)

1.1.4 Hydrodynamic Numbers

In principle there is a rich variety of different hydrodynamic behavior, which can be
categorized into several regimes by a set of dimensionless numbers. Here we want to
briefly discuss the most important ones in the context of this study.

Reynolds Number Re

The Reynolds number Re describes the ratio between inertial forces and viscous forces
on a characteristic length scale L

_ plo

n
Here v is the average velocity in the fluid. With the Reynolds number one can distin-
guish between turbulent and laminar flow. For our purposes, almost all flow phenomena
can be viewed as laminar, i.e. Re < 1. This reduces the complexity of the Navier-Stokes
equation.

Re (1.20)

Schmidt Number Sc

The Schmidt number Sc defines the ratio of momentum diffusivity and mass diffusivity

Ui

Sc = D (1.21)
where often one uses the kinematic viscosity v = 1/p. Thus the Schmidt number gives
information about how fast the flow reaction is spread compared to the average particle
movement. The Schmidt number for gases is much lower than for liquids. Physical values
range from 1 for gases, i.e. momentum and particles themselves are transported with
the same speed, to 1,000-10,000 for liquids, where transport of momentum is happening
much faster than that of mass. An illustrative example would be a sea wave, where the
average water molecule does not move much while the momentum transport is visible

through the wave pattern.
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Péclet Number Pe

The Péclet number is the product of Re and Sc

VL
Pe = S 1.22
e = ReSc D ( )

and states the relative importance of convection to diffusion for mass transport. Pe
can be used to quantify shear flow, where the shear velocity is competing with diffusive
motion. Thus the low Péclet-number regime, Pe < 1, is dominated by Brownian mo-
tion/ diffusion, while the regime Pe > 1 is dominated by hydrodynamic interactions/
convection.

Knudsen Number Kn

Another hydrodynamic number is the Knudsen number

Kn=2 | (1.23)

which gives information about the relative mean free path A of a fluid particle on the
typical length scale L before collision, i.e. it tells something about whether continuum
models or particle models can be used to describe the fluid. Thus it also gives information
about the applicability of the Navier-Stokes equation to describe a solvent, where Kn < 1.

Mach Number Ma

Furthermore there is the Mach number,

Ma = — (1.24)

Cs

which relates the typical velocity to the speed of sound of the fluid, i.e. stating how
fast particles move according to the disturbance that they produce.

1.2 Poisson-Boltzmann Theory

A very common approximation made to the electrokinetic equations leads to a combina-
tion of the convection-diffusion equation and the Poisson equation in a single relation for
the ion distribution. If we consider the system to be in total equilibrium, the following
must hold true

Ope = 0 (1.25)
je = 0 (1.26)
v = 0 . (1.27)
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The last condition may not be totally necessary, if we assume an adiabatic behavior
of the ions. As mentioned earlier, this would mean that the ion species have a separated
time scale from the solvent and the overall velocity v, so that they relax in principle
infinitely fast to their equilibrium distribution. With these assumptions the convection-
diffusion equation (1.15) reduces to two terms and we write it together with the Poisson
equation

0 = Vpc—i—chcV(i) (1.28)

V2 = —drlg (chchra) . (1.29)

Eq. 1.28 can be integrated to obtain the equilibrium ion distribution

pe(a) = poce @, (1.30)

and can then be inserted into Eq. 1.29 to obtain the Poisson-Boltzmann (PB) equation

[

V20(x) = —4rlg <Z ZePoc exp(—z.P(x) + 0) : (1.31)

Its name originates from the fact that Eq. 1.30 is a Boltzmann distribution (note that
kgT is hidden in the definition of @) Poc 18 the constant concentration of ion species ¢
in the limit of zero potential, which is mostly taken to be in infinite distance.

The PB theory is a commonly used approximation in biophysical calculations, such
as for protein structures as well as in self-consistent field theory approaches to polymer
systems and similar problems. While it appears reasonable to use this approach for
equilibrium situations, it can also be applied to non-equilibrium situations, e.g. driven
systems, as long as the essential assumption holds true that the ions relax infinitely fast
to their equilibrium distribution, whenever being disturbed. One such application is the
electro-osmotic flow in simple geometries such as a slit channel, as described in section 3.2.
Here the convective transport of the ions is not affecting the equilibrium distributions.
However, in more complex geometries the assumption may not hold, as the convective
transport can lead to nontrivial effects [17]. For such cases, where the Poisson-Boltzmann
theory breaks down, a more sophisticated approach, called the Poisson-Nernst-Planck
(PNP) model, is available [18, 19], where the divergence of the full current density in the
convection-diffusion equation is taken into account.

1.2.1 Debye-Hiickel Approximation

The PB equation is a non-linear equation and is only solvable analytically for simple
cases, e.g. counterions only, and simple geometries such as under a cylinder or plane
symmetry. Most other cases have to be studied with numerical methods. However, the
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equation may be linearized by expanding the exponential term and leaving out terms of
quadratic and higher order in the potential ®, resulting in

V20 — k20 =0 (1.32)

the Debye-Hiickel approximation [20] with x being the inverse Debye screening length

K= 4rlp Y (2)°p (1.33)

[

Ap = KU (1.34)

The idea behind the screening length Ap is that the interaction of a distant charge
with a local charge may be screened out by some neighboring charges. The screening
length then gives a length scale for which the exponential screening effect reaches 1/e,
which originates from the exponential form of the potential, for instance around a single
test charge in the origin

exp(—kr)

d(r) = d, (1.35)

r

As Eq. 1.33 indicates, the screening effect increases with the electrolyte concentration.
Also the valency of the ions is of large importance, as it enters quadratically. While the
Debye-Hiickel theory is only valid in a limited regime of low concentrations, the intrinsic
idea of local screening is more generally valid and thus the Debye-Hiickel approach can be
carried over to higher concentrations by replacing A\p with an effective surface screening
length, e.g. calculated from the local ion distributions close to a charged surface [21].
The Debye-Hiickel theory is a widely used approximation as the linear character makes it
analytically easy to handle. Also, due to the exponential decay of the resulting Yukawa-
like potential, one can introduce a local cutoff for the interaction range, which makes the
potential easily implementable into particle-based numerical simulations like Brownian
dynamics, Monte-Carlo or molecular dynamics.

1.2.2 The Picture of the Double Layer

When a solute is brought into the solution, it usually obtains a surface charge o, as
counterions get dissolved into the solution. This holds true for surfaces as well as col-
loidal particles or polyelectrolytes. Larger objects such as the former two will then be
surrounded by a layer of the oppositely charged counterions as they are attracted, while
ions of the same charge (coions) are repelled. Thus the ions distribute themselves in a
layering structure, called the electric double layer [22]. This double layer contains a net
amount of counterions that neutralizes the surface charge of the macro object. The end of
the double layer is more or less defined through the Debye length \p, from where on the
screening takes over. Figure 1.1 illustrates the layering adjacent to a charged boundary
and a large spherical object such as a colloidal particle.
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Stern layer  diffuse layer - T =<

surface layer

Figure 1.1: Illustration of the electric double layer and its separation into surface, Stern and
Gouy-Chapman (diffuse) layer for a charged surface and a charged spherical object.

In the case of a strongly charged double layer, one can separate the solution part into
two layers itself. The first layer of counterions which is directly adjacent to the boundary
is then also called the Stern layer. These counterions are relatively firmly bound to the
surface through the electrostatic attraction. Therefore they even stick to it in the case of
shear flow. Further apart from the surface, thermal fluctuations result in a rather diffuse
layering of ions than a clear separation. This area is called the Gouy-Chapman diffuse
layer.

It is important to note that inside the double layer there is no charge neutrality, which
is the origin for effects such as the electro-osmotic flow, where an external electric field

can locally cause a net motion of fluid, which can then propagate further into the bulk
fluid.

1.2.3 The Screening Effect

While the electrostatic interaction in principle has a long-range character due to its 1/r
dependence, the screening effect of charges by neighboring charges can be quite large.
This especially holds true for high salt concentrations. For instance one finds that under
physiological conditions, i.e. salt concentrations of ~ 0.1M!, the screening length is
around 1nm, which is comparable to the size of short polymers and a fair bit smaller
than colloidal particles. Thus especially in biologically related problems, one often deals
with strong screening effects.

One major effect of screening is that it reduces the cross-correlations of individual ions.
For the case of monovalent ions they may even be disregarded, which is the underlying
assumption of the method described in this work. However, it is important to note that
for multivalent ions this is usually not the case (see [23, 24] and references therein). Thus
the method is limited to monovalent charges only.

L An example for physiological conditions with a monovalent salt: NaCl 0.9%, 154mmol/1 or p = 0.03
in simulation units if g = 1.
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1.3 Molecular Dynamics Simulations

Since its development in the late 1950s [25], molecular dynamics (MD) has been a very
successful approach to computer simulations of soft condensed matter and is now a widely
used tool [26, 27], similarly popular as Monte Carlo methods [28]. The idea behind
MD is to solve Newton’s equations of motion for every single particle in the system by
discretizing time into time steps At and calculating the necessary interparticle forces at
each time step to obtain the velocities and positions. The main characteristic of MD is
that it is a deterministic approach. Somewhat competing with Monte-Carlo simulations
and Brownian dynamics, it has the benefit that it generates trajectories with a physical
meaning such that the actual dynamics of the system can be studied. Monte-Carlo does
not allow this and Brownian dynamics works in the overdamped limit, i.e. neglecting all
inertia terms in the equations of motion and instead introducing diffusive behavior.

1.3.1 Integration Schemes

The simplest form of an algorithm to solve Newton’s equations of motion is the Fuler
method, which is of first order but does not meet the required accuracy. The most
commonly used algorithms are of second-order and belong to the Verlet or Leap-Frog
type. Both are algebraically equal, however, have a slightly different structure [29].
An improvement over the Verlet scheme is the velocity Verlet scheme, where calculated
velocities and positions are no longer shifted by half a time step A¢/2. In line with the
velocity Verlet algorithm, in this work we will use a modified Leap-Frog scheme, where
both velocities and coordinates are obtained at the same time [29].

1. Step: v(t+ 1At = v(t) + 3Ata(t)
...calculate forces...

2. Step: v(t+ At) = v(t+ 1AL + LAta(t + At)
r(t + At) r(t) + Ato(t + At)

1.3.2 MD at Constant Temperature

The classical MD works in the microcanonical (N,V,E) ensemble, i.e. the energy is a
conserved quantity. While MD is being used for classical atomistic simulations, it is also
the basis for more coarse-grained approaches to the simulation of matter, where larger
molecules play the role of particles. Also, on these length scales thermal fluctuations start
to play a role. Their origin will be described later on. Thirdly, situations of experimental
interest are rather not to be found in the microcanonical ensemble, but in the canonical
(N,V,T) ensemble, where a constant temperature is established by the coupling to a heat
bath. In principle this heat bath is just the exterior of the system under study?. The

2Note that in coarse-grained models the thermostat also stands for the possibility of heat transfer to
the fast, neglected degrees of freedom.
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thermostat function can be introduced into the MD algorithm, which, however, destroys
the trajectory interpretation mentioned earlier due to the random fluctuations it involves.
In chapter 2.2 we will discuss the dissipative particle dynamics as our method of choice,
which includes the thermostat character and thus shifts the simulation to the (N,V,T)
ensemble.

1.3.3 ESPResSo

The simulation software package ESPResSo (Extensible Simulation Package for Research
on Soft matter)? is a versatile tool for simulations of mesoscopic systems such as colloidal
suspensions or polymer solutions. Since its release [30] many new features have been
included and the package is still growing. In the context of this study ESPResSo has
been used not only as a comparison tool, but also as the performance reference. The
electrostatics part of the condiff algorithm is based mainly on the P3M algorithm as it
is implemented in ESPResSo.

1.4 Coarse-grained Models

Simulation methods such as dissipative particle dynamics and lattice-Boltzmann, both
to be described in chapter 2.1, belong to the so-called bottom-up approaches, where
one starts with the microscopic picture of matter consisting of particles, i.e. atoms and
molecules, and then tries to simplify the model as much as possible while conserving the
important features. This concept is called coarse-graining and has been widely used in
the study of soft matter and fluid mechanics.

We consider the case of a macromolecule, i.e. a molecule that consists of a large
amount of particles (atoms). The corresponding length and time scales for the single
particles are typically much smaller than the scales important for the dynamics of the
entire macromolecule, i.e. their singular motion is much faster and results in much
smaller effects on its neighbors than the combined effect on the whole molecule. But it
is essentially this combined effect that matters for the dynamics of the macromolecule.
Thus by reducing the description to the corresponding length and time scale, one omits
out the unnecessary and computationally demanding single-particle details. Prominent
examples, where this holds true are large polymers such as DNA, colloidal particles and
sometimes also proteins. Therefore coarse-grained models have been developed to replace
the unnecessary parts of the molecules. Many times these are simple bead-string models
as in the case of polymers. It is a first step to a computationally more efficient scheme
of representation.

Similar to the idea behind coarse-grained macromolecules, the solvent itself falls vic-
tim to such a thinking as well. Already from a computational point of view it makes
sense to reduce the solvent to an efficient model. Usually the situation is such that it
involves orders of magnitude more solvent particles than the particles of actual interest.

3http://espressomd.org/
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Figure 1.2: Illustration of the concept of coarse graining, modeling a larger molecule as a chain
of connected beads.

In chapter 2.1 we will deal with coarse-grained approaches to modeling a solvent in more
detail.

Coming back to the idea of separated time scales for the single particles, larger objects
and the very large objects such as colloidal particles, coarse-grained models in way can
be viewed as "telescoping down” the time scale differences, such that all time scales close
ranks to make the longest ones feasible to reach in the computation. Later on, one can
map the results back to the proper time and length scales, to compare with experiments,
however, requiring more than one mapping norm due to the original time scale difference.

As successful and popular as coarse-grained models are in the scientific community,
they, however, most often come with a drawback. Due to the simplified approach, there
are certain quantities of the original model that cannot be recovered with the coarse-
grained one. Thus, when developing a new model one has to account for the important
properties of the underlying system and check for consistency. One has a responsibility
to ensure that non-reproducible properties have no impact on the studied phenomena.

1.5 Polymer and Polyelectrolyte Theory

In the last chapter we introduced the concept of coarse-graining to macromolecules.
Many such macromolecules are in fact polymers, which are of wide interest due to many
applications in industry and pharmaceutics, their appearance in nature and their multi-
faceted and interesting physical behavior. A polymer is a large molecule built up by a
series of identical blocks that are called monomers. These monomers usually consist of
carbohydrate groups. The symmetric structure of a polymer is also the foundation of the
theoretical description. The length of the polymer in terms of monomers is also called
the degree of polymerization. While in principle many polymers can form branches, in
this study we will focus on linear polymers.

The behavior of polymers can be quite nontrivial and all sorts of properties can be
achieved by the combination of different polymers in mixtures. The interest in polymer
science is ubiquitous and research areas encompass prominent fields such as polymer
melts and glasses, block copolymers, polymer brushes and polymer coating of surfaces
and colloidal particles, and so on.
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If we now take a coarse-grained view on the polymer, a monomer is just a bead and
the whole polymer thus becomes a chain of beads, connected by some potential spring.
This bead-spring model is one of the most commonly used description of polymers and
polyelectrolytes in coarse-grained simulations.

1.5.1 1Ideal Chains

We start out with a simple ideal chain model, where all monomers are freely jointed to a
chain with a fixed bond length b and no interactions. Another interpretation is that the
chain is built up of so-called Kuhn segments of size b. The end-to-end vector, a measure
for the conformation of the polymer, can be calculated by

N-1
.R6 =TrNy —T1 = Z bz s (136)
i=1

for a polymer chain of N monomers. An important feature of this model is that
different bond vectors are uncorrelated

(bi b;)=0 ,i#j . (1.37)

One might ask for the scaling of the end-to-end vector with the degree of polymer-
ization, which can be expressed as

R, = /< R2>=0b(N-1)"/* . (1.38)

Thus the end-to-end distance scales with N to the power 1/2, which means that the
polymer is an object of fractal dimension 2. Here this model shows its direct relation to
Brownian motion, as it essentially represents a random walk in space. The same scaling
relation holds also for other models, as long as the assumption of uncorrelated bond
vectors is valid. Another quantity to measure the polymer conformation is the radius of
gyration

N

2 1 2
Ry =+ > (ri—Tem) (1.39)

i=1

with 7o, = 1/N Zfil r; the center of mass. R, in principle shows the same scaling
as the end-to-end distance R.. It is related to the description of the inertia in analyt-
ical mechanics. Experimentally, the R, of a polymer can be measured by static light
scattering.

Up to now the ideal chain model did not mention how the chain segments are con-
nected with each other. A more detailed description is the already mentioned bead-spring
model, also called Rouse model. Here the chain is built up of identical beads connected
by springs following a harmonic potential.
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1.5.2 Real Chains

In ideal chains the segments are able to penetrate each other. Thus for real chains there
must be a mechanism to avoid interpenetration. Essentially, when parts of a polymer
come too close, they will repel each other. This is called the excluded volume effect and
serves to give every bead a certain size. The primary result is that the polymer chain
starts to swell. Thus new scaling relations come into play

R ~ (N-1)* (1.40)
R? ~ (N—-1)* | (1.41)

g

where v is the scaling exponent. The calculation of v is possible in the framework of
renormalization group theory and leads to v = 0.588 [31]. The original result obtained
by Flory with a much simpler approach, v = 3/5, differs only slightly from that [32].

Solvent Conditions

Polymers can usually be found in solution. But so far we have neglected any solvent
effects on the polymer, which equals the assumption of a good solvent, i.e. the beads
like to be surrounded by solvent. But depending on the solvent conditions, the poly-
mer can actually behave as if no excluded-volume effects are present, which is called the
O-condition. Bad solvent conditions can even lead to a collapse of polymer chains to a
globule structure. Other conformations observed under bad solvent conditions include
so-called pearl-necklace structures of charged polymers. They result from the optimiza-
tion of both the electrostatic repulsion between charged monomers and the short-ranged
attraction of monomers due to the poor solvent condition [33, 34].

1.5.3 Semi-flexible Models

The model of real chains as described above results in a fully flexible polymer, where
the bond vectors in principle are still uncorrelated. In nature, however, there are some
polymers that do not show this flexibility but are rather stiff. A prominent example is
double-stranded DNA, which is much stiffer than its single-stranded counterpart. An
additional interaction taking into account the bond angles has to be included to model
such polymers. The bond vectors thus are no longer uncorrelated. In the framework of
the ideal chain, the freely-jointed segment model is usually replaced by the worm-like
chain to describe the not-fully flexible polymer. For very long polymers on the other
hand, one might simply try rescaling to larger segments of the chain, such that the new
bond vectors are of uncorrelated nature. As a result a semi-flexible polymer has Kuhn
segments that are accordingly larger and thus incorporate various monomers. A useful
definition in this context is the persistence length of the polymer, which is set to be half
the Kuhn length.
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1.5.4 Dynamics of Single Polymer Chains

Before stating the chain dynamics as a whole, we start out with the movement of a single
bead in solution. The diffusive motion of a single bead in time t is given by

([r(t) —r(0)]) = 6Dyt (1.42)

with the single particle diffusion constant Dy. The average is taken over several
random walks. Dy is related through the Einstein relation

Dy = k;?T
0

with the friction coefficient (y, which can be identified through the Stokes law for the
friction of a spherical object. There are two possibilities for the friction, namely either a
sticky boundary, (; = 67na or a full-slip boundary, (y = 4mna. Here a is the bead radius
and 7 the solvent viscosity.

(1.43)

Chain Diffusion

The dynamics of a whole chain is a little more complicated than that. In principle it can
be divided into two regimes.

The first one is the Rouse regime. In this model all long range interactions between
beads are either neglected or screened. Thus the friction of the polymer chain is just the
summed up friction of all single monomers. This results in a 1/N scaling for the chain
diffusion coefficient

kT
N

The second one is called the Zimm regime, which implies that hydrodynamic inter-
actions are not negligible. In principle, hydrodynamic interactions can be screened in
certain situations, such as for dense polymer concentrations. But in dilute solutions
they certainly play an important role. In this model the polymer moves as a whole,
approximated by a sphere of radius R}, the hydrodynamic radius

1 11
ﬁzr_] , (1.45)

itj Y

Drouse(V) (1.44)

Ry =

with r;; = |r; — r;|. Similar to R, and R, it also fulfills a scaling relation

Ru(N) ~ bN" . (1.46)

The hydrodynamic radius can experimentally be determined by dynamic light scat-
tering. Like for the single bead diffusion, one again can use the Stokes law and set R}, as
the sphere radius leading to a diffusion coefficient
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kgT

Dzimm(N) =~ W

(1.47)

1.5.5 Polyelectrolytes

Polyelectrolytes are polymer molecules with ionizable groups. In aqueous solutions these
groups can release counterions, depending on the pH of the solution, which results in
a net charge of the molecule. Therefore polyelectrolytes are also referred to as charged
polymers. Common polyelectrolytes include DNA, RNA, polystyrene sulfonate, and poly-
acrylic acid. The long-ranged electrostatic interactions between monomers lead to a large
deviation from the usual polymer behavior [35]. The most obvious change resulting from
the charges is that due to the electrostatic repulsion the molecule takes much more ex-
tended conformations. Likewise, the electrostatic interactions with beads of other chains
result in different properties of polyelectrolyte solutions.

Polyelectrolyte bead-spring models need an additional parameter, which sets the
amount of charged and uncharged beads in the chain by defining the distance of a
charged bead to the next one. In this study we will only focus on chains, where ev-
ery bead is charged identically. As the simplest possible model, it might also be seen as
a more coarse-grained representation of any model with higher distance between charged
monomers in the chain.

We start out with a single polyelectrolyte chain without any counterions. In compar-
ison to the neutral counterpart, the charge on the monomers leads to a swelling of the
chain due to additional repulsion. Hence the Flory exponent of v = 0.588 for the scaling
is no longer valid. In fact the scaling relation without any screening by counterions is
simply

Rejgin~ N . (1.48)

Effect of Counterions

The counterions play an important role in the behavior of polyelectrolytes. Their main
function is to screen the electrostatic repulsion between different beads, which can reduce
the swelling effect. Depending on their behavior, we can distinguish between condensed
counterions and free counterions [36, 37, 38, 39]. We speak of condensation for those
counterions that stick closely to the polyelectrolyte chain, and are only dragged away for
high shear forces or flow rates, similar to the definition of the Stern layer (see chapter
1.2.2). The reason why counterions condensate is that they minimize the free energy by
balancing out entropy and the electrostatic interactions. A criterion for the condensa-
tion is given by the Manning parameter (y; = Ip/b with Bjerrum length Iz and b the
distance between two charged monomers in a polymer. for (3, < 1 the system is entropy
dominated, for () > 1 it is energy dominated. While in the first case the counterions
try to maximize entropy by being free, in the latter case they try to make the interac-
tions favorable, resulting in condensation. Counterion condensation has also been studied
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within the Poisson-Boltzmann theory [40, 41, 23]. In simulations a counterion is usually
considered as condensed, if it is found within a certain distance to any bead of the chain
[42, 43]. Depending on the relative strength of electrostatic interactions, the counterions
can lead to a variety of conformations, from a total collapse of the chain to an almost
perfectly swollen state.

Whether the Rouse regime or the Zimm regime is applicable to the polyelectrolytes,
depends on the interplay of electrostatic and hydrodynamic interactions. While it is
certainly computationally more favorable to neglect hydrodynamic interactions in simu-
lations, people have also argued that for polyelectrolytes the Rouse model is applicable
for dilute solutions (and semidilute as well) as the electrostatic interactions somewhat
resemble the main effects of hydrodynamic interactions [44]. In this study, however, we
include both interactions as the developed method is specifically designed for the in-
terplay of electrostatics and hydrodynamics, improving the simulation performance in
particular for high (poly)electrolyte concentrations.

1.5.6 Polymer and Polyelectrolyte Solutions

So far we have focused on single polymer or polyelectrolyte chains in solution and the
intra-chain effects. While this can be considered the infinitely dilute limit, most applica-
tions require a look into more concentrated systems, where in fact the inter-chain effects
can play an important role. Polymer solutions can in principle be divided into regimes of
different concentrations. In the dilute regime the single polymers mostly act undisturbed
by their neighboring chains. Increasing the polymer concentration further, one reaches
the overlap concentration ¢*, which can be defined through the radius of gyration [45, 46]

1
F= (1.49)
3R,

which states that every polymer only has a volume of the size of a sphere with radius
R, available for itself. A similar definition can include the end-to-end distance instead.
From this point on, the inter-chain interactions start to become similar in strength to the
intra-chain interactions, leading to a different behavior of the solution. The corresponding
concentration regime is called semidilute.

When going even further, one reaches the concentrated regime, where fluctuations be-
gin to decrease and mean-field theoretical descriptions become applicable [46]. An even
further increase of polymer concentration finally leads to polymer melts. All mentioned
regimes are, however, not sharply separated from each other. More accurately there is
a transition from one regime to another by increasing the concentration. An important
difference between neutral and charged polymers is that due to the extensional confor-
mations of the latter the crossover to the semidilute regime is reached at much lower
concentrations [47]. If we consider a strongly charged chain in a salt-free solution, we can
estimate that the chains will be fully stretched, i.e. R, =~ bN with the segment length b.
Inserting this information leads to a scaling of ¢* with the chain length N of
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b PNT? (1.50)

For uncharged polymers the stretching is not as pronounced, such that the end-to-end
distance scales weaker and the overlap density results in

Lo bBNTY2 (1.51)

which is much weaker than the scaling for charged chains. Therefore the semidilute
regime is reached much earlier for polyelectrolytes than for neutral polymers when in-
creasing the density. The N~2 scaling is also verified experimentally over a broad range
of chain lengths [48]. Reversely, the crossover to the entangled or concentrated regime
appears 3-4 decades over ¢* for polyelectrolytes and only one decade over c¢* for neutral
polymers. Thus the semidilute regime for polyelectrolytes is much wider. This puts even
more emphasis on the importance of understanding semidilute polyelectrolyte solutions.

*
Cneutra

Semidilute Solutions

Inside a semidilute polyelectrolyte solution, the correlation length £ can be used to sepa-
rate the length scales. Illustratively, £ plays the role of the average mesh size the polymers
built up. It also defines the length scale on which the screening of electrostatic interaction
starts [49] and can be estimated by

Eocc V2 (1.52)

Outside the correlation-length volume, the chain appears Gaussian with ¢ playing
the role of an effective persistence length due to the screening. The osmotic pressure in
the solution is dominated by the counterions, where it decreases with concentration for
dilute solutions, and increases again for semidilute solutions.

Dynamics

A general observation is that an increase in polyelectrolyte concentration leads to an
increase of the viscosity of the solution in the form

n o /e (1.53)

which is called the empirical Fuoss law. This relation is valid over a surprisingly wide

range of ¢ [49]. Neutral polymers show a much different behavior, where the viscosity
shows a linear dependence in the dilute regime and a dependence

nocch? (1.54)

neutral
in the semidilute regime [50]. The strong deviation of charged polymers from this
behavior can be explained by the coupling of electrostatic interactions with conforma-
tional behavior. In addition the stress relaxation time for polyelectrolytes decreases with
concentration, i.e. the chains relax faster to their equilibrium conformation for higher
concentrations.
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Addition of Salt

The salt concentration in the solution largely determines the screening of electrostatic
interactions. In a simple model, the Debye length can be seen as the distance from which
on the electrostatics decay exponentially and thus are screened. For smaller distances,
however, the full electrostatics apply. For the intra-chain interactions the screening leads
to a decrease of the swelling, as the persistence length becomes smaller and thus the
polymer conformation changes accordingly. In the high salt limit the behavior of poly-
electrolytes resembles more and more that of neutral chains.

Salt can also have larger impacts, as multivalent ions lead to a strong condensation
effect and thus can lead to a collapse of the polyelectrolyte chain. For semidilute solutions
multivalent ions can act as crosslinks to form a polymer network and thus can introduce
gelation effects [49]. These are effects that cannot be studied with mean-field descriptions
such as used in this study, as multivalent ions go hand in hand with cross-correlations.

1.5.7 Other Quantities

The behavior of polymers and polyelectrolytes can also be characterized by some other
quantities, which we mention briefly below. For instance we can calculate the spherically
averaged form factor of a single chain in the fashion

s= L sinthry) (1.55)

which can then be averaged over all chains and configurations. The gyration tensor
G is of certain interest whenever dealing with non-isotropic geometries. The component
a, b of the tensor can be calculated in the following fashion

1 ) .
Gar = 7 218 = 1) (o) ™) (1.56)

where 7(°™ is again the center-of-mass of the polymer chain. G is a useful tool
to resolve the extension of polymers in certain directions and their correlations. The
longest relaxation time 7y of a polymer chain gives insight about the intrinsic time scale
the polymer motion appears on and is necessary to determine correlations of data series
as well as comparing to the overall time scale. It can be determined, for instance, by
calculating the end-to-end distance autocorrelation function

(Re(t)Re(t + At)) (1.57)

which usually follows an exponential decay trend with a characteristic 1/e decay time
To. The longest relaxation time directly enters the Weissenberg number Wi to quantify
shear flow for polymers (see section 1.6.2).
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1.5.8 Simulation of Bead-Spring Chains

The bead-spring model for polymers requires a choice of interactions for its representa-
tion. The excluded volume effect can be modeled by a Weeks Chandler Anderson (WCA)

potential [51]
o 12 o 6
VWCA('I"Z']') = 4¢ [(-) — (—) + 0.25
Tij Tij

with r;; the interparticle distance. The WCA potential is just a purely repulsive
version of a Lennard-Jones potential that is shifted and truncated in the minimum such
that both the potential and the force are continuous at the cutoff. This leads to a bead
diameter of about 1o. The effect of a poor solvent can be modeled by shifting back to a
Lennard-Jones potential with attractive part, such that the beads start to agglomerate.

The bonding of beads is usually modeled by either of the two following interactions.
A harmonic spring has a potential of the form

(1.58)

1
Vharm(rij) = _§K(Tij - 7”0)2 (1-59>

with two parameters. K is the spring constant which determines the stiffness of the
bond and ry is the equilibrium distance. When used in combination with the WCA
repulsion, 7y can be omitted as there will be another equilibrium distance set up by the
interplay of the harmonic attraction and the WCA repulsion.

The second choice is the FENE (finite extensible nonlinear elastic) bond

Vipng (ri;) = —%K(Armxf log {1 - (7’ — TO)} (1.60)

Arpax

with three parameters. Again K stands for the bond strength and 7, plays the role
of the equilibrium distance. Additionally the parameter Ar,.. leads to a divergence of
the potential at rg — Arpax and rg + Arpa, such that the contraction and extension can
only be finite. In this sense the FENE bond has a certain advantage over the harmonic
bond, which in principle can be stretched infinitely. Such a behavior would be highly
unphysical. However, when Taylor expanded around r(, it becomes apparent that the
FENE potential resembles the harmonic potential in close vicinity of ry. Thus for most
applications both bonds are suitable, as long as the parameters are chosen appropriately.
Furthermore the combination of bond parameters and WCA repulsion has to prohibit
chain crossing, i.e. the beads must be bonded closely enough.

1.6 Rheology

In section 1.1.1 we discussed the Navier-Stokes equation for a Newtonian fluid with
constant shear viscosity n. This is an appropriate assumption for the underlying solvent,
which for instance could be water or any other simple liquid. However, when dealing
with a complex solution of different species, so-called non-Newtonian behavior occurs.
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In this context the term non-Newtonian means that the stress tensor is not a linear
function of the strain tensor [22]. Rheology is the study of these kinds of behaviors
which are about deformation and flow of matter. Typical examples from daily life for
materials that show such a non-Newtonian behavior are tar, putty, honey or ketchup,
while in science people may be interested in liquid crystals, polymer solutions, protein
solutions or colloidal suspensions. The deviation from typical Newtonian behavior has
its origin in the microscopic structure of such materials. A distortion on the micro
structure can lead to a macroscopic effect on the fluid, when such distortions come with
a long relaxation time. Polymer solutions in particular a very different from particle
suspensions, as the polymer structure permits elastic recoil effects, where i.e. a polymer
can stretch and contract again. At higher polymer concentrations entanglement sets in
such that polymers start to react as a collective network. In a way polymeric systems
combine the elasticity of a solid with the fluidity of a liquid in a viscoelastic behavior [1].

1.6.1 Studying Rheology

A simple approach to study the rheology of a fluid can be to enforce Couette flow. A
linear velocity profile leads to a constant shear rate 4, such that

Uy = Y2 v, =0 v, =0, (1.61)

with an arbitrary choice of the coordinate system. Due to the symmetric geometry
only the four components 7,,,7y,7.. and 7., = 7, of the stress tensor remain. The latter
is called the shear stress and the former are usually combined to the first and second
normal stress coefficients as (7,, — 7,,) and (7, — 7,.). The relation between the shear
stress and shear rate can be written

T = N(9)7 (1.62)

similar to the Newtonian version, but with a shear-rate dependent viscosity. The most
common behaviors of viscosity with shear rate can be divided in four categories sketched
in Figure 1.3. First there is the well-known Newtonian behavior with a constant viscosity.
Then there exist two behaviors called shear-thinning and shear-thickening. Here the
viscosity either decreases or increases with shear rate. The last category is the so-called
Bingham plastic with an infinite viscosity up to an abrupt reaction at a yield stress 7
leading to a finite viscosity. Such behavior can be observed in colloids, e.g. paints

n=ar/y e > T0
n =00 T < To - (163>
Most polymer solutions show a shear-thinning behavior. Shear-thickening behavior

can be observed in some ranges for polymer solutions and concentrated particle suspen-
sions [52].
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Figure 1.3: Illustration of the four categories of viscosity behavior.

An important effect of non-uniform shear flows such as Poiseuille flow is the migration
of particles from regions of high shear to low shear. This disturbs the homogeneous
concentration profile and complicates the evaluation. Other reasons for inhomogeneous
concentrations may be wall effects. In polymer solutions the uniform concentration profile
is usually maintained, but for suspensions it is not.

1.6.2 Polymers in Shear Flow

The behavior of polymers in shear flow is also dependent on their environment, namely the
solvent condition. In a good solvent, where the interactions between the monomers and
solvent particles is stronger than the monomer-monomer interaction or solvent-solvent
interaction, polymers are stretched and uncoiled. This conformation can lead to a very
different behavior than under poor solvent conditions, where polymers are more coiled.
Thus when comparing different polymer solutions under shear, the shear rate alone is
not sufficient, but another parameter is used that includes information of the polymers’
configuration. One choice can be the Péclet number, in this context written as

nsYRY
Pe = 1 1.64
€= 17 (1.64)

Here 7y is the solvent viscosity and Rp is the Flory radius [22]. Another way could
be to define the Péclet number as

Ei0”
Pe = 1.65
which the friction coefficient £ and the typical length scale o [53]. Another choice for
presenting viscometric data is in terms of the Weissenberg number Wi, which is defined
as
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Wi =105 | (1.66)

with 75 the longest relaxation time of the polymer. All conformational quantities
including 7y are dependent on the polymer concentration. So one has to be careful
when comparing viscometric data of different concentrations. Of particular interest is
the polymers’ contribution to the overall viscosity of the solution, which is called the
intrinsic viscosity [n]. It is defined through the limit of zero polymer concentration ¢

s
[n] = lim =

(1.67)

and thus has the units of an inverse density. The intrinsic viscosity may be viewed as
the first-order coefficient of an expansion in concentration or volume fraction ¢ [54]. For
suspensions of spherical particles of radius Rp, the Einstein relation states an intrinsic
viscosity of 2.5

n=n,(1+250) | (1.68)

The relation may be applied to very dilute solutions of polymers where Rp is to
be taken as the hydrodynamic radius. With decreasing shear rate the dependence on
the shear rate diminishes and n approaches the zero-shear-rate viscosity 7" in the limit
4 — 0. At very high shear rates (Péclet numbers, Weissenberg numbers) the viscosity
might again become independent of the shear rate and approach n> [55].
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CHAPTER 2

The Algorithm

Starting from the electrokinetic equations (1.4, 1.15, 1.18)

p[Oow +vV v =9V +(V(V - -v)— Vp— k:BTZ 2ep VD (2.1)

Ope = —V - [pcv — D,V — ZCDCpCVé} (2.2)

V2P = —4rlp (Z ZePe + a) (2.3)

we now want to derive a solution scheme for efficient simulations of (poly)electrolyte
solutions. We will tackle each equation separately, as there already are various approaches
to be found in the literature for each of them. Each choice for a solver has to be taken
considering the other two equations, such that we end up with a well-fitted combination.
In this chapter we start out with the description of dissipative particle dynamics as
the Navier-Stokes solver to incorporate hydrodynamics. Then we pick a mesh- and
Fourier-transform-based Poisson solver for the electrostatics. Finally, we deal with the
convection-diffusion equation and the representation of the electrolytes, where we choose
a pseudo-particle approach in the framework of a stochastic process. Furthermore we
discuss the coupling of the three individual solvers to a complete algorithm.

2.1 Towards a Navier-Stokes Solver

Hydrodynamic interactions play an important role in the dynamics of fluids and solutions
on the mesocale. While the Navier-Stokes equation as a continuum theory of a density
field p(r,t) is originally a macroscopic approach, it has been observed that it is fairly
accurate down to remarkably small length scales, such that only a small amount of
solvent molecules can already recover Navier-Stokes behavior. For simple atomistic fluids

31



32 THE ALGORITHM

the range appears to be ~ 3nm [56]. Stable hydrodynamic behavior has been found
experimentally and in simulations for scales down to ~ 1nm (see [57] and references
therein). Thus the model directly becomes applicable to the study of colloidal particles
as well as large polymers in solution. However, the direct solution of the Navier-Stokes
equation is not an easy task and for several decades people have developed and improved
algorithms to solve the equation in a fast and accurate manner. The reason for the
complexity is that one deals with a system of coupled non-linear partial differential
equations.

Focusing on mesoscale simulations, there are many applications that require an effi-
cient Navier-Stokes solver, as other interactions, except long-range interactions such as
electrostatics or dipolar interactions, are usually much faster to compute. This makes the
hydrodynamics the bottleneck of these calculations. Some prominent examples of hydro-
dynamic simulations include problems in colloidal suspensions, blood flow in capillaries,
in-vivo rheology, i.e. flow in cells, and also DNA separation in micro-channels, which has
a huge importance for medical applications. Most times one deals with conditions that
include low Reynolds numbers, i.e. laminar flow and thus the Stokes equation instead of
the full Navier-Stokes equation is applicable. Also thermal fluctuations have a huge im-
portance on the mesoscale, as solutes are still way larger than the solvent molecules but
in a regime where the effects of collision with the solvent are necessary to be considered.

2.1.1 An Overview of Hydrodynamic Models

Methods for hydrodynamics can in principle be divided into two categories, which are
distinguished by the approach to the solvent. The first idea is to have an explicit solvent,
where the hydrodynamic interactions between solutes are carried through by the solvent
medium. The other approach is to have an implicit solvent, where the interactions
between solutes are calculated directly. Thus it is important to have an overview over
hydrodynamic effects on solutes. First we consider a single solute A. The solvent can
manipulate the motion of A by flow, i.e. convective transport, where the solvent basically
drags the solute along. But it can also lead to rotational motion depending on the solute’s
shape. Interactions between different solutes occur when solute A conducts a motion
which induces a motion of solute B. This interaction between different solutes can be
modeled with a mobility matrix in the Stokes equation. The result, which is known as the
Oseen tensor, has a 1/r dependence. Hence hydrodynamic interactions have a long-range
character similar to electrostatic interactions and can generally not be neglected even for
long distances. However, for very concentrated solutions the screening effect takes over,
so there are situations where it is legitimate to neglect hydrodynamic interactions. This
assumption is made frequently for simulations of dense polymer solutions, where the
Zimm dynamics is replaced by Rouse dynamics. For polyelectrolytes other arguments
[44] allow the negligence of hydrodynamics even for dilute solutions.

A popular implicit-solvent approach to the simulation of solutes such as colloidal
particles is the Brownian dynamics method with an implementation of the Rotne-Prager
tensor [58] for the hydrodynamic interactions. Brownian dynamics relies on the fact
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Figure 2.1: Illustration of hydrodynamic interactions between two solutes. The force on solute
A results in a nontrivial motion of solute B.

that the motion of solutes is governed by an overdamped Langevin equation, where
the inertia term cancels out. Similar to the long-ranged electrostatics, Ewald splitting
techniques and fast multipole techniques can be used to improve the performance of the
hydrodynamic tensor calculations. The approach turns out to be fast for small systems
but scales badly with increased number of solutes. Stokesian dynamics [59] is a similar
approach that is capable of including also the near-field effects, such as the lubrication
forces between closely approaching solutes. Also, further improvements were made to
include inertia effects.

On the side of explicit-solvent methods we want to briefly mention two approaches
before going into detail about the dissipative particle dynamics, which is the method
of choice in this work. The first one is the multiparticle collision dynamics (MPCD),
also called stochastic rotation dynamics (SRD). It is a particle-based approach that
originates from the Boltzmann equation for the transport of gases [60, 61, 62]. The
solvent particles’ motion is separated into a collision step and a streaming step. Collision
of particles is modeled by dividing the simulation box into cells and rotating all velocities
of the particles inside a cell by a certain angle, which results in a Maxwellian velocity
distribution and the behavior of an ideal gas. After the collision the particles are freely
streaming with their new velocities until the next collision step. A further development
includes fluctuation effects to the velocities, which provides a thermostatic behavior and
thus enables non-equilibrium simulations. The coupling to solutes is rather simple and
is achieved by including them into the collision steps.

Another approach based on the Boltzmann equation is the Lattice Boltzmann (LB)
method, where the equation is solved on a lattice. By means of a Chapman-Enskog
expansion the Navier-Stokes equation in the incompressible limit is recovered [63, 64].
As a lattice method, LB has certain drawbacks regarding Galilean invariance and the
implementation of curved boundaries. The coupling of solutes to the solvent density
sitting in the lattice nodes is either achieved by defining them as hard, spacious objects
(65, 66] or by solving a Langevin equation to couple the forces between the solute as a
point particle and the solvent [67, 68].

Before proceeding, it may be worthwhile to note that besides the so-called bottom-up
approaches to hydrodynamics on the mesoscale, there are also top down approaches. An
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example would be the smooth particle hydrodynamics (SPH) [69, 70]. This method starts
out with the continuum Navier-Stokes equation and a representation of the density in
a Lagrangian fashion by particles as integration sites. An interpolation scheme is used
to transfer between the particles and the continuum. Further one can introduce thermal
fluctuations to those particles, which leads to the method of smoothed dissipative particle

dynamics (SDPD) [71].

2.2 Dissipative Particle Dynamics

The Dissipative Particle Dynamics (DPD) is a coarse-grained model for a fluid that has
been developed in the early 1990s by Hoogerbrugge and Koelman [72; 73], in a way as a
combination of particle simulations and cellular-gas automata. Before, people often used
a bead model for solvent molecules with a Lennard-Jones repulsive interaction. Due to
the stiffness of the potential, time steps in that approach are limited to small values,
as otherwise particle overlap would cause infinities in the force calculations and the
computation would break down. The basic idea behind DPD was to use soft potentials
instead. Hence it is possible to reach much larger time scales with the simulation, as
the integration time step can be chosen much larger. In 1995 Espanol and Warren
[74] constructed the theoretical framework for DPD. From there on till today people
have developed improved numerical algorithms for the DPD method. Also there have
been several extensions, e.g. to constant energy, constant pressure, implementation of
boundaries [75], hybrid schemes, or the Lowe-Andersen thermostat [76] which is based
on DPD.

The DPD equations of motion are constructed with three forces between pairs of
particles

Fopp,; = Z Fc;;j + Fp;j+ Fryj (2.4)
i#]
which are the conservative force, the dissipative force and the random force. The
main ingredients are the latter two. The dissipative force is necessary to reduce excess
energy from the system

FD,ij = _'YDPDWD(rij) (TAij : ’Uij) TAz’j . (2-5)

The friction parameter yppp sets the strength of the dissipation, while the dissipation
itself is taken to be in interparticle direction. The force is symmetric and maintains
Galilean invariance, as only the velocity difference between particles j and ¢ matters. A
typical choice for the friction also taken throughout this study is yppp = 5.

The weighting function wp brings in the distance dependence. The negative sign
assures the dissipative character. As a counterpart to balance the dissipation, a random
force is necessary

FR,ij = OwR(Tij)Cijfij . (26)
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Here the amplitude is set by ¢ and a weighting function wg is used for the spatial
dependence. (;; = (j; is a symmetric, Gaussian random variable with the first and second
moments

(G() = 0 (2.7)
(Ci(O)G(t)) = (dirdj + 0adjr)o(t —t') . (2.8)
Thus it has zero mean and no correlation, i.e. a white noise.! Dissipative and random

force, however, are not independent. They must fulfill a fluctuation-dissipation theorem
[74], which results in

wWp = (CL)R)2 y (29)

and

0'2 = Q’YDPDI{:BT . (210)

Only then DPD becomes a proper thermostat to conserve the temperature 7. The
choice for the weighting functions is important as they will influence the properties of
the fluid, by e.g. causing a change in the Schmidt number. The typical choice, which we
will also take here, is of the form

Tij < Teut

1
wrl(r;:) = Teut 2.11
(i) {O o (2.11)

and thus saves computation time due to its simplicity. The typical choice for the
cutoff is roy = 1. If one considers a conservative force, it is usually to be taken a soft
repulsion in the form

Foyj = a; <1 . >rj , (2.12)
Tcut,c

where the parameter a;; sets the strength and the force acts in the direction of the
interparticle-distance, thus 7;;. The linear shape of the force and its usually small cutoff
radius rey . (which could in principle be different from the general DPD cutoff radius)
allows for very fast computation, especially in comparison to other typical repulsive in-
teractions as for instance the WCA potential. The appropriate choice of this interaction
is used to set the compressibility of the desired fluid. In this study we omit the conserva-
tive interactions completely and thus deal with a DPD fluid that has the thermodynamic
properties of an ideal gas.

All interactions are conducted as pairwise forces, i.e. DPD intrinsically fulfills New-
ton’s third law and momentum conservation. Also, all forces are in interparticle distance
and thus DPD also conserves angular momentum.

Note that in the concrete implementation the time-d results in another factor 1/At.
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Figure 2.2: Illustration of the coarse-grained DPD particles. Any DPD particle can be considered
to be built up of several solvent molecules.

2.2.1 Usefulness of DPD

The application range of DPD as a coarse-grained method is the mesoscale. For this
scale, as less as the atomistic details of the macromolecules, also the solvent’s atomistic
details are mostly of no importance. Additionally there are way more solvent molecules
than macromolecules in a typical system. Thus by taking an atomistic approach, most
of the computation time goes by for the solvent, which is quite inefficient. The DPD
particles can be considered a coarse-grained version of solvent molecules, i.e. a form of
penetrable solvent blobs. Hence in addition to the time scale improvement, a necessity
for a lower amount of particles to represent the same quantity of solvent works in favor
for DPD.

The constantly occurring collisions of solvent molecules with each other and the so-
lutes bring forth the concept of random fluctuations in the solution, which can be quan-
tified by the temperature T'. This effect is covered by the random force in DPD. The
other effect is an interaction of moving solutes with the background flow field of the
solvent, leading to the frictional force in DPD. However, hydrodynamics are only gener-
ated, if momentum is a locally conserved quantity. In DPD this is achieved by defining
all forces on a pair level. Here lies the core difference to Langevin dynamics, where a
global thermostat accounts for fluctuation and dissipation, while the solvent is neglected.
Thus DPD intrinsically fulfills the prerequisites to be a coarse-grained solvent model with
hydrodynamics. As it comes to Brownian motion of solutes, it is a self-similar process,
meaning it does not require an exact ratio of solvent molecules to the solute, but can
work with a much lower amount of solvent particles. Additionally, as mentioned in the
beginning of this chapter, the hydrodynamics are recovered already for a small amount
of solvent molecules as well, so that DPD includes both these concepts in an efficient
fashion.

Taking a look onto the actual implementation of DPD as an algorithm, its big strength
is its simplicity. DPD can be easily set-up on top of an existing molecular dynamics code.
However, the particle-based pairwise interaction model can also be a drawback when
it comes to computation speed. In a comparison with Lattice-Boltzmann simulations,
Smiatek et al. [77] found DPD to be around nine times slower than Lattice-Boltzmann
for a pure fluid. However, when including electrolytes and electrostatic interactions, the
overall difference becomes much smaller. So while the pure performance makes Lattice-
Boltzmann favorable, DPD still has some advantages that certainly qualify its usage.

Except for modeling a real fluid with certain qualities in a coarse-grained fashion,
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DPD can be used as a tool for two purposes.

DPD as a Navier-Stokes Solver

One important feature of the Navier-Stokes equations is that they don’t ask for the
microscopic details of the fluid, thus a coarse-grained model such as DPD can simply
be used as a Navier-Stokes solver or to include hydrodynamic interactions between the
solutes of interest. In this case the conservative interactions might be removed for further
simplicity, resulting in an ideal gas fluid. This is the approach we take in this study.
Whereas most fluids one would like to model are incompressible, the DPD ideal gas is
not. However, as the considered velocities are usually way below the model’s speed of
sound v < ¢, i.e. the Mach number is low, the DPD fluid is effectively incompressible.

DPD as a Thermostat

Alternatively, DPD can simply be seen as an efficient thermostat [78] which is local and
works for equilibrium as well as non-equilibrium simulations. In this concept it has been
noted that the Gaussian random numbers can be replaced by uniform random numbers
as the thermostatic results were the same. 2

2.3 Properties of DPD

Before continuing to the solution of the other two electrokinetic equations, we first focus
a bit more on the details of DPD and some of the crucial properties.

Here it may be worth noting that, even though the interpretation of DPD as a coarse-
grained fluid is very common, it can also be derived systematically, as the microscopic
derivation of the DPD equations of motion can be realized with Voronoi fluid dynamics
[79, 80]. That DPD indeed maintains hydrodynamics, has been studied by Marsh, Backx
and Ernst [81] in their 1997 paper on the connection between DPD and the Navier-
Stokes equation. They found that the DPD equations are equivalent to a Fokker-Planck
equation with three generators representing the conservative, dissipative and fluctuation
part. Through an H-theorem it was derived that a DPD fluid approaches the canonical
distribution, at least in the time-step limit At — 0. The resulting momentum equation
is a Newtonian Navier-Stokes equation with finite compressibility.

The standard DPD fluid has Schmidt numbers that are gas like, which might be a
disadvantage in relation to other simulation techniques and has been discussed in the
literature [76, 82]. However, Peters [83] argues that the Schmidt number in principle is
related to a single solvent particle and not the DPD blobs, so that a Schmidt number
based on the blob diffusivity is rather ill-defined. Also, Schmidt numbers do not need
to be of the typical liquid range of 1,000 to lead to the correct dynamics. In the case
of polymers, studies of Smiatek et al. (unpublished) have shown that the hydrodynamic

2Note that by replacing the Gaussian random numbers with uniform random numbers the variance
has to be adapted which results in an additional factor v/12 in oppp.



38 THE ALGORITHM

interactions indeed build up fast enough. By measuring the internal vibrational modes
of a polymer in solution, it was found that the results fit much better to Zimm scaling
than to Rouse scaling, which means that hydrodynamic interactions are present. This
would imply that the intra-chain hydrodynamic interactions take place within the time
scale of the monomer dynamics and thus fully affect their behavior. Similarly, it was
reported in [84] that the Schmidt numbers are large enough in simulations of polymer
solutions. Improved Schmidt numbers can be achieved by increasing the cutoff of the
DPD interactions or by using different exponents for the weighting functions, which,
however, might be undesirable due to the increase in computational effort. A transverse
DPD thermostat was proposed by Junghans et al. [85] where the dissipation concept is
changed. This method does not conserve angular momentum, however, results in much
better Schmidt numbers.

As in any MD scheme, the choice of an appropriate time step in DPD is crucial.
Usually one wants to take a larger time step than in conventional MD to have a drastic
performance improvement and reach longer time scales. It has been noted that the kinetic
temperature has a dependence on the time-step choice and thus different methods have
been proposed to remove this problem, including a self-consistent integration scheme [86].
However, also the configurational temperature is of importance and here it seems that
all methods proposed so far perform similarly weak [87]. As a result, the standard DPD
with an appropriately low time step, e.g. At = 0.01 in this work, might still be the
most convenient choice. By means of a Trotter splitting Serrano et al. [88] came up with
another integration scheme for the DPD equations of motion. Nowadays, the velocity
Verlet scheme is still the most commonly used.

2.3.1 DPD Diffusivity

The properties of the Fokker-Planck equation show two time scales, a kinetic scale for
the exponential relaxation of the fluid, and a dissipative scale on which momentum
transport is happening. The two time regimes can be found when studying the mean-
square displacement (MSD)

MSD(t) = ((r(t) — r(to))?)n = 6Dt |, (2.13)

where the averaging is over all N particles in the system.

In a pure DPD fluid with the standard parameters chosen throughout this work, one
can find a quadratic time-dependence of the MSD up to around 50 time steps, as shown in
Figure 2.3, which corresponds to a ballistic movement of DPD particles, i.e. force free and
inertia driven. For larger times the MSD shows a linear time dependence, i.e. the diffusive
motion takes over. The decay time of the relaxation also determines the diffusivity of
DPD particles as well as the kinetic contribution to the viscosity N, = pD/2. While
Nkin Only depends on single-particle distributions, the dissipative contribution to the
viscosity depends on the pair-correlations. To determine the correct DPD diffusivity
is quite important, as due to the later-on introduced ion-DPD coupling it influences
the ion diffusivity as well. D can also be determined with a Green-Kubo relation of
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Figure 2.3: Mean square displacement in a DPD fluid in log-log scale. Straight lines show the
two time scales.

the velocity autocorrelation function. Here, however, we take the MSD approach by
studying a system of a pure DPD fluid, density pppp = 3.75 and size 10 x 10 x 10 with
the standard parameters and let it run for 200k steps, i.e. a long enough time to cover
the linear behavior in the diffusive regime. D is then obtained by linear regression for the
range > 100At, i.e. neglecting the ballistic part. This procedure is repeated 420 times
to obtain a mean diffusivity and a mean error:

Dppp = (0.5250 + 0.0003) . (2.14)

2.3.2 Green-Kubo Relation for the Shear Viscosity

The shear viscosity ns as one of the transport coefficients is not set directly in DPD.
However, by tuning the density, friction coefficient yppp and the weighting function
including the cutoff distance, one can adjust the shear viscosity to the desired value. We
take two approaches to determine the shear viscosity for our standard parameter DPD
liquid with density p = 3.75, friction yppp = 5.0, standard weight function and cutoff
reopp = 1.0. The first method is to apply a Poiseuille flow. Either from fitting the
parabolic profile

pEee

or from determining the flow maximum v, to get

(25 — 2>+ 20 |28|) (2.15)



40 THE ALGORITHM

_ PR

2.16
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one can obtain the shear viscosity. This can be done even without implementing any
boundaries into the system by using the elegant method of periodic Poiseuille flow by
Backer et al. [89], where one splits the fully periodic system into two parts of oppositely
flow, i.e.

Fot >0 2>0

F&t <0 ,2<0 (2.17)

such that these two regions act as source of dissipation for each other at their inter-
faces. That way one obtains a double parabolic profile that can be used for the fit or
maximum determination. A more detailed description of the flow methods is described
in chapter 4.1.
The second way to determine the shear viscosity is by using a Green-Kubo relation
for the off-diagonal elements of the stress tensor
V [e.e]
Ns = nT dt <Taﬂ(t)7-a5(t0)> : (2.18)
B to

There are three contributions to the stress tensor in a DPD fluid. The first is the
kinetic part, calculated from the particles’ velocities. The second is the contribution
from dissipative pair interactions and the third is the stochastic pair-interaction part. If
one wanted to implement a DPD algorithm with conservative interactions, these would
take part here as well. Numerically the integral of the auto-correlation function can be
calculated by using the trapezoidal rule (i.e. taking the ¢y value counting half) for a data
range of around [ty : top + 200] and adding the tail by the integral of a polynomial fit
~ at.

In the study by Jens Smiatek [90] using the software package ESPResSo, there has
been a significant discrepancy between the shear viscosity obtained by the Poiseuille
method and the Green-Kubo method, which could not be explained. There also has
been controversy about whether the Green-Kubo principle is valid for DPD in general.
As it turned out by further investigation, we were able to clarify that the discrepancy was
due to a missing implementation of the DPD interactions in the stress-tensor calculations
of ESPResSo. Thus only the kinetic stress tensor was calculated. To clarify this point and
to obtain a further understanding of the contributions, we ran simulations of a system
of size V' =10 x 10 x 10 with every possible combination of the three contributions, as
presented in Table 2.1.

It is important to note that the contribution of the first autocorrelation value at t; is
significant. Due to the uncorrelated nature of the stochastic force in DPD the stochastic
contribution also is dominated totally by the t, value. Exactly this contribution is the one
explaining the discrepancy between the Green-Kubo and the Poiseuille result discussed



2.3. PROPERTIES OF DPD 41

type s to contr. variance  sim. steps
only dissipative 0.04212 £ 0.00007 0.002390 0.0001593 72,793,200
only kinetic 1.093 + 0.006 0.01903  0.001268 87,502,500
only stochastic 0.2820 £ 0.0006 0.2800 0.01866 77,990,800
without dissipative 1.418 + 0.006 0.2990 0.01993 76,659,400

without kinetic 0.2407 £ 0.0003 0.2824 0.01883 72,054,000
without stochastic  1.138 £ 0.0006 0.02140  0.001427 76,680,500

full (added) 1.417 £+ 0.007 0.3014

ESPResSo 3.11 1.115 4+ 0.001 0.0189 100,000,000
condiff 1.380 4+ 0.002 0.3014 100,000,000
Poiseuille 1.35+£0.01

Table 2.1: Viscosity results for different combinations of the three contributions. Separately,
the contribution of the first data point at ty is listed. For comparison we show another result
obtained with ESPResSo, another condiff run and a result obtained with Poiseuille flow.

above, as the Green-Kubo result in [90] is 7y, = 1.0366 £+ 0.0013 and the flow result
ns ~ 1.34. This has also been verified by analyzing the stress tensor calculation in
the ESPResSo 3.1.1 source code, where indeed the stochastic and dissipative parts are
missing.

2.3.3 Boundary Conditions in DPD

Most solvers for hydrodynamics are constructed to work in a bulk environment. The im-
plementation of boundaries can be rather demanding, depending on the properties they
should have and, of course, first of all the shape. An important property is the slippage
effect, where many boundary methods can only offer a no-slip condition. However, es-
pecially in the regime of nano and micro flows it became apparent that the amount of
slip is usually finite [91]. For DPD there exists a method to implement boundaries of
arbitrary slip length [75]. Those boundaries can in principle also be arbitrarily shaped,
which makes DPD a versatile tool to study flow in complex geometries. While slippage
makes the picture more complicated, it can be of advantage when trying to manipulate
flow by imposing beneficial boundary conditions.

We start out with the picture of a planar wall in the xy-plane. No-slip means that
the velocity profile of the solvent vanishes at the hydrodynamic boundary zp, i.e.

v(z5) =0 . (2.19)

Partial slip means that there is a net velocity difference between the boundary and
the solvent directly adjacent to it. The slip length b can be used to quantify this effect

ov
b@ =V|msy (2.20)
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Figure 2.4: Illustration of the partial-slip boundary condition and the meaning of the slip length
b.

where zp is now the effective position of the surface, which does not necessarily
coincide with the structural boundary itself. The concept of the slip length b thus is a
linear extrapolation of the velocity profile behind the surface and b quantifies the distance
where this extrapolation hits zero. This is illustrated in Figure 2.4.

To introduce the tunable-slip boundary condition we consider the DPD fluid layer
adjacent to a boundary at z = 0. The interaction with the boundary consists of two
parts. The first part has to be a repulsion for those particles that get too close to
the boundary to make it impermeable. This is achieved by using the purely repulsive
Weeks-Chandler-Andersen (WCA) potential

o\ 12 o\ 6
Vivea(z) = de [(;> - <Z> + 0.25} . (2.21)
Here o starts to play the role of the unit length scale. The shift of 0.25 sets the cutoff
distance to be z. wca = 2% such that the potential and its first derivative (and thus the
force) vanish at the cutoff radius. The advantage of using a “soft” potential instead of a
hard-core repulsion is that it does not require a decrease of the DPD time step. However,
due to the symmetric nature of the potential in xy-direction, it would only lead to a
perfect slip boundary condition. Thus the second contribution to the potential includes
a dissipative force

FP = —ypwr(z)(vi — vgan) (2.22)

that is introduced in a similar fashion as the dissipative force between DPD particles.
The wall might in principle have a finite velocity vy by itself, for instance in the case
of shearing. In order to maintain the correct thermal description at the boundary, a
stochastic force fulfilling a fluctuation-dissipation theorem has to be added.

FR = /2y kpTwi(2) ¢ (2.23)

The random vector’s components (i, ke{z,y, z} are Gaussian random variables with
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Tunable-slip range

’ : )
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Figure 2.5: Illustration of the viscous layer occurring at the tunable-slip boundary. The WCA
repulsion range also sets the position of the hydrodynamic boundary zp.

zero mean and unit variance.®> The weighting function wy, is chosen to be positive definite
up to a cutoff distance z.. The regular choice is a linear weighting function

wi(z) =1— Zi . (2.24)
As the WCA repulsion leads to a vacuum layer of about 1 adjacent to the wall, the
cutoff z. for the tunable-slip interaction has to be chosen larger so that the interaction
reaches the fluid. The common choice is a cutoff of 2 which leaves a viscous layer of
about 1, as sketched in Figure 2.5. By tuning the friction coefficient v, adequately,
one can obtain all kinds of slippage, ranging from slightly negative slip over no-slip to
arbitrary positive slip. One thing to note is that due to the Langevin type character
of the tunable-slip interactions there is no momentum conversation in the viscous layer.
Hence when evaluating flow behavior, particles in the viscous layer have to be treated
with care.

2.4 Convection-Diffusion Equation and Stochastic Pro-
cesses

The general framework of (convection-)diffusion equations is relevant for many different
fields of study and not only limited to physicochemical problems. Hence also a wide
range of approaches exist to tackle these kind of equations. However, some solutions
rely on the assumption that indeed one term is dominating. A relatively straightfor-
ward solution of the equation is possible with a finite-element method [92]. However,

3For implementation note that one has to add the time step At as a factor into the square root.
Compare also the fluctuation-dissipation theorem for the DPD forces.
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grid-based algorithms show problems in diffusion-dominated systems. Also they have
a certain drawback when it comes to complex geometries, which is why we will adopt
a different approach in this work [93]. We shift the focus onto the stochastic process
that is closely related to the convection-diffusion equation [94, 95]. In this framework a
particle-based approach to the density is possible, i.e. a Lagrangian approach. We start
out by considering a plain form of a convection-diffusion equation

Op(x,t)

5 + V- [v(z, t)p(x,t)] = DV?p(zx, 1) (2.25)

The corresponding stochastic process X (¢) then describes a stochastic differential
equation of the form

dX (t) +v(X(t))dt = V2DdW (t) , (2.26)

where W (t) is a Wiener process. Its increments are Gaussian random variables
(W(t)) =0, (W(HW(t')) = min(t, 1) (2.27)

and the resulting fundamental attributes are a zero mean and a unit variance. In the
framework of stochastic calculus the velocity term is called a drift. A solution to the
convection-diffusion equation can now be found by representing the concentration field p
by a finite amount of particles that all undergo the stochastic process X . These particles,
however, only have a pseudo character, as they follow an overdamped dynamics without
any pair-correlations. The degree to which they can be interpreted as representatives
of 'real’ ions, depends on the parameters. While the continuum description of ions
does not include any thermal fluctuations, the pseudo-particle description introduces
fluctuations in an artificial manner due to the finite number of pseudo-particles that
undergo Brownian motion to model diffusion. The nature of these fluctuations, however,
is purely artificial and thus has to be considered with care. By increasing the amount
of pseudo-particles representing the concentration field, the relative effect of fluctuations
is decreased, whereas a decrease of pseudo-particles towards the limit of one particle
representing one real particle enhances the fluctuation effects. In that sense both limits
can be useful in different situations.

2.4.1 Relationship between the Stochastic Process and the
Convection-Diffusion Equation

The relationship between Eq. 2.26 and Eq. 2.25 can be shown in the following way. We
start out with a stochastic process X containing a convective term with coefficient A
and a diffusive term B

dX = —A(X)dt + B(X)dW . (2.28)

If we ask for the distribution of particles at a time ¢t + At, we can formulate the
integral equation
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p(X,t+ At) = /d(AX)p(X ~AX,HP(X — AX,AX,At) . (2.29)

Here P is the probability that the density elements shift AX in a time step At.
Intrinsically we assume a Markovian behavior, as we evaluate P with X — AX only. We
can now expand X — AX in a Taylor series around X

p(X,t+At) = /d(AX) {p(X,t)P(X,AX,At)

- AXaiX [p(X,t)P(X,AX,At)]

2 O
0X?

N %(A X) (X, t)P(X,AX, At)] (2:30)

up to second order. As p in the first term no longer depends on AX, we can use the
normalization relation

/ d(AX)P(X,AX,At) = 1 (2.31)

for the probability density P. The second and third terms can be expressed by defining
A and B in the form

/ AAX)AXP(X,AX,At) = —A(X)At | (2.32)

and
/d(AX)(AX)QP(X,AX,At) = (B(X))zAt ) (2.33)

Terms (At)? will vanish for At — dt — 0 and thus are left out. Now one can change
the order of differentiation and integration and relocate the terms in the form

B
09X
1 0
20X2

p(X,t+At) = p(X,t) = [A(X)p(X, 1)] At

[(B(X))*p(X,t)] At | (2.34)

and hence take the limit At — dt to arrive at

Gio(et) =LA@ 0] + s 5B 0] . (239)

If we now consider B(x) = const. and identify
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A = v (2.36)

1

;B =D (2.37)

we end up with the original convection-diffusion equation 2.25.

2.4.2 Integration Schemes

In this section we focus on two methods to integrate the stochastic process in Eq. 2.26.
The simplest is the Euler scheme (also called Euler-Maruyama), where the differential dt
is simply approximated by a finite time step At and quantities are evaluated at time ¢

X(t+ At) = X(t) + v(X (1)) At + V2DAW (1) . (2.38)

The increment AW (t) = W (t+At)—W (t) is the Gaussian random variable described
above in Eq. 2.27 with variance At *.

Any integration scheme should be compared in its convergence to the exact solution.
However, there are two convergence concepts. The first is the so-called strong conver-
gence. If we consider an integration with an approximative scheme X (¢) up to time ¢,,x,
it converges to the correct solution X with order v > 0 at ¢, if there exists a positive
constant ¢ so that for sufficiently small At

(1K (tua) — X (t) 1) < (A1) (2.39)

The angular brackets indicate an averaging over different trajectories, which is nec-
essary due to the stochastic character of the variable. Strong convergence is a necessary
feature if one is interested in the actual trajectories of the particles describing the stochas-
tic process. However, most of the times, and in particular in our case, the particles are
just a representation of a mean-field and thus do not need to have exact trajectories but
should yield the correct concentration field p.

The second concept is the weak convergence. An integration scheme is referred to
as weakly convergent with order v > 0 at time t,,,, to the correct solution X, if for all
sufficiently smooth functions g : R — R (d being the dimensionality of the integration
space) with polynomial growth, there exists a positive constant ¢, such that for sufficiently
small At

[(9(X e (tmax))) = (9(X (tmax) )| < ¢o(AL)" (2.40)

In the deterministic case without any diffusive motion both concepts are identical,
which can be shown by choosing ¢(X) = X;, i€ {1,...,d}.

If the coefficients in the Euler scheme fulfill certain conditions [96] it has a strong

convergence order of 1/2 and a weak convergence order of one, similar to the general

4similar to DPD this requires a factor v/At in the numerical implementation.
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convergence order in the purely deterministic case. Higher order schemes can now be
constructed taking the Euler method as the starting point [97]. Here we want to mention
only one other scheme which is of the predictor-corrector or Runge-Kutta type.

The Heun method is obtained when introducing an intermediate step into the Euler
scheme so that the integrand is evaluated twice per time step

Xp(t+ At) = X (t)+ v(X (t))At +V2DAW (1) (2.41)
X(t+At) =X (t)+ L(wX)+v(Xp)At +V2DAW (1) . (2.42)

Thus one first calculates a predicted position X p for all particles, where one evaluates
the field v again and takes the average field for the actual integration step. The Wiener
increment must be the same. The Heun scheme is second-order weakly convergent, which
makes it a good alternative if one desires higher accuracy.

According to the literature [96], the Euler scheme performs well as long as the co-
efficients, i.e. the velocity field, do not vary too much. Nowadays the Euler scheme is
still the most common method in Brownian dynamics simulations. While with the Heun
scheme in principle one could gain one convergence order, it has the apparent drawback
that the coefficients, i.e. the velocity field (which here stands representatively for both
the solvent velocity field and the electrostatic force field), have to be calculated twice per
time step. Thus in an application, where the computation time matters, like in the case
of this study, it might be favorable to stick to the Euler method and accept the lower
convergence order. A detailed comparison of the two schemes in the actual algorithm is
presented in section A.1 of the appendix.

As previously mentioned the velocity v in this section stands for both the solvent
velocity field and the electrostatic interactions. Due to the different nature and the fact
that the electrostatic forces are later-on transferred to the DPD particles for the coupling,
the terms are treated separately in the algorithm, i.e.

dX + vdt — zDV®dt = V2DIW . (2.43)

2.5 Solution of the Poisson Equation - The Particle
Mesh Method

Most of this chapter is based on Hockney and Eastwood’s book [98], the paper by Deserno
and Holm [99] and the chapter by Arnold in [100]. Some of the relations are given for one-
dimensional geometries. However, their three-dimensional counterparts are in straight
analogy.

One of the typical approaches to solve the Poisson equation in a periodic boundary
situation is to make use of the Fourier transform (FT)
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AP(z) = —4dmp(x)
(FT) = —k*¢(k) = —dmp(k)
B(k) = 3o

= Gk)pk) . (2.44)

This way the differential operator is turned into a simple multiplication and one deals
with a system of linear equations. By solving for & and back transforming into real
space, one obtains the electrostatic potential. The term G (k) = 47 /k? is also the k-space
Green’s function to the Poisson equation. Its real-space counterpart G/(z) can in principle
also be used to obtain the potential by convolution with the charge density

O(z) =[G *p|(x) . (2.45)

2.5.1 The Ewald Summation

The Ewald technique [101] is a smart way to split long-ranged pairwise interactions
between particles in a periodic geometry. Typically it is applied to the Coulomb forces.
The center of interest is the electrostatic energy

Sy .10

R=0m?2=R1i,j=1

where all pair interactions are summed up over every periodic image of the box in
distance R from the origin and the ' stands for the exclusion of self interactions. m is an
integer vector for the shift into the according image box. Here and in the continuity of
this chapter we assume a cubic simulation box

V=1L (2.47)

for simplicity. However, all the formulas in this chapter can be adapted to allow
for rectangular boxes and the final algorithm allows for them as well. The sum in Eq.
2.46 has the flaw that it is only conditionally convergent, i.e. the result is dependent
on the summation order. Usually one would choose a spherical summation. In some
cases another summation scheme might be useful, which will be discussed with the ELC
algorithm in section 2.5.3. The idea behind the Ewald summation is now to split the
actual point-charges into a screened charge and a smeared charge of opposite sign. A
smearing of the charges in Gaussian shape can be represented by

(@) = (/) e (2.48)
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Here « is the width of the Gaussian and the prefactor is chosen for normalization.
Mathematically, the point charges as d-functions are split such that

o(x) = ~(x) +[0(x)—~(x) . (2.49)
S~~~ S———
k-space part real-space part

The first part of the right hand side is now representing smeared particles. Without
the tricky point-shape it is possible to solve the Poisson equation for this part in k-space.
The second part represents the point particles screened by a Gaussian charge of opposite
sign. This way the actual pair interaction will have a much stronger decay. Thus it is no
longer of infinite range. This part may then be calculated in real space. The separation
into two contributions is a feature of the linear nature of the electrostatics formalism.

Important for the purpose of this work is only the k-space part. Due to the pseudo-
character of ions, they do not possess point charges, but, however, require a smeared
charge distribution. For this purpose we pick the Gaussian shape, just as in the splitting
procedure. Thus the parameter o naturally defines the size of the pseudo-particles. The
real-space part can be neglected as it is only a correction to get back to point-particles.
However, it is exactly this correction where the pair correlations are taken into account.
By disregarding it we automatically enter the mean-field description of electrostatics.
Applying the Fourier transform concept described above, the k-space contribution to the
electrostatic energy reads

1 4
T o—k?/(4a?)

TV L g2
k40

U PR (2.50)

Differentiation, either in real space or better in k-space by —ik results in the electro-
static field. As a feature of this approach one can manually add the correct correlations
for specific charge types, as e.g. solutes like polyelectrolytes, by adding the real-space
contribution for them and thus transforming them into point-charges.

2.5.2 Mesh-based Poisson Solver

In principle one could use the k-space part of the Ewald summation as the Poisson
solver. However, the scaling of the Ewald technique is of order O(N®/2) with the number
of charged particles IV, if the optimal splitting into real-space and k-space part is chosen.
This scaling is not the best one achievable and thus the Ewald technique can be outper-
formed quickly by grid-based methods when dealing with higher amounts of charges. As
a rough estimate an Ewald summation stays competitive up to N = 300. However, in
this work we make use of a grid-based approach. If one considers a discrete system, i.e.
a grid, one can make use of the Fast Fourier Transform (FFT) to transform the Poisson
equation into k-space. There exist highly optimized algorithms for the FFT, namely in
this case the FFTW library 5, which can readily be used in the C/C++ environment.
The speed of this method is determined by the amount of grid points NN, considered and

SFastest Fourier Transform in the West, http://www.fftw.org
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scales like N, log(NN,). But as the increase in charge and system size/grid size is usually
proportional, one can directly compare this scaling to the one of the Ewald summation.
The discrete character of the mesh approach asks for a change in the Green’s function,
which can be constructed from the stencil used for differentiation on the grid [102].

For a particle based system as in our case, one has to think of a way to introduce a grid
structure into the system in order to use the approach described above. An assignment
scheme is used to transfer the particles’ charges onto the grid for the calculation. The
field is then evaluated on the grid and then reassigned to the particles. The process of
transporting the density on the mesh can be described with the integral

pulen) = 5 [ Wia=a)ote) (2.51)

here presented in the one-dimensional form for simplification. An extension to three
dimensions is straightforward. The density p(x) is carried onto the grid points x, with a
spacing h by a convolution over the entire system with a weighting function W (z). This
weighting function must fulfill several conditions, as described in [99]:

1. charge conservation - the fractions of a particle’s charge distributed among the grid
points must sum up to its total charge.

2. finite and small support - i.e. the weighting function should only distribute to
grid points in the vicinity of the particle as otherwise the computational cost is
increased.

3. localization of discretization errors - if particles are more separated from each other,
the discretization error in the electric force should be smaller.

4. smoothness - a continuously varying weighting function balances the grid discretiza-
tion.

5. asimilarly small support in k-space - as the amount of k vectors is limited, it should
decay rapidly in k-space as well, to minimize aliasing errors.

6. easy and transparent implementation.

The simplest approach would be the nearest grid point scheme (NGP), where each
charge is assigned to the nearest grid point available. This scheme, however, does not
fulfill all the criterion described above. However, it is a good starting point for a first
order charge assignment (cao 1)

Wi(x) = X[-

11
2'2

1
_ )L mase<y (2.52)
] 0, otherwise .

Increasing the assignment scheme order, one starts to take into account the two
nearest grid points in each direction, and then more and more as the order increases. A
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Figure 2.6: Series of cardinal B-splines as charge assignment functions. Increasing the assign-
ment order leads to smoother assignments but larger support.

choice for the weight function is a convolution of the simple step function used in the
NGP

Wa(l’) = [Wa—l *x Wl](l') s (253)

where the a-th order assignment function is made up of a convolutions of W;. This
set of functions is called cardinal B-splines. The series is illustrated in Figure 2.6.
Their Fourier-transformed structure

W (k) =h (%) (2.54)

is rather simple and the real-space implementation is easily done with piecewise poly-
nomials. Further details including a table of this representation up to order seven can
be found in [99]. The cardinal B-spline assignment is the original choice by Hockney
and Eastwood [98] in their P3M method. Similar methods such as PME and SPME use
different assignment schemes. An important thing to note for the assignment scheme
is that the back assignment of electric field from the grid onto the particles should be
carried out with the exact same assignment scheme in order to guarantee momentum
conservation.

By introducing the assignment function and taking into account the extension of the
charges, i.e. their smearing, an error is transported onto the grid. It has been shown
that this error can be minimized by modification of the Green’s function in Eq. 2.44 to a
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so-called optimal Green’s function G,y that takes into account the assignment scheme,
the size of the charges and the specific type of differentiation operator used. Luckily it
is only necessary to know the k-space shape of Ggp, which according to Hockney and
BEastwood is

Gy D) Sy U2 (0 m) R (k1 3m)
D)| [Spnes U2 (ke + 37m)

Here D(k) is the k-space version of the used differentiation operator, U = W (k)/h?

is the k-space version of the assignment function divided by the one-cell volume. R(k)
is the true reference force that is to be modeled with the grid approach, i.e.

(2.55)

R(k) = —ikG(k)7*(k) (2.56)

with the true Green’s function in convolution with the charged particles shape and
the differentiation operator —ik. This rather complicated structure has to replace the
ordinary Green’s function to obtain a minimized error in the force. A different shape is
obtained when trying to optimize the energy instead of the force. At this point it has to
be noted that there is a deviation in the approach by Holm and Deserno, who use 4! in
Eq. 2.56 instead. The reason is that they view the k-space part of P3M as an interaction
between a vy-smeared particle and a point charge. In the original approach, however,
Hockney and Eastwood take it to be the interaction between two smeared charges, just
as we want to define it for our purpose. We will later comment on the particle shape in
section 2.8. For now we have

(k) = exp(—k*/4a?) . (2.57)

The nice feature of the obtained Green’s function is that it can be precalculated once
the grid parameters are known at the beginning and thus produces no computational
overhead. The general outline for the mesh-based Poisson solver goes like:

0. (precalculate the Green’s function)
1. assign the charges onto the mesh to obtain p,,
2. transform pj; into k-space

multiply with Gop (k)

- W

multiply with —ik for the differentiation

ot

transform back into real space

D

. reassign the electric field back to the particles

Both the speed and the accuracy of the method are set by the assignment order
and the grid spacing. Thus a smart choice of both parameters can lead to an improved
performance. An extensive test is presented in section A.2 in the appendix.
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2.5.3 Electrostatic Layer Correction

One of the underlying principles of FFT-based Poisson solvers is that they assume pe-
riodic boundary conditions (PBC). While PBC are certainly useful especially to study
the bulk behavior and to reduce finite-size effects, many problems do not offer a full pe-
riodicity. The implementation of boundaries in one direction would be a simple example
of such kind, where one ends up with a quasi 2D-periodic system. Short-ranged interac-
tions with a certain cutoff radius are not affected by this, as one just has to introduce a
gap behind the boundaries to make sure that no particle is interacting with an image of
another particle behind the boundaries. However, for long-range interactions the cutoff
argument does not hold and thus an alternative way to obtain boundary conditions other
than periodic is necessary.

For electrostatics there are methods that work in 2D geometries, such as MMM2D
[103]. The scaling of MMM2D with particle number is O(N®/3). Thus it can be more
efficient to stick to the original solver and add an additionally calculated correction-term.
This is the approach of the electrostatic layer correction (ELC) [104], which we want to
sketch here briefly. The main idea is to first calculate the fully periodic electrostatics with
the underlying FFT-based solver and then systematically subtract those contributions
that occurred due to the wrongly-assumed periodicity in the non-periodic direction.

In the standard form the Ewald summation has a summation order that is spherical
in space, i.e. the contributions to the sum are in an order depending on the distance of
the image box to the original box. As the sum is only conditionally convergent, a change
in the summation order requires additional changes.

Lets assume a box of size V' = L, x L, x L, that is non-periodic in z-direction,
perhaps due to boundaries at positions z; = 0 and zo = H < L, and with its origin in
(0,0,0). The best summation order for such a quasi-2D periodic system is to sum in
layers, i.e. first taking the original box and all image boxes with z = 0 and then adding
consequently the other layers in the order of their z-distance to the original box. This
leads to a change in the Ewald formula, namely the dipole term

2
2.
Ud 1+2€ (Z erz> ) ( 58)

where ¢/ is the dielectric constant in infinite distance (assuming e, = 1 inside the

box). Usually one assumes metallic boundary conditions, i.e. €/ = oo and thus the

T
dipole term can be neglected. However, in a slab-wise summation order this no longer

holds and a correction term is necessary

Uy = 2% (Z qizi) . (2.59)

The nice property of the slab-wise summation order is the 'symmetry’ in z-direction.
Images in far-apart layers above and below the original box cancel each other out, as they
have the same distance to the original box and this distance is large enough so that the
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(a) (b)

Figure 2.7: Illustration of the slab-wise geometry. (a) shows the gap on top of the confined
volume of height H, which reoccurs in the periodic images. (b) shows how in distant images the
collective of charges appears almost as homogeneous and thus cancel out with an image of the
opposite side.

slabs appear as being almost homogeneous. This is the approach by Yeh and Berkowitz
[105]. By inserting a gap above the upper boundary and assuming the cancel-out effect
one already has a good approximation for the quasi-2D periodic electrostatics. This
approach is illustrated in Figure 2.7. The error made with this approximation decays
exponentially with the gap size.

Large gap sizes, however, require artificially large mesh sizes for the Poisson solver,
so that the calculation is slowed down. ELC comes into play right there with the goal
to require only small gaps, but calculate the correction exactly, instead of using an
approximation. Additionally, ELC provides an error estimation formula which is not
the case for the plain Yeh-Berkowitz approach. It is important to note for the slab-wise
correction approaches that the error is not uniformly distributed, but is highest close to
the boundaries, which is not advantageous as most often particles in the layer adjacent
to the boundaries are the most important in their behavior. Hence tuning ELC to high
accuracy is desirable. The scaling of ELC is O(N Rpax), where Ry is a cutoff radius
for the infinite sums in the correction term. In the case of condiff particles this can
be a drawback for systems with high particle-per-charge numbers N,;. The observation
during the course of this study was that in the worst case ELC roughly doubles the
computational effort of the electrostatics, which is an acceptable result.

Even though we simulate boundaries and thus dielectric interfaces, we will not deal
with image charge effects in this study. There exist methods to include image effects
[106, 107], however, the additional computational effort would somewhat double the
electrostatics part another time. For our purposes this is neither feasible nor are the
image effects of utmost importance in the current scope.
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2.6 The Condiff Algorithm

Putting all components together, the final algorithm proceeds in the following manner:

10.

10.
11.
12.

Single Step

. Leap Frog step 1 (update velocities by At/2)

initialize forces
apply boundary conditions
(if necessary) build neighbor lists, cell lists
compute DPD interactions
compute Lennard-Jones, harmonic, FENE, Yukawa interactions
boundary interactions for real particles
condiff step
Leap Frog step 2 (update velocities by At/2, positions by At)
(if evaluation step) analyze.
Condift Step
initialize pseudo-ions
(if necessary) calculate the velocity grid
assign charges to grid
calculate electric field in k-space
add ELC corrections
add external field
assign electric force to monomers
assign electric force and velocity to pseudo-ions
boundary interactions for pseudo-ions
Heun step 1 (update to predictor positions)
assign charges to grid

calculate electric field in k-space
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13. add ELC corrections

14. add external field

15. assign electric force and velocity to pseudo-ions

16. Heun step 2 (average motion and update to corrected positions)
17. assign electric force grid

18. assign electric force to DPD particles.

When the Euler scheme is used instead of the Heun scheme, the condiff step is basically
reduced by cutting out steps 11-16. In the end the whole condiff procedure can be looked
at as an additional interaction in a regular MD scheme, but with a more sophisticated
computation process. As mentioned in chapter 2.3, the DPD fluid has a ballistic regime,
in which the mean velocity is constant. One could take an advantage of this time scale
separation for an improvement of the algorithm, since in principle the solvent velocity
field has only to be calculated once and will in good approximation not change over the
ballistic time scale. Therefore step 2 of the condiff step is noted with the comment “if
necessary” .

2.7 Details on the Ion-DPD Coupling

By choice of the right coupling method we have to ensure on the one hand, that the flow
velocity of the DPD particles is correctly transmitted to the pseudo-particles and their
convective motion, and on the other hand, that the electric force felt by the pseudo-ions
is transmitted correctly onto the DPD particles (step 18), as they are constantly being
dragged along with the ions in an electric field.

2.7.1 Velocity Coupling

Every communication between the DPD particles and the pseudo-particles is performed
by means of the grid, i.e. a quantity to be transmitted is put onto the grid first and from
there distributed to the other species. That way all coupling processes follow the same
procedure that is used in the electrostatic solver. For the velocity coupling this means
the following:

1. assign velocity and density (number) of DPD particles to the grid
2. normalize velocity by dividing by the DPD number density

3. distribute normalized velocity from grid onto pseudo-particles.

The second step creates a locally averaged velocity field, which ensures that the condiff
particles move with the local average velocity, while individual DPD particles could be
faster or slower. It is important, however, that the collective velocity in the local volume
is the one the pseudo-particles feel.
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node DPD density force
my W(my,s1) -1+ W(ml,s2) -1 W(my,q1) - Fq) + W(mi, q) - Fge)
my W(mg,s1) -1+ W(m2,s3) -1 W(me,q1) - Fq1) + W(ma, ¢2) - Fg2)

Table 2.2: Quantities as they are transmitted onto the nodes (with the appropriate weighting).

2.7.2 Force Coupling

The force coupling is a little more complicated than the velocity coupling, as there are
in principle many ways to normalize the force field. The way it is done in the condiff
algorithm is the following:

—_

. assign electric field E from grid to pseudo-ions

2. multiply by pseudo-ion charge = electric force F’
3. assign F' from each pseudo-ion onto the grid

4. normalize force field by DPD number density

5. distribute normalized force field from grid to DPD particles.

The first two steps are quite obvious, as they are necessary for the pseudo-particle
motion itself. The third step ensures that the coupling is started from each pseudo-
particle separately, i.e. we start out with a quantity defined on the pseudo-particle level,
namely the electric force F. Another possibility would be to calculate the force field
directly on the grid level by multiplying the electric field and the charge density. This
attempt, however, did not lead to suitable DPD density profiles.

Step four is maybe the most subtle one. The idea behind it is that we have to conserve
momentum, i.e. the force on the pseudo-particles has to be exactly the same as the force
transferred to the DPD particles. The reason is that the DPD particles represent the
total mass density and not only the solvent, i.e. they also represent the mass belonging
to the charges represented by the pseudo-ions. In the simplest form one could think
of a one-to-one correspondence between a DPD particle and a pseudo-particle, which
leads back to the idea of Groot [9]. As the forces are distributed onto the DPD particles
weighted by their contribution to the individual nodes, a prior normalization to the local
DPD density on the node thus ensures that the total force is conserved. The whole
process is illustrated in Figure 2.8.

Table 2.2 expresses how the quantities arrive at the nodes in the example of figure
2.8. Here the weighting function W is normalized so that

W(my,z) +W(mg,x) =1 . (2.60)

Thus we can write the conservation of force in the following manner:
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pseudo-ion mesh level DPD level
level F

norm

Figure 2.8: Cartoon of the force coupling. The electric forces of the pseudo-ions q1 and qo are
assigned to the grid points mi and ms, where it is divided by the DPD density. From there the
normalized force is distributed onto the DPD particles s1 and ss.

Fioo = F(q1) + F(q2) (2.61)
= Wmy, ) F(q1) + W(ma, g2) Fg2) + Wma, q) F(q1) + W(ma, g2) Fg2) - (2.62)
F(m1) F(m2)
= F(my) + F(my) (2.63)
. W(ml,sl)F(ml) W(mg,Sl)F(mg)
\W(ml, 81) + W(ml, 82) g W(ng, Sl) + W(mg, 82)/
F(s1)
W(my, s9)F(my) W (ma, s9) F(ms)
+ W(ml, Sl) + W(ml, 82) g W(mg, 81) + W(mg, 82)1 (264)
F(s2)
= F(s1) + F(s2) . (2.65)

From Eq. 2.61 to Eq. 2.62 the forces are distributed from the pseudo-ions onto the
grid by multiplication with the appropriate weight function. Hence we can define the
force values on the nodes, as in Eq. 2.63. In the next step the forces are weighted and
normalized with the DPD weight functions to Eq. 2.64 and thus distributed onto the
DPD particles by defining the force on each particle as in Eq. 2.65. In the end, both
steps that introduce the weight functions are simply a multiplication by 1 (Eq. 2.60).

Other ways to normalize the forces were also investigated, for instance to distribute
both the original force field and the DPD density from the grid to the DPD particles and
normalize there. In the numerical test it turned out that only the procedure described
above was leading to the correct force coupling. The tests were also performed with



2.8. STANDARD PARAMETERS FOR THE SIMULATIONS 59

externally applied electric forces. Here it also turned out that charge assignment order 1
is not sufficient to maintain the coupling, regardless of the grid size.

2.8 Standard Parameters for the Simulations

While several parameters can be varied in the algorithm, in this work we concentrate
mostly on one parameter set throughout, to keep the data comparable. Also this param-
eter set has shown to produce a reasonable combination of performance and accuracy.
The standard DPD density is mostly chosen to be

This value has been used in many previous studies, as is it high enough to ensure a
rather homogeneous distribution of particles throughout the system. The standard DPD
parameters are

Yopp = 9.0 (2.67)
Teww = 1.0 (268)
wR(T) - (]- - r/rcut) (269)
Fe = 0, (2.70)

so there are no conservative interactions and we deal with a pure ideal-gas type fluid.
The temperature will be set to unity throughout these studies

T=1. (2.71)
For the condiff algorithm we first choose a width of the pseudo-charges by setting

a=1/V2 . (2.72)

The width of the particles results from the particle-mesh algorithm to solve the elec-

trostatics. Further details can be found in chapter 2.5.2. The smearing function in
k-space has the form

F(k) = exp(—k?/4a?) . (2.73)

For the size of the pseudo-ions this means that their Gaussian shape has a real-space

width
rion = L =12 . (2.74)

The diffusivity of the pseudo-ions is set by the diffusion constant D, which is taken
equal for all ion species
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D =026 . (2.75)

This corresponds roughly to half the diffusivity of a DPD particle in this parameter
set, D ~ Dppp/2, as described in section 2.3.1 (Eq. 2.14). The lower value has been
chosen as it leads to an improved behavior at the boundaries. Much higher values lead
to higher penetration rates, which slows down the algorithm, as those moves have to be
rejected. Also a lower D results in a better ratio of charge to momentum transport. It
is important to note that D also influences the strength of the electrostatic interactions
between the pseudo-ions (see chapter 2.4 about the convection-diffusion equation).

The Bjerrum length is chosen to be unity as well

Ip=1, (2.76)

which sets the length scale of the system. The number N, sets the amount of pseudo-
particles representing one charge unit ¢. It is mostly taken to be

N,=1, (2.77)

however, sometimes we choose N, = 10 to obtain smoother profiles. The standard
parameters for the grid, namely the charge assignment order (cao) and the grid spacing,
are

cao = 3 (2.78)
tgia = 100/12 . (2.79)

This means that on the grid-level a particle has an influence range of 3 grid points
or 2.5 in real units in each spatial dimension. This is also the maximum distance over
which a DPD particle and a pseudo-ion can have a ’direct’ correlation with each other.
Thus the DPD particle’s velocity will be assigned partly in the grid range from which
the pseudo-ion obtains its velocity, and on the other hand the pseudo-ion’s electrostatic
force will be partly assigned in the grid range from which the DPD particle obtains
its electrostatic force. The product cao X agiq or better to say the ratio cao/grid size is
therefore influencing the local coupling of pseudo-ions and DPD particles, which is further
explained and illustrated in section A.4 of the appendix. In general, it is crucial that the
grid size is accompanied by an appropriate assignment order. Choosing a large grid size,
i.e. a high mesh refinement, and a low assignment order, can lead to cases where pseudo-
particles have no DPD particles in their vicinity. In those cases the force coupling is not
working properly. Thus a good parameter set has to ensure a coverage of all pseudo-
particles with DPD density. A natural choice would be to take the grid spacing in the
order of magnitude of the typical DPD particle distances (i.e. the particle diameters)
and an assignment order that spreads the coupling range to 1-2 particle diameters in all
directions.



CHAPTER 3

Tests and Discussion

Overview

In this chapter we deal with the applicability of the condiff algorithm. First we summarize
the results of tests performed to determine the optimal parameter set and to study the
behavior and results of the algorithm in controlled situations. Further details on these
points are presented in the appendix. The first applications of the algorithm deal with the
electro-osmotic flow, where we intent to compare the results to theoretical predictions
of the Poisson-Boltzmann theory, as well as explicit-ion simulations. Furthermore we
compare the condiff algorithm to other DPD based models published in the recent past.
A detailed performance measurement follows, where we compare to the software package
ESPResSo. Finally, we summarize the algorithm and give a short outlook into possible
further improvements.

3.1 Summary of Tests

In principle, the condiff algorithm allows for different integration schemes for the stochas-
tic process resembling the convection-diffusion equation. In this study we focus on the
Euler and Heun method. While the latter requires a higher computational effort, it also
yields a higher accuracy at a given time step. A detailed comparison can be found in
section A.1. The conclusion is that both schemes are suitable, while it can be beneficial
to choose the Euler scheme due to the better performance. Significant deviations have
only been found for ion profiles close to boundaries, where, however, both schemes still
follow the theoretical predictions of the Poisson-Boltzmann theory, as will be shown in
section 3.2. A reduction of the time step below At = 0.01 leads to improved results.
Due to the drawback of increased computational effort, it is, however, only recommend-
able in situations which require very accurate density profiles close to boundaries or, for
instance, in quantitative comparisons with explicit-ion simulations.

The electrostatic part of the algorithm involves the charge assignment order and the

61
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grid spacing as free parameters that had to be optimized by means of various tests with
different systems. For the particle-mesh Poisson solver it became apparent that with
the standard parameters one obtains an accuracy of the order of 1072. More details
can be found in a comparison of different mesh sizes and charge assignment orders (cao)
presented in section A.2.

The pseudo-particle representation of the ion-concentration field involves the param-
eter N,, which defines the number of pseudo-particles representing a unit charge. In
chapter A.3 we present some tests, where it shows that N, > 1 can lead to improved
equilibration times of density profiles. Whenever dealing with a very low ionic concentra-
tion, it can thus be favorable to increase N,. While we mostly choose IV, = 1 throughout
this study, we show that higher values do not lead to deviations, especially in the shape
of density profiles close to boundaries.

The choice of the assignment order and grid spacing not only determines the accu-
racy of the electrostatics, but also how the coupling between DPD fluid and pseudo-ions
is managed. The coupling of the two components is studied extensively, with the re-
sults presented in section A.4. Both the comparison of density profiles and the study of
radial-distribution functions lead to the conclusion that the standard parameters main-
tain the coupling in most situations encountered. Other combinations of mesh sizes and
assignment orders have also been tested. Attention should be paid to situations of high
charge gradients, such as in systems confined between charged walls with a high load of
counterions in the solution and little or no salt to increase the screening. In these cases,
an appropriate choice becomes important. It has been observed that the DPD density
can overshoot close to the boundaries due to the strong electrostatic coupling to the
pseudo-ions. Such an overshoot is rather unphysical, as the DPD density represents the
combination of solvent and ion concentration and thus should never deviate that much
from the shape determined by the ion profile. A different coupling scheme is presented in
section A.4.8, where we additionally transfer the boundary repulsion felt by the pseudo-
ions to the DPD particles in order to balance out the strong electrostatic attraction. The
result is a flatter DPD profile, which then, however, is not any longer interpretable as a
representation of the total density. Yet the most important effects, namely the coupling
and force transmission, are maintained.

3.2 Counterion-induced Electro-osmotic Flow

As a simple test case for the algorithm we choose the electro-osmotic flow (EOF) in a pure
counterion solution. This phenomenon occurs if counterions dissociate from an interface,
which then is charged. Applying an electric field leads to a movement of the counterions
and hence a flow of the solution. In the thesis by Jens Smiatek [90] it was shown that a
coarse-grained MD simulation with tunable slip boundaries can reproduce the analytic
result for the charge profile and the flow velocity profile obtained from Poisson-Boltzmann
(PB) theory. Our test case directly builds on this study.
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3.2.1 Analytical Results

The Poisson-Boltzmann equation for a single charge component reads

AD(r) = —f—fpo exp (— kZBQqur)) (3.1)

with the electrostatic potential ®, and the charge density p. expressed by a Boltzmann
distribution. The solution for the density [90, 108] can be derived

Po
c = s 3.2
pe(2) cos2(2) (3.2)
with py being the charge density in the center of the slit channel and
(Ze)?po

"N 25 kT (3:3)

the screening constant!.

The flow inside the slit channel by an external field applied in positive x-direction
can be determined from the Stokes equation. Here we include the partial-slip boundary
conditions

Erk‘BT
Zens

ve(z) = E, [log(cos®(kzp)) — log(cos®(kz)) — 2kdp tan(kzg)] . (3.4)
The prefactor includes the shear viscosity of the fluid ns. As a reminder, zg is the
position of the hydrodynamic boundary and dp the slip length.

3.2.2 Simulation

We take a box of size 10 x 10 x 15 and place the two boundaries at z; = 0 and z, = 10,
so that we obtain a penetrable volume of 10 x 10 x 8 and a gap for the ELC calculation
of 50. The system is filled with a DPD density of pppp = 3.75 (3000 particles) and a
counterion density of p. = 0.0125 (100 particles with N, = 10 to smoothen the charge
density). It is not necessary to set the surface charge explicitly, as the resulting potential
for two equally charged surfaces would be constant throughout the channel. We apply
the tunable-slip boundary conditions with three different friction values and resulting
slip lengths.

b
526 0
1.0 1.21
05 265

!'Note that & is not the usual Debye screening constant. ¢, = ﬁ in our units.
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Figure 3.1: Comparison to Poisson-Boltzmann theory. (a) shows the counterion distribution
(PB result as blue dashed line), (b) the reduced flow velocity for three different slip lengths (with
the PB results as black lines)
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Figure 3.2: Comparison of counterion-induced EOF run with condiff and ESPResSo. A system
of size 10 x 10 x 8 with p. = 0.0125 and an external field E = 1.0 has been studied. (a) shows
the counterion profile, (b) shows the resulting velocity.

The system is allowed to equilibrate first and then to reach steady-state flow within
200k steps with applied electric field. Thereupon we accumulate the charge and flow
profile over a period of roughly 20M steps, writing out every 50 steps. The position
of the hydrodynamic boundary measured from the channel center is zp = 3.88. Both
zp and b were determined by additionally running plane Couette and plane Poiseuille
simulations as described in chapter 5.2.2. All other parameters were kept at the standard
values. After equilibration, the counterion distribution can be compared to the Poisson-
Boltzmann result of Eq. 3.2. The only remaining fit parameter is the density in the
center pg.

Figure 3.1a shows that the profile overall agrees very well with the PB theory, with
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some deviations close to the boundaries. Here the actual character of the repulsion
appears to be important. With the equilibrated system, the EOF is started by imposing
an electric field E, = 0.1. The field strength is chosen small enough to stay in the linear-
response regime. After reaching steady state, all three flow profiles can be compared
to their corresponding PB result of Eq. 3.4. There is no fit parameter, as p, has been
determined in Fig. 3.1a. Figure 3.1b indicates that all three flow profiles agree nicely with
the theoretical prediction. During this study it became apparent that small uncertainties
in b, zg and 7, can lead to systematic deviations in the magnitude of 5 — 10%. Hence
the parameter set has been determined separately for each of the three cases.

3.2.3 Comparison to ESPResSo

Many of the simulations performed with the condiff program have been accompanied by
test simulations with the software package ESPResSo, to check for consistency and clarify
possible differences to explicit-ion simulations. Figure 3.2 shows the comparison for the
counterion-induced EOF, as presented in the previous paragraph. Both the counterion
distribution and the resulting flow profile agree nicely.

3.3 EOF in the Presence of Salt

The test case can be extended to salt solutions by adding cations and anions. While
there is no exact analytical formula in the Poisson-Boltzmann limit for this case, an
approximation in the Debye-Hiickel limit and with the limitation to no-slip boundary
conditions yields [90]

’U$(Z) _ _5r<Ex (e—’i(Z+ZB) + 6—&(2’3—2) 11— 6—2/@2’3) . (35)

s

Here ( is the zeta potential of the surface and k is the regular inverse Debye length.
We try four different salt concentrations with a net charge density of pyt = 0.0125
to mimic the charged surfaces: pgy = 0.0125 (100 coions, 200 counterions, N, = 10),
psait = 0.03125 (250 coions, 350 counterions, N, = 10), psar = 0.06875 (550 coions, 650
counterions, N, = 10) and pg = 0.08125 (650 coions, 750 counterions, N, = 10). For
the high salt concentrations the electric field has to be increased accordingly due to the
low net charge and the high screening inside the channel. Otherwise the flow would be
hidden in the thermal fluctuations and much longer runtimes would become necessary.

The results shown in Figure 3.3 indicate a good qualitative agreement, whereas quan-
titatively the theoretical prediction underestimates the flow, similarly to the results in [90]
for explicit-ion simulations. Also, the typical plug-flow profile for the high concentrations
is more pronounced in the simulation data than in the theory.
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Figure 3.3: Normalized flow profile for various salt concentrations and corresponding results of
Eq. 3.5. The scale has been changed for each curve to enhance the visibility, starting at 0 and
with the dashed line representing unity.

3.3.1 Comparison to ESPResSo

Next we perform a quantitative comparison to explicit-ion simulations for EOF in the
presence of salt. For this purpose we pick a system with a penetrable volume of V =
10 x 10 x 16, with the boundaries positioned at z; = 0 and 2z, = 18. 6130 DPD particles
lead to a DPD density of pppp = 3.83125, and a surface charge of ¢ = 0.25 is put onto
the boundaries by means of frozen charge units. The slit is filled with ion concentrations
of p— = 0.05625 (90 counterions) and py = 0.025 (40 coions). We apply an external
field of strength E, = 1 and choose no-slip boundary conditions by setting v, = 5.26.
The resulting flow is plug like, which simplifies the determination of the mobility. For
the simulations performed with ESPResSo we adapt the DPD density as explicit ions
additionally count to the total density.

In [21] Smiatek et al. derived a relation between the flow velocity and the occurring
electrostatic potential ®(z)

By

= 47T7]S(I)(z)+vEOF , (36)

Uz (2)

which allows us to compare in detail the electrostatic conditions inside the slit and
the resulting solvent flow. There is a second relation regarding the mobility

1

@ S ) .
= B/N (3.7)

Mgor = vgor/Ez = —
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with @ = ®(zp) the potential at the hydrodynamic boundary, i.e. the zeta potential.
We determine ®(z) by measuring the electrostatic field inside the slit with the help of a
test charge, and then integrating the profile starting from the center of the slit. Figure
3.4 shows a comparison of the ion and charge profiles in the slit for the condiff algorithm
using the Euler scheme with ESPResSo. In both cases there is charge neutrality in the
center of the channel, however the distribution of ions adjacent to the boundaries differs.
The net-charge profiles in (b) show that while the ESPResSo system has a higher net
charge close to the boundary, there is a slightly higher net charge in the range [—7 : —5]
in the condiff case, before both approach zero in the center of the slit. The resulting
plug flow profiles are shown in Figure 3.5, where a significant deviation for the mobilities
is visible. This shows that minor changes in the charge profiles can already lead to
considerable differences in the resulting flow. By determining vgor and with the help of
Eq. 3.6 we can compare the electrostatic potential to the velocity profiles. Even though
the two simulation methods lead to different flow profiles, both seem to be consistent with
the theoretical prediction. Figure 3.5b shows the electrostatic potentials, which mostly
agree, except for the range close to the boundaries, where the actual type of surface
charge begins to matter. Here point-charges lead to a strong increase. The results on &
from Eq. 3.7 are drawn with straight lines, where we can thus compare with the position
of the hydrodynamic boundaries, which is done in the blow-up. For the condiff simulation
the prediction would be z = 8.00+0.01 (averaged over both sides of the slit), which agrees
with an expected z, of about zg = 7.9 £ 0.1. For the ESPResSo system the prediction
is z = 7.73 & 0.05, which is slightly lower. The data obtained with ESPResSo still lacks
statistics, as fluctuations are visible in almost all graphs, so that we expect an improved
match for &5 and zp with a larger sample. Yet the general context is still deductible
and the consistency of potential and flow profile are visible in both simulations.

For a second test we chose the smaller channel used in section 3.2 for the counterion-
induced EOF. At this point we also include a comparison of the Euler and Heun integra-
tion schemes for the condiff algorithm, as the resulting flow profiles differ. The discussion
of the results can be found in the appendix in A.1.5.

3.4 Comparison to other DPD-based Methods

In the context of the DPD method, there have been two suggestions on how to introduce
efficient electrostatic calculations. In principle, in explicit ion simulations one would
usually add ions in the form of WCA-repulsive particles with a point charge. Those
particles would also take part in the DPD interactions to couple them to the fluid flow
and the local temperature. Then one would solve the electrostatics following a method of
choice; mostly Ewald sum or particle-mesh techniques are used. This approach is what
is called ’explicit ion simulations’ throughout this work and is e.g. done with ESPResSo.
Groot [9] in 2003 suggested a method that introduces mean-field electrostatics into a DPD
liquid by setting up some DPD particles with smeared-out charges. The charges have to
be smeared since the DPD particles have no hard-core repulsion and thus opposite charges
would just collapse on top of each other. In his approach he also uses the conservative,
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Figure 3.4: Comparison of ion profiles inside the slit. (b) shows a blow-up of the boundary area,
where the net-charge profile is shown by gray lines (dashed for condiff, straight for ESPResSo).
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Figure 3.5: Comparison of resulting flow profiles and electrostatic potentials. (a) shows the plug
flow together with the prediction of Eq. 3.6, (b) shows the potentials, where the straight lines
are the ®p values determined with FEq. 3.7 from the mobilities.

repulsive DPD interactions, since the goal is to mimic explicitly the behavior of water.
He chooses a method to solve the electrostatics that goes back to the paper of Beckers et
al. [109]. The mesh part is calculated in real-space by a successive overrelaxation scheme
(SOR) instead of a Fourier-space approach. The short-ranged real-space part is replaced
by the DPD conservative interaction with appropriate parameters. The biggest advantage
of the SOR scheme is that it automatically incorporates dielectric inhomogeneities inside
the system, as the dielectric constant € enters locally. Thus it is especially useful for
simulations of interfaces. The disadvantage is that SOR schemes are relatively costly in
terms of computational effort. The other method was published by Gonzalez-Melchor et
al. [10] in 2006. Here the authors follow the same concept, but choose an Ewald sum
approach to the electrostatics. Due to the same problem with the point-charge description
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they introduce a smearing function for the charge and approximate the resulting real
space interactions.

In both of these methods there is a strict coupling of charge to a specific DPD particle.
This is not the case in the condiff method presented in this study. In principle the charge-
density field and the solvent are independent quantities. Thus we are also able to choose
the diffusivity of our pseudo-ions independent of the properties of the DPD fluid, which
can be an advantage in certain situations. Out of the test cases they present, we here
want to focus on two of them, namely the distribution around a single charged plane and
a simple bulk electrolyte.

3.4.1 Single Charged Plane in a Salt Solution

First we consider a periodic system of size 10 x 10 x 20 with a single charged plane at
z = 10 and surface charge density 0 = —0.1. The plane has no repulsive interactions
and is modeled by a set of a hundred frozen charged particles aligned in an array. The
system is filled with DPD particles at a density pppp = 3.0 and with a salt solution,
p+ = 0.015 (30 counterions) and p_ = 0.01 (20 coions). Due to the periodicity this
system is almost equivalent to the slit channel considered in section 3.2 for the EOF.
However, the periodicity and the missing repulsive character of the wall will inherently
produce deviations, especially close to the plane.

To compare the electrostatic potential ®, we use a test particle to measure the electric
field in the equilibrated system and average over the whole sample, measuring every 50
steps of 7.5M steps runtime after equilibration. From the Poisson-Boltzmann theory one
knows that the potential should have a structure

O(2) = aexp(—kz) + aexp(k(x — 20)) + Do - (3.8)

Here a is the amplitude of the potential and & is the resulting inverse screening length.
These parameters are obtained by fit. However, as we only obtain the electric field, we
use

E(z) = +raexp(—krz) — kaexp(k(z — 20)) . (3.9)

The result for the screening parameter is kK = 0.571£0.005, in agreement with Groot’s
result. Figure 3.6 shows the electric field and the fit from which x has been obtained.
The ion distributions should follow an exponential in the form p; = cexp(—®(z)) and
p— = cexp(P(z)). The constant ¢ can be obtained from the mean salt concentration far
away from the single plane, in this case in the range 6 < z < 14. The result ¢ = 0.01184
again resembles Groot’s result. Now one can take the logarithm of the ion densities to
compare them to the potential in the form —log(py/c) = log(p_/c) = ®. The result is
shown in Figure 3.7, where it shows that they clearly agree very well.
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Figure 3.6: FElectric field and fit by Equation 3.9 for a single charged plane in a salt solution.
Deviations start to increase close to the boundary.
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Figure 3.7: Potential and logarithms of ion densities in the single plane system.
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Figure 3.8: Radial distribution functions for a bulk electrolyte. (a) shows the correlation between
fluid particles, equally charged and oppositely charged particles. (b) shows a collection of all
RDFs.

3.4.2 Bulk Electrolyte

In the bulk electrolyte Groot specifically looked at the correlation relations of the ion
species and solvent particles. Therefore a direct comparison is not possible, as we not
only neglect all ion correlations but also do not use any conservative DPD interaction.
Thus we can show with this test case that indeed there is no correlation. Figure 3.8a
shows the radial distribution function (RDF) for DPD particles (goo), the positive charge
RDF (g4, ) and the cross-RDF between oppositely charged particles (g, ) for comparison
with Groot’s result. In (b) all RDFs are shown together. The DPD particles (goo) show
no increase in the RDF at all except for a small deviation close to » = 0 which is also
noted in [110]. Thus they are distributed totally homogeneously in the bulk. There is
a small increase in ¢g,¢ and g_g, i.e. a small increase if DPD density close to a charge.
This corresponds to the fact that the DPD particles represent the full density and not
only the solvent itself, as also described in section A.4 about the boundary effects.

3.5 Performance Test

One major objective in developing the algorithm was to gain efficiency for simulations of
mesoscopic systems with high salt concentrations compared to standard coarse-grained
MD simulations. When speaking about performance, however, one nowadays also has to
deal with parallelization. While in principle the parallelizability of the algorithm should
be comparable to plain MD algorithms, in this study we have no intention to compete
with highly optimized parallel MD codes. On the other hand, the focus of this study lies
on studying rather small systems. Such systems contain particle numbers of certainly
below one million, roughly saying more in the ten thousands. Thus single core runs, or
shared-memory parallelized runs are applicable.
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In order to measure the performance of the algorithm, we compare it to the ESPResSo
software package, which is a widely used program in soft matter. For a detailed compar-
ison we create three model systems and run each simulation for ten thousand time steps
in single-core mode.

1. pure DPD solvent

e V=10 x10 x 10
e 3750 particles

2. monovalent salt solution

e V=10x10x 10
e 100 cations/anions
o kp = 1.585

e condiff: 3750 DPD particles
ESPResSo: 3550 DPD particles

e condiff: pm with grid 12 x 12 x 12, cao 3
ESPResSo: optimized P3M, accuracy 0.01

3. confined polyelectrolyte solution

o Viox =10 x 10 x 17

e boundaries at z = 0,z = 12

® Viccessible = 10 X 10 x 10

e 10x10 charged monomers

e harmonic bonds K = 30, R = 21/6

e monomer WCA repulsion, 0 =1, =1
e 50 coions

e 150 counterions

e condiff: 3750 DPD particles
ESPResSo: 3550 DPD particles

e condiff: PM with grid 12 x 12 x 20, cao 3
ESPResSo: optimized P3M, accuracy 0.01

e ELC on, accuracy 0.01

In the ESPResSo systems we decrease the DPD particle number according to the
amount of ions, as those are real particles. Also, ions and monomers interact via the
WCA potential with standard parameters. ESPResSo’s P3M is optimized with the
“tunev2” command, and there is an additional warm-up time with capped forces for
the ESPResSo systems, as the WCA repulsion may be too strong initially. The tuning is
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pure DPD salt solution confined polyelectrolytes

condiff Euler 33.2s 55.1s 60.0s
condiff Heun 33.1s 5&.7s 66.3s
ESPResSo 3.0.2 45.3s 93.2s 164.5s
ESPResSo 3.1.1 45.0s 74.8s 99.7s

Table 3.1: Runtime results for 10k steps with condiff and ESPResSo. All times are averaged
over 20 samples and initialization times are subtracted.

performed several times to obtain the best result. As there has been an improvement in
the electrostatics algorithm for ESPResSo in the newer versions, we also compare to an
older version (3.0.2) that resembles the state at the beginning of this study. The accuracy
for the P3M was chosen to be 0.01 as the condiff algorithm obtains a similar accuracy
(although not for point particles of course). The Verlet skin or neighbor-list cutoff was
set to 0.4 for all systems.

Since ESPResSo usually takes longer to initialize the simulation, we subtract the
initialization-time, which is measured separately. An average of 20 runtime measurements
is performed with the UNIX command “time” (user time), which is accurate enough for
the time scale expected for 10k steps. The test computer is an Intel Core i7 860 at
2.8GHz, with 16GB memory. We use GCC 4.4.3 for compilation with the “-O3” flag.

The results shown in Table 3.1 state that for the condiff program already the pure
DPD system is much faster, which can be a result of the way it is implemented. Another
reason could be that the way ESPResSo is written is to incorporate a much higher load
of additional features. Those were not activated for this purpose, however, the general
structure may influence the performance. For the salt system we see that the difference
between Euler and Heun is quite small, which shows that the main effort is related to the
DPD particles. Additionally to the runtime necessary for the 10k DPD steps, the velocity
assignment takes a large part. The difference to ESPResSo 3.0.2 is quite high, which takes
about 160% in comparison to Heun and 170% in comparison to Euler. The newer version
of ESPResSo performs much better, as it saves almost 20s. Still the condiff program
is faster in total and also if one compares the pure runtime required for the salt (by
subtracting the pure DPD times). In the polyelectrolyte system the difference between
Euler and Heun becomes more apparent, as the additional boundary interactions and
especially ELC sum up. A 10% gain in speed is possible by reducing the algorithm to
Euler. The comparison to the old ESPResSo is quite dramatic. The condiff program
saves a factor of 2.5 (2.7 respectively with Euler) in runtime. The factor becomes even
larger when subtracting the pure DPD time. However, the difference becomes much
smaller for the new version, which performs about 50% (66%) worse than the condiff
program.

This shows that the condiff algorithm is capable of outperforming explicit ion sim-
ulations when going for high charge concentrations. This measurement also illustrates
the motivation for new electrohydrodynamic simulation methods, as the runtime increase
for such small systems with charge concentration is quite high. When the work on the
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Euler Heun

DPD 30%  22%
neighbor lists 19% 1%
condiff step 46%  51%

assign velocity grid 15%  14%

assign force to DPD  14%  13%
electrostatics 9% 1%

Table 3.2: Runtime profiling of the condiff algorithm with Fuler and Heun scheme. The profiling
was done with valgrind’s callgrind option for runtime of 1k steps.

condiff algorithm was started in 2010, ESPResSo was in version 2.2.0b, which we also
benchmarked for the salt solution. The result was 111s, i.e. even much slower than the
version 3.0.2. The improvement in ESPResSo is partly due to the adapted distribution of
computing time to the real-space and k-space part. By decreasing the real-space cutoff
to a value that is similar to the other interaction cutoffs in the system, the neighbor
lists are much smaller and hence the real-space contribution produces less overhead in
comparison to the condiff algorithm.

In Table 3.2 we show the results of a code profiling. With the “callgrind” option of
“valgrind” one can get an overview of the internal time distribution of the code. Here we
ran the polyelectrolyte system for 1k steps. With the Euler scheme, the DPD takes up to
50% of the runtime, as the neighbor lists are mainly for the DPD algorithm. The condiff
step takes about 46%, but still the main part of it is related to the DPD particles, as the
velocity grid assignment and the force assignment to the DPD particles takes 29% (of
those 46%) themselves. A similar picture shows up for the Heun scheme. Here, however,
the electrostatics with 17% take a larger part than in the Euler case with only 9%. The
electrostatic layer correction takes 2.2% for Heun and 1.2% for Euler. However, this
value is largely particle number and accuracy dependent, and can easily range to times
comparable to the particle-mesh electrostatics itself.

3.5.1 Performance on Electro-osmotic Flow Simulations

Besides the benchmark with the model systems, we also did comparisons in the actual
applications of the algorithm. The simulations performed for the electro-osmotic flow
over superhydrophobic surfaces described in chapter 5 were quite demanding due to the
large system size required and the amount of charges involved to obtain an appropriate
screening length. While we performed the simulations in shared-memory parallelized
form, we also did some comparisons between serial runs with the condiff algorithm and
ESPResSo. From a sample of 10 runs we averaged the runtime for 1000 steps. The
results are shown in Table 3.3. As the DPD implementation in the condiff program is
already faster than the one in ESPResSo, we show the runtimes for a system without
electrostatics as well. The P3M in ESPResSo was tuned to an accuracy of 1072 to keep
it comparable with the condiff accuracy. As the optimization of the P3M parameters is
very crucial for the runtime, we performed the tuning several times to ensure that we
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condiff method ESPResSo 3.1.1
full 545s (15%) 3519s (100%)
uncharged 371s (11%) 506s (14%)

Table 3.3: Runtime comparison for 1000 steps, averaged over 10 runs on a AMD Opteron(TM)
Processor 6272, 2100MHz machine. Runtimes of the pure DPD system are shown for compar-
ison. All runtimes are single-core and without analysis and initialization time.

have the best parameter set.

The comparison shows that one gains a factor of six in speedup with the condiff
method. The pure improvement in the electrostatics part is about 17x. This result
should be representative for studies of rather large systems, which nowadays become more
and more common, as complexity increases. Thus the result underscores the importance
of improving and developing new efficient algorithms for electrohydrodynamics to reduce
computational cost and make large, complex systems accessible.

3.6 Further Performance Improvements

The test with different parameter sets and the comparison of the Euler and Heun scheme
have shown that slight performance improvements are possible within the condiff al-
gorithm. However, as the profiling in the previous section has shown, the pure DPD
calculations (interactions + neighbor lists) take about 50% of the computation time.
Thus even with an improvement on the condiff side, the algorithm would always be lim-
ited by DPD as the current bottleneck. This is somewhat the reverse situation from what
we were starting out with in the beginning. Except for the particle-mesh and the DPD
part, the current source code of the condiff program is not yet optimized. Thus a small
improvement in the magnitude of < 10% appears possible.

3.6.1 Ballistic Time Regime

Ironically the DPD particles also take the largest time in the condiff part, due to the
velocity grid assignment and the force coupling. The former with a percentage of 15%,
however, can be reduced systematically in equilibrium situations. As mentioned in chap-
ter 2.3.1 and shown in Figure 2.3, the DPD particles enter a ballistic regime that lasts for
about 50 time steps with presumably constant local velocity. Thus one could calculate
the velocity grid only every next time step, e.g. every 40th, so that the computational
effort would reduce to 1/40 - 15%. Attempts with this ballistic velocity grid have been
made. However, it turned out that in non-equilibrium situations, e.g. in an external elec-
tric field, the force transfer to the DPD particles became inconsistent and momentum
was lost. The reason is that the force coupling requires an up-to-date DPD density grid,
to normalize the forces correctly. Yet the DPD density grid is assigned together with
the velocity grid, as it takes the same effort. Also, problems with the ballistic-regime
reduction or any other kind of assignment reduction occur if WCA-repulsive boundaries
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system Heun Euler grid-based grid-based 2x mesh
salt solution 87s 81s 61s 101s
polyelectrolyte slit ~ 103s 92s 69s 138s

Table 3.4: Overview of performance results for the condiff algorithm with o Heun and an FEuler
scheme in comparison to a grid-based approach. The runtime for 10.000 steps was measured on
an AMD Opteron(TM) 6272 processor at 2100MHz. On the grid-based runtimes, charge and
force assignment times have been subtracted.

are included. Due to fluctuations close to the vacuum layer an up-to-date density profile
is essential for the normalization.

3.6.2 Reduced Assignment Order for DPD

The most direct solution to reduce the assignment time of the DPD particles would be to
minimize the corresponding assignment order to cao 1 without changing the pseudo-ion
cao. With the standard parameters, there would be about 2 DPD particles per cell, i.e.
there might be grid points without any DPD velocity /density assignment. Therefore one
could for instance increase the pseudo-ion assignment order appropriately to ensure the
coupling, which does not lead to much computational overhead. The approach of different
assignment orders could, however, be problematic because of momentum conservation.
No attempts have been made in this study to investigate in this direction.

3.6.3 Grid-based Approach to the Convection-Diffusion Equa-
tion

A more drastic possibility for a performance improvement would be to remove the pseudo-
particle description of the ion-density fields and represent them on a grid, similar to [12].
Without implementing such a solver, we can model it by reducing the charge assignment
order to 1. This way the particles contribute to only one node, i.e. they behave for
the electrostatics as if they were on the grid, but they can still move freely. Then, by
removing the overhead produced by the assignment, one has a good estimate for the
pure-grid method. However, the velocity assignment from the DPD particles will in this
approach still be necessary.

A good estimate for the assignment overhead can be achieved by comparing profiles
created with the “callgrind” option of “valgrind” on a short run of the system. As
explained in chapter A.2, a lower charge assignment order should be accompanied by a
higher grid resolution, as the electrostatic forces otherwise are too approximative. Thus
we start a second run of the grid-based systems with the mesh size doubled. The results
in Table 3.4 show that a switch to a grid-based method could indeed lead to a significant
performance improvement of around 1/3, however, with the result of a lower accuracy.
Increasing the grid resolution also increases the computation time drastically, such that a
doubling already exceeds the condiff time. Hence a particle-based algorithm can perform
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better than a grid-based algorithm, as one can choose a smaller grid for the Poisson solver
and balance it by a higher charge assignment order.

3.7 Summary and Outlook

With Regards to Explicit-Ion Simulations

During the course of this study the condiff algorithm with its dynamic mean-field treat-
ment of charges has proven to perform well in applications that were typically suited for
explicit-ion simulations. Its performance and accuracy are very satisfactory, always in
comparison to the latter. With the new tuning version of P3M in ESPResSo (current
version 3.1.2) the real-space calculations are generally reduced and more load is put into
the FFT calculations, thus also reducing the interaction ranges and the size of the Verlet
lists. All this considerably improves the performance of explicit-ion simulations and hence
simultaneously diminishes the speedup gained by the condiff method. With everything
put into perspective, the condiff algorithm is still faster, which especially showed during
the simulations performed for the electro-osmotic flow on superhydrophobic surfaces in
chapter 5.

Another advantage of the condiff algorithm over explicit-ion simulations is that it
does not require excluded-volume interactions for charges. If ions are considered as point
charges, they require an excluded volume interaction to prevent overlapping. However,
this usually makes the ions artificially large, as particle diameters cannot be reduced
much below unity. A side effect is that unphysical layering can occur, whenever strong
charge concentrations appear, such as close to charged boundaries. Also the mismatch in
particle sizes could in principle have artificial effects on the behavior of macromolecules.
The pseudo character of ions in the condiff method also leads to much shorter equili-
bration times, where system warm-ups with capped interactions are only necessary for
very concentrated polymer solutions. A drawback of the condiff method is that it is not
capable of simulating conditions under which strong correlations become important, e.g.
in electrolytes containing multivalent ions at low concentrations.

With Regards to Other Methods

Besides the explicit-ion methods, other effective methods have been proposed in the recent
past, which we want to separate into three categories. The first-category methods differ in
their treatment of solvent and charges in either explicit/implicit manner. In the context
of electrophoresis some methods neglect explicit ions and account for electrostatics in
the Debye-Hiickel approximation with an additional friction term in the coupling to a
LB fluid [3], or by assigning an effective charge onto MPCD particles surrounding a
charged bead [4]. A similar idea has also been introduced for DPD [5]. Other approaches
include coupled continuum-particle methods [6] and implicit solvent models [7, 8]. In
strong contrast to all these methods the condiff algorithm includes full hydrodynamics
and Poisson-Nernst-Planck level electrostatics, i.e. there is no assumption of equilibrated
charge distributions.
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Secondly, similar methods involving DPD in combination with smeared charges have
been proposed [9, 10], which have been discussed in section 3.4. Here, the main differ-
ence is in their approach charges and DPD particles are joined directly instead of freely
coupled. In contrast, the condiff algorithm allows for different ion diffusivities.

Thirdly, lattice-based solvers of the electrokinetic equations have been proposed, [11,
12]. Here, the still somewhat controversial coupling of macromolecules and colloidal
particles could be seen as a drawback, as well as the implementation of boundaries.
Both these points are relatively straightforward in a particle-based approach, such as
the condiff algorithm. An additional disadvantage is that these methods do not account
for thermal fluctuations, which limits their application to scales on which diffusion by
Brownian motion is insignificant.

Possible Extensions

Of course the algorithm still allows for various extensions. To include the effect of di-
electric contrast is certainly one possibility, which may especially become important at
interfaces and boundaries. As an additional feature to the electrostatic layering cor-
rection ELC, which has been used throughout this work when dealing with quasi two-
dimensional geometries, Tyagi et al. developed a correction to account for the image
charge effect on boundaries with different dielectric constant [106]. This idea was then
taken further to work in a universal way with different kinds of electrostatic solvers [107].
With these approaches it becomes possible to study the effect of dielectric contrast, es-
pecially in electro-osmotic flows. However, those corrections are more important in the
case of multivalent ions and thus have not been accounted for in this work. In principle
the particle-mesh electrostatics could also be combined with a successive-overrelaxation
(SOR) scheme instead of the FFT solver, which allows for locally varying dielectricity,
but is generally slower. Thus we come to the idea of varying dielectricities inside the
solution, which also has its validity. In the current version of the algorithm the entire
system is treated as if it had a homogeneous dielectricity e. However, as the typical model
would be an aqueous solution, polarization effects might occur depending on the local
charge distribution. In the framework of self-consistent field theories this has recently
been tackled [111]. The solvation energy of ions, which might not be constant due to the
local behavior of the solvent is certainly also an important aspect [112, 113] that could
be included into the algorithm in a future version.



CHAPTER 4

Polyelectrolyte Solutions

Even though polymer and polyelectrolyte solutions have been studied for several
decades, they are still a topic of ongoing research, not only because of the manifold in-
dustrial applications of polymers. When speaking about solutions, various concentration
regimes are of interest, starting with polymer melts and concentrated solutions with the
focus on materials science, down to more dilute solutions with emphasis on DNA/RNA
transport or drug delivery by transport polymers. Protein-folding is another biophysical
problem that comes into play.

An important topic closely connected to polymers and polyelectrolytes is the concept
of lubrication. The very fundamental question behind the scene is what makes something
slippery. In nature, the answer often involves polymers and especially polyelectrolytes.
Speaking in a more general framework, the addition of polymers to a liquid can alter
the viscous behavior drastically. Concepts such as shear thickening and shear thinning
come into play. The question of lubrication is maybe equally important for understand-
ing biological mechanisms, such as the motion of joints, as in engineering applications,
where optimizations of lubrication processes can lead to enhanced lifetime and stability
of components as well as increased efficiencies [114].

Thus there is a strong motivation to characterize the rheology of solutions, for instance
by means of simulations. The study of polymer solutions in non-equilibrium situations,
i.e. flow or shear motion, leaves a wide parameter range to be explored. A multitude
of experimental and simulational studies on the dynamics of polymers in solution have
been performed, and theoretical approaches have been developed as well (e.g. [115, 116]).
Special attention is paid to the comparison of the dilute and semidilute regime, including
the concentration dependence of viscosity, described by the phenomenological Fuoss law.
Similarly important is the direct comparison of neutral polymer and polyelectrolytes
and the question of how the electrostatics change the situation, macroscopically as well
as microscopically. Worthwhile to mention are the peak in the scattering function for
semidilute polyelectrolytes and the different scaling of the correlation length and the
relaxation times [117]. The addition of salt to the solution can lead to screening effects
and should therefore work as a link between the two primary cases. However, multivalent
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ions can lead to rather different results, such as gelation processes [118].

From a theoretical and simulational point of view it is of strong interest to establish
how important hydrodynamic interactions are under various circumstances, as well as
whether approximations such as the Debye-Hiickel or Poisson-Boltzmann electrostatics
are applicable. The latter point is directly related to the role of counterions and their
dynamics. In this context, it is important to mention the primary electroviscous ef-
fect, which is the contribution to the viscosity that originates in the deformation of the
counterion cloud around a charged solute, e.g. a polyelectrolyte.

Many simulational studies of polymer rheology have been performed under bulk con-
ditions, e.g. by means of Lees-Edwards boundary conditions [119, 27]. On the other hand
people are also interested in bound systems with adsorbed polymers, such as polymer
brushes and their lubrication effects [120, 121, 122, 123]. Before proceeding, we want
to mention some references to former studies that stand in close relation to ours. To
this date, simulations of polyelectrolyte solutions including fully the electrostatics and
hydrodynamics are still somewhat rare, mostly due to the computational effort involved.
Carrillo et al. [124] studied polyelectrolytes in equilibrium under addition of salt. Stoltz
et al. [53] present studies of dilute polyelectrolytes under shear using Brownian dynamics
with hydrodynamics and electrostatics by means of Ewald techniques. Large scale simu-
lations of neutral-polymer rheology in semidilute solutions have been performed with the
MPCD method [125]. One should also mention studies of single polyelectrolyte chains
in Brownian dynamics [126], including hydrodynamics and Debye-Hiickel electrostatics.
Recent reviews of the theoretical and simulational side can be found in [47, 49]. Related
experimental studies of the viscoelasticity of polyelectrolytes include publications such
as [48], where the addition of salt [127, 128, 129] and dilute and semidilute solutions
[130, 131] have been studied, as well as comparisons to scaling theories and the Rouse
model [132] have been performed.

The condiff algorithm has an advantage over explicit-ion simulations in highly con-
centrated ionic systems, which is why the method is extremely suitable for the study of
semidilute solutions, thus being able to fill the gap of simulational studies in this regime.
Hereby we also show the applicability of the new method to the study of macromolecules
in solution, which should motivate further studies in the near future. Lastly we want
to clarify the role of electrostatics in the rheology of polyelectrolytes. We will there-
fore also conduct simulations of uncharged chains, as well as of charged chains with a
so-called Yukawa potential, which resembles the Debye-Hiickel electrostatics, so that we
can compare directly to a model that does not incorporate counterion retardation effects.
Contrary to bulk studies, we intentionally make use of boundary-induced shear flow but
study pure solutions without tethering of molecules. The use of two opposite boundaries
instead of periodic boundary conditions resembles the situation encountered for instance
in thin films or joints. Thus we put the finite-size effects apparent in simulations to our
advantage by concentrating on systems of such finite size.
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Figure 4.1: Illustration of the plane Couette flow.

4.1 Measuring the Shear Viscosity

We first describe the non-equilibrium simulation techniques used to study the polyelec-
trolyte solutions and determine their viscous behavior. The viscosity of a fluid can be
measured by comparing its flow behavior to the theoretical predictions of certain model
flows that have a simple nature. Similarly to experimental rheology, where viscometers
may work with a linear flow profile or a capillary flow, those two flow types can also be
used in simulations. The underlying principle is to measure both shear rate and stress
to obtain the viscosity from the relation

T=n(Y)7y - (4.1)

4.1.1 Couette Flow

The plane Couette flow is obtained when a fluid is confined between two planar and
parallel boundaries that move with a velocity difference in opposite directions, thus cre-
ating a shear flow by dragging the fluid along. In the case of a homogeneous density, the
resulting velocity profile is linear, as also described later on in section 5.2.2. The linear
velocity profile leads to a constant shear rate

A
F(z) = FU = const. (4.2)

with Av the velocity difference at the two hydrodynamic boundaries and H their
distance. The stress can either be measured directly, i.e. with help of the virial theorem,
or it can be calculated from the force the fluid exerts onto the boundaries

T = ik (4.3)

where the force acts in opposite flow direction and A is the boundary area. With the
use of tunable-slip boundaries this force can be measured by accumulating the dissipative
and random forces over a period of time, once a steady state flow has been reached
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(a) Plane Poiseuille (b) periodic Poiseuille

Figure 4.2: Illustration of Poiseuille flow with and without boundaries.
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Couette flow can also be artificially imposed by the usage of Lees-Edwards boundary
conditions [119, 27]. This is of advantage when studying bulk properties, as no boundaries
are required. However, the stress then has to be calculated on its own terms, which is
challenging for long-range interactions. In the case of particle-mesh electrostatics it also
requires an adaption of the rectangular mesh to the deformed periodic images.

U (4.4)

4.1.2 Poiseuille Flow

Plane Poiseuille flow is obtained when imposing a parallel, constant force on a fluid
confined between two plates. We define the geometry such that the confinement takes
place in z-direction and the force acts in positive x-direction. In the case of a homogeneous
density the resulting velocity profile is parabolic for Newtonian liquids. An alternative
geometry without any boundaries can be constructed by splitting the simulation box
in half and imposing the same force in two opposite directions [89]. The resulting flow
profile can then in principle also be averaged over both flow directions. In this method,
the boundary condition obtained at the interfaces is no-slip, as the velocity intercepts
zero to change signs.

With a non-parabolic velocity profile for a non-Newtonian fluid, also the shear-rate
profile becomes nonlinear. Thus it must be calculated by derivation

. 0vu(z)

7T 7,
The stress profile can be calculated from a virial expression [133] by considering
the local velocity and force distribution. However, the original formulation requires all
interactions to be pairwise. In our case, however, the electrostatic force is a mean-field
force and thus has no pairwise shape. With a different formulation of the stress/pressure
tensor and by taking into account the proper symmetry, i.e. we are only interest in a

(4.5)
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Figure 4.3: Illustration of the stress measurement in slabs across the system. The kinetic
contribution comes from particles present in the volume around the plane A,, while all particles
contribute to the force part by whether they are left or right of the plane.

one-dimensional profile of the stress, the required components of 7 can be calculated
following [134, 135]

_ 1
Tex(2) = 2AZAZ<.€( Z )mivixviz> (4.6)

AV=2A.Az

+ 2;Z <; Fizsgn(z; — z)> . (4.7)

The equation is illustrated in Figure 4.3. All particles are either on the left or right
side of a plane A, and thus contribute with the corresponding sign to the force part of
the virial sum, while the particles in a small volume around A, of width 2Az contribute
with their velocity as well. Finally the time averages are taken to obtain the mean stress
profile. In the case of the condiff method only the DPD particles and monomers have
to be considered, as the condiff particles themselves are of pseudo character. Thus the
electrostatic contributions are included through the transmission to the DPD particles.

At this point we note that the original formula (Eq. 19 in [135]) is valid for 7,,(2),
while we need 7,,(z). In most situations, the stress tensor is symmetric, i.e.

Tox = Tzz - (48)

On the particle level this becomes apparent when considering the different interac-
tions, which are in principle isotropic.

In practice the Poiseuille procedure to calculate the shear viscosity works mainly as
outlined in [136]. First the obtained stress is compared to the expected linear profile
for Poiseuille geometries. The velocity profile is fitted by cubic splines and even-order
polynomials to calculate the first derivative as in Eq. 4.5. The shear-viscosity is then
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Figure 4.4: Stress component T,, for a Couette and a Poiseuille flow of a pure DPD fluid.

obtained with the use of Eq. 4.1. For the stress it is of advantage to work with the
theoretical relation in Eq. 4.10 instead of the measured profile to decrease statistical

fluctuations.
The advantage of the Poiseuille geometry is that one can cover a wide range of different

shear rates with just one flow profile. On the other hand the Couette geometry requires
only the information about the boundary force to calculate the viscosity, as the shear rate
is imposed and deviations cancel out as a system average is taken. Thus both methods

are legitimate to use, which allows us to compare the results.

Testing the Stress Measurement

Prior to applying the stress formalism to the Poiseuille flow, we consider a test case of a
pure DPD fluid in confinement, applying both a Couette and a Poiseuille flow. For the
simple DPD fluid, the stress can be calculated from the shear rate due to the Newtonian

behavior. In the Couette flow we obtain a constant stress

Av
2x == s 4.
rale) =0 (49)
and for the Poiseuille flow the stress profile should be linear

T.o(2) = Fpz (4.10)

The results are compared to the predictions in Figure 4.4. In both flow geometries
the calculated stress agrees with the theory, thus confirming Equation 4.6.
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4.2 Polyelectrolyte Model

In thus study the polyelectrolytes are described by bead-spring chains of length N, = 20
with a charge fraction of 1, i.e. every bead is charged with ¢ = —1. The beads interact
via a WCA repulsion with ¢ = 1, € = 1 for the excluded volume interactions and are
connected by a harmonic spring with the parameters

ro =240 ~1.1225 (4.11)
K =30 . (4.12)

With this parameter set it is ensured that there is no chain crossing. All monomers
take part in the DPD interactions and are penetrable by the ideal-gas DPD particles.
They are accompanied by the appropriate amount of counterions, represented by pseudo-
particles with z. = 1, to ensure charge neutrality. Additionally, we can add salt by
introducing coions and increasing the counterion concentration.

4.3 Single-Polymer Properties

Before investigating the full solution, we consider single polyelectrolytes to collect their
equilibrium properties. Therefore we run a simulation of a polyelectrolyte and 20 coun-
terions in a system of size 25.2% with fully periodic boundary conditions, which corre-
sponds to a concentration ¢ = 0.00125 (=~ 1/40 of the pure solution described below).
The simulation ran for about 2M steps for equilibration and another 7M for sampling.
We determine the end-to-end distance ., the radius of gyration Ry, the hydrodynamic
radius Ry and the bond length b

R, = 11.823 + 0.008 (4.13)
R, =4.312 40.002 (4.14)
R, =3.730 +0.001 (4.15)

b =1.2683 £ 0.0001 . (4.16)

With the single-polymer data, we can determine the overlap concentration (in monomers)
for the solution according to Eq. 1.49

from R, c¢* =0.0596 (4.17)
(from R, ¢ =0.0029) . (4.18)
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Npol Nmon N+ N_ NDPD c K P
pure 80 1600 1600 0 120k 0.053 0.813 4.000
uncharged (un) 80 1600 0 0 120k 0.053 0.000 4.000
Yukawa 1 (resembling 80 1600 0 0 120k 0.053 0.8 4.000
pure)(yukl)
with salt (ws) 80 1600 3200 1600 120k 0.053 1.409 4.000

Yukawa 2 (resembling 80 1600 0 0 120k 0.053 1.25 4.000
with salt) (yuk2)

higher concentration 160 3200 3200 0 120k 0.105 1.150 4.053
(he)

higher concentration 160 3200 4800 1600 120k 0.105 1.627 4.053
with salt (hc ws)

even higher 240 4800 5400 1600 120k 0.158 1.818 4.105
concentration with salt

(ehc ws)

Table 4.1: Overview of the simulated concentrations and introduction of the abbreviations. The
systems contain Ny, polymers consisting of Npyon monomers. Counterions add up to N and
coions to N_. Additionally there are Nppp particles, which add up with the monomer concen-
tration c to the total density p. The inverse Debye length k results from the ion concentrations.

4.4 System Sizes

The system geometry is set to 40 x 10 x 45 with the boundaries at z; = 0 and 2z, = 40 (or
measured from the center z; = —20, 2o = 20 respectively), leaving a penetrable volume

V =40 x 10 x 38 . (4.19)

Table 4.1 lists all the different concentrations and polymer systems considered for the
simulations. The volume is filled with a DPD fluid of constant density. N, polymers
(charged/ uncharged) are added, corresponding to Ny, monomers in total. For charge
neutrality N. counterions are introduced, and in some cases salt is added in the form
of N, cations and N, anions. The monomers and the DPD particles add up to the full
density p. Additionally, we can directly calculate the inverse Debye screening length s
from the ion concentration

N, + 2Ny
T .

— /4
" v

(4.20)

For the Yukawa systems, x as listed in Table 4.1 is an input parameter, which has been
determined by comparing conformational data, which will be presented in section 4.5.
Comparing to the overlap concentration evaluated in the previous section, the systems
with ¢ = 0.053 are already close to the semi-dilute regime, but still in the dilute regime.
The systems with higher concentration are deep in the semi-dilute regime.
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4.5 Determination of the Debye Length

To compare our simulation method to an implicit salt model in the Debye-Hiickel limit,
we can make use of the Yukawa-type pair potential for charged monomers

V(rw) = lBkBTQMQexp(T_—mm) ; (4.21)
12

with 715 = |7y — 75|. The Debye screening length A\p = k™! is the only free parameter
of the Yukawa potential, as the strength of the potential is determined by the interacting
charges and the Bjerrum length, which all are fixed. The salt density in the solution
is then described effectively by a screening of the potential with the screening length
k1. The exponential decay allows for a local cutoff r.,;, which makes the Debye-Hiickel
electrostatics much faster than any other method. However, one completely loses the
explicit description of ions, which corresponds to the assumption that all surrounding
ions relax infinitely fast, when a monomer is disturbed. While in principle we can use
Eq. 1.33 to calculate x, it also makes sense to run test simulations in which we vary «
systematically to find the appropriate value by comparing conformational properties of
the polyelectrolytes with the condiff result. These simulations are performed in bulk and
equilibrium. Quantities used for comparison are the end-to-end distance R,, the radius
of gyration Ry, the hydrodynamic radius R}, the average bond length b and the static
structure factor S(k).

By increasing the salt density, or k — oo, we reach the totally screened case, i.e.
corresponding to neutral polymers without electrostatics. Decreasing the salt density, or
k — 0, leads to the plain electrostatics without any screening. As we use two different
salt concentrations in this study, we obtain two Yukawa parameter sets. Firstly we
take ps = 0, the case with counterions only, which also has a corresponding screening
length due to screening by the counterions and the monomers themselves. Secondly we
have ps = p,,, the case with equal salt and monomer concentration. All simulations are
performed with an equilibration time of 4M steps and a measurement time of 4M steps
writing out every 100 steps.

Figure 4.5 shows the results for different quantities that characterize the chain con-
formation. We compare different values of x to the results of bulk simulations with the
condiff algorithm for the counterions-only situation and the one with salt, represented
by black solid and blue dashed lines respectively. In comparing the different quantities,
they yield different recommendations for x. This means that there is not a direct corre-
spondence of a single k value with the conformations. It seems that the two collective
parameters R, and R, recommend a lower x than the two pair-related parameters, R,
and bond length b. Thus, for further clarification, we also look into the single-chain
structure factor.

Figure 4.7 shows the structure factor for the counterions-only case, where the best
fitting values are kK = 0.8 and x = 0.85. Figure 4.8 shows the results for the with-salt
case. Here the best fitting values are k = 1.2 and k = 1.3.

Concluding the analysis, we choose the following values for the two Yukawa systems,
as already listed in Table 4.1:
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Figure 4.5: Conformation quantities for different salt concentrations measured in k in compar-
ison to the condiff values marked by lines. The gray areas mark the error range. Shown are the
end-to-end distance (a), the radius of gyration (b), the hydrodynamic radius (c), and the bond
length (d).

counterions only k=0.8 (4.22)

with salt k=125 . (4.23)

In all simulations the cutoff radius has been set to r. = 9.0. Table 4.2 lists again the
conformation results for the chosen values and their condiff counterparts.

For the counterions-only case we performed an additional test by doubling the chain
length. The results are listed in Table 4.3. Here the recommended « for R. agrees with
the R, and R}, predictions, but the bond length still deviates.

The result k = 0.8 also agrees well with the calculated one from Eq. 1.33, k = 0.81.
In the with-salt case the theoretical value would be x = 1.41, hence there is a larger
discrepancy. Interestingly this value agrees with the bond-length result in Figure 4.5d.
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counterions only, with salt, and completely uncharged polymers. The gray areas mark the error

range.
R, R, Ry, b
k=038 8.421 £0.009 3.384 £0.002 3.280 £0.006 1.2579 +£ 0.0005
condiff pure 8.200 £0.013 3.376 £ 0.003 3.269 £ 0.010 1.2549 + 0.0008
k=12 7.966 £ 0.009 3.237 £0.002 3.182 4 0.006 1.2534 4 0.0005
condiff with salt 7.930 +0.008 3.223 +0.002 3.1724+0.006 1.2514 + 0.0005

Table 4.2: Conformational results for the chosen k values and the corresponding condiff simu-

lations.

Finally we can look at a wider range of k and compare with the neutral polymers. Figure
4.6 shows the R, data that saturates both for high s, and kK — 0, showing agreement
with the R, obtained for neutral polymers.

K R. R, Ry b

0.8 19.303 +0.031 9.759 £ 0.013 4.484 +0.007 1.2586 = 0.0005
0.85  19.49440.032 9.732+0.013 4.462+0.007 1.2580 = 0.0005
0.9 19.491 4 0.031  9.681 +0.013 4.442 +0.007 1.2573 = 0.0005
condiff 19.3294£0.028 9.728 +0.012 4.473 +0.007 1.2566 = 0.0005

Table 4.3: Results for longer chains (N, = 40) in the counterions-only case and comparison to
the closest k values.
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Figure 4.9: Equilibrium profiles in the slit. (a) shows the pure polyelectrolyte system, (b) shows
the monomer profiles for various systems.

4.6 Equilibrium Properties

4.6.1 Profiles

We start out with studying the equilibrium properties in the confined situation by com-
paring the resulting monomer and counterion profiles inside the slit. Figure 4.9a shows
the profiles for the pure polyelectrolyte system. First we note that there is an effective
attraction of monomers to the boundaries, which is not visible for individual ions in a
pure salt solution and must therefore be related to the chain structure. There is charge
neutrality in the central region, while the counterions distribute somewhat differently at
the boundaries, showing a depletion up to the monomer peak and then peaking them-
selves. In (b) we compare the monomer profiles for the systems of low concentration.
In contrast to the pure polyelectrolyte case, the neutral chains show a strong depletion.
In the case with salt the monomer peaks are strongly decreased and moved towards the
center, leaving a depletion zone. The Yukawa polymers show a similar peak behavior as
the pure polyelectrolytes, but the peak is stronger and closer to the boundaries, showing
no depletion.

While this peak structure also affects the total density profile, the deviation is ex-
tremely small as the DPD density dominates (the total density in terms of the above
histogram would be around 160). Therefore we can still assume a homogeneous total-
density profile, which is essential for the viscosity evaluation. However, we need to keep
the approximative character in mind.

4.6.2 Chain Conformations

As we expect the boundaries to influence the conformations strongly, we only consider
polymers that are fully in the range
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ReO AFieO RgO ARgO RhO AFih() bO AbO

pure 833 0.02 3.352 0.005 3.255 0.016 1.254 0.001
Yukawa 1 (yukl) 8.42 0.02 3.382 0.004 3.277 0.016 1.258 0.001
with salt (ws) 7.85 0.03 3.202 0.006 3.160 0.022 1.251 0.002
Yukawa 2 (yuk2) 7.88 0.01 3.211 0.002 3.166 0.008 1.252 0.001
uncharged (un) 7.30  0.02 3.019 0.004 3.027 0.015 1.243 0.001

Table 4.4: Equilibrium properties of the different polymer solutions.

Reo AREO Rg() ARgo RhO ARhO bg Abo

pure 833 0.02 3.352 0.005 3.255 0.016 1.254 0.001
with salt (ws) 7.85 0.03 3.202 0.006 3.160 0.022 1.251 0.002
higher concentration 7.60 0.03 3.130 0.005 3.116 0.018 1.249 0.001
(he)

higher concentration 739 0.03 3.064 0.006 3.072 0.020 1.248 0.002
with salt (hc ws)

even higher 711  0.03 2971 0.005 3.005 0.018 1.244 0.001
concentration with salt

(ehc ws)

Table 4.5: Equilibrium conformations for the different polyelectrolyte/salt concentrations.

271+6 <2< 2946 (424)

for the calculation of the chain properties.

Tables 4.4 and 4.5 summarize all obtained equilibrium conformations of the polymer
systems. Even though the quantities were only sampled in the center of the channel,
there is already a clearly visible change due to the confinement, when comparing to the
bulk results in Table 4.2. Also, the Yukawa polymers deviate stronger from their condiff
counterparts. The uncharged chains have a smaller size as well as a slightly smaller bond
length b, which is to be expected due to the missing intrachain electrostatic repulsions.

4.6.3 Longest Relaxation Times

By studying the equilibrium behavior of the polymers, we obtain useful information about
the time scale of the single-chain dynamics. The longest relaxation time 7 can for instance
be extracted from the R. autocorrelation function, which should decay exponentially.
Table 4.6 summarizes the results for 7. In general it shows that the determination
of relaxation times requires a very large sample size, as the errors are still quite high.
It seems that the uncharged chains have the shortest relaxation times, thus having the
fastest dynamics. They are followed by the Yukawa 2 chains, where the long-ranged
electrostatics are strongly screened. Yet the results for the polyelectrolytes with screening
by salt do not resemble this result. Similarly the Yukawa 1 and pure cases do not match.
The higher concentrated systems do not show a slower dynamics, while the system with
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system T sim. steps
pure 30.5+4.0 7.7TM
uncharged (un) 23.0£3.0 20.1M
with salt (ws) 28.0+£6.0 7.36M
Yukawa 1 (yukl) 25.0+ 3.0 8.95M
Yukawa 2 (yuk2) 23.5+3.0 9.29M
higher concentration 29.0+£4.5 7.31M
(he)

higher concentration 30.0+£3.5 7.38M
with salt (hc ws)

even higher 69.5 £ 7.5 6.95M
concentration with salt

(ehc ws)

Table 4.6: Relaxation times T extracted from the R, autocorrelation functions by an exponential
fit. The sample size is given by the simulation time, writing out every 50 steps.

even higher concentration (ehc ws) significantly deviates from any other system, as the
relaxation time is more than doubled. However, the value has also been extracted from
the smallest sample. Therefore we cannot draw any meaningful conclusions about the
dependence on concentration.

4.7 Couette Flow - Conformational Changes

When shear flow is imposed, the polymers will respond by a change in their conforma-
tion. Such changes can have two origins, where the change of spatial distribution of the
monomers is the interesting one, including the alignment of polymers with the shear flow
and the stretching of chains. As a second origin an extension of bonds is possible, in the
limits given by the stiffness of the bond interactions. As we are dealing with harmonic
bonds instead of the finitely extensible FENE bonds, the bond-extension effect should
be cared about. Therefore we take the pure polyelectrolyte system as a model system to
study the bond length.

As shown in Figure 4.10 the bond length b changes only slightly with shear rate.
Similarly, the ratio R./b shows that the polymers are extending disproportionately to
the increase in b. Hence the bonds are stiff enough for the applied shear rates and
conformational changes are predominantly visible in R., Ry, Rj,.

4.7.1 Comparison with Uncharged and Yukawa Chains

Having characterized the equilibrium data we can look at the conformational changes
with shear rate § by studying the change in R,, shown in Figure 4.11. For low shear
rates the Yukawa polymers resemble their condiff counterparts fairly well, however, with
increasing shear rate they underestimate the chain stretching significantly. The situation
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Figure 4.10: Illustration of the bond stretching. (a) shows the bond length b over shear rate,
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Figure 4.11: R4 over shear rate for the different polymers at low concentration.
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curve to enhance the visibility.
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seems to be a little better for the case with salt. Further comparisons are possible when
looking into the relative changes of R,, as shown in Figure 4.12.

For the low shear-rate regime 4 < 0.01 there is almost no change in the conformation
for any system. From there on also the individual behavior differs. The uncharged chains
seem to stretch less for intermediate 4, and then slightly more. The same behavior can
be seen in the end-to-end distance and the hydrodynamic radius, illustrated in Figure
4.13.

Overall, the Yukawa description of polymers fails in the high shear regime for the
pure polyelectrolyte + counterion case, whereas it appears to be slightly more accurate
in the situation with salt. Apparently there are stronger stretching effects that are not
captured appropriately by the Yukawa model. While this does not seem to be a crucial
shortcoming in our case, it might certainly be a stronger effect for longer chains. Lastly
we note that the pure and with-salt polymers behave almost identically, except for a
crossover at about ¥ = 0.1, visible in Figure 4.12 and also slightly visible in Figure 4.13a
and b. Thus the salt seems to reduce conformational changes for moderate shear rates
up to the point where the effect vanishes and thus the chains extend more, in relation
to the case without salt. For much higher shear rates outside the measured range one
would expect the salt to become irrelevant.

4.7.2 Changes with Concentration and Addition of Salt

With increasing polymer concentration the chains collapse further. While additional
polyelectrolytes are able to screen electrostatic repulsions, the decrease in size is larger
than the analogous decrease with salt. Hence this is a direct effect of reaching the overlap
regime, which can be nicely seen in the change from ’pure’ to 'ws’ (with salt) and to ’h¢’
(higher concentration) in the low shear-rate regime of Figure 4.14a. For higher shear
rates the difference between 'ws’ and "hc¢’ becomes smaller, i.e. the more stretched the
polymers become, the less the importance of the actual screening source (other chains,
or salt). In Figure 4.14b the relative change is plotted, where the order of the curves is
just reverse, i.e. the higher-density system shows the strongest relative chain stretching,
as it started out with the smallest size. The Yukawa description of the with-salt case
fails both in the absolute and relative for high shear rates.

Similar comparisons have been made with the cases of "higher concentration with salt’
and ’even higher concentration with salt’, where no additional effects have been visible,
which have not yet been covered with the comparison pure to 'hc’/’ws’. Therefore these
cases are omitted here, but are presented together with the other cases in the appendix
in section A.5.

4.7.3 Gyration tensor

Instead of studying the scalar conformational quantities, one can also evaluate the gy-
ration tensor and thus obtain detailed information about the stretching process. Figure
4.15 shows the diagonal components of G in a comparison between the pure, Yukawa and
neutral-polymer case, with the y-axis held in logarithmic representation. In the low shear
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Figure 4.14: Radius of gyration in comparison between the pure case and the cases with higher
concentration and with salt (plus the corresponding Yukawa result). (a) shows the absolute R,
(b) shows a relative values normalized by the equilibrium value.
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Figure 4.15: Gyration-tensor components over shear rate, comparison of the pure case with the
Yukawa and neutral-polymer case. From top to bottom, the first lines show Rg as a reference.
Gz (shear-direction) has a positive slope and is represented by crosses. Gy is the largest
one with negative slope, represented by circles. G, (boundary direction) is the lowest curve,
represented by triangles. Note the logarithmic scale on the y-axis.
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regime the xx and yy-components agree with each other, for any of the three systems,
with the zz-component being slightly lower. This is in agreement with the observation
that the boundaries decrease the chains already in equilibrium, even though we only
evaluate the chains in the center of the slit. In all three cases there is chain stretching,
i.e. a clear extension of the xx-component (crosses) is visible. The Yukawa curve shows
a much lower slope, while the neutral-polymer curve starts out lower, but has a higher
slope, showing that neutral chains stretch faster for high shear rates. Thus for very high
shear rates all chains should reach a similar stretching level, that is independent of the
electrostatics. The decrease in the yy and zz-component has different slopes, with the
yy-component having the smaller one. This observation agrees with the results in Ref.
[125]. For all three cases the zz-component shows a fairly good agreement in the high
shear-rate regime, where the neutral-polymer curve converges towards the 'pure’ result.
Hence the combined shear and confinement effects are somewhat stronger than the intrin-
sic differences in the chain description. Overall, the Yukawa description underestimates
the slope in all three components.

Figure 4.16 shows the same kind of comparison, but for the cases with salt and with
higher concentration. This time the y-scale is linear. Interesting is the direct comparison
of 'he” and 'ws’. While the course of R, shows a convergence for high shear rates, the
xx-component shows that the stretching is somewhat non-uniform. For low shear rates
the 'ws’ curve is slightly higher, which changes for intermediate shear rates. Finally,
for high shear rates there is another crossover and thus the chains with salt are slightly
further extended. The other two components show a somewhat monotonic picture, where
the 'hc’ values are always below the 'ws’ ones, in accordance to the generally smaller .
The situation might change for very high shear rates.

4.8 Viscosity

4.8.1 Solvent Properties

Before we investigate the rheology of polymer solutions, we start out with a pure DPD
fluid to determine the solvent properties. Both the Couette flow and the Poiseuille flow
are used. The DPD results will then be the reference to determine the reduced viscosity

Thred = 7T 5 (425)
Ts

which is a measure for the contribution of chains, relative to the viscosity that a pure
solvent of the same density would have. To obtain a better comparison between systems
of different total density, we investigate all occurring p in separate DPD simulations,
using the Poiseuille and periodic Poiseuille flow. Representatively we discuss the case
p = 3.947 (120k particles), where also Couette results are available. From the Couette
flow we can determine 7, by averaging over the range of 7 we apply. Each data point is an
average of four individual runs of about 2M steps after reaching steady-state. Therefore
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Figure 4.16: Gyration-tensor components over shear rate, comparison of the pure case with the
cases with salt and with higher concentration. From top to bottom, the first lines show R?J as a
reference. Gyq (shear-direction) has a positive slope and is represented by crosses. Gy, is the
largest one with negative slope, represented by circles. G, (boundary direction) is the lowest
curve, represented by triangles.

the low-shear regime is left out due to the strong fluctuations. The resulting average
shear viscosity is ns = 1.395 £ 0.015.

The Poiseuille flow results in a shear viscosity of n, = 1.3948 4+ 0.0005, which agrees
nicely. The applied external force of F' = 0.01 leads to a maximum velocity of vy &~ 5,
which is high enough do reduce fluctuations. The evaluation was performed with ten
individual runs of 2.5M steps after reaching steady-state, using Eq. 2.15. While the
Poiseuille result appears more accurate, it should be noted that 7, is very sensitive to
small changes in zp and dp, so that a determination to more than two digits is almost
not applicable, three at the most. Here, both calculations were done with the set of slip
parameters

2B —, 53 =0 > (426)

which will be used further on. Table 4.7 lists all obtained 7y values that will be used
to calculate nyeq.
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N P s
120k  3.947 1.395
121.6k 4.000 1.404
123.2k 4.053 1.411
124.8k 4.105 1.419

Table 4.7: Solvent viscosities for different DPD densities, used to calculate the reduced viscosi-
ties.
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Figure 4.17: Reduced viscosity for a pure electrolyte solution. The deviations are in the same
fluctuation range as in the DPD fluid.

4.8.2 Pure Electrolyte Solution

The addition of salt to the DPD fluid should not influence the Newtonian behavior. As
the boundaries are neutral, there is no double layer and thus the charge distribution is
homogeneous. Therefore the DPD particles are mostly undisturbed. Figure 4.17 shows
the resulting reduced viscosity values for different shear rates, obtained with the Couette
method. The overall deviation is in the error range of 7, except for the two lowest shear-
rate values, which deviate due to the statistical fluctuations in the force measurements.

Thus the inclusion of salt does not lead to rheological changes by itself. However,
ions will have an impact on the polyelectrolytes due to screening effects and the primary
electroviscous effect.

4.8.3 Couette Results

Figure 4.18 shows the Couette results for the reduced viscosities. Even though all 7,4
have been calculated with the appropriate DPD result for the total density, there is
a clear shift that must be related to the monomer characteristics, as it increases with
concentration. One could estimate that all curves continue to zero for 4 > 1. The cause
for the general shift might be the excluded volume interactions, which somewhat blow
up the volume fraction in comparison to the ideal-gas DPD fluid. All systems show shear
thinning over the entire shear range. The data for the low shear regime ¥ < 0.01 still
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lack statistics, even though the boundary force was sampled over ~ 15M steps. Here
the thermal fluctuations are too strong to obtain results with reasonable computational
effort. It is expected that for very low shear rates Newtonian behavior sets in, leading to
a plateau in 7eq.

Figure 4.19 zooms in on the low-concentrated systems. Here the neutral chains show
the least shear thinning. The remaining systems show a similar slope, where both Yukawa
systems generally underestimate the viscosity. Thus they can reproduce the qualitative
character of the condiff systems quite well, though lacking quantitative agreement. This
might be directly related to the mismatch in the conformations, which to a certain degree
is already caused by the boundaries, as seen in the equilibrium situation. Deviations
might occur in the low shear regime, which, however, lacks clarity due to the statistics.
Interestingly the with-salt curve clings to the pure curve for high shear rates, but shows
deviations for low shear rates. There might even be a transition for 4 &~ 0.2, which could
correspond to the crossover in R,/ R, in Figure 4.12.

4.8.4 Poiseuille Results

A comparison between the Poiseuille and Couette results is shown in Figure 4.20 for
the pure case. The Poiseuille viscosity has been determined with several individual
simulations with different driving force and two channel widths. While the agreement is
fairly good in the regime around 7 = 0.1, the Poiseuille method fails in the intermediate
shear-rate regime.

The low shear regime has not been covered with the Poiseuille method, as very low
forces are required which results in long simulation times. Overall, the Poiseuille method
requires similarly long runtimes as simulations in the low shear-rate regime with the
Couette flow. Therefore a detailed comparison between the two methods is rather de-
manding for such large systems and more extensive simulations are required to yield
accurate results.

4.9 Counterion Diffusivity

To clarify further the role of the counterions in the non-equilibrium situations, we modify
the ion diffusivity in the pure system from D = 0.26 to D = 0.13 and D = 0.53. By
studying the Couette flow, we can compare the conformational changes as well as the
rheology. Both are presented in Figure 4.21. In the end-to-end distance in (a) all three
curves start out with almost identical equilibrium values. With increasing shear rate
deviations occur, where the lower diffusivity leads to a slightly stronger stretching. The
reduced viscosity in (b) shows in accordance to the general trend that larger conforma-
tions result in larger n-contributions. Unfortunately the statistics for the low shear-rate
regime are not sufficient for a conclusion. However, it appears that the general trend for
the curves is to converge, as the green circles indicate.
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Figure 4.18: Reduced viscosity for different systems, determined with Couette flow.
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Figure 4.19: Reduced viscosity for the low-concentrated systems (same data as in Fig. 4.18 in
different representation).
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Figure 4.20: Reduced viscosity as a result of Couette and Poiseuille measurements. The
Poiseuille flow has been induced with several force values, using a slit of reqular width (H = 38)
and a wider one (w, H = 57).
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Figure 4.21: End-to-end distance (a) and viscosity (b) for the pure system with different diffu-
sivities.
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4.10 Data in Terms of Wi and Pe

While presenting all data versus the shear rate 4 has the benefit of giving a geometrical
interpretation in terms of the system’s scales, one could also use either the Péclet number
Pe or the Weissenberg number Wi instead of 4. The former relates the shear motion to
the model parameters and the strength of the thermal fluctuations [53]

_ &jo?
- kgT

with o = 1 the bead diameter and £ = 67no /2 the Stokes friction for a single bead.
The latter relates the shear motion to the polymer time scale

Pe

(4.27)

Wi=r14 , (4.28)

with 7 the longest relaxation time. Therefore Wi gives information about whether
the single chains are able to relax their conformation in the time scale given by the shear
rate. The linear-response regime is thus found in the low Wi range, while Wi > 1 states
that the chains are distorted strongly by the shear motion. We calculate Pe with help of
the pure DPD system’s viscosity of Table 4.7

c=0.053 (n,=1.404) = Pe = 13.232% (4.29)
c=0105 (n, =1411) = Pe = 13.298% (4.30)
c=0158 (n, =1.419) = Pe = 13.374% . (4.31)

As there is only a slight difference in the viscosity for the different concentrations and
thus in the Péclet numbers, there is no need for extra plots versus Pe. Figure 4.22 shows
the R, and n,.q data in terms of the Weissenberg number, where in section 4.6.3 7 has
been determined separately for each system. The main difference to a plot versus % as in
Fig. 4.11 and Fig. 4.18 is that the R, curves seem to run together for high shear rates,
showing the relation between the individual stretching processes.

In Ref. [125], Huang et al. found a universal scaling law of 1(¥)/n(0) with a concen-
tration dependent Wi for the case of neutral polymers. In our case, however, it appears
that the low shear rate data is too noisy to make reasonable estimates of 7(0).

4.11 Finite Size Effects

In general the shear motion of the boundaries leads to a stretching of the polymers in
the solution. Thus it is important that the simulation box is large enough so that a
fully stretched polymer does not predominantly interact, let alone overlap, with itself,
which would lead to finite size effects. On the other hand there is a clear finite size effect
originating in the confinement, which has been reduced by only evaluating conformational
properties of polymers in the central area of the slit. Here we test four different system
sizes, namely L = 10, 20, 30, 40 for a penetrable volume L x 20 x 38, where L = 10 is only
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Figure 4.22: Radius of gyration (a) and reduced viscosity (b) versus the Weissenberg number.
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Figure 4.23: End-to-end distance (a) and viscosity (b) for a pure polyelectrolyte solution with
different box lengths to visualize the finite size effects.

academically motivated as it is of the same magnitude as the typical R, in equilibrium.
We take the pure polyelectrolyte system for the test and compare R, and 7, presented in
Figure 4.23. For the low shear regime, R, shows almost no L-dependence. The finite size
comes into play once the stretching increases in the moderate shear regime. Especially
the system with L = 10 shows strong deviations, once R, ~ L. The L = 20 system
starts to fail for high shear rates, showing that stretched polymers of R, ~ 12 already
self-interact over a range L = 20. The two larger system sizes do not show any significant
deviation from each other. Hence L = 40 seems to be sufficient for our purposes. It has
been observed that the effects in L = 20 reduce for the more concentrated systems, which
may be due to the collective screening of the polymers. When looking into the viscosity
in Figure 4.23b, there is only a clear deviation of L = 10 for high shear rates. Other than
that, the viscosity data agrees fairly well. Yet the data for L = 30 lacks statistics, as this
was only a test run. In conclusion, the smaller system sizes could only be applicable for
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viscosity measurements, at least in a low shear regime.

4.12 Polyelectrolytes in a Thin Film

The behavior of polymers in confinement can differ greatly from the bulk. Minor effects
of the boundaries have been visible in the previous sections, where the conformations
slightly changed, even though we have neglected all chains located close to the boundaries
and have focused on the center of the slit. We now shift our focus to the study of strong
confinement, i.e. polyelectrolyte solutions confined in very thin slit channels, creating
a so-called thin film geometry. With the transition in geometry also the terminology
changes, as the study of the viscous behavior in thin films is not called rheology, but
tribology. The study of shearing motions of thin films is of strong interest, as it is
motivated both biologically as well as by industrial applications. A prominent example
of the former is the functionality of synovial joints, and of the latter the reduction of
wearing in bearings, to enhance the life time of components.

The study of thin film properties is of a broader, more general interest and not only
limited to polymer solutions. For instance, when confined in films of nanometer size,
certain liquids can show behavior that is more likely for a solid or a liquid crystal [137].
Yet there is also a specific interest in the study of polymers at interfaces [138]. In a
thin film, polymers behave differently as boundary effects become dominant, leaving the
chains strongly compressed. Thus significant conformational changes and also changes
in the viscous behavior are expected. Experimental measurements of polyelectrolyte
solutions show that for large channel heights, H > 6R,, the viscosity resembles the bulk
value. However, as the separation between the surfaces is decreased, the viscosity also
decreases until it converges to a minimum for channel heights of H ~ 0.5R, [139].

In general there are two types of situations to be encountered for the polymers.
On the one hand people study polymers grafted onto surfaces, i.e. polymer brushes.
Here strong differences have been encountered between uncharged and charged polymers
[120]. On the other hand people are also interest in solutions of free polymers. In
polyelectrolyte thin films confined between charged surfaces chains get adsorbed, so that
a setting similar to the polymer brushes is created with a polyelectrolyte layer adjacent
to the surface. However, as the adsorption energy is of the order of kgT', chains are easily
dragged away in shear flow, thus creating a more flexible environment than a polymer
brush. An experimental study has shown that such a situation can be favorable, as those
polyelectrolytes that are teared away by the shearing motion are generally replaced in a
so-called self-healing process by free polyelectrolytes [140], while grafted polymer brushes
cannot be fixed that easily. Another study showed that a high salt concentration can
decrease the lubricative character of a polyelectrolyte thin film significantly [141]. Also,
studies are performed to discover possible polymer candidates for enhanced lubrication
[142].

In the framework of the condiff algorithm we want to seize the motivation given
by the experiments and study the behavior of solutions of linear polyelectrolytes under
strong confinement between planar walls with focus on the lubricative changes due to the
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L, Ly H cn=s00 CN=1000
50 20 10.0 (12.0) 0.05 0.1
50 20 7.5 (9.5) 0.0667 0.1333
50 20 5.0 (7.0) 0.1 0.2

Table 4.8: List of the channel geometries, where H stands for the actually penetrable volume
due to the WCA repulsion of the boundaries. The boundary spacing is given in brackets. Also
the resulting monomer concentrations are shown.

polyelectrolyte chains. From a simulational point of view, the study of small, confined
systems is also advantageous as occurring finite-size effects are no longer artificial but
gain a physical meaning. In experiments on thin films, the lubricative behavior is usually
determined with the help of a surface-force apparatus. In our simulations we employ
the tunable-slip boundaries in order to calculate the viscous forces due to the shearing
motion of boundaries. Additionally we study the conformational changes of the chains
and distributions inside the thin film. Due to the spatial asymmetry, conformational
quantities should be treated in tensorial form. By systematically varying the film height,
surface properties and concentrations of polyelectrolytes and salt, we can derive a pic-
ture of the general behavior of polyelectrolyte thin films and determine their lubricative
properties. The data presented in this section is still in a preliminary state as the study
is still ongoing. However, principal results are already deducible and a comparison of
charged and uncharged surfaces is presented.

4.12.1 System Settings

We start out with three different slit sizes listed in Table 4.8 where the x-direction will be
the shear direction and the z-direction is the one in which the confinement takes place.
A fourth system size of H = 2.5 has also been studied, however, resulted in very strong
layering effects of monomers and will be omitted in the following.

As before, the polyelectrolytes have a chain length of N,, = 20 and we will consider
two monomer concentrations in each geometry, where always

N = 500 (4.32)
N = 1000 . (4.33)

The resulting concentrations are also shown in Table 4.8. Additionally, the appro-
priate amount of counterions N, is put into the system. As the resulting monomer
concentrations are quite high, we adapt the DPD density such that the total density is
kept constant

c+ pppp = p =375 . (4.34)

This way the systems stay directly comparable to a pure DPD system of the same
density, which we will also investigate. As we want to include polymer adsorption, we
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choose a surface charge o of opposite sign, which can be modeled in two different ways.
The first way is to assume homogeneously charged surfaces. This can be achieved by
including the corresponding counterions N, in the solution. The resulting net charge
results in the same electrostatics as with homogeneously charged surfaces. The second
way is to put charges explicitly onto the surface in the form of frozen pseudo-ions. A
comparison of preliminary results for both situations showed no difference in charge
profiles, polymer conformations and flow properties. Thus, we stick to the homogeneous
description and leave a comparison to the explicit description for future studies. By
choosing

o =025 (4.35)

we realize one system where each surface-charge unit has one corresponding monomer
of opposite charge (N = 500) and one case with twice as many monomers (N = 1000).
The second case ensures that there is never a complete adsorption, while the first one
in principle allows for a high percentage, up to complete adsorption. The polymers are
placed into the system by means of a self-avoiding random walk. Then the systems
are allowed to equilibrate. The applied shear rates vary in the range 4 € [0, 1], where
the velocity difference is applied through the tunable-slip boundaries with a friction of
vr = 5.26 to maintain no-slip conditions. By measuring the resulting tunable-slip forces
we can extract the viscous response of the solution. As the polymers are strongly confined
and in principle also entangled, a bond-breaking criterion has to be defined for the high
shear rates, as the harmonic bonds in principle could extend infinitely. Thus we will set
the maximum bond length to

b = 3.0 . (4.36)

If a monomer-monomer pair exceeds this value in the course of the simulation, the
run is stopped. Indeed in most cases the bonds "break’ for 4 = 1.

4.12.2 Concentration and Flow Profiles

At first we take a look at the monomer distribution inside the channel as well as the
distribution of ions. In the equilibrium situation we compare the case 'with’ and 'without’
surface charge. Additionally we show the behavior of neutral polymers to estimate the
effect of the electrostatics.

All profiles are collected in Figure 4.24 for an overview. Generally, the main difference
in all figures is that charged walls lead to adsorption, while neutral walls lead to a
depletion, which is somewhat independent of the type of polymer (charged or uncharged).
However, the two profiles deviate in the central area of the slit. In the case of charged
surfaces one can observe some kind of shoulder effect on the peaks close to the boundaries.
The shoulders become more pronounced for the higher concentration. For N = 500 and
H =10, all monomers are adsorbed to the surface, as the profile hits zero in the center.
Interestingly the width of the depletion layer for uncharged surfaces is similar to the
position of the shoulders. Like in the equilibrium profiles in section 4.6.1, the neutral
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Figure 4.24: Thin-film monomer profiles for different slit heights H. (a)-(d) show the case
N = 500, (e)-(h) show N = 1000. Compared are the profiles for charged walls (red lines),
neutral walls (green dashed lines) and neutral polymers with neutral walls (blue dotted lines).

(a) N =500 (b) N = 1000

Figure 4.25: Radius of gyration versus shear rate for the different slit heights. (a) shows the
case of 500 monomers, (b) of 1000 respectively.
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Figure 4.26: Radius of gyration with focus on the ‘N = 500, H = 5’ system. (a) shows a
comparison between different concentrations, (b) shows varying system heights. (c) shows the
gyration-tensor components, where the gray lines are drawn for comparison for the ‘N = 500,
H =10’ system.

boundaries still lead to a small excess of monomers adjacent to the depletion layer, leaving
a small dip in the center.

4.12.3 Conformational Changes

For the conformational properties we focus on the charged-surface case. Figure 4.25
shows the R, data for the three heights. Comparing the curves in (a) and (b), it becomes
apparent that there is a significant deviation of the ’N = 500, H = 5’ system, which
shows a crossover, while all the other curves have a similar slope. Generally, in the low
shear range the conformations stay rather constant, where this range is shorter for the
more concentrated systems in (b), showing that the higher concentration retains collective
conformational changes.

To study the crossover for N = 500, H = 5’ a little further, we try intermediate
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systems and compare the results, as done in Figure 4.26. In (a) we can see that all systems
with height H = 5 but different concentrations seem to have a singular interception point.
Figure 4.26b shows N = 500 with different intermediate heights, where the deviating
behavior is clearly visible for H = 5 and H = 3.75, while the H = 6.25 curve is already
aligned to the ones of larger height. Thus the crossover effect seems to be a unique
phenomenon happening for a specific range of channel height, in relation to the monomer
concentration, and presumably also to the chain length. Finally, in Figure 4.26c we can
study the individual gyration-tensor components G;; of the "N = 500, H = 5’ system,
where the gray lines are drawn to enable a comparison to the ’N = 500, H = 10’ system
as a reference. Comparing the components, the zz-component is clearly decreased, which
states that the chains align along the boundary directions. Interestingly, there is a shear
threshold of 4 =~ 0.005 after which the xx- and yy-component split apart, where the
former resembles the expected chain stretching in shear direction. This behavior can be
compared to the Couette study of section 4.7.3, Figure 4.15, where the splitting sets in
at a similar shear rate. In comparison to the H = 10 system, the yy-components stays
rather constant instead of decreasing, which seems to be related to the clearly different
slope in the xx-component and the resulting R, curve. Thus in the smaller channel the

polymers appear to be stacked in y-direction, whereas they are more freely arranged for
H =10.

4.12.4 Forces

To extract the contribution of the polyelectrolytes to the system’s response, we define a
reduced force in terms of the actually measured force F' and the result from the system
without polyelectrolytes Iy

F— Fy
Fy

The reduced force is thus a substitution for the reduced viscosity, which cannot be
calculated accurately due to the strongly inhomogeneous total-density profile. However,
the general trends of the viscous behavior are perfectly visible in the force itself.

Figure 4.27 shows the results in a comparison between charged and neutral surfaces.
The data in the low shear-regime still lacks statistics. For high shear rates both cases
agree mostly, for N = 500 and N = 1000 respectively. For smaller shear rates there
appear deviations that should be explained a little further. In the case H = 5 (a) it seems
that charged surfaces lead to a stronger force contribution for both concentrations. In
the case H = 7.5 (b) the trend flips for N = 500. Similarly, for H = 10 (c) the neutral-
surface values are higher for both concentrations. Thus there seems to be a transition
somewhere in the concentration range

Fred = (437)

500 1000
50x20x75 T B0x20x7.5

Hence it appears that in the low shear regime the surface charge can lead to less
lubrication for very thin films. This effect might be related to the wall-counterions re-

(4.38)
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Figure 4.27: Reduced boundary forces over shear rate for charged [c] and neutral [n] surfaces,
comparing monomer numbers N = 500 and N = 1000.

leased into the film and thus screening the electrostatic interactions, resulting in different
conformations, or to the difference in adsorption and depletion.

4.12.5 Bridging

As the polymer chains are in principle long enough to be adsorbed to both surfaces at
once, such configurations are of special interest due to the presumably large contribution
to shear resistance. We can define a polymer as adsorbed to a surface if one of its
monomers is inside the viscous layer of the given boundary, i.e. interacting with it by
means of the tunable-slip forces. The definition of bridging then follows directly if a
second monomer is in the viscous layer of the opposite boundary. Thus we can count
the amount of free, adsorbed and bridging polymers and relate the ratio to the viscous
response of the system.

Figure 4.28 shows the amount of bridging polymers for the case of structured surface
charge. We can see that for H = 10 almost no polymers are in contact to both surfaces,
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Figure 4.28: Amount of bridging chains (adsorbed on both surfaces) in the case of structured
surface charge. The black horizontal lines mark 25 and 50, which is the number of polymers for

N =500 and N = 1000.

were for N = 1000 it is at least ~ 2. For N = 500 this makes sense, as the monomer
profile showed zero concentration in the center (see Figure 4.24). With increasing shear
rate the bridging reduces further in all cases. For H = 7.5 we obtain about ~ 3 and
~ 10 bridges, whereas for H = 5 all polymers bridge the walls, at least in the low shear
regime. Hence the chains cannot be aligned in layers to begin with. This changes for high
shear rates, where the chains begin to extend in shear direction and thus the bridging is
reduced.

4.12.6 Outlook

We have started to investigate thin films of polyelectrolytes in slits of different size and
with charged/ uncharged boundaries. Up to now there seem to be clear deviations for
the two boundary types. Neutral boundaries lead to depletion of polyelectrolytes, while
charged boundaries lead to adsorption. There are also strong deviations in the change
of conformations with shear rate. The viscous forces measured with both surface types
seem to be in different relations depending on the film height. More simulations with
structured surface charges will be performed in the near future to have a third case for
comparison. Then it would be interesting to relate the bridging between boundaries
to effects on the viscous force. Also, the crossover behavior for 'N = 500, H = 5’
might have an effect on the force. An amplification of the effects might be possible by
switching to longer chains. Also, comparisons to uncharged chains and cases with higher
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salt concentrations are possible.



CHAPTER b5

Electro-osmotic Flow on
Superhydrophobic Surtfaces

5.1 Theoretical Background

In recent years the scientific interest in microfluidic devices has grown rapidly. Ap-
proaching the nano-regime, the concept of electro-osmotic flow plays an increasing role,
as generating pressure-driven flows becomes problematic for very narrow channels on
the submicron scale. In such situations the viscosity of the solution often prohibits the
desired flow rates. Instead of using pressure gradients, electro-osmotic flow on the other
hand is induced by an external electric field, which additionally has the advantage of
being easily controllable. Hence so-called electro-hydrodynamic pumps have been devel-
oped [143, 144] that use electric forces and have no mechanically moving parts. Also,
such microfluidic flows can be used in terms of electrokinetic batteries [145].

5.1.1 First Principles

The flow rate is physically described by the mobility M, which is the ratio of applied
field and resulting velocity

U
M = 7 (5.1)
In the case of a simple slit geometry with an electrolyte solution confined between two
charged surfaces of surface charge ¢ and the electrostatics described on the Debye-Hiickel

level, M can be estimated by the Smoluchowski formula

M=% (5.2)

nk
with 7 the solvent viscosity. This equation assumes sticky boundaries, such that the
velocity profile vanishes there. As described earlier in chapter 3.2, this is not always
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correct as slippage may appear, which is especially true for nanoscale geometries. As
the apparent slip effect can modify the flow considerably, the specific character of the
surfaces comes into play as a control parameter. The Smoluchowski formula in the case
of slippage has to be modified

qs
_ 1 .
M = e (1+kb) | (5.3)

where an additional term enters with the slip length b.

5.1.2 Superhydrophobic Surfaces

The increase in mobility due to pure slippage on surfaces is limited. Slip lengths can
be of the order of tens of nanometers [146, 147, 148|, while typical Debye lengths are
of the order of nanometers as well, leading to a mobility increase of about one order of
magnitude. Here the concept of superhydrophobic surfaces gives opportunity for further
improvements. The idea is to no longer shape the surfaces in a homogeneous way, but
to cut slots for so-called gas sectors, which results in a dramatic enhancement of the
slippage effect. In this situation the different slippage on the actual surface material, in
many cases mica, and the gas sectors combines into an effective slip length beg, which
can be as large as several microns [149, 150, 151].

5.1.3 Theoretical Predictions

By breaking the isotropy of the surfaces, the slip length is no longer a scalar quantity
but obtains a tensorial character, which by no means is simple to derive. Theoretical
attempts have been made concentrating on symmetric geometries, such as the stripe
pattern on which we will focus in this study. The surface is constructed by placing a
pattern of solid and gaseous stripes in x-direction, with the stripes extending infinitely in
the y-direction. By assuming no-slip conditions for the solid stripes, we obtain a periodic
slip/no-slip pattern in the xy-plane.

The theoretical predictions obtained by Belyaev et al. [152] are based on flow over a
single surface in a system which is semi-infinite in z-direction. This is analogous to the
assumption that the periodicity L of the stripe pattern is much smaller than the height
of the actual microfluidic channel. By applying the Debye-Hiickel approximation to the
electrostatics and assuming an electric double layer that is rather thin

kL <1, (5.4)

they were able to predict the components of the 2 x 2 slip-length tensor b.g and thus
of the mobility tensor, by dividing into flows in x-direction, i.e. transverse to the stripe
pattern, and y-direction, i.e. parallel to the stripe pattern, as illustrated in Figure 5.2.
We mark the solid, no-slip stripe with index 1 and the gas-sector with index 2, i.e. their
surface-charge densities are accordingly named ¢; and ¢ and we use b to describe the
slip on the gas sectors. The surface fraction can be expressed in the form



5.1. THEORETICAL BACKGROUND 117

Pr+gp=1, (5.5)

where only one component, e.g. ¢, is required to describe the surface ratio in calcu-
lations. In this formulation, the mobility tensor can be expressed as

M = M, - lI+ bsz (%(1 + Kkb) — 1)] . (5.6)

Here, M is the classical Smoluchowski value of Equation 5.2 for simple no-slip surfaces
with the parameters of the solid stripes and I is the 2 x 2 unit matrix. The eigenvalues

of beff
bl 0 )
e (5.7)
( 0 bug

can be determined numerically, or by the approximative formulas

L In[sec( 752

b~ e 59)
21 1 + 5% Infsec(%2) + tan(532)]
L In[sec( ™52

by ~ nlsec(%y") (5.9)

L 2
* T+ () + tan()

The resulting mobility can be quite diverse due to the rich parameter space consisting
of ¢2, b, ¢; and go. Details of the theoretical predictions will be discussed later on, when
the simulation data are evaluated.

5.1.4 Simulation Details

With the numerical results at hand, it became desirable to verify them by means of
mesoscopic simulations. In particular since the calculations were performed on the
Debye-Hiickel level of electrostatics, a comparison to a more sophisticated level could
give valuable information about the applicability and the range of validity of the the-
ory. The problem of electro-osmotic flow had been successfully studied with a combined
DPD explicit-ion approach [77, 90] in the past. In this specific problem, however, the
geometry requires for fairly large simulation boxes, as there are three different length
scales involved, namely first of all the thickness of the electric double layer ! and the
periodicity of the pattern L. Thirdly there is the height of the channel H, which has
to be considered as we cannot deal with a semi-infinite situation like in the theoretical
approach. Hence one would like to reduce  to be able to have a small L and H and thus
a smaller box. However, keeping the double layer as small as possible still increases the
computational effort as this requires a fairly high amount of salt to be dealt with. Thus
the application of the condiff method instead of explicit charges is of obvious advantage.
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Figure 5.1: Illustration of a superhydrophobic surface with gas sectors.

I 6 I

Figure 5.2: Illustration of the slit geometry. The electrolyte solution is confined between two
plates with sections of different slippage and different surface charge g1 and q2, one representing
the substrate material and the other representing the gas sectors in the slots. The sector width
0 leads to a periodic pattern, where the simulation box resembles one such unit of length L. By
applying an electric field, a plug-flow profile is established where the finite slippage effects can be
described by an effective slip length. The right cartoon shows the stripe pattern in the zy-plane,
illustrating that the flow direction can be chosen by setting an angle © accordingly, © = /2
meaning transverse flow and © = 0 meaning parallel flow.
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case 0 g2 ¢2 b (in gas sector)
A 0.5 0 0.5 varying
B 0.25 0.25 0.5 varying
C 0.25 -0.25 0.5 varying
D 0.25 -0.25 varying 13.31

Table 5.1: Overview of the parameters in the four studied cases. In all situations k = 1.01.

Some of the simulations have been repeated with coarse-grained molecular dynamics
and explicit charges. A comparison of the results and especially of the runtimes will be
presented at a later point in this chapter.

We start out with a simulation box of size 50 x 20 x 55, so that we obtain a wide slit
by placing the boundaries at z = 0 and z = 50. Due to the WCA repulsion, the resulting
penetrable volume is 50 x 20 x 48. The additional empty gap of size 5 is necessary for the
electrostatic layer correction. The system is split in x-direction into two parts of different
surface charge and slip length. The left part of the boundaries is equipped with a no-slip
boundary condition by the choice v, = 5.26 and the right part is taken to have a varying
slip length b. The surface charge is modeled by frozen particles sitting directly on the
boundary in a (1o, 10) mesh, charged with the appropriate charge fraction. The DPD
fluid with density pppp = 3.75 is set up with the standard parameters. As we encountered
a problem with ELC in the case of uncharged slip areas, only the dipole-correction term
is taken. This is further described in section 5.4. All simulations have been performed
on the MOGON cluster at the Universitdt Mainz, equipped with AMD Opteron(TM)
Processor 6272 at 2100MHz. The simulations ran in shared-memory parallelization with
OpenMP in clusters of eight threads. Due to the low electric field, rather long simulation
times were necessary to reach steady-state flow. Also, the runtime for averaging the flow
profile had to be long due to the fluctuations that are similarly strong as the driving
force. Error bars are obtained by means of a block analysis of the samples.

We will distinguish between four different cases throughout this study, by which we
follow the approach of Belyaev et al. [152]. The case A consists of a charged no-slip area
with ¢; = 0.5 and an uncharged gas-sector, ¢o = 0, of same size, i.e. ¢;1 = ¢ = 0.5. In
case B we deal with a uniformly charged surface, ¢ = ¢o = 0.25, where again ¢ = ¢ =
0.5. The case C is a modification, where the two areas are now oppositely charged, i.e.
¢1 = —q2 = —0.25. In all three cases we vary the slip length b of the gas sector in a range
b/L € [0:10,000] and study the change in mobility. In case D we take the geometry of
case C, but vary the surface fraction ¢, systematically with a fixed b = 13.31. Table 5.1
again summarizes the four parameter sets. All systems are filled with the appropriate
amount of counterions NN, and salt ions N, so that we end up with

N, + 2N,
ﬂ'—

—
. %

=1.01 . (5.10)
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5.2 Slip Length Determination

Before studying the electro-osmotic flow, we first have to determine the relation between
the friction parameter ~; involved in the tunable-slip boundary interactions and the
resulting slip length. While the tunable-slip boundary method is capable of modeling any
desired slippage on the boundaries, there exists only an approximate analytical formula
for the slip length b as a function of the friction parameter. The actual slip length can be
calculated from studying the system in flow situations that can be expressed analytically,
allowing the slip length to be extracted accurately.

5.2.1 Analytical Formula

The analytical formula, which was derived in the work of Jens Smiatek [90] leads to

2 7 19a(yr)  293a(yr)?

b(yr) = SR 5.11
00 =60 "1 00 T e (5.11)
with
PYL
— 5.12
atn) =22 (5.12)

The formula works reasonably well for large slip lengths, but becomes worse in the
limit b — 0.

5.2.2 Flow Profile Method

In the context of simulations, the slip length can be determined by studying both the
Poiseuille and the Couette flow in the system and combining the obtained flow properties.
We take the same geometry but leave out the stripe pattern, such that the flow occurs
in x-direction and the system is confined by the boundaries in z-direction, hence due to
symmetry there is only a z-dependence. We start out with the analysis of a homogeneous
density in the slit. This assumption will be discussed later on. From the Stokes equation,
the Poiseuille flow is determined by the solution of

n02v(z) = —pF*™* | (5.13)

with the external force driving the flow. Solving this equation with the partial-slip
boundary condition

02y = b (aa”) (5.14)

by double integration leads to

p Fext
21

v(z) = (25 — 2%+ 2b2p) (5.15)
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with the quadratic dependence on z and the well-known parabolic flow profile.
The plane Couette flow is induced by oppositely directed movement of the boundaries
with a velocity vg and —vg. The Stokes equation becomes

n:02v(z) =0 (5.16)
and the boundary condition is
ov(z

Vo F 0(2)]smtep = b (9( ) (5.17)

z z=%zp

The solution leads to the well-known linear flow profile

A

= ) 5.18
oo = (519)

As the slip length b in both cases appears together with the position of the hydrody-
namic boundary zg, they are both required. Thus we perform a parabolic/linear fit

v,(2) = Ay(z—0)7?+B, (5.19)
ve(z) = Az+0 (5.20)

and can determine both the slip length 6 and the hydrodynamic boundary position
zp from the fit parameters

2
Yo B,
= — 4+ — 21
b a2 + a, (5.21)
Vo
= — —b . 22
ZB AC b (5 )

One difficulty occurs in the range of small slip lengths, starting with v, ~ 1, when
the term under the square root may become negative. In this case one can make the
assumption that the hydrodynamic boundary position stays constant for any -+, and
determine it from simulations with smaller v;. Then one can calculate the slip length
using the constant zp value

b= P _Zzp . (5.23)

5.2.3 Results

We are especially interested in the friction value that gives a no-slip boundary condition.
As the reference system, we take the settings of the no-slip area in the case B described
later, i.e. a surface charge density of ¢; = 0.25. As we need very accurate flow profiles,
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Figure 5.3: Determination of the hydrodynamic boundary position in the three runs. The fit is
done with a constant.

we try to speed up the simulations by reducing the system size in y-direction to end up
with an effective volume of 50 x 4 x 48. We take F*' = (.01 and vy = 2.5 as standard
values, however, allowing higher Couette velocities in the case of higher slip lengths. The
reason is that for high slippage the flow profiles become extremely flat and therefore
highly perturbed by thermal fluctuations. Therefore it is convenient to increase vy to
obtain better averages . An equilibration time of at least 12M steps is allowed to let the
system reach its steady state. Then we average the flow profiles three times consecutively
over >7M steps measuring every 100 steps. The flow profiles are fitted by considering
only the range [—22.5,22.5], i.e. leaving out 1.5 adjacent to each boundary. Due to the
problem with the negative term under the square root we determine the hydrodynamic
boundary position first.

Figure 5.3 shows the resulting values for zp, where it is quite obvious that the data
becomes untrustworthy for vz > 0.5. Thus we fit a constant to the range [5-107° : 0.5],
and we obtain

zp = 23.96 . (5.24)

Thus the channel has an actual width of 2z = 47.92, which is close to the assumed
48 and definitely in the error range as seen in Figure 5.3. However, this also indicates
that even with large samples it can be quite tricky to determine zp an thus b accurately.

If we now assume a fixed zg with varying 7y, we can calculate b easily with Eq.
(5.23). Table 5.2 shows the resulting slip lengths, where the values for v, have been
chosen arbitrarily to cover a certain range.

Up to v, = 2.5 the relative errors were quite low. For larger v, it becomes difficult
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YL b b/L
0.00001 137066.92 2741.338
0.00005  28399.80  567.996
0.0001  14275.16  285.503
0.0005 2836.90 56.738
0.001 1418.40 28.368
0.0015 945.93 18.919
0.01 141.91 2.838
0.03 47.08 0.942
0.1 13.9 0.278
0.35 3.75 0.075
1 1.1 0.022
2.5 0.26 0.005
5.26 0.000 0.000

Table 5.2: Collection of the applied v, and the corresponding slip lengths for the gas sectors up.

to determine an exact b as one is approaching the no-slip case. Relative errors become
quite large and the determination of the exact no-slip value is not feasible. Simulations
of pure DPD liquids in smaller channels led in other studies [153] to the result

Y =526=b=0 (5.25)

for the no-slip case. Thus we continue with v, = 5.26 as the no-slip parameter. A
further investigation of the area around b = 0 will be presented in the next section.

5.2.4 Charged and Uncharged Systems

When dealing with charged solutions and charged boundaries, the assumption of ho-
mogeneous density no longer holds true. Due to the charged surface there will be an
increase in density adjacent to the walls coming from the counterions. This is a local
effect, so that the overall parabolic/linear shape of the flow profiles is only perturbed in
the proximity of the boundaries. However, due to the locally higher density, there is also
a larger interaction with the boundaries in the viscous layer. The result is that the same
~r, can lead to smaller slip lengths than in the pure DPD case. Before quantifying the
effect, we first want to take a look into the distribution of ions and the flow profile in the
Poiseuille case.

Figure 5.4a shows the density profiles in the charged case and for a neutral system.
As the salt density in this study is quite high, the relative increase at the boundaries is
lower than e.g. for the pure counterion systems discussed in chapter 3.2. Here it reaches
about 8%, where about 1% is already a pure DPD-boundary effect, as visible for the
neutral system and also noted in section A.4. The resulting flow profiles in (b) differ
slightly in the maximum velocity, where the charged system is a little slower. This is
the direct result of the increased density at the boundaries, as dissipation increases as
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Figure 5.4: Comparison of Poiseuille flow in a charged and an uncharged system with F =
0.0025. (a) shows the difference in the density profile with the increase at the boundaries due
to the counterions. (b) shows the changes in the flow profile.
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Figure 5.5: Density profile at the boundary. 3.75 is the average system density, 3.98 is the
mean density in the viscous layer determined from Eq. (5.26).
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well. However, the final deviation is quite low. Fitting the velocity profiles in 5.4b with
a parabolic curve, the charged profile shows stronger deviations away from the center,
which is also due to the inhomogeneous density.

5.2.5 Estimation of the Effect of the Density Increase

When comparing the slip lengths, over a large range of the friction parameter v there
is basically no difference between the uncharged and charged systems. However, when
approaching the no-slip condition the charged system shows the expected tendency to
lower slip lengths. We now estimate the effect of the increased density by modifying the
analytical formula. Therefore we first approximate the density in the viscous layer by
a polynomial of second order P»(z) = a + bz + cz%. To go by importance, we multiply

z
with the tunable-slip weighting function w(z) = 1— 37 to calculate a mean density in the

viscous layer

’—; 2 Zwl(z)az
p= f12w(z)dz/1 Py(z)w(2)dz . (5.26)

In this case the result is p = 3.98. We can plug this density into the analytical formula
for the slip length, given in the form of Eq. 5.11, instead of using the homogeneous value
p = 3.75. Then we compare with the simulation data, shown in Figure 5.6. In any
case, the formula has to be adapted, as it does not predict the no-slip crossover correctly.
Therefore we shift it with a constant offset. For the pure DPD case, the offset is taken
from the results at v, = 5.26. For the charged case we take the approach to fit the
analytic formula (using the calculated mean density) via a constant offset to the data in
the range [1 : 5.26]. The parameter for no-slip is then obtained from the zero-crossing,
with the result v, = 4.5. The deviation between the charged and uncharged case is
shown in Figure 5.7.

The modified analytical formula and the simulation results agree well over the entire
range of positive b, so that it is legitimate to use the formula to calculate any additional
slip lengths not measured by simulation. The result on the exact no-slip parameter is still
a little controversial. Additionally the uncertainty of zg comes into play, as described in
the previous section. This analysis has been performed after the initial simulations, in
which we had started out with v, = 5.26. However, the actual deviation from no-slip
was insignificantly low, as v, = 5.26 leads to b ~ —0.01. Therefore we will proceed with
the original value v, = 5.26 instead of using v, = 4.5.

5.3 Simulation Results and Comparison to Theory

Figure 5.8 shows an exemplary flow profile used to determine the mobility. Here it is a
case B system (homogeneously charged surface) with a relatively high slip length, thus
the strong jump in velocity at the boundaries. We determine the velocity by fitting a
constant to the central region of the slit. All systems were equilibrated first and then
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simulated until reaching steady-state flow, which dependent on the parameters took up to
5M steps. The profiles were then averaged over a range up to ~ 6 M steps, sampling every
100 steps. As a runtime estimate, it took about 5 days to perform 1.5M steps. Because
of the overall worse statistics in case A, these systems ran additionally for another 3M
steps.

Figure 5.9 shows the results for the cases A, B, C and D as listed in Table 5.1.
As the deviations in A require some further investigations, we will first focus on the
other ones. The simulations done for cases B and C both agree with the theoretical
predictions of [152]. Qualitatively, the agreement is quite visible, while the quantitative
agreement is also quite well, considering that there is no fit parameter involved. The
homogeneously charged surface in case B, meaning that the gas sectors themselves carry
charge, is actually not an unlikely condition [154]. The result is a strong enhancement of
flow in parallel direction, i.e. along the stripes, while the enhancement in perpendicular
direction is not that high. Also the simulations predict a larger difference between the
two components than the theory does. The case C with the oppositely charged areas is
quite interesting. Here the mobility starts out at zero, as the two opposite flow processes
compete with each other. As the slip length increases, the flow on slippery sectors
dominates, which results in negative mobilities. Here again the longitudinal flow shows
a much stronger enhancement, which again is more pronounced in the simulations than
in the theory. Figure 5.9d shows case D, i.e. the surface-fraction dependence of case C,
where the gas-sector area ¢, is increased from 0% to 100%, here for a certain fixed slip
length of b/L ~ 0.27. One can observe that the flow starts out positive and then changes
sign once the gas-sectors become dominant. This inversion can already take place for
very small surface fractions ¢,, depending on the slip length. This results in a very rich
diversity of possible flow situations, depending on the surface parameters.

The case A of uncharged slip areas is shown in Fig. 5.9a. As flow can only origi-
nate close to a charged surface area, the theory predicts a general inhibition of flow in
comparison to a homogeneous surface, regardless of the direction. Thus for b ~ 0, the
mobility is just half of My. In this situation the uncharged area only slows down the
flow. As the slip length is increased, the influence of the uncharged area decreases just
like the dissipation, so that the curves saturate at M /M, = 1. However, the increase is
different for longitudinal and transverse flow, where the latter is predicted to be favored.
In the simulational data the transverse flow seems to agree to this prediction, whereas
the longitudinal direction behaves quite differently. While it still saturates, the threshold
lies at about M /M, = 1.35, i.e. clearly higher than M.

Thus we want to investigate this case a little more in detail. We start out by looking
into the ion distributions along the two surface areas, which are shown for the equilibrium
situation in Figure 5.10 by red symbols. The curves are produced by counting all ions
that stay in the viscous layer (20 from the boundaries). As anticipated, there is a strong
accumulation of counterions close to the charged surfaces in [0 : 25]. For the uncharged
area [25 : 50] one would expect a charge neutral situation. However, this is only the case
for a short range in the center, i.e. around x = 37.5, as the counterions from the charged
area are hanging over into the neutral area on both edges. This overhanging effect might
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be the reason for the qualitative difference to the theoretical predictions in Figure 5.9a,
since the theory includes the approximation of a clear cut between the two areas and not
such a smooth transition.

Once the charge neutrality is broken in the neutral area, the flow benefits from its
large slip length. A charge in the slippery area can produce a larger contribution to the
flow than in the no-slip area, due to the lower dissipation. Speaking of single charges, if
the flow is induced in the transverse direction, these charges will hit the charge-neutral
area around x = 37.5 and the no-slip area in their motion and thus are slowed down
again. In summary, the effect will be the same. For longitudinal fields, however, these
charges experience a constantly high slip in flow direction, thus contribute strongly to
the flow. Once in the large slip-length regime of Figure 5.9a, the increase in mobility is
ultimately limited by the friction in the no-slip area, so that the curve saturates.

5.3.1 Case A with Reduced Charged Stripe

To test whether the overhanging effect is responsible for the strong deviations in the
mobilities, we investigate the case A with a reduced surface charge by removing two rows
of charges in y-direction at each of the two edges of the no-slip area, as illustrated in Figure
5.11. That way the charged area [2 : 23] is centered in the no-slip area [0 : 25| and the
overhanging should be decreased. The resulting ion distributions are also shown in Figure
5.10, represented by the black lines. Indeed the overhanging is reduced and the neutral
area increased. The resulting mobilities are shown in Figure 5.12 in comparison to the
original theoretical data, where we have to distinguish two normalizations. The first one
in (a) uses the original M. The result of a reduced charged stripe is that both mobilities
are decreased in the high slip-length regime. As there is still a small overhanging visible
in Figure 5.10, the longitudinal mobilities still exceed M,. However, they appear to
agree better with the theoretical prediction than their transverse counterparts. In Figure
5.12b a scaled mobility is shown, where the original M, is decreased by a factor 21/25
due the subtraction of four rows of charges. For this normalization the transverse data
agrees quite nicely, while the longitudinal data shows an excess that is comparable to the
original one in Figure 5.9a.

Important for the interpretation is also the behavior for b — 0. The theoretically
predicted M = 0.5M is originally only fulfilled for longitudinal flow (Figure 5.9a). The
transverse mobility seems to be reduced in this case. When looking into the scaled and
unscaled comparison of Figure 5.12, the deviation seems to be dependent. The unscaled
mobility seems to be the appropriate one for the longitudinal flow, as the mobility hits
0.5 and agrees overall better than in the scaled plot. The transverse mobility, however,
shows exactly the opposite behavior, with a much better agreement in the scaled case
and M = 0.5M, for b — 0. Hence it appears that the two flow directions have different
reference systems, where the longitudinal flow should be referred to a homogeneous-
surface system with the original charge, and the transverse flow should be referred to a
homogeneous-surface system with the reduced charge of 21/25.

Besides this detailed view on the individual mobilities, there is still the issue that
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Figure 5.11: Illustration of the reduced surface charge, where the charged area [2 : 23] is embed-
ded into the no-slip area [0 : 25].

the theory predicts the longitudinal flow to be generally weaker than the transverse flow,
which is not validated by the simulations, even with the presumably correct normaliza-
tions. Hence the results encourages further theoretical attempts that do not incorporate
the clear-cut assumption.

5.4 Effect of ELC

During the study of the stripe systems it became apparent that the electrostatic-layer
correction has a limited applicability for the system sizes we consider. For the case A
we observed that the ion distributions along the boundaries do not neutralize in the
uncharged area at all, if the full ELC is activated. By switching off the additional terms
and only using the dipole-correction, the neutral regime as in Figure 5.13 was again
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Figure 5.12: Mobility results of case A with a reduced surface charge. (a) shows the results
normalized with the original My, while (b) shows the results with a scaled down normalization
of 21/25 - M.

obtained.

The non-neutrality had also a large effect on the mobilities. Figure 5.14 shows the
results with ELC activated, compared to the original simulation data and the theoretical
predictions. One can see a clear increase for both flow directions. This also reinforces
the observations made of the overhanging, as the ELC results with no charge neutrality
whatsoever somewhat give an upper limit for the deviations from the case of a perfectly
charge-neutral slip area.

For the cases B and C, the electrostatic-layer correction did not lead to pronounced
deviations, neither in the ion distributions, nor in the mobilities.

5.5 Linear Response Regime

By testing different field strengths, we encountered that E not only determines the flow
quantitatively, but can also lead to qualitative changes. For a comparison we tried two
different values, i.e. £ =1 and E = 0.1. In earlier studies of electrically driven systems
(90, 155] it has been observed that the latter field strength is well in the linear-response
regime, while the former is quite high and leads to non-linear effects.

Non-linear effects are quite prominent in the study of case A with high electric field.
In the Debye-Hiickel limit it is assumed that the electric double layer stays undisturbed.
Additionally the theoretical prediction assumes that the double layer is formed only
in the charged area, whereas the uncharged, slippery area stays neutral. While the
overhanging effect already disturbs this assumption, a high field strength can distort the
ion distributions even further as ions are pushed in flow direction and thus into the neutral
area. This effect is illustrated in Figure 5.15, where the distribution of ions adjacent to
the walls across the x-direction is shown in the equilibrium situation as well as with both
field strengths applied.
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Figure 5.17: Comparison of ion profiles for explicit-ion simulations performed with ESPResSo
and the condiff results for case A. Simulation were performed without solvent.

The distortion also has a dramatic effect on the mobility. The resulting M for the
higher field is shown in Figure 5.16 in comparison to the one obtained in the linear regime.
In this comparison ELC was turned on, so the data should only be viewed in a qualitative
fashion. The biggest difference resulting from the higher field strength is the crossover
in the mobilities, which is neither predicted by theory nor seen in the linear-response
regime.

5.6 Comparison to ESPResSo

To verify our results, we also performed some simulations with explicit charges for the
equilibrium charge distributions in the case A system. As hydrodynamic interactions are
not required to obtain the equilibrium results, the explicit ion simulations were performed
with a Langevin thermostat instead of a DPD solvent to speed up the simulations. Figure
5.17 shows the resulting profiles across the channel.

For the coions (a and b) there are slight deviations close to the boundaries, where
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the depletion is a bit stronger for the explicit ions in the uncharged area (b) and thus
the amount of coions increases in the charged area. There, however, one can see a jump
in the profile close to the boundaries that is not visible for the pseudo-ions. Also, the
profile does not seem to be fully equilibrated, as there is a slight increase in density for
z > 5. A similar increase is visible for the counterions in (d). The counterion profiles
show that explicit ions distribute closer to the boundaries, both in the charged (c¢) and
uncharged (d) area. However, in the charged area layering occurs, as can be seen in the
blow-up in (c), where a shoulder appears in the ESPResSo profile. The layering could
also be the reason for the stronger depletion in (a). The jump in (b) might be an effect
of a weaker layering in the uncharged area, as the counterion peak (d) is smaller.

We can also take a look into the ion distribution along the x-direction adjacent to
the walls, shown in Figure 5.18. The differences in the coion distributions are more
pronounced in the logarithmic scale. Similar to the earlier observations, both simulations
appear to reach neutrality in the uncharged-surface area only in a small range around
z = 37.5. As mentioned before, ELC had to be reduced to the dipole correction to
maintain this behavior. We modified the ESPResSo source code accordingly. Overall,
the agreement is satisfactory.

A comparison of driven systems including the DPD solvent had to be performed with
reduced system size due to the long computation times. The results are presented in
section 3.3.1. The deviations in the ion profiles also lead to different mobilities for the
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two simulation methods. However, both results are consistent with the corresponding
electrostatics. Also, in the comparison to the theory we only use relative mobilities. Thus
we would expect similar mobility curves from the explicit-ion simulations.

Additionally we performed short simulations of a full “case A” system with ESPResSo
for a detailed runtime comparison. The results and the related discussion are presented
in chapter 3.5.1.

5.7 Discussion of &

The comparison of the simulation results with the theoretical predictions shows a good
qualitative agreement, except for the case A with its potential limitations in the theoret-
ical description. Similarly to the questionable applicability of the Debye-Hiickel approx-
imation for that case, we also should discuss the applicability in the other cases, as the
quantitative agreement is not too profound.

The Debye-Hiickel approximation is in general strongly limited by the surface charge
and salt concentration, as it starts to fail for high zeta potentials. However, the exponen-
tial form of the charge profiles in the channel is usually still maintained, but a different
type of screening constant should be used for the description. In this case it is a so-called
surface screening constant k, (see [21] and references therein). The change of x directly
affects the mobility, as the Smoluchowski formula with slip correction directly depends
on the screening length

M = My(1+ kb) | (5.27)

with My = ¢/(kn). While the Debye screening constant can be calculated from the
ion concentrations inside the system, the surface screening constant can be determined
either from the potential ® or from the total charge distribution

Z(Zce)pc(z) x 8;;(2,2) x [exp(ksz) + exp(—rsz)| . (5.28)

[

By fitting the sum of the exponential functions to the charge profile in the range
close to the surface, one can determine ;. With this method we analyze the case B
of homogeneous surface charge. Figure 5.19 shows the charge profile and two types of
exponential fits. To obtain the best possible data, we combined all available profile
samples of the case B. The first fit is performed over the range [1 : 5] and results in
ks = 1.5, where there is a visible deviation for z &~ 1 and for z > 3. As the fit turned out
to be quite sensitive with regards to the initial parameter sets and the fit range, we tried
various other combinations in the same manner, with the best results for x, € [1.3 : 1.6].
The second fit with a fixed kK, = kpp = 1.01 was performed over a wider range of
2.5 : 10], as this improved the result. However, there is still a clear deviation for
z < 2.5, showing that the charge profile is increasing too strongly in contrast to the
Debye-Hiickel prediction. Yet altogether it appears that the profile is not well described
by an exponential as in Eq. 5.28. Even though the whole fit procedure is quite delicate
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due to the large changes in magnitude in the fit range, we can at least assume that
Ks > KDB-

There is another approach to determine s by using Eq. 5.27 itself. The equation is
applicable to the situations of a homogeneous surface, i.e. constant surface charge and
constant slip length b. By evaluating it for two different slip lengths, one can compare
the resulting « and viscosity . Writing 5.27 in the form

q
=—1 b 2

one can vary s systematically to match the two resulting viscosities. For this purpose
we compare two mobilities of case D for ¢ = 0 and ¢ = 1, where b = 0 and b = 13.31:

M(0) M(13.31) K n
0.1514 2574 1.14 1.38

The comparison leads to a moderately increased screening length, while the viscosity
is slightly higher than the pure DPD viscosity (n = 1.35). A similar increase in the mea-
sured viscosity was observed for the counterion-induced electro-osmotic flow in chapter
3.2, where the velocity profiles fit much better, if n was determined directly in the elec-
trolyte solution and not with a pure DPD fluid. The origin of the deviation is the slight
inhomogeneity at the boundaries, which results in a higher effective viscosity. The whole
determination procedure of the viscosity and the slip lengths is the main error source in
this approach, as small changes in 1 and b can already lead to strong changes in k (for
instance, shifting the no-slip condition b = 0 — b = 0.1 would result in x = 1.38 and
n = 1.36).

In conclusion, both approaches to determine x favor higher values than the original
kpg, but lead to clearly different results. As a final remark we state that a simple change
in k is not able to improve the overall quantitative agreement. Therefore we plot the
theoretical curves with both x values in Figure 5.20. While k = 1.5 clearly overestimates
the simulation data, x = 1.14 shows a remarkably well agreement for the longitudinal
mobility component. But on the other hand it becomes obvious that a change due to
is systematic to both components of M, which is also visible in Eq. 5.6 (or simply Eq.
5.27). As a result, an improvement in one component automatically leads to a setback in
the other component, for any of the four cases. Therefore there must be another factor
of uncertainty, similarly significant as the effect of .
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CONCLUSION

The focus of this study was to develop a novel algorithm, to solve the electrokinetic
equations. The condiff algorithm was constructed step by step, starting with the dissi-
pative particle dynamics (DPD) method to solve the Navier-Stokes equation. The DPD
fluid is the foundation, which maintains hydrodynamics and acts as a local thermostat.
On top of that we put the ionic concentration fields following the convection-diffusion
equation, which are represented by means of pseudo-particles describing a stochastic
process, in which they are coupled to the DPD fluid. The coupling works in both ways,
such that on the one hand fluid flow leads to convection of the pseudo-ions, and on the
other hand electrostatic forces are transmitted to the DPD fluid through the pseudo-
ions. Lastly, a fast particle-mesh algorithm is used to solve the Poisson equation and
calculate the electrostatic interactions. Macromolecules such as polymers or colloidal
particles are easily implemented due to the particle representation. The same holds true
for boundaries that can in principle be arbitrarily shaped, which is a great advantage
over lattice-based models. The algorithm has been tested extensively, and results have
been compared to other simulation methods and theoretical predictions, resulting in very
good agreement. The possible parameter space has been explored widely and we found
limitations for very high charge gradients, such as close to strongly charged boundaries,
where the mesh refinement has to be adjusted accordingly. A detailed comparison of
condiff’s performance with explicit-ion simulations performed with the software package
ESPResSo showed a considerable speedup of > 6 for cases of high salt concentrations.
An interim discussion on the condiff method was given in chapter 3.7.

The algorithm was then applied to the study of polyelectrolyte solutions confined in
slit channels. The behavior of the charged polymers was studied in different concentra-
tions in the dilute and semidilute regime, and with the addition of salt. Both equilibrium
and non-equilibrium were covered. Additionally, we compared all results to a Debye-
Hiickel description of electrostatics and the case of neutral polymers, where the former
appears to be fairly applicable, except for the high shear rates ¥ > 0.5. Both plane
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Couette and Poiseuille flow were used to study the shear thinning, where both data sets
agreed. However, we discover certain limitations for the low shear regime, where the
statistics were generally too weak to allow substantial interpretations. The study was
then extended to very narrow slits in order to study thin-film behavior of very concen-
trated polyelectrolyte solutions. We again encountered shear-thinning under Couette
flow, where a height and concentration-dependent deviation between the case of charged
surfaces and uncharged surfaces occurred. Also, a specific combination of concentration
and system height led to a crossover in the conformation behavior with shear rate, stating
that there seems to be a different alignment process of chains with shear flow.

As a second application of the algorithm we studied the electro-osmotic flow over
superhydrophobic surfaces. An electrolyte solution with fairly high concentration and
thus small screening length was placed between two superhydrophobic surfaces. The
surfaces were modeled by dividing them into two stripes, one of no-slip and one of ad-
justable slippage. Different cases of surface charge were investigated, and we determined
the mobilities from the plug flow occurring due to the applied electric field. A detailed
comparison to theoretical predictions led to a very good agreement, both for flow parallel
to the stripe pattern and also transverse. Deviations from the theory have been found
for the case of charged no-slip areas and uncharged slip areas, which we traced back to
an overhanging of counterions from the proximity of the charged area into the uncharged
area, leading thus to a different flow behavior. This effect had not been covered in the
theoretical work based on the Debye-Hiickel approximation, given that they assume per-
fectly formed ion profiles. We obtained an improved match by decreasing the surface
charge at the edges, discovering that the two flow directions appear to require a different
normalization of mobilities. For consistency in the study, we compared to field strengths
beyond the linear-response regime as well as explicit-ion simulations with ESPResSo.

All together we can conclude that the developed condiff algorithm is suitable for
mesoscopic studies of charged macromolecules as well as electrolyte solutions in con-
finement. In both cases it has an advantage over lattice-based methods regarding the
implementability. Its improved performance becomes especially beneficial for highly con-
centrated systems and large system sizes. A drawback of the condiff method is that
it neglects ion-ion correlations, which, however, lose importance in more concentrated
systems such as under physiological conditions. All components of the algorithm are in
principle parallelizable which should make the algorithm highly interesting to large-scale
parallel simulations. As a next step, a future implementation into the software package
ESPResSo is planned. This way the algorithm becomes accessible to a broad scientific
community and should enable various simulational studies that so far have been limited
due to the computational effort involved.



APPENDIX

A.1 Comparison of the Euler and Heun Method

One straightforward way to accelerate the algorithm is to switch from the two-step Heun
method to a one-step Euler-Maruyama method. The Euler scheme is used widely in
Brownian dynamics, where the stochastic process is in principle the same. Such a switch
would instantly reduce the condiff and electrostatic part almost by half, as one no longer
needs to calculate the electrostatic field twice. However, one needs to determine and
compare the accuracy of both approaches to legitimate such a downgrade. A first perfor-
mance comparison is shown in Table 3.4 (in section 3.6) for two reference systems. The
Euler scheme saves about 5-10% in the salt solution, and the polyelectrolyte system.

A.1.1 Pure Diffusion

To compare the two schemes regarding their accuracy we start out with a pure set up
of condiff particles with no interactions. The system size is 10 x 10 x 10 filled with 200
particles and the diffusivity is set to D = 0.26. By running the system for t = 10° with
different time steps At, one can determine the resulting diffusivity from a linear fit of the
mean square displacement. Each simulation is repeated 1000 times to obtain an average.

The results are collected in Table A.1. In general, both methods lead to deviations
that are lower than 1% and are mostly covered by the error range. Thus in the case of
free diffusion there are no significant differences to be expected.

A.1.2 Equilibration in a Slit Channel

By now it appears that both methods are well suited to describe the free motion of condiff
particles, but we must investigate their behavior when coupled to the DPD fluid. For
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At Heun Euler
0.005 (0.017+0.156)% (0.223 +0.138)%
0.01 (0.1474+0.164)% (0.004 + 0.159)%
0.02 (0.151+0.159)% (0.060 + 0.152)%
0.03 (0.381 +0.154)% (0.009 £+ 0.161)%
0.05 (0.134 +£0.164)% (0.257 +0.154)%
0.1 (0.2094+0.157)% (0.062 + 0.157)%
0.2 (0.226 £0.157)% (0.145 + 0.156)%
0.5 (0.0744+0.152)% (0.017 +0.157)%

1 (0.123+£0.153)% (0.234 +0.156)%

Table A.1: Relative deviation of the resulting diffusivity for the Euler and Heun methods with
different time steps, averaged over 1000 runs of t = 10°.

this purpose we take a slit geometry of 10 x 10 x 15 with walls at z = 0 and 2z = 10, filled
with a DPD fluid of density pppp = 3.75, and place 100 pseudo-ions randomly on the
z = 5 plane as the start configuration. From there we observe the equilibration process,
where the ions finally end up in the distribution described by the PB theory (section
3.2). Both the Heun and Euler methods are used on 100 single runs to get an average
for each sample step.

Figure A.1 shows a sample of the several distributions during the equilibration process.
The decay of the peak seems to happen similarly fast for both methods. However, when
the ions at the boundaries just start to accumulate, the accumulation is faster in the
Heun method. Furthermore, the final, equilibrated distribution for the Heun method
has a stronger increase at the boundaries, which is presumably also the reason why it
deviated from the Euler system in the build up. An explanation could be related to
the rather hard WCA repulsion of the boundaries. In the Heun method the particles
approach the boundary in a somewhat smoother way due to the predictor step that can
decrease the drastic repulsion a little, so that they ultimately can arrange themselves a
bit closer to the wall.

We study this confinement effect further by looking at a special system, which has
the same amount of DPD particles and pseudo-particles. Figure A.2 shows the profiles
close to a boundary in a slit channel with surface charge, integrated with both the Euler
and Heun scheme.

The two step Heun scheme leads to a larger agglomeration of ions close to the bound-
ary that peaks strongly at about z = 1. The Euler scheme leads to a smoother ion
profile, with a peak at about z = 1.05 from the boundary, but reaching further into the
repulsive zone. The DPD profiles, however, are almost unaffected from this change in the
ion distribution. While the range around the peak seems to be identical, there must be
a minor difference, somewhat hidden in the logarithmic scale, as one can see a different
slope occurring for z > 1.2. The wall repulsion reaches up to z = 1.12. For comparison
we also draw the ion distribution for an Euler system with time step At = 0.001. This
allows us to estimate the time-step effect, which is in the same range as the deviation
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Euler to Heun.

Equilibration in a Flow Situation

We also performed a similar study of the equilibration process in a flow situation. In
that set-up the DPD particles are manipulated such that they do not feel the boundary
repulsion, and an external driving force is switched on to let them flow in boundary
direction. The pseudo-ions are then dragged along and distribute at the boundary as
they are stopped by the repulsion. In this convection-dominated situation, the Heun and
Euler method behaved again similarly and there was no clear deviation except for the
difference in the final distribution, similar to the one described above.

A.1.3 Radial Distribution Functions

The local effects in the bulk are quite small. Radial distribution functions for ion-ion
pairs and ion-DPD pairs are almost identical down to short distances, were statistical
fluctuations set in, as shown in Figure A.3.

A.1.4 Time-Step Effects for Boundary Repulsions

One difference between the Heun and Euler method lies in the behavior of particles close
to a repulsive boundary. Due to the relatively hard WCA repulsion, the overdamped
dynamics becomes strongly time-step dependent. For instance, when such a potential is
used in a Brownian dynamics simulation, usually a time step of At = 0.001 is applied.
Here we study the density profile close to a boundary, where we take a system of pene-
trable volume 10 x 10 x 8 with a charge density p. = 0.0625, represented by N = 1000
pseudo-ions with N, = 20. Figure A.4 shows the corresponding profiles close to the
boundaries for different time steps in the range At = 0.001 — 0.02 and both Euler and
Heun. For the Euler method (simple lines) one has a systematic improvement. For Heun
(lines with symbols) one observes peak structure occurring for the large time steps down
to At = 0.0075, which seems to be an artifact and only becomes visible for very fine
histograms. However, studying At = 0.01 with different concentrations up to p. = 1.25,
it disappeared already for moderate concentrations.

For At < 0.01, the profiles agree mostly in the range [1.05 : 1.4]. Thus in a case,
where the actual profile close to a boundary is of importance, the time step should be
appropriately small. In the context of this study, however, it is not convenient to reduce
the time step considerably below At = 0.01 other than for small systems. Shorter time
steps would strongly increase the computational effort. As an estimation we can take
the profiling results of section 3.5, wherein the Euler step consumed a fraction of 15% of
the runtime (24% for Heun). This portion would increase with the same factor the time
step is decreased by. Thus with regards to efficiency, the choice of time steps is limited.
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Figure A.3: Radial distribution functions for Euler and Heun integration in a bulk electrolyte.
(a) shows the ion-ion pairs, and (b) shows the ion-DPD pairs.
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Figure A.J: Pseudo-ion profiles close to the boundaries for various time steps, comparing Euler
(E) and Heun (H).
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A.1.5 Comparison of Electro-osmotic Flow

Similar to the test presented in section 3.3.1 we can compare the electro-osmotic flow in
the presence of salt for the two integration methods. Additionally we include results of
simulations with ESPResSo. We pick a system of size V' =10 x 10 x 8 with boundaries
at 27 = 0 and z; = 10. The volume is filled with pppp = 3.75 (3000 DPD particles),
p— = 0.05375 (43 counterions) and p, = 0.02875 (23 coions), while the surface charge
is 0 = 0.1, represented by frozen charge units. We apply an external field of £, = 1 to
induce the flow and compare the resulting ion and flow profiles, as well as the electrostatic
potential obtained with a test-charge method.

Figure A.5 shows the resulting ion profiles with a blow-up in (b). In accordance to
the previous results, the Euler method leads to slightly lower counterion peaks, which
is easily visible in (b). Yet there is also a difference between the Heun profile and the
ESPResSo result. If desired, the match should improve with the use of lower time steps,
as encountered in the previous section. In the coion profile obtained with ESPResSo
there seems to be a shoulder effect close to the boundaries that is not visible in the
condiff profiles. The resulting velocities are shown in Figure A.6a, together with a plot
of the electrostatic potential @z in the channel. Here the same method was applied as
in section 3.3.1. The obtained mobilities predict the hydrodynamic boundaries through
the zeta potential @ to be at z = 3.74+0.11 for ESPResSo, z = 3.9714+0.005 for condiff
Euler, and z = 3.978 £ 0.005 for condiff Heun as indicated in (b). The actual position
has been determined to zg = 3.88 + 0.10. Thus both condiff results agree within the
error range. The ESPResSo data clearly lacks statistics, which is why the analysis has
to be seen qualitatively. The reason is that the low charge concentrations lead to strong
relative fluctuations, which require very high sample sizes. In the condiff simulations the
situation was improved by setting N, = 10.

Concluding the analysis presented in this chapter, it appears legitimate to choose the
Euler method and benefit from the better performance. The only possibly problematic
aspect is the behavior at boundaries, where the ion profiles are a bit reduced in the
vicinity, but still follow the theoretical predictions (see chapter 3.2). However, both
schemes have been applied equally often throughout this study, also in direct comparison,
and no further discrepancies have been observed. In the case of flow the actual integration
method and chosen time step lead to differences in the ion profiles, which then also lead to
deviations in the flow profiles. Both integration schemes do not match with the explicit-
ion result, yet the Heun scheme already performs better than the Euler scheme. However,
both show consistency regarding the connection of flow and charge distribution, as the
analysis of Figures A.6a,b indicates.

A.2 Accuracy of Particle-Mesh Electrostatics

The accuracy of particle-mesh Ewald techniques is largely determined by the set of pa-
rameters chosen, which includes the charge assignment, the grid size and the parameter
« which determines the smearing of the charges or the splitting into real-space and k-
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Figure A.5: Comparison of ion profiles inside the slit. (b) shows a blow-up of the boundary area,
where the net-charge profile is shown by gray lines (dashed for condiff, straight for ESPResSo).
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Figure A.6: Comparison of resulting flow profiles and electrostatic potentials. (a) shows the
plug flow together with the prediction of Eq. 3.6, (b) shows the potentials, where the straight
lines are the ®p values determined with FEq. 3.7 from the mobilities.

space contributions. There exists a sophisticated scheme to calculate the rms error of
the electrostatic force calculations in particle-mesh methods that goes back to the work
of Hockney and Eastwood [98]. Petersen [156] determined an estimate for the k-space
error. Deserno and Holm reviewed the whole particle-mesh technique and gave a recipe
to implement such methods and calculate errors [99, 157].

The optimal Green’s function to use for the k-space calculation is determined from
a functional which includes the charge assignment scheme. The same functional can be
used to calculate the error in the force determined in the way

0= %/h &y /L &r[F(r,r) — R(r)? . (A2.1)
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Here F' is the Fourier-space part of the electrostatic interactions of two charge units
at positions r; and r; + r calculated from the particle-mesh method and R is the cor-
responding reference force. L stands for the system size if it is cubic and h for the grid
spacing. From there the error can be estimated to

N
AF® =" g2/ N%% (A.2.2)
=1

for N charged particles in the cubic system. Additionally there is an error contribution
from the real-space part that was derived by Kolafa and Perram [158]

N
AF(T‘) ~ 2 Zi:l q7,2
VN7 max L3

where 7. 1s the cutoff radius for the interaction.

In our case, however, we have a slightly different situation. While the smearing of
charges in the original particle-mesh method is a tool to obtain the two contributions, in
our case the smeared charges are real, i.e. we do not deal with point charges. The choice
of the appropriate « is therefore a choice of the simulation model and not of accuracy.
A simple way to estimate the electrostatic-force error in this case can be to compare the
particle-mesh calculation with a k-space only Ewald sum, where k., is taken to be very
large [99]

(A.2.3)

eXp ( «Q rmax) ?

N
AF = ZF FEwald)2 (A.2.4)

The comparison tool is compiled separately. Since a rather simple version of the
Ewald summation is implemented, the box has to be cubic for comparison (or better to
say: the Ewald algorithm takes the system size in x-direction to be the cube’s length).

A.2.1 Two Charged Particles

First we consider a system of size 20 x 20 x 20 with a positive and a negative particle
in various distances to each other. We choose @« = 1 for the size of the particles. For
the mesh size we start with the typical 12 per 100 size and different charge assignment
orders and compare to a case of double mesh size.

mesh size cao
243
243
243
483
483

W N W N~
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Figure A.7: Electrostatic force for a two-particle system. The accurate Fwald result is compared
to approximations by the particle-mesh method. The inset shows a detailed view on the deviation
at particle overlap.

The Ewald summation with which we compare has a k-space cutoff of n., = 150
which is considerably high. The resulting curves are shown in Figure A.7. Except for the
case cao 1 all curves agree in the long-range behavior. Larger deviations appear when
the particles start to overlap, around r < 2.5. Here one can either choose a higher grid
size or a higher charge assignment order. The case with mesh 48% and cao 3 reproduces
the Ewald result almost perfectly.

It is important to note that the accuracy of individual dimensions is not independent.
A larger grid in perpendicular directions can lead to a higher accuracy in the current
dimension. This might be a consequence of the charge assignment. Thus, one should
always try to have the same grid-spacing in each direction, to keep the mesh description
isotropic.

A.2.2 Randomly Distributed Salt Solution

The next test case is a prototype of a system that will be of interest. We consider a salt
solution with N, = N+ = 100 ions in a system of size 103. The ions are placed randomly
and we calculate the rms-force difference to the Ewald result.

Table A.2 lists the different cases. With standard settings (mesh 123 cao 3) the order
of the error is about O(1072). An improvement is clearly visible when increasing the mesh,
which results in a jump of about an order of magnitude. It also shows that cao 1 is never
a good choice. However, a higher grid size also leads to a higher computational effort
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mesh size cao rms error

123 1 4.39-107%
123 2 9.87-107%2
123 3 3.80-107%
243 1 222-107%
243 2 1.83-107%
243 3 293-107%

Table A.2: List of rms errors in the electrostatic calculations for a salt solution with different
assignment order and mesh size.

for the field calculation, while a higher charge assignment order leads to an additional
computational increase for the velocity assignment.

A.3 Test of the Parameter N,

Next we discuss the influence of the number of pseudo-particles representing the con-
centration field, N,, where in principle there are two possible limits. On the one hand
one could reduce the amount of pseudo-particle to obtain a one-to-one correspondence
between particles and charge units, which means N, = 1. On the other hand one could
increase the amount of particles and work with higher V,. By increasing the amount
of particles to represent a unit charge, the fluctuations that are inherent to the particle
model average out, and one approaches a continuum description. Thus the parameter
N, determines the fraction with which pseudo-ions count to one charge unit. This means
that when assigning charges to the grid, every charge unit of a pseudo-particle is divided
by N,. However, when calculating the force onto a particle, the full charge has to be
accounted for in each particle. In an illustrative example one could look at a group of ten
pseudo-particles representing one unit charge, i.e. N, = 10, sitting close together. As on
a more coarse level they would be represented by just one single particle, they should, as
a collective, reproduce the motion this particle would make. Thus they need the same
amount of force, and not a force scaled by 1/N,. Then in the final stage, when the force
onto the DPD particles is calculated, the scaling must be included again.

To check whether the algorithm works fine in that sense, we look at a test system
of a counterion solution between two charged walls and compare the obtained profiles in
equilibrium and in flow. The penetrable volume of 10 x 10 x 8 is filled with 3750 DPD
particles and 50 charge units, i.e. pppp = 4.6875 and p. = 0.0625. In this test we use
the following N, values
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N, # pseudo-ions

1 20
2 100
10 500
20 2500
75 3750

The last value corresponds to Nppp = Npseudo-ions- As a side note it is worth men-
tioning that the agreement for different IV, was tested with both the Euler and Heun
scheme. Figure A.8 shows the resulting profiles in equilibrium. For the counterions in
(a) the profiles agree very well, with the only difference that the statistics improve with
N, as fluctuations decrease. The improvement is already visible for very short run times.
Figure A.8b shows the increase of DPD density at the boundaries, which states that NV,
appears to have no effect on the DPD particles, neither in magnitude, nor in terms of
overall noisiness.

The correct force coupling can additionally be verified by applying an external electric
field and comparing the DPD flow profiles. The resulting flow profiles are shown in
Figure A.9. The overall agreement of the velocities is quite visible, which confirms that
the parameter N, only has an effect on the local charge fluctuations.

A.4 Effects of Boundaries and Charge Gradients

During the study of the counterion-induced electro-osmotic flow, described in chapter
3.2, a certain limitation of the algorithm was encountered for strong gradients in the
ion density. Considering such a system confined between two equally charged plates,
filled with solvent and one ion species, i.e. the counterions, one can observe the typical
aggregation of counterions close to the boundaries that is also well described by the
Poisson-Boltzmann theory. However, as the ion density and the DPD density are coupled,
there is also an increase in DPD particles close to the boundaries. This is in a way
reasonable, in that the DPD particles do not only represent the solvent, but the total
density p = ps + p.. Similarly, in an explicit-ion simulation with DPD one would count
the total density as DPD density plus counterion density as the counterions themselves
take part in the DPD interactions. By subtracting the latter, one obtains the neutral
solvent density that should be homogeneous over the whole slit, which can be understood
by looking into the Navier-Stokes equation (Eq. 1.4). However, by studying a pure DPD
fluid, it becomes apparent that there are small deviations directly at the boundaries that
only show up through the statistical fluctuations after very long run times. Figure A.10
shows the small increase close to the boundaries that is in the 1% range. There is also
a small layering visible hidden in the fluctuations of the constant range. Both effects
might be caused by the finite time step. The latter phenomenon shows an alignment
of particles, which is also visible in radial-distribution functions, as described in section
3.4.2, and also in [88, 110].
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Figure A.8: Equilibrium profiles of a counterion-solution in a slit channel, with different
amounts of pseudo-particles per unit charge, Ny. (a) shows the charge density in the chan-
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In the following we study some situations with mismatched density profiles and gather
all influencing factors. We will take the profile in Figure A.10 to be the standard neutral
profile instead of assuming a homogeneous one, whenever comparing ion and DPD profiles
in confinement.

A.4.1 DPD Overshoot at Charged Walls

In the system described in chapter 3.2 with a counterion solution between two charged
plates, the relative shape of the DPD profile is directly dependent on the absolute coun-
terion density p.. Here we start out with two systems, p. = 0.03125 and p. = 0.0625 (i.e.
25 and 50 charge units in a 10 X 10 x 8 volume). For a direct comparison, we subtract the
profile of Figure A.10 (scaled appropriately by (3750 —25(50))/3750) to obtain a reduced
DPD profile that should resemble the counterion profile. At these relatively low charge
densities this is indeed the case, as it is illustrated in Figure A.11.

In both figures the reduced DPD profile is only marginally increased at the boundaries.
However, the general trend is already visible. For higher charge concentrations, the
counterion density still follows the Poisson-Boltzmann prediction, but the DPD density
shows a clear overshoot close to the boundaries. The resulting neutral profiles are shown
in Figure A.12, obtained by subtracting the counterion density from the DPD density.
The overshoot effect becomes absurdly strong when going to very high charge densities,
so that in the end almost all DPD particles are dragged to the boundaries for p. > 1. By
means of extensive tests with different parameter sets for the grid, it became apparent
that the shape of the DPD profile depends on the assignment order and the grid size.
More details on this will be presented in section A.4.5.

A test with different wall repulsions shows that the overshoot is fairly independent of
the type of wall considered for the pseudo-ions. Figure A.13b shows the ion and reduced
DPD profiles in a comparison between the original WCA repulsion, a weaker version
with ¢ = 0.25 and an implementation of the hard walls described in [159]. In all three
cases the DPD particles still deal with the ¢ = 1 WCA repulsion. While there seems to
be almost no difference between the regular WCA case and the hard walls, the smaller
WCA repulsion reduces the vacuum layer for the counterions. Such a mismatch is in
general rather unphysical, but should be of no concern for this purpose. In any case the
change in the DPD profile is only marginal, which shows that the cause for the overshoot
cannot be a very local effect. This will indeed be confirmed when looking at different
mesh parameters later on.

With the rather strange behavior at high p. up to this point, we wanted to clarify
the reasons by looking further into the ion-DPD coupling. For this purpose we start out
with some other simulation geometries that lead to gradients in the profiles.

A.4.2 DPD Undershoot at a Penetrable Plane

A simple test case for the coupling of the densities is to consider a charged, but penetrable
plate in a periodic system. This geometry can be modeled by freezing some charges along
a plane at z = 0 and filling the system with the appropriate amount of counterions to
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Figure A.10: Pure DPD fluid confined between two walls. The density is normalized to show
the relative deviations close to the boundaries. The profile is averaged over 5M steps, sampling
every 50 steps.
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Figure A.11: Counterion and reduced DPD profiles between two charged plates. The DPD
profile has been modified by subtracting the neutral profile of Fig. A.10 scaled to the according
density. The black line shows the average counterion density which thus is also the average
DPD density. The profiles are averaged over 200k samples in 50At distance.
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Figure A.14: Density profiles in a periodic system with a charged, penetrable plane at z = 0.
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a density of p. = 0.25 distribute around it and influence the local DPD profile. All profiles are

shifted to zero.
balance the charge. In this case the counterions are allowed to freely distribute around the

charged plane and the DPD density will follow. The benefit is that there are no boundary

effects disturbing the coupling. In Figure A.14 the result is shown for a counterion density
of p. = 0.25, which is relatively high for such a system. One can see a clear misfit between
the counterion density and DPD density that are both shifted to zero far away from the
plane. The result of this mismatch is a negative dip in the neutral density, obtained by
subtracting the counterion profile from the DPD profile. By comparing other density

values, it became apparent that the dip increases monotonically with the charge density.
Test runs have been made up to p. = 1.25.

A.4.3 Distribution in an External Potential

To simplify the situation even more, we replace the frozen-charge plane and study cou-
pling and mutual increase of densities by applying an inhomogeneous external electric
field to trap ions in a subvolume and observe the according increase in DPD density.
With a quadratic potential well at z = 0 in a system of size 10 x 10 x 20 filled with
just one sort of ions, we obtain a linear force driving the ions towards the very center.
Since the ions will fulfill a Boltzmann law in equilibrium, the resulting profiles should
be Gaussian. It is reasonable to expect the same behavior for the DPD profiles, where

the Gaussian should have the same width but different amplitude and an offset due to
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Figure A.15: Ion profiles (black lines) and according DPD profiles shifted to match in the
homogeneous region for different assignment orders and grid sizes. Each pair is shifted by 0.5
for better visibility.

the neutral density. To test the effect of different parameters, we try charge assignment
orders (cao) up to 4 and different grid sizes. Figure A.15 summarizes all results.

For cao 1 it requires a relatively fine grid to even obtain a smooth ion profile (black
lines), as otherwise the external force is distributed too coarse. Very fine grids, however,
are not useful, as then the ion-DPD coupling fails. More details on cao 1 can be found
in Figure A.16. In A.15b,c,d it generally shows that cao 2, 3,4 are appropriate as long as
the grid size is at least 24, which is also the standard grid spacing throughout this study.
A grid of size 48 appears to produce the best results independently of the assignment
order. The shift of the peak with increasing mesh size is an artifact of the discrete nature,
as the external electric force has been plugged in on the grid level. It should, however,
be of no concern due to the periodicity.

Finally we fit the ion profiles with Gaussians, which works out very well for any
ion profile except the deformed ones with cao 1. In accordance to the relations to be
presented in section A.4.7, also the DPD profiles should be Gaussian, which is why we
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Figure A.16: Ion profiles (black lines) and according DPD profiles shifted to match in the
homogeneous region for different grid sizes and charge assignment order one. Fach pair is
shifted by 0.5 for better visibility.

take the fit for the ions and modify it accordingly

fin(2) = Aexp(—B(z —C)? (A.4.5)
forn(2) = fion(2)-D+E . (A.4.6)

The agreement to the DPD profiles is quite well for the intermediate and large grid
sizes, but not for grid size 12. Some illustrative results are shown in Figure A.17.

A.4.4 Tests with a High Load of Pseudo-Particles

We can further try to clarify whether the effect is also related to the overall density
mismatch, as there are usually more DPD particles than ions. As an extreme case we
study systems with N, = Nppp = 3750, but change the valence z. of the ions. The
penetrable volume is 10 x 10 x 8, so that the number density is fixed to p. = 4.6875, but
since z. < 1 we arrive at the following charge densities:
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Figure A.18: Ion profiles (black lines) and DPD profiles for N. = Nppp and different valencies.
For z. =1 and z. = 0.7 all DPD particles are dragged away from the center.
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Ze Pq = ZcPe
0.05 0.234375
0.1 0.46875
0.2 0.9375
0.3 1.40625
0.4 1.875

0.5 2.34375
0.7 3.28125
1.0 4.6875

The DPD overshoot can thus be studied systematically with the increase in z.. Figure
A.18 shows all ion profiles (black lines) and the according DPD profiles, both held in
logarithmic scale. Even the lowest valency, z. = 0.05 leads to a relative high charge
density, comparable to the ones studied earlier in this chapter. Ideally the DPD and
ion curves should agree, as the number density is identical. The agreement, however,
becomes worse with increasing z.. For z. = 0.7 and z. = 1.0 the force on the DPD
particles is so absurdly high that they vanish from the center of the slit, thus showing
the limitations of the algorithm in this parameter set.

A.4.5 Improvement with Mesh Refinement

The whole overshoot phenomenon somewhat states that there is an imbalance in attrac-
tion and repulsion for the DPD particles. The attraction is given by the electrostatic
forces of the counterions, which are the strongest close to the boundaries, where the
electric field is the highest and also the largest amount of pseudo-ions are located to
transport the force. The repulsion is governed by two effects, namely the WCA repulsion
of the boundaries, ending at z = 21/6 ~ 1.122, and the chemical potential gradient due to
the particle overload. By increasing the grid size and keeping the assignment order con-
stant, one effectively reduces the attraction-range for the DPD particles. This improves
the situation, as shown in Figure A.19. There we take the system of size 10 x 10 x 15
with boundaries at z = 0 and z = 10 and penetrable volume 10 x 10 x 8, 3750 DPD
particles and 500 pseudo-ions. The DPD overshoot is studied with different grid sizes
and assignment orders, where all profiles are shifted to zero in the center of the channel,
to directly compare them. We first note that there is never a direct resemblance of the
two profiles, as the DPD peaks are generally wider. A pure increase of the mesh refine-
ment in z-direction is already capable of reducing the overshoot sufficiently, but requires
a factor 10 in the mesh size as a comparison of the first two curves shows . Similarly,
an increase in mesh size combined with an increase in assignment order does not lead to
satisfactory changes. The best combination would be achieved for cao 3 with a grid in
the range 12 x 12 x 18 to 48 x 48 x 72, i.e. a grid spacing of 10/12 > a > 10/48 ~ 0.2.
For the smallest value the coupling range would be reduced by a factor of four. However,

!'Note that for the Poisson solver the grid spacing should preferably be kept constant in all directions.
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Figure A.19: DPD profiles in comparison to the ion profile (solid black line) to study the DPD
overshoot. The grid sizes and charge assignment orders (c2,¢3,¢7) are varied systematically,
listed in the order of the peak height. All profiles are shifted to zero in the center.

the drawback of a very fine mesh is that the coupling becomes leaky, so that there are
occasions, where some pseudo-ions are in no contact to DPD particles. Yet the more
the coupling is reduced, the lower the DPD curve becomes. The choice for the grid pa-
rameters is therefore strongly limited by the demand for a reduction of coupling-range
to decrease attraction effects and a fully covering coupling procedure that does not leave
particles out consistently.

Whenever a high charge gradient occurs, i.e. there is a strong attraction/repulsion,
this becomes crucial. In most other situations the standard parameters as described in
chapter 2.8 are applicable. Also, for the functionality of the algorithm the profiles do not
need to match perfectly in the real space, but need to result in agreement on the grid
level, as the coupling and momentum transport is happening there. Therefore we study
the density profiles on the grid for the promising range of mesh sizes. Figure A.20 shows
the resulting profiles on grid level and in real space. On the grid level the DPD profile
has been modified by subtraction of the neutral solvent part, i.e. p, = pppp — p. (here
assumed to be constant for simplicity). For the real space curves both profiles have been
shifted to zero in the very center, which essentially has the same effect, but leads to a
shifted scale. On the grid level (red-blue curves) the best agreement is achieved arguably
either in (c),(g) or (h). In (g) and (h) for grid spacing a = 10/32 and a = 10/36 the
peaks agree fairly well, but there is a small continuous DPD excess in the center of the
slit. For @ = 10/28 in (c) this excess vanishes, whereas the DPD overshoot is visible both
on the grid level as well as in the real-space profile in (f). On the grid level, it shows
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that the DPD density reduces strongly into the negative for the very first and very last
row, stating that there is a strong imbalance in the densities. However, the mismatch
averages out, as there are always other grid points in z-direction involved due to the
assignment-order and additionally there is the underlying neutral part to compensate
minor mismatches.

A.4.6 Radial Distribution Functions

The coupling effect of pseudo-ions and DPD particles can also be seen in the radial
distribution functions (RDF) of a simple bulk electrolyte system. Figure A.21a shows
Ji0, i.e. the distribution of DPD particles around positively charged pseudo-ions in a
bulk electrolyte with the following concentrations:

p+ Ny
0.025 25
0.05 50
0.1 100
0.2 200

In A.21b the system of size 10* with p, = 0.1 is taken with four different parameter
sets, [cao 2, grid 123], [cao 3, grid 123], [cao 3, grid 24%] and [cao 3, grid 48%]. For the
systems in A.21a [cao 3, grid 123] was used. An increase in salt concentration does not
show a quantitative difference in the arrangement of DPD particles. There is just a slight
change close to r = 0. The reason might simply be that the averaging improves with the
number of pseudo-ions, as there are more particles to overlap with. The overall increase
is of a magnitude of around 0.035. The part (b) of the figure, however, shows a stronger
deviation for different parameter sets. It seems that the combination reducing the ratio
cao/grid size is increasing the correlation between pseudo-ions and DPD particles. The
effect is quite local, as for r > 1, i.e. distances larger than the particle diameters, the
deviations diminish.

Figure A.21b also stands in relation to the results in Figure A.15. Comparing the
parameter sets [cao 2/3, grid 24| one can see that the lower cao enhances the DPD
increase and leads to a better fit of the two profiles. Also the comparison [cao 3, grid
24 /48] is in agreement with A.21b. A doubling of grid size leads to an improvement in the
fit of the profiles, as the DPD profile increases as well. It is possible to directly compare
both figures, since here we deal with grid spacing 100/12 (100 /24) and in Figure A.15 it
was 200 /24 (200/48). An even larger grid as in Figure A.21b for [cao 3, grid 48] leads to
a stronger, but slimmer peak, i.e. the correlation becomes more localized with increased
mesh size, as the coupling range decreases.
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Figure A.20: Comparison of different mesh sizes (named after x-direction) and the resulting
DPD and ion profiles on the grid level and in real-space. The DPD profiles on grid level are
reduced by the neutral solvent density (assumed to be homogeneous), and in real-space both
profiles are shifted to zero in the center to investigate the overlap.
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Figure A.21: RDF of DPD particles and positive pseudo-ions.

(a) compares different salt

concentrations. (b) shows three different parameter sets for the algorithm.
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Figure A.22: Ion and reduced DPD profiles for a coupling scheme that includes the repulsive
boundary forces to decrease the overshoot effect in comparison to the original profiles.

A.4.7 Force-Coupling Relations

The problem with the excess or shortage of DPD density in certain areas of high counte-
rion density must be related to the coupling term in the Navier-Stokes equation, acting

on the DPD particles as an additional force. As described earlier, the DPD particles play
the role of the total mass density in the system, i.e.

PDPD = Ps + Pe

(A.4.7)

with the neutral solvent density ps and the total charge density p.. In the simplest
case the charge density is only a counterion density. As for the counterion interactions

there is a conservative, electrostatic potential ®., the equilibrium distribution should be

a Boltzmann law
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pe() = ple®/FoT (A4.8)

Similarly one would expect the DPD density to follow a Boltzmann law in equilibrium,
if there is a conservative potential ®ppp describing the force term originating from the
electrostatic coupling

popp () = phppe” *PPPIET (A.4.9)

Thus we can write

R (A.410)

and take the logarithm to end up with

dppp
kT

Hence there is a way to write the potential for the DPD particles. Taking the deriva-
tive to obtain the corresponding field we get

_— log(pODPD) + log (ps + pge’q’c/kBT) : (A.4.11)

Voppy = —LC VO,

Ps + Pe

- ve, . (A.4.12)
PDPD

This equation says that the force acting on the pseudo-ions has to be normalized with
the densities before applying it to the DPD particles. The same follows if one asks for
momentum conservation

F]%(;%l — Ftotal
= — /deDPDV(I)DPD = - /deCVCDC |V arbitrary
= pDPDV(I)DPD = pCVCDC . (A413)

Hence the density ratio acts as a prefactor to the force. If now the ratio is disturbed
somewhere, e.g. there are more counterions, the force on the DPD particles is stronger.
This is exactly the way the coupling is implemented in the algorithm, as explained in
chapter 2.7.2. However, the discretization of the coupling seems to be the cause for the
mismatches.

Up to now the strongest deviations occurred close to a boundary. Thus it is not
strictly the algorithm itself, but the combination with repulsive boundaries that leads to
anomalies. Time step effects as described in chapter A.1 also play a role for the specific
shape of the pseudo-ion profiles close to the boundaries. The general discrepancy is
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then further controlled by the grid parameters, i.e. the assignment order and the grid
spacing. The parameter N, did not lead to any change in both profiles, neither for low
counterion densities, nor for the high ones with the DPD overshoot. In summary, the
standard parameters [cao 3, grid spacing a = 100 /12| have proven to work well in most
situations. However, one has to take care in situations where the boundary effects could
be dominant, especially when high charge gradients are expected. In this case a more
refined mesh, e.g. by a factor of 3-4 larger, could be advantageous.

A.4.8 An Alternative Coupling Approach

The large increase of DPD density close to the boundaries in situations of high charge
gradients is not desirable. While it is a rather unphysical effect by itself, it also com-
plicates the analysis, as a homogeneous density is easier to handle analytically. This
approximation, however, would not hold in most of the situations presented throughout
this chapter. A possibility to decrease the DPD overshoot is to use a different force
coupling between pseudo-ions and DPD particles. In the usual procedure only the elec-
trostatic forces are transferred to the DPD particles, whereas the boundary repulsion
felt by the pseudo-ions is just considered a tool to keep them confined to the DPD fluid.
Apparently the repulsion felt by the DPD particles is not sufficient to balance the elec-
trostatic attractions properly. So one could in principle try to transfer the pseudo-ion
repulsions together with the electrostatics, to decrease the attraction felt by the DPD
particles. With this approach the WCA repulsion for the pseudo-ions is no longer consid-
ered simply a tool, but obtains a more physical meaning. Simulations with this coupling
scheme lead to the profiles presented in Figure A.22. For low charge densities as in (a)
this approach leads to much flatter DPD profiles. For high charge concentrations as in
(b) the strong overshoot disappears completely, however, leaving a small range close to
the boundaries with a reduced density.

Hence this coupling method is applicable in situations where one needs a more ho-
mogeneous DPD profile, and does not care about the exact representation of the total
density, as the DPD density is closer to the pure solvent density in this situation. Also,
the transport of momentum in driven situations, such as with an external electric field,
is still working. Only the interpretation of forces orthogonal to the boundaries becomes
questionable.
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A.5 Additional Plots for the Polyelectrolyte Solu-
tions

In this section we present some further figures that have been left out in the discussion
of the polyelectrolyte solutions in chapter 4.
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Figure A.23: Monomer profiles in the channel. (a) comparison of both Yukawa cases, (b) the
concentration dependence.
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Figure A.24: Radius of gyration for all studied systems in Couette flow. (a) shows the absolute
values, (b) shows the relative change of Ry versus shear rate.
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