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Table 0.1.: Abbreviations used in the text

’ Abbreviation ‘ Explanation

2CLJ
CHD
CSD
DHS
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FCC
g-1
GEMC
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MD
PPPM
RDF
RPM
ST
TIP4P

two-centre Lennard-Jones

charged hard dumbbell

charged soft dumbbell

dipolar hard sphere

dipolar soft sphere

face-centered cubic

gas-liquid

Gibbs ensemble Monte Carlo

large-scale atomic/molecular massively parallel simulator
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Monte Carlo

molecular dynamics
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radial distribution function
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Stockmayer

transferable intermolecular potential 4 point







1. Introduction

What makes a liquid a liquid? This question can be answered by the van der Waals
theory, which states that attraction between molecular particles is necessary for a gas-
liquid phase transition [1]. So let us take an example, the well-known Lennard-Jones
potential [2], which has the form

ury(r) =4 [(%)12 — (%)6] , (1.0.1)

where u ; is the potential energy and r the intermolecular separation in reduced units.
Due to the r % dispersion attraction, the Lennard-Jones model exhibits a gas-liquid phase
transition (e.g. Ref. [3, 4]) and can in the meantime be considered as a kind of warm-up
exercise for anyone getting started with computer simulations in the field of soft matter
physics.

But what about polar models, where the attractive interaction is not as apparent as in
the case of the Lennard-Jones model? Or, in the words of van Leeuwen and Smit What
makes a polar liquid a liquid [5]7 The interaction of two point dipoles can be attractive or
repulsive, depending on their orientation to each other. For a gas of dipole moments p it
can be shown that the thermal average at temperature 1" results in the overall attractive
dipole-dipole potential upp(r) = —%75‘—; [6]. This indicates the existence of gas-liquid
coexistence. But the aforementioned conclusion is not as clear as it looks. The existence of
gas-liquid coexistence in dipolar fluids with no other contribution to attractive interaction
than dipole-dipole interaction is a basic and open question in the theory of fluids and has
created significant interest. It is perhaps comparable to the freezing transition in the
hard sphere fluid discovered in early computer simulation work by Alder and Wainwright
in the late fifties [7]. In the studies of dipolar fluid systems, two simple and often used
representations are the dipolar soft sphere model, where the dispersion attraction in the
Lennard-Jones potential is replaced by the interaction energy of a point dipole, and the
dipolar hard sphere model, where the soft sphere repulsion in the dipolar soft sphere
model is replaced by a spherical hard core potential [8-11]. About twenty years ago,
a number of theoretical papers concluded the absence of a gas-liquid critical point for
those systems due to the formation of reversible chains, which essentially possess no
mutual interaction [12-15]. Those theoretical results are supported by different computer
simulations done for dipolar systems. Dipolar hard spheres were analyzed for a gas-liquid
phase separation by Calliol [16] using Monte Carlo simulations in the isothermal-isobaric

11
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ensemble (NPT ensemble, constant particle number N, pressure P, and temperature 7T')
and in the Gibbs ensemble. He came to the conclusion that in the analyzed region of
the phase diagram no gas-liquid transition exists. This is in contradiction to an earlier
work of Ng et al. [17], who observed a gas-liquid transition for a system of 32 dipolar
hard spheres using Monte Carlo simulations. Van Leeuwen and Smit [5] introduced a
factor A to allow an independent control of the dispersion attraction from the dipolar
interaction in the Stockmayer fluid (Lennard-Jones plus dipole-dipole potential). They
studied a range of A with the focus on the limit A — 0, where the system is equivalent
to dipolar soft spheres. For A < 0.3 they could not detect gas-liquid criticality in their
simulations due to chain formation, which is not observed for higher A\. The pure dipolar
soft sphere fluid in an applied field was studied by Stevens and Grest [18] using Gibbs
ensemble Monte Carlo. They determined the critical parameters as a function of the
applied field and conclude in the zero field case that coexistence most likely does not occur.
Thermodynamics and structural properties of the dipolar Yukawa hard sphere fluid were
studied by Szalai et al. [19]. They found that at high dipole moments the gas-liquid phase
transition disappears, while chainlike structures appear in the low-density fluid phase.
More recent molecular dynamics simulations of the Stockmayer fluid performed by Bartke
and Hentschke [20, 21], which can be mapped onto the system studied by van Leeuwen
and Smit, show that the threshold found in Ref. [5] does not exist. The conclusion that
chain formation indeed leads to the disappearance of gas-liquid criticality in the dipolar
soft sphere limit still appears to be valid. Sindt and Camp used an effective many-body
isotropic interaction able to mimic the dipolar soft sphere model and clearly linked the
transition disappearance to chain formation [22]. Rovigatti et al. [23, 24] observes self-
assembly of dipolar hard spheres into closed rings and concludes that this excludes the
possibility of critical phenomena. In a further study on a model of particles with dissimilar
patches they support the conclusion that the absence of gas-liquid separation in DHS could
be a consequence of extensive ring formation [25]. To shed more light on the gas-liquid
transition debate they suggest further studies on the structural transition from chains to
branched network for the dipolar hard sphere model [26]. Again, ring formation suggests
a similar result from Rovigatti and Dussi et al. [27] where they investigated the charged
soft dumbbell model we also use in our work. The charged soft dumbbell model consists
of two oppositely charged soft sphere sites, displaced through an axis of length d, and
allows to approach the dipolar soft sphere limit d — 0. In their Monte Carlo simulations
they were able to locate the gas-liquid critical point for dumbbells, but they were not able
to track it down to the smallest dumbbell length due to the formation of rings.

Despite the abundant evidence for the absence of a gas-liquid phase transition for purely
dipolar systems, there are also researchers who come to the opposite conclusion. First of
all, the already mentioned study by Ng et al. [17], who found gas-liquid coexistence for the
dipolar hard sphere system. More than twenty years later, McGrother and Jackson [28]
induced gas-liquid coexistence in a system of nonspherical hard-core dipolar molecules,
i.e. they consider hard spherocylinders with central longitudinal point dipole moments.
By using Monte Carlo simulations to calculate the equation of state and the free energy
of dipolar hard sphere fluids at low temperatures and densities, Camp et al. [29] obtained
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evidence in favor of an isotropic fluid-to-isotropic fluid phase transition. Pshenichnikov
and Mekhonoshin [30] utilized the Monte Carlo method to simulate dipolar hard sphere
with open boundaries. They applied an extra field which confines the particles to a
spherical region and observed a gas-like distribution within this region, or a pronounced
clustering, depending on the strength of dipolar interaction. They interpret this as an
indication for phase separation in the dipolar hard sphere bulk system. Ganzenmiiller and
Camp [31] used a fluid of charged hard dumbbells, each made up of two oppositely charged
hard spheres, separated by the distance d, to track the gas-liquid coexistence towards the
dipolar hard sphere limit d — 0. Via extrapolation of their grand-canonical Monte Carlo
results obtained for finite dumbbell length, they found a gas-liquid critical point in the
dipolar hard sphere limit. Almarza et al. [32] confirm the results of Ganzenmiiller and
Camp [31] using Monte Carlo to analyze a mixture of hard spheres and dipolar hard sphere.
The critical parameters for the gas-liquid equilibrium, extrapolated based on their mixture
results to the limit of vanishing neutral hard sphere concentration, are in accord with the
extrapolation for the dumbbells approaching the dipolar hard sphere limit. Kalyuzhnyi et
al. [33] examine the phase behaviour of the dipolar Yukawa hard sphere fluid using Monte
Carlo simulations. Again the critical point may be tracked as the dipolar hard sphere
limit is approached by decreasing the strength of the attractive Yukawa potential. They
find a critical point for values of the Yukawa potential well depth which is used as control
parameter and representing the "distance” from the dipolar hard sphere limit, which are
far lower than the limit set by the earlier study by Szalai et al. [19]. Continuation of this
work in Ref. [34], however, results in the conclusion that phase separation is not observable
beyond a critical value of the Yukawa energy parameter. Similar to the aforementioned
work by Stevens and Grest [18], our colleague Jia [35] tracked the critical point for the
dipolar soft sphere model as a parameter of the field strength and found critical values in
the limit of vanishing field. The results were also confirmed as part of this work at zero
field strength. A graphical representation to summarize the results on the localization of
the gas-liquid critical point on dipolar systems is shown in Figure 1.1.

Based on the above-mentioned results, the assembly of single dipolar particles into
reversible dipole chains or other aggregates like rings and branched structures, has a
significant effect on the gas-liquid coexistence of dipolar systems (an interesting study
of gas-liquid phase separation in systems composed of rings and chains was presented by
Pam et al. [36]). Therefore, different approaches, such as an external field or modifications
to the dipolar potential, were introduced in several aforementioned studies with the main
target to prevent or somehow control the assembly reversible aggregates. Also, those
long chains are difficult to equilibrate in computer simulations and also hard to handle
analytically. The original notion of gas-liquid phase separation of monomers is generalized
to include phase separation in systems of polydisperse reversible aggregates, or even other
types of transitions like the demixing of topological defects [37].

In this work, we present another attempt to track the gas-liquid critical point in a system
approaching the dipolar soft sphere limit. We study a system of charged soft dumbbells
using the molecular dynamics technique. The charge-to-charge separation on the dumbbell
d can be controlled and we start our simulations in an “easy regime”, where gas-liquid phase
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separation is readily observed and the assembly of chains is energetically unfavourable.
The charge-to-charge separation, d, is systematically decreased, keeping the dumbbell
dipole moment, respectively the dumbbell charges, constant. Using this procedure we can
approach the dipolar soft sphere limit in such a way that difficulties like the reversible
association of particles develop “slowly”, which allows the extrapolation to the desired
limit. Even at the smallest d (= 107%), we do observe a transition terminating in a
critical point, which suggests a gas-liquid critical point in the dipolar soft sphere limit.
This result is in accordance with the previous simulation study by Ganzenmiiller and
Camp [31] for dipolar hard spheres. To explain our simulation results, we apply different
simple models. However, neither the extension of Flory’s lattice theory to reversibly
aggregating polymers [38, 39], nor the defect model put forward by Tlusty and Safran [37],
yields a consistent description of the simulation results. Only the developed van der Waals
mean field theory provides a close to quantitative description of the critical parameters
obtained from the simulation. The theory combines the Onsager approach to dipolar
liquids [40] with the idea that the basic unit is not the single dipole, but rather a small
reversible aggregate. To support the results for charged soft dumbbell in the dipole limit,
i.,e. d — 0, we also conduct simulations for the dipolar soft sphere model in its pure form
and with an additional parameter which controls the soft sphere repulsion. We see that
the soft repulsive interaction can be used as an effective means for limiting the aggregation
in the dipole limit. The resulting short reversible chains, which are easy to equilibrate, do
exhibit gas-liquid phase separation. Subsequently to the investigation at the dipole limit
we study the gas-liquid phase transition in the dumbbell system for d > 1 and observe
critical parameters in the whole simulated range, i.e. up to d = 7. On the basis of the
aforementioned mean field theory, we construct a qualitative description of the critical
behavior in the range of 1 < d < 7. In this range it seems likely that the charged soft
dumbbell model behaves similar to an ionic system and therefore relates to the restricted
primitive model of ionic liquids. The restricted primitive model is also a model whose
gas-liquid transition has attracted interest both from the analytical (e.g., Refs. [41, 42]) as
well as from the simulation side (e.g., Refs. [43, 44]). In order to connect to the restricted
primitive model results, we simulate an ionic model, where we have eliminated the rigid
dumbbell bond. Thus the dumbbell model becomes equal to the restricted primitive
model, except that the hard core repulsion is replaced by soft sphere repulsion. We also
observe a gas-liquid critical point for this model and discuss the relation to the charged
soft dumbbell system, as well as to the numerical predictions of the Debye-Hiickel theory.
In addition to the investigation of the phase transition, we have a look at the cation-anion
pairing in terms of Bjerrum association in our ionic model, which serves as an important
basic model in the interpretation of experimental data obtained from colloidal suspensions,
liquid salts, and salt solutions [45].

Finally, we make additional use of the expertise gained in the course of our work on the
phase behavior of charged and dipolar systems in the context of osmotic equilibria driven
by Coulomb interactions. Specifically, we extend previous Monte Carlo simulations of
osmotic equilibria in Lennard-Jones systems by Schreiber in our work group [46, 47]. We
employ the Monte Carlo algorithm developed by Schreiber and Hentschke and apply it
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to an ionic solute in a dipolar solvent. The algorithm allows us to perform Monte Carlo
simulations in the T’pm ensemble, with the temperature T', the external pressure p, and
the osmotic pressure m across the membrane. Thus we can study the dependency of the
solute concentration on osmotic pressure and vice versa, which can then be compared
with experimental data. The detailed study of osmosis is also of special interest due to
the multitude of technical and biological problems connected with it.

The present work is structured as follows. An introduction to the simulation techniques
used here is given in chapter 2. Chapter 3 contains the description of the various model
systems studied using the aforementioned techniques. In the subsequent three chapters the
results of the charged soft sphere model (chapter 4), the dipolar soft sphere model (chapter
5), and the ionic soft sphere model (chapter 6) are presented and discussed. Chapter 7 is
an introduction to the topic of osmotic pressure followed by our numerical results. The
last chapter provides a summary of this work and is followed by the acknowledgement
and appendix.
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Figure 1.1.: Summarized illustration of attempts in the literature and by ourselves to locate the

gas-liquid critical point in dipolar soft and hard sphere like systems. All dipolar
soft sphere and dipolar soft sphere like results are mapped onto the dipolar hard
sphere system using the procedure explained in section 3.5.1 (red symbols).

The symbols refer to the following sources: red solid circle: [own result for dipolar
soft sphere]; red solid triangle: [own result for charged soft dumbbell]; black hollow
triangle left: [32]; black hollow diamond: [34]; black solid square: [31]; red hollow
square: [18]; black hollow triangle: [19]; black solid diamond: [17]; red hollow circle:
[5]; black horizontal lines [16]. Filled symbols are used for results where a gas-
liquid critical point is found or it is claimed to exist. Open symbols are critical
values obtained for systems close to the dipolar hard sphere or dipolar soft sphere
system where the dipolar limit can be modeled with a control parameter. The
horizontal lines represent isotherms along which the gas-liquid transition can be
precluded. The solid-diamond-result should be considered with caution due to
the small system size of 32 particles in the simulation. Camp et al. used two
different models to approach the dipolar hard sphere limit (black solid square and
black hollow diamond). For the charged hard dumbbell model (solid square) it was
possible to extrapolate to the dipolar hard sphere limit, but it failed for the second
system (hollow diamond) where the dipolar Yukawa hard sphere fluid was used. For
that, the symbol represents the simulation result for the gas-liquid critical point
closest to the dipolar hard sphere limit. The limiting values of the charged hard
dumbbell results have been confirmed by Almarza et al. (hollow triangle left), but
they conclude that their result does not necessarily mean that a gas-liquid equilibria
for pure dipolar systems exits.
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2. Methods

With the help of computer simulations or molecular simulations in particular it is possible
to get results, which are not measurable experimentally. Also the level of detail exceeds
that of any experiment. Computer simulations give the possibility to pursue totally new
physical questions or approach existing questions in an abstract way. This we do for
example with our dumbbell system, in order to analyze the phase behavior of dipolar
fluids. The two most common methods used for molecular modelling are the stochastic
Monte Carlo (MC) method and the deterministic molecular dynamics (MD) simulation
method. In this work we use the MD method mainly for the analysis of the phase transition
of the charged soft dumbbell (CSD), dipolar soft sphere (DSS) and ionic model. The MC
method is used for the research of the osmotic pressure, where specifically a modification of
the Gibbs ensemble Monte Carlo (GEMC) method is utilized. In the following section we
give an overview of those methods, and also of some techniques implemented to optimize
the results in respect of computational costs.

2.1. Molecular dynamics simulation

The development of the MD method dates back to the late 50s [1, 2]. The MD method
gives us the possibility to study a N particle system for a specific period of time, i.e we
can calculate the state functions of the system, and even monitor the physical trajectory
of each individual particle. The latter is not possible with MC simulations, due to its
stochastic approach of moving particles. This “unnatural” move of particles is also the
reason, why we prefer to use the MD method for most of our investigations. We mostly
deal with polar fluids, which tent to build long chain like aggregates, where the application
of MC methods would require complex bias-methods to support the reversible aggregation
with acceptable computational costs [3-5].

The underlying approach to the MD simulations are the equations of motion, i.e.

d o

—p; = F, 2.1.1

o7 (2.1.1)
for the translation of the center of mass and

d o

—L;, = N; 2.1.2

g (2.1.2)
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for the rotation of the particle ¢ € N. In the equations of motion is p; the momentum of
particle ¢ with the acting force F; and L; is the angular momentum with the torque N;.
By solving the equations of motion numerically we get the trajectories of the particles
and can gain a deep insight into the atomic processes of the simulated matter.

Most of the following sections are molecular modelling basics and thus can be found in a
similar fashion in other works like this or in more detail in standard text books dealing
with the topic like [6-10].

2.1.1. Integrating the equations of motion

To numerically solve the equations of motion (2.1.1) and (2.1.2) in MD simulations a
so called integrator is necessary. There is a big variety of different integrators available
and a good overview of them can be found in [6], [7] and [11]. In general the integrator
should retain the mathematical and physical characteristics of the exact solution of the
equations of motion. Therefore the integrator must be symplectic, time-reversible and
conserve energy and momentum. In our work we use the velocity Verlet algorithm [12]
for the translation and rotation of the particle. The velocity Verlet algoritm is a slightly
modified version of the original Verlet algorithm [13]. A big advantage of the velocity
Verlet algorithm is the computational cost, as it only requires the calculation of one force
per time step, the numerical stability and the errors, which are of order O(At?).

Integrator for translation The velocity Verlet algorithm can be derived using a Taylor
expansion of the positions 7;(¢) and the velocities 7;(t). For the positions we get

Rt + AL) = 7(E) + A7t )+%At2ﬁ(t)+ow3). (2.1.3)

To determine the velocities at the same time as the position, i.e. ¢t + At, we first need to
do an expansion of the velocities for ¢ = At/2, which yields

7i(t + %) = 75 (t) + %Am(t) + O(At?) (2.1.4)
Rt — %) _ R () — %Atﬁ(t) +O(AR). (2.1.5)

With adding another time step At to (2.1.5), we get the velocities at time t + At as

7i(t 4+ At) :ﬁ(t+%H%Atﬁ(HAtHO(At?). (2.1.6)
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To implement the algorithm in the simulation program, and process one simulation step,
the equations must be solved in the following order

Rt + At) = F(E) + AEF(E) + %At?ﬁ(t) (2.1.7)
. . 1 .

Fi(t+%) = 7i(t) + At (2.1.8)
. N At Lo -

r(t+ At) = it + 7) + §At 7t + At) . (2.1.9)

The necessary acceleration ﬁ(t) can be calculated from the forces, noted down in chapter
3, for the individual models used in this work.

Integrator for rotation We also use the velocity Verlet algorithm for the integration of
the rotation. We describe the rotation using the unit vector 7;. Treating it analogously
to the translation, we get the following formulas for the implementation of the rotation

. 1 .
i (t + At) = i1;(t) + At () + 5 A 71(t) (2.1.10)
) At ) 1 .
b 5 At 1 jar
mi(t + At) zni(t+7)+§Atni(t+At). (2.1.12)

As we have described the rotation solely as expression of the unit vector 7;, we need to
link the commonly known torque

(2.1.13)

to the orientation 7;. Therefore we mainly follow [14] and start with the equation of
motion (2.1.2), where we write for the torque

N=IL,=1¢ (2.1.14)

using the angular acceleration ggl and the moment of inertia /. In the next step we look
at the change of the potential energy of the particle i

U= -5 Fror == fi (551. X fja> (2.1.15)
7, J,o
= 66+ fi. X T = —N; - 66, (2.1.16)
Jj,a

caused by a small rotation (5@, where the forces f;a act on the particle ¢ at position 77, .
The magnitude of the angle of rotation is given by |0¢;|, and §¢; is perpendicularly to the



24 CHAPTER 2. METHODS

plane of the rotation, i.e. parallel to the axis of rotation. We can also express the change
of the potential energy, caused by a small rotation of the orientation vector 7;, as

ou ou ou
_ 0T = 2 (S5 x i) = (7% 2= ) .50 211
oU; o7, on; o7, (0¢p; X ;) (nz X 8772-) 00, ( 7)
By comparing this with (2.1.16), we can write for the torque
- oU 5
N, =—n; X — =1¢, 2.1.18
i x g = 16 (2.1.18)

and get it related to the orientation 7;. Together with (2.1.18) and
i = i X i (2.1.19)

we have now two first-order differential equations for the rotation of the particle. For the

implementation in the MD program it is helpful to eliminate (2_5; and describe the rotation
using a second-order differential equation, which is only dependent on the orientation
;. To gain the second-order differential equation, we take the derivate of (2.1.19) with
respect to time and get

i = q‘s’ X T + gz? X 7 (2.1.20)
_ % V. x i + & % (&’ x ﬁ) (2.1.21)
_ % (—ﬁz X ggi) X 7 + {5 (5 - ﬁ) _ 7 (5)1 (2.1.22)
:% {_ggi ) (ﬁ . ggﬂ i (2.1.23)

for the acceleration of the orientation. In the last step we used qu -1; = 0, and together
with 777 = 1 the relation

. kN 2 N IR 2 .
Finally we introduce G; = —I~! (U /87;) to write the acceleration of the orientation as
=G - (ﬁ Gt ﬁQ) ;. (2.1.25)

which directly can be used in the first two steps (2.1.10) and (2.1.11) of the velocity Verlet
algorithm. One hitch we have to overcome, is that 77;(t+ At) also depends on the unknown
velocity 7;(t + At). Therefore we have to approximate the calculation of (2.1.12) via

i(t + At) = i (t + %At) + %At i (t) . (2.1.26)
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Herewith follows at time ¢ + At the expression for the angular acceleration (2.1.25) as

Wit + At) = Gyt + At) — [ﬁ,-(t A1) - Gy(t + At)

) 1 1. (2.1.27)
+ (ﬁi(t + §At) + §At ﬁi(t))l ni(t + At).

This is the final form used in the velocity Verlet algorithm. This form of the integrator
produces numerically stable results. But it seems that also without the velocity term,
stable results are possible [7].

During the simulation the following two conditions have to be ensured

7 =1 and -7, =0. (2.1.28)

Hence we normalize 77; and orthogonalize 77; as well as 77; after each time step At.

2.2. Monte Carlo simulations

The Monte Carlo method is a stochastic method. In contrast to MD it cannot be used to
calculate dynamic properties like the phase space trajectories and only allows to compute
time average values. Nevertheless the MC is also heavily used in molecular simulations as
it easily allows to simulate various ensembles. A lot of quantities, we are interested in, can
be calculated without the knowledge of the dynamic properties. E.g. the internal energy
U or the force on an individual particle F, are only dependent on the coordinates 7; of
the particles. The coordinates {7} of the particles in a system can be determined as in
the MD via an update step. But now this update step is stochastic and not deterministic
anymore. In the following we want to explain, how this update step can be produced. We
mainly follow the description given by Hentschke et al. in Ref. [6] and specifically for the
Tpr ensemble in Ref. [15].

2.2.1. Metropolis Monte Carlo method

Let us consider a macroscopic quantity A, which is only dependent on the configurations
{r} of the system in the NVT ensemble. I.e. a thermodynamic system with constant
number of particles N, constant volume V', and constant temperature T'. For this the
ensemble average (see also section 2.3.1) is given by

(A) vy = /FdFA(F)fNVT(F) (2.2.1)
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where I is a single point in the phase space and fyy 7 is the probability density function,
which gives the probability to find a certain state in the phase space. One can show that
for quantity A only the probability function fyyr({7}) is necessary which is defined as

_ exp[-BU(RY)]
Ja{y exp[—U ({F})]

with 5 = 1/kgT. Function (2.2.2) is also known as the phase space density. In general
it is not possible to solve the integral and we need a trick, which allows us to create the
configurations based on the distribution fyyr without explicitly calculating it. Therefore
we consider two different states {7} e together with {r},4 and calculate the relative
probability as the quotient of the two states

fo _ Evvr({Fhnen)
Jo fNVT({F}Old)

Here the integral in equation (2.2.2) is the same for both states and drops out of equation
(2.2.3). So to calculate f,/f, we only need to know that the probability of a configuration
{r} is proportional to its Boltzmann factor exp|—SU({7})]. Thus we need a way to
generate points in the configuration space proportional to the Boltzmann factor. In other
words we have to find a suitable acceptance criteria f3,,,, which tells us, when we accept the
new configuration n or when we reject it and proceed with the old one o. The solution to
this question is not unique. One popular and efficient method is the Metropolis algorithm,
introduced as early as 1953 by Nicholas Metropolis et al. [16]. The Metropolis algorithm
allows us to calculate the transition probability

fave({7})

(2.2.2)

- exp[—ﬂ (U({F new) - U<{F}old))] . (223>

Ton = anoﬁno (224)

to go from configuration o to n together with the acceptance criteria 3,,. To ensure that
the generated chain of configurations (Markov chain) converges to the demanded ensemble,
the algorithm must fulfill several properties. The first one is the detailed balance principle
and requests that the probability of the accepted transitions from state o to any other
state n is exactly the same as for the reverse transition, i.e.

foﬂ-on = fnTrno . (225>

The second one demands that the algorithm is ergodic, i.e. all possible points in the
configuration space can be reached with a final number of MC steps. The Metropolis
algorithm satisfies those conditions and defines the acceptance criteria to perform an
update from configuration o to n as

f
Jo
where ¢ is a random number between 0 and 1. If the acceptance criteria (2.2.6) is not
fulfilled, the new configuration n is discarded and we continue with the old configuration o.

Bro = min(1,

) > ¢, (2.2.6)
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2.2.2. The Tpr ensemble

To perform the simulations in the Tpm ensemble, we make use of the idea of the Gibbs
ensemble [17, 18], where we study two simulation boxes simultaneously. The box i (= 1, 2)
contains /V;; solvent particles and N ; solute molecules, respectively. The two subsystems
are not isolated and particles can be exchanged between the two boxes. But as we com-
pute an osmotic cell, we need to construct a semi-permeable membrane between the two
compartments, i.e. only the particle interchange of the solvent is allowed and we force
Ng1 = 0. This means the second box contains the mixture and hence also the pressure
in the box is p + . The thermodynamic states of the two subsystems are defined by
the eight quantities 73, 15, p, p + m, N;; and Ng,;. The number of degrees of freedom
at equilibrium is reduced from 8 to 3 due to the following five conditions T' = T} = T,
equality of the chemical potentials 1 = ;1 = f2 plus the constraints on the particle
numbers N;; + N;o = N; = const., N1 = 0 and N, = const. This leaves T', p and 7 as
the remaining degrees of freedom. Before noting down the partition function, we take a
look at the entropy changes, which for the two boxes are

TAS, = AE, + pAV) — iyANy
TAS2 AEQ + (p + 7T>A‘/2 lANl,2 )

where the F; are the internal energies. In total we get

AE; + AE, N p(AV] + AV,) N TAV,

AS = - 7 - (2.2.9)
as AN;; = —AN;5. The partition function, considering also small rigid molecules like
water, is given by

AL N12+Ns2d3 NiNsg)py - PBNFNs2) g B AN+ Ns2) g (N Ns2)py
@= / h3WNANs2) N LN 5N ! ot h3<Nl+Ns,2)g;Vlg§Vsﬂ? (2.2.10)

X exp [—f (Ey+ Ey+pVi + (p+7)Va + Ny + 152N 2)]

with Planck’s constant h and 5 = 1/kgT. The integration is done over the center of mass
coordinates in reduced form 7,,, = /35 and their conjugate momenta p.,, as well as the
Euler angles ¢, = (¢,0,1) and their conjugate momenta p,. The o’s are the symmetry
numbers of the solvent and solute molecules. After integration over all momenta using
the respective (kinetic) Boltzmann-weights, equation (2.2.10) becomes

Nz 1 VNZ 2+Ns2
d3(N1+Ns,2)

Scm

o=/
A?ﬁ A3Ns 2 N1 !N oI N, o
(2.2.11)

sin™ 9, sin'Vs2 6,
I
ANZ )\Ns 2
a=1 T1'T,s

+ pVi+ (p+ m)Va + Ny + prs2Ns2)]

AMFN2) g oxp [~ B (U + Uy
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where At is the usual thermal wavelength and

_ o(Bh/(2m))2

A
T L1515

(2.2.12)
with the molecular principal moments of inertia I; (j = 1,2,3). Due to the integration
over the momenta, we now only have to consider the potential energies U;. With that, we
can write down the probability function for our Metropolis criteria as

Ny Ni2+Ns . .
7 |77 VA sinVt 0, sin™=2 6
x
3N, A 3Ns,2 Ny Ns,2
A7) A TN NG 2 NG ! ATIATSS (2.2.13)

exp [—B (Uy + U+ pVi + (p + m)Va + (ulNi + ps 2N 2)] -

Now we can note down the different MC trial moves, we perform to simulate in the
Tpr ensemble. We use the phase space density in equation (2.2.13) and calculate the
acceptance via (2.2.6) going from the state o to n. This yields the following four probability
ratios:

e Translation of a particle within box ¢
The translation of a particle leads to a change of the potential energy AU; = U, ,, —
Ui, of the box and hence the probability ratio for translation of a particle in box ¢

1S

In _ expl—pau (2.2.14)

fo

e Rotation of a particle in box 7
The center of mass rotation of a particle also results in a change of the potential
energy AU; = U, , — U, ,. But in addition to the translation we also have to consider
the ratio of the sines in (2.2.6) and get for the center of mass rotation of a particle
in compartment ¢
Jo _SWbin oo BAUY (2.2.15)

fo ~ sin 0 0

e Volume Change of box ¢
The volume of each box can change individually and the two volumes V; and V5 are
not correlated. This is different to the normal Gibbs ensemble and the algorithm in
reference [19], where the total volume is kept constant, or as in reference [20], where
the volume of each box is constant. The volume change of a box is AV, = V;,, —Vi,.
This also effects the potential energy AU;. With the use of the Kronecker delta d;s,
which is 1 for ¢ = 2 and zero otherwise, the ratio is

f Vi Nyi+Ns,i
b (V—) exp [~ (AT; + (p+ Sm)AV)] (2.2.16)
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e Solvent transfer between the compartments
As aforementioned we only allow the exchange of the solvent particles between the
boxes due to the semi-permeable membrane. For a particle transfer from subsystem
1 to 2 the probability ratio is given by

Jn _ VN

fo Vi(Nig+1)
where AU; = Uj(N;; — 1) — Ur(N;1) and AUy = Us(Ny2 + 1) — Us(N;2). For the
opposite transfer from box 2 to 1 it is

Jn _ ViN 2

fo Va(Nip+1)
where now AUy = Uy (N + 1) — Uy (Ni1) and AUy = Uy(N;2 — 1) — Us(Ny2).

exp [—6 (AUl + AUQ)] y (2217)

exp [-8 (AU, + AU,)] (2.2.18)

In the implementation of our MC simulation we have to decide, how the different types
of trial moves are selected. In the original Gibbs ensemble implementation a fixed order
was used [17]. Nowadays mostly a stochastic approach is taken, where the decision which
type of trial move should be performed (particle transfer, rotation, volume change or sol-
vent transfer) is randomized. This type of implementation should be preferred and was
applied in our simulation routines, as it guarantees microscopic reversibility. Thus it does
not make a difference at which point in the program the measurement of the physical
property is performed, as all trial moves are on average equivalent [8].

2.3. Calculation of thermodynamic quantities

2.3.1. Ensemble and time average

In statistical mechanics we have learned to calculate the macroscopic quantity A of a
system of NV particles as the ensemble average

(4) = D _pid (2.3.1)

of the microscopic states. Here p; is the probability of the so called microstate 7, defined
by the probability distribution of the ensemble. Each single microstate is defined by a
set of generalized coordinates ¢; and their conjugate momentum p;, which build a single
point in the phase space I' = (qi, ..., qn, P1, ---, Pn). In classical terms we can write the
ensemble average (2.3.1) as integral over the phase space

 JpdTAID)p(T)
(4) = o)

(2.3.2)
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with dI" being a phase space element and p(I") the phase space density. In an experiment
we usually take a different approach to calculate an average quantity and build the average
over multiple measurements taken over a certain period of time. This procedure is quite
similar to MD where we evolve the system in time, which results in a phase space trajectory
['(t) and a change of the quantity A(I'(¢)). The time average can be calculated as

1 1 —

A== [ AT@{)dt' = =Y A(T(iAt)). 2.3.3
J ) AEenar= ;3 awan) (233
The representation of the sum considers the fact that MD evolves only in single time steps
At. Ideally we would build the time average over an infinite period of time. In case of an
ergodic system, we then can set the time average equal to the ensemble average

A—tim > [ AC@yar = tim L iA(F(iAt)) () =Y pd (234)

t—oo t Jg M—oco M 4

The equation (2.3.4) is referred to as the “ergodic hypothesis”, which was originally stated
by Ludwig Boltzmann. A system can be considered as ergodic, if the trajectory can come
arbitrary close to any point I' of the phase space in finite time. In computer simulations
it is a basic assumption to deal with an ergodic systems but in general, it is not possible
to show for a real system, if it is ergodic. It is even worse, because we have to be aware
that many real systems like glasses are not ergodic at all [§].

2.3.2. Internal energy

The internal energy of a system is given by
E=K+U (2.3.5)

where K stands for the kinetic energy of the particles and U for the potential energy,
caused by the interaction potential of the individual particles. Dependent on the particle
model (see chapter 3) the term of the potential energy varies. This is not the case for the
kinetic energy, where we only have to distinguish between two different types of models.
On the one hand there are models with a radial symmetric potential like ions. In this case
the model has three degrees of freedom with the kinetic energy caused by the translation
of the particles given by

KKy S S LS e g g 2.3.6
= Kirans = sz 17| = sz (P2, +72 +72) . (2.3.6)
=1 =1

On the other hand we deal with particles with a non-radial symmetric pair potential
respectively geometry. Here an additional contribution of the rotation needs to be added
to the kinetic energy

K = Kirans + Kot (237)
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with
1 & 1 & 1 Lo
. L0 .9 .2 L2\ ] 22 .2
Ko = §I;|nz| = 5];(n$i+nyi+n2i) = 5[;(@- + ¢ sin 0i> ) (2.3.8)

We expressed the rotational energy by spherical coordinates. In this representation we
see that the rotation has only two degrees of freedom. This is for sure not true in general,
but fits for the models, we use in this work.

Finally we want to note down the Hamiltonian H, which can be derived from a Legendre
transformation of the Lagrangian £ = K —U. Using spherical coordinates for the rotation
and Cartesian coordinates for the translation, the Hamilton is given by

N

H = ZZI {% (pfz +p3yi +p32i> + é (0}-2 + ;% sin? 92)] +U (2.3.9)

and also shows that H = F.

2.3.3. Temperature

With knowing the Hamiltonian the temperature of the system can be calculated using the
equipartition theorem, which can be formulated as

oH

where z; can express either the generalized coordinate ¢; or the conjugate momentum p;.
Using the Hamiltonian equation

. OH

T B,
with z; = p; and ¢ = j together with the equipartition theorem (2.3.10), we get for the
temperature

(2.3.11)

2
T = K 2.3.12
S5Nkg (23.12)
because of
5N 5N
oH .
=1 P j=1

s
I
—

N
2

(K) . (2.3.15)
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In (2.3.12) we have not distinguished between the translational and rotational contribu-
tion, but taking a look at (2.3.14) shows that we can separately note down the translational
temperature and rotational temperature as

2
Tirans = 5507 Kirans 2.3.16
' 3Nkp (2.3.16)
1
Trot = — Kot - 2.3.17
" Nkg ™ (2.3.17)

Additionally we know that for an equilibrated system all the temperatures have to be the

sale
T = Tians = Trot - (2318)

2.3.4. Pressure

To calculate the pressure of the system, we can again make use of the equipartition
theorem and set j =7 and z; = ¢;. Using the Hamiltonian equation

, _ _OH
pJ_ 8%’

the equipartition theorem (2.3.10) leads us to

3N
V= <Z 4 pj> — —3NkgT . (2.3.20)
j=1

By using Cartesian coordinates, we get the virial as

N
V= <Zﬁﬁ;°t> — —3NkgT . (2.3.21)
=1

To link this to the pressure P, we note that the force F’f"t consists of two parts. The

(2.3.19)

first one is the sum of internal forces ]3;'”'5 from the interaction between the N molecules
in volume V. The second force Ff** acts through the surface of the volume V' on the N
particles. Now we can split the virial into the internal and external parts

V == Vint + Veg;t (2322)

N N
— <Z 7 ﬁimt> + <Z 7. ﬁ;wt> (2.3.23)
=1 i=1

and additionally assume to deal with an isotropic fluid to convert the external virial into
an integral over the surface OV of the volume V. So we can write

Vezt - _P/dS (T_i . 7?) N (2324)
ov
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where 77 is an unit vector perpendicular to the surface element d.S and should not be
mixed up with 77;. Using Gauss’s theorem we get

Veat = —P / dV Vi = —3PV (2.3.25)

v

and can write for the pressure

NkgT 1
P= V. 2.3.2
N
NEkgT 1 o Dint
v v <Zi<j rigk; > ' (2:3.27)

In the last step we made use of the pairwise additivity of the forces. As we use different
models in this work, we keep it generic at this point and refer to chapter 3, where the
models are defined. The notation of the sum in equation (2.3.27) means

N -1 N
=YY . (2.3.28)
i<j i=1 j=i+1

Now we have linked the macroscopic quantity P to the microscopic coordinates of the
system, which are known during the simulation.

2.4. Temperature control with the Berendsen thermostat

In a MD simulation the kinetic energy of the system is defined by the initial configuration
and due to the correlation described in equation (2.3.12) this also defines the temperature.
In presence of long-range potentials like Coulomb and the usage of a cutoff r.,; (see section
(2.5.1)) the energy conservation is not given for a MD simulation. This causes energy
fluctuations [21]. To enable simulations at constant temperature in the NVT ensemble,
and to get rid of those fluctuations, we need to control the temperature or rather the
energy. We can do this by embedding the system in an infinite heat bath [6, 22|, which
allows to exchange the following heat flux

AQ AT

Jo="7y =Nevap

(2.4.1)
Hereby AQ stands for the heat amount exchanged in time At and ¢y represents the heat
capacity for a single particle at constant volume. As the heat flux influences the energy
of the system, we can introduce the factor A — 1 and couple the exchanged heat directly
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with the kinetic energy

AQ = AK =

N
-0y (m 12 + I|ﬁl-|2) (2.4.2)
=1

:—Z[mr brane = 1)+ 1 (X = 1) (2.4.3)

— gNTtmns (Nrans — 1) + N T (A2, — 1) (2.4.4)

N —
—~

To control the translational and rotational temperatures separately, we have introduced
two different factors A\y.qns and A,.;. In general it is sufficient to control just one of the
temperatures as the other one is coupled and also reaches the same value. But to avoid
any side effects and to reach the equilibration phase faster, it is recommended to control
both temperatures individually. Nevertheless it is a good test of the simulation routines
to switch off the control of one of the temperatures and verify that in equilibrium both
are the same. Instead of directly scaling the velocities, it is a more physical approach
to introduce a dynamical friction term [23]. Therefore we define the friction coefficient
(= At , which we use in the acceleration, as follows

. B
o= (T (2.4.5)
m

To apply this in the MD simulation, we need to further specify ¢ or rather A. We do this
by following the approach proposed by Berendsen et al. [24], where the system is coupled
to the heat bath via a linear heat flux

Here T is the temperature of the heat bath respectively the to be temperature of the
system, T" the current temperature and ar a constant. Using (2.4.1) we can define the

constant N SN
rp= V2 20 (2.4.7)
aT 20./T

which represents also the relaxation time of the temperature. Using equation (2.4.1) and
(2.4.4) we now can write for A

\/1 + ==~ 1) (2.4.8)

At (5NTg
~l1l+—|——-1 14— —-1]. 2.4.
27’T < T ) + 27’T < 2K ) ( 9>

Further we need to distinguish again between the translational and rotational tempera-
tures. Therefore we note down the relaxation time according to the degrees of freedom
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as
3N
frans — 2.4.10
TT 20p ( )
N
rot — 2.4.11
TT o ( )
With that we can write for the scaling factors of the velocities
At [ 3NTg
)\ rans ~ 1 o - 1 2412
! * 27—T (2Ktrans ) ( )
At (NTg
Mot =1+ — -1, 2.4.13
' N 2TT ( Krot ) ( )
and for the friction coeflicients
1 3NTg
rans ~ — | 1 — 2.4.14
Ct 27_T ( 2Ktrans) ( )
1 NTg
ot = — | 1 — , 2.4.15
C ' 27—T ( Krot) ( )

which can now be applied to the velocity Verlet algorithm. So we need to replace the
acceleration in the equations (2.1.7) - (2.1.9) with the new expression

. O (1), (2.4.16)

For the rotation we can proceed analogously and write for the acceleration together with
the friction

—

;= G — (ﬁ e/t ﬁQ) T 4 CrotThi (2.4.17)

It can be shown that the temperature adjustment happens exponentially over time and
can be expressed as

T =Tgs— (Tg — Tp) exp [—t/77] (2.4.18)

where Tj is the starting temperature at time ¢ = 0 and 7p the relaxation time. In
the simulations, performed for this work, the relaxation time usually was in the range
r € [0.1,1], where the bigger end means less coupling and should be preferred to keep
disturbance of the system at a minimum. One drawback of the Berendsen thermostat is
that it does not produce trajectories in the canonical ensemble [25]. Nevertheless the use
of it is sufficient for our investigation of the phase separation of polar liquids. If one wants
to generate a canonical ensemble the Nosé-Hoover [23, 26] thermostat is the right one to
choose.
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2.5. Optimization techniques

2.5.1. Periodic boundary conditions, cutoff radius and minimum
image convention

Periodic boundary conditions

We usually want to limit our system to a simulation volume V' similar to macroscopic
experiments, to prevent that the particles could diffuse into space. But simply placing
the particles between solid walls of a box would introduce surface effects, we want to avoid
in our simulation. To minimize those effects, the walls of the box have to be open and
surrounded by a bulk of the same matter. This can be achieved, using periodic boundary
conditions, which place an infinite number of identical copies of the simulation box in all
directions next to each other. I.e. if a particle escapes on one side of the box, directly a
periodic picture of the particle enters the box on the opposite site. With this procedure
we have avoided the surface effects by allowing a particle to escape the box while keeping
the density p of the box constant. For vapour or liquid systems the shape of the box does
not have any influence on the simulation results in the equilibrium [27]. This is not true
for crystalline simulation volumes, where the shape of the box can be important. In our
case we use a cubic box with edge length L. Mathematically we can express the periodic
boundary conditions for an arbitrary measurable quantity as

A(F) = A(F+ 5 L) (2.5.1)

where 5§ € Z3. This means that for each particle i at place 7; exists a set of so called
image particles at position

7+ 5L (2.5.2)

As the periodic boundary conditions introduce translation symmetry with regard to the
boxes, we get, according to Noether, conservation of the total moment of inertia [6],
which reduces the degrees of freedom by three. This leads to a slight adjustment of the
temperature calculation in (2.3.16) to

2
3(N — kg

Ttrans =

Ktrcms . (253)

For large systems this effect is negligible and we would not produce wrong results sticking
to (2.3.16). As the rotational moment of inertia is not influenced by the periodic boundary
conditions, there is no impact on the calculation of the rotational temperature T,.;.
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Cutoff radius and Minimum Image convention

The usage of the periodic boundary conditions generates some trouble, which we need to
fix. We have now a quasi infinitive system and the calculation of the potential energy U

has the form
U= ullfi- 7+ X0 3 wllii - 75+ L) (25.4)
1<j sezd i<y
with an infinite sum as the second term. To get rid of this infinite calculation, we have to
introduce a cutoff radius r.,;, which defines the maximum length up to which we consider
pair-interactions between two particles. In addition we need a mechanism, which allows
us to easily calculate the distance r;; between the particle ¢ and particle j, respectively
its closest image. Thus we make use of the so called minimum image convention which
can be expressed as
|75 — 7| = rij = min (|7 — 7, + 5L]) . (2.5.5)
sez3
Together with the periodic boundary conditions the minimum image convention ensures
that a particle in the simulation box only interacts at maximum with the N — 1 other
particles or their images. To avoid that a particle interacts more than once with another
particle or even interacts with itself the cutoff distance has to be limited to
Teut < £ . (256)
2
For the direct calculation of the minimum image distance r;; the definition (2.5.5) is not
usable. Therefore we use

Tli5 =

ri; — 1 — L+ ANINT (%) ‘ (2.5.7)

where | € {x,y, z} and the function ANINT(z) rounds z to the next integer. With that
we have ensured that we can write the potential energy as

U=> u(ry). (2.5.8)

i<j

Finally we want to have a closer look at the cutoff radius r.,, which we introduced
above without any further comment. If we neglect the pair-interaction beyond the cutoff
distance, we make an error, which needs to be corrected using so called long range cor-
rections. In general we distinguish between short and long range interaction using the
following criteria

1
—dV =

rn

(2.5.9)

< 00 <= n >d:short range
oo <= n <d:long range

A%

where d is defined by the dimension, i.e. d = 3 in our case. For short range interactions the
error is limited and we can apply the commonly used continuum correction as described
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in section 2.5.3 in detail. For long range interactions, like the Coulomb interaction, a
more sophisticated method must be used. The two most common methods are the Ewald
summation [28, 29|, which is a procedure that allows to build the sum over all image
particles using Fourier transformation, and the reaction field method, which is going back
to Onsager [30] and was first applied in simulations by Barker and Watts [31].

Cutoff radius for dumbbells

For elongated molecules like the dumbbell model (see section 3.1) the cutoff radius is
applied to each particle of the molecule. Therefore the usage of a simple cutoff can
separate the molecule into two pieces, where one part is inside the cutoff radius and the
other one outside. For the CSD model we would then generate a single ion inside the
cutoff radius and completely ignore the other particle with opposite charge. Those ions
generate a bigger contribution to the interaction than considering the whole molecule.
Therefore we soften the cutoff radius and always consider the full dumbbell if

min (Tiajs) < Teut - (2.5.10)

But we only consider this type of cutoff for the Coulomb interaction of the dumbbells,
because for the soft sphere repulsion, it does not matter, if the molecule is divided and it
simplifies the long range correction. In figure 2.1 the cutoff for a dumbbell is illustrated.
It also shows that we have for each site of the dumbbell an own cutoff sphere. So the
particles within each cutoff sphere are not necessarily the same. If we want to express
this in a formula, we can write for the CSD pair-potential (3.1.10)

2
o
ijSDm = E {45(

12
) @(rcut - Tiajg)

Vi
a,8=1 ” (2.5.11)
1 quQjB .
_—@ cut — I~
o] G 1) )
where ©(x) is
0: <0
O(x) = 2.5.12
(z) {1 o x>0. ( )

For sure this is not the real pair-potential, it is just an expression of the cutoff procedure
applied in our simulation. The difference between (3.1.10) and (2.5.11) is eliminated by
the long-range corrections. Despite the deformations of the cutoff sphere, we will speak
in the following of a sphere with the volume Vg, with corresponding surface (2 = dVs,. If
we want to describe the cutoff sphere for an individual molecule or site at location 7, we
will declare the cutoff sphere as Vg, (75, ) and the number of particles within the sphere as

Nsp(f;a ) :
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Figure 2.1.: Each interaction site of the dumbbell has its own cutoff sphere with radius 7cy:.
Therefore the particles in the two cutoff spheres are not necessarily the same. For
the LJ-interaction dumbbells are separated if they are not completely in the cutoff
sphere. For the Coulomb interaction the whole dumbbell is considered, indicated
by the dotted line.

2.5.2. The Linked-Cell-Verlet-List algorithm

With the above introduced cutoff radius we restrict the calculation of the force or the
potential energy only to those particles Ng,(r;) < N, which are in the cutoff sphere of
particle 7. But we still need to figure out in each simulation step, which are the particles
in the cutoff sphere Ng,(7;). Therefore the distance between particle ¢ with all other N —1
particles in the box has to be calculated using the minimum image convention. Doing
this for all N particles ends up in N(N — 1)/2 calculations per simulation step. So the
complexity of this problem scales with N? and makes simulations with a big number of
particles very inefficient.

To reduce the complexity of the distance determination, we can use the Linked-Cell-Verlet-
List algorithm, which is a combination of the later described linked-cell list and the Verlet
neighbour list. The linked-cell list divides the simulation box into multiple parts, and the
Verlet neighbour list makes use of the fact that at ordinary temperatures the neighbours
of a particle stay almost the same for a short time period. The two methods can also be
used independently and their combination to the Linked-Cell-Verlet-List algorithm was
described by Auerbach et al. [32]. The necessary book keeping for the lists requires some
more memory and computational effort. But that can be neglected as it simplifies the
complexity so that the simulation time scales now linear with the number of particles N.
A more detailed discussion on the performance impact and the optimal parameters to be
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chosen can be found in [33].

Verlet Neighbour list

As the fluctuations of surrounding interaction partners of a particle are usually very
limited, Loup Verlet introduced the idea of a neighbour list [13], which allows to calculate
only the distances between the particles, which are considered as neighbours. To do this
we have to extend our cutoff sphere by an additional shell of depth rg;,, which leads
to a list cutoff ri;g = Tewr + Tspin. After the neighbour list has been built up, only for
the particles within each others neighbourhood shell the distance calculation has to be
done, to determine if they are within the cutoff or not. To avoid any error, we have to
update the neighbour list in time. Therefore we have to find out, when a particle could
have crossed the neighbour shell of thickness rg;,,. We can do this, by identifying the
particle with the biggest displacement at a single simulation step and summing up those
maximum displacements 7., (t,) over all simulation steps until

D Tmax(tn) > T;” (2.5.13)

is reached. Afterwards a full refresh of the neighbour list must be done. For sure it
does not matter if the displacement of the particle is caused by forces acting on it as
in MD or by a stochastic move in MC simulations. The update has to be done as soon
as Tskpin/2 is reached because two particles could move towards each other. Considering
a mean number Ny of neighbours for a single particle, we need to calculate NNy /2
interactions per simulation step. But as the number of particles Ny, is not influenced by
the total number of particles NV, the total simulation effort is of order IV, except for those
simulation steps, where the neighbour list has to be refreshed. In this case the effort is
still of order N2, but can be optimized to order N as well using the linked-cell list, which
builds the second component of the Linked-Cell-Verlet-List algorithm.

Linked-Cell List

To reduce also the update of the neighbour list to order N, we make use of the Linked-
Cell list algorithm, which divides the simulation box into cubic cells [34] and assigns each
particle to its unique cell. For further calculations only those cells, which intersect with
the neighbour list sphere, have to be screened. In theory the size of the cells is arbitrary
and the smaller the chosen size is, the better the cutoff sphere can be approximated. But
having too much cells negatively impacts the performance and therefore a common edge
size L. is given by

Le > riist (2.5.14)
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respectively in most cases
Le=1ist - (2.5.15)

This size has also the advantage that only the cell containing the particle and the 26 direct
neighbours have to be scanned. This is independent of the system size and therefore the
computational effort is proportional to N. But even with having set L. = 75, we can run
into the situation of high computational costs. This can happen for very thin systems,
like those used in section 6.2, where with L. = 75 the numbers of cells is very high and
slows down the computation time. In such a case L. > ry;, must be chosen.

Obviously the Linked-Cell algorithm can only work if the condition L > 4L, is true.
Otherwise we will have no advantage as the whole system needs to be scanned anyway.

2.5.3. Long range corrections

Our limited computational power forces us to restrict the system size to a limited number
of particles, and we further reduce the computational effort through neglecting the direct
pair interaction by establishing the cutoff radius r.,. As we neglect all interactions
where r;; > 7, an error is introduced in the calculation of certain quantities like the
pressure, and we need to minimize this error as much as possible, making use of the
long range corrections. Dependent on the type of particles, or better their interaction
potential, a different approach to correct the error can be taken. The procedures can
be distinguished into two categories, on the one hand are continuum methods, like the
reaction field method [30], which make use of the fact that the structure of the system
is smeared out beyond the cutoff and therefore the structure in the area r;; > 7, is not
important anymore. On the other hand are methods, which explicitly calculate the particle
interaction like the Ewald summation [28]. It makes use of the periodicity of the matter
and was originally developed for periodic systems like polar or ionic crystals [7]. By a split
of the summation into real space and Fourier space a fast convergence of the infinite sum
is achieved. A drawback of the Ewald summation is the necessary computational effort
and the tendency to overestimate the periodicity of the system [35]. The reaction field
method works best for polar or ionic fluids, but one has to deal with the disadvantage of
the a priori unknown dielectric constant € [7]. Despite those differences it is shown in the
literature [36-42] that both methods produce similar results. Especially the equivalence
of both methods at the gas-liquid (g-1) transition is highlighted by Garzon et al. [42].

Radial distribution function

To legitimate the continuum corrections, we want to have a look at the radial distribution
function (RDF) go(7,7;) (also called pair correlation function), which is a measure of the
spatial order, describing the density variations as a function of particle distance. The
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RDF is defined using the ensemble average of a function h(r;;) as

(h(ri;)) = J &ridPry 0Ly &N {p} h(ryy) Y 7L 75, {0
N J d3ryd3rd3N=6{r pd3N{p} f({7}, 75, 75, {P})

dgn-d:srj h(?”ij)gg(f;‘, FJ) s (2517)

(2.5.16)

1
e

using the notation {7}’, which includes all particle locations except 7; and 7. lLe. the
RDF bundles the integration over all momenta and locations. To make use of the RDF
in a quantity like the pressure P we have to make two assumptions. The first one is that
we deal with a fluid with indistinguishable particles, allowing us to write g(7,7;) as a
function of distance

92(73,75) = ga(rij) - (2.5.18)

Using relative coordinates, we can execute one of the remaining integrations in (2.5.17)
and obtain for the ensemble average

Ww»:%/&wuwmmﬂ (2.5.19)

Secondly we act on the assumption that the particles are homogeneously distributed in a
fluid. So we can write for the function h(r;;) =1

1
1= V/dgrij 92(r35) - (2.5.20)
It follows that go(r;;) = 1 must be true for most of the space, which can be expressed as

lim go(r) =1. (2.5.21)

r—00

Now we can write for an arbitrary function h(r;;)

(h(rij)) = %/d?’nj h(rij) . (2.5.22)

Additionally we can split up the calculation of the ensemble average into two parts

(h(rij)) = (W(rij)) <., T (R(T35)) s, (2.5.23)
:mmmgm+% / Er; h(rs) (2.5.24)

to treat the calculation within the cutoff sphere explicitly, e.g. as sum over the forces,
and outside the cutoff sphere, we can integrate over the function. This procedure can
be applied in the calculation of quantities like the pressure or internal energy, where the
second term in (2.5.24) represents the continuum correction.
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Lennard-Jones Corrections

In the following we want to derive the corrections for the Lennard-Jones (LJ) potential
defined in (3.3.1) with the additional parameter A\, which allows us to easily switch of the
contribution of the attractive 7=% term. Thus we can easily use the correction also for
any soft sphere model like the CSD model, where only the repulsion is used. The radial
symmetric nature of the LJ potential allows us to directly use the equation (2.5.19) to
calculate the correction for the internal energy U and the pressure P. We want to start
with the internal energy

e <ZuL"A<w>> S e el T (2.5.25)

i<j
1 N?
~ §7d37’ u™> (1) ga (r) (2.5.26)
LJ 1 N? 3, LJ
=U, + oR7a d*r w2 (r)ga(r) , (2.5.27)

r>Teut

which we divided into two parts, inside and outside the cutoff according to (2.5.24).
Solving the integral we get

9 3
Uih = _Sonpes |~ 1 (L) (2 (2.5.28)
o 3 3 Tcut Teut

with the particle density p = N/V as correction to the internal energy Ué;’;t inside the

cutoff sphere. In the case of A = 1 the contribution is negative, due to the attraction of
th particles and 7., > o. Similar we can go ahead for the calculation of the pressure in
(2.3.27) where we have

NkgT 1
P = TB T3y <Z FijFLJ*(Tz‘j)> (2.5.29)
1<J
NEkgT 1 .
¥~ tar <ZT‘1‘J‘FLJA(7‘¢J‘)>
’i<j TijSTCut (2 5 30)
CLONNT L g 2 h
6 \V or PV
T>Teut

With that we get for the contribution outside the cutoff sphere the following correction
term to the pressure

pLi _ 16 | 2[00 9+>\ o\ (2.5.31)
corr 3 /0 3 T out Tout . LI,
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Again this is negative for A = 1 as the attraction reduces the desire of the system to
expand and therefore reduces the pressure.

Finally we want to have a look at two special cases, we need to deal with. The first one
is the CSD system, where we have four site-site interactions per dumbbell interaction.
Therefore the correction terms are four times the ones for the LJ system using A = 0, i.e.

U9 — 4ulir=o (2.5.32)
PSP — 4plir-o. (2.5.33)

The second case we need to consider is for the osmotic pressure simulations, we carry
out in chapter 7. There we use two different kinds of particles, A and B, which interact
instead of ¢ as potential depth with the parameter € 45. The potential is given in (7.2.1)
and for this case the correction is defined as

9 3
giias — 8 03 [ 1 ( a ) EJF ( a ) EAANEWEBB]\E*%ABNANB] (2.5.34)

corr
3 Teut

corr 3 ‘/2

Teut

PLJas _EWJS [_2( o )9E+< o >35AAN3‘+€BBN%+2€ABNANB] '

(2.5.35)

It needs to be applied to the simulation box, which contains the mixture of Ny and Np
particles. For the box which only consists of the solute particles the corrections reduce to
the equations (2.5.28) and (2.5.31) as there are no solvents and therefore Ng = 0.

Reaction field method

Due to the long range character, which leads to the divergence of (2.5.9) and (2.5.19) for
the Coulomb and dipole interaction, the procedure we used for the LJ potential cannot be
applied. Also the dependency on the orientation for the dumbbell and dipolar interaction
does not allow to make use of (2.5.19). Therefore we want to outline in the following
section the reaction field method as long range correction for the affected models. The
reaction field method is based on the theory of dielectric continua and similar to earlier
we treat the space inside the cutoff sphere and outside differently. As illustrated in
figure 2.2 the electric field acting on particle i, is caused by two components. First the
surrounding particles inside the cutoff sphere, where the contribution is calculated exactly,
and secondly the electric field outside the cutoff sphere, which is generated by the particles
as well, but considered to form a dielectric continuum with dielectric constant 4.

The reaction field can be determined by an analytical solution of the linearized Poisson-
Boltzmann equation, which is described in detail by Tironi et al. [21] and shortly recapped
here. We will use the notation of the CSD model, but the approach for ions and dipoles
is quite similar. We start with the cutoff sphere of volume Vs, (7;,) around the dumbbell
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gz(r)’“" Le,

Figure 2.2.: Long range correction for charged dumbbell molecules using the reaction field
method. The interaction of site 7, with the other dumbbells within the cutoff
sphere is computed exactly. Outside of the cutoff sphere we consider a homoge-
neous dielectric continuum with permittivity €4.

site i,. Within the cutoff sphere the interaction of the charge ¢;, with the other Ng, (7, )
dipoles or 2Ng,(7;,) charges is calculated directly. For the total dipole moment of the
cutoff sphere we can write

M= Y Gi=qd Y di= Y @, - (2.5.36)
JE€Vsp(Tia) JE€Vsp(Tia) J8€Vsp(Tia)

The inner region of the sphere has the permittivity €; and can be expressed by the potential

¢1(7) = ¢ (7) + du(r) (r < Teut) (2.5.37)

where the first potential

Vo) =~ 3 P 4(r—7,) (2.5.38)

. €EAET
]BEVSZ)

is a solution to the Poisson equation. The second potential, the harmonic function ¢ (r),
corresponds to the reaction field potential of the dielectric continuum and complies with
the Laplace equation

V2¢u(7) = 0. (2.5.39)
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Now it is clear that ¢;(7) is as well a solution to the Poisson equation. For the outside
potential ¢ 4(7) we assume that it fulfills the linearized Poisson-Boltzmann equation

V26 A(7) = K2pa(F) (r > Tew) | (2.5.40)
where k is the inverse Debye screening length
21 F?
2 = 2.5.41
" eoeaRT ( )

with Faradays constant F', the ionic strength I, the ideal gas constant R, and the tem-
perature T'. Using the following three conditions at the surface €2 of the cutoff sphere, we
can calculate the potential ¢ (7).

1. On the boundary the potential is continuous

o1(7) = ¢a(r), FeQ. (2.5.42)

2. The normal of the dielectric displacement field on any charge free surface is contin-
uous

eV o1 (7) = eaVha(F) Feq. (2.5.43)

3. The potential outside the cutoff sphere vanishes at infinitey

lim ¢a(7) = 0. (2.5.44)

Using the moving boundary dielectric implementation [43], as done by Tironi, which means
that the cutoff sphere moves along with the charged particle, we get for the potential

¢1(0) = . > [i+ 1 — €4l + Frow) 1 ] : (2.5.45)

 Amege r; €A(l 4+ kr r
0¢€r js€Vsy Jg A( + cut) cut

and the corresponding electric field

-1 Tjs
7=0  4mepe; Z %e [7";’
Ja€Vsp ’ (2.5.46)
2(€A - E[)(l + /{'Tcut) + 6A("{Tcut)2 F]B :|
(€7 +2€4)(1 + KTews) + €a(KTeut)? 13,

~V 5 61(F)

For the force on site 7, we can write

T’?aj[f T?ut (61 + 2€A)(1 + mﬂcut) + eA(mncut)z

f(Fiaja)

_ Gl [ 1 1 2(ea —er)(1 4 Rmrewt) + EA(K/T‘cut)QI P (2.5.47)
dmeger
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For the dumbbell system the reaction field becomes more simple, due to the non existing
ionic strength. Thus we get k = 0 and therefore can write for the reaction field

1 2(ea—eg) Mia
" dmeger e +2eq TS,
1 2(ea—1) M,
© dmey 2e4+1 13,

Erp(7,) (2.5.48)

(2.5.49)

with 7 in the center of the cutoff sphere with total dipole moment Mia and e; = 1. This
is the reaction field as already derived by Onsager [30] or by Frohlich [44] and is valid
for dipolar interactions like dipolar soft spheres or the Stockmayer model [22, 45]. As the
reaction field is homogenous, there is no contribution to the pressure and dipolar forces.

Impact of the reaction field for dumbbells Due to the special geometry of the dumbbell
system we need to determine, which quantities get a contribution from the reaction field.
We start with the potential energy, for which we can write based on the potential in
(2.5.45)

. 1 N 2
U :EZZ%Q¢I(WQ) (2.5.50)

i=1 a=1

1 = Qi 9;
- dmeger a; Z »—~m

r
1 i<y tap

=

JEVsp(Tia) (2.5.51)

2
1 > Z%%ﬁ@ (rm — min [riajﬁ}) . (2.5.52)

4meger
ao,p=

As we only consider neutral cutoff spheres the second term in (2.5.51) is zero. With this
we see that the reaction field has no contribution to the potential energy and we only
have to consider the direct Coulomb interaction.

Starting with (2.5.47) we can write for the total Coulomb force F’ic on the dumbbell ¢

—

2 —

- 1 Ting 2<€A — 1) M,

FC = ; | tadp fo | 5

i 4ﬂ.€0 Z Qia ' Z Tjs r3 + 2es+ 1 Tgm (2 ) 53)
a=1 JBEVSP(Fia) lalp
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We want to take a closer look at the second term caused by the reaction field

! Aey 2€4 +1 13

cut

[qz‘l M, + qiy ]\7[12] (2.5.54)

1 2q—1) 1 [ .
_ : . — M, } 2.5.55
 Amey 2e4 + 1 r;’j’utq ! ! 2 ( )
= fil fiz : (2.5.56)

Due to the fact that the partlcles in the two cutoff spheres around the sites i; and 75 are
not necessarily the same, i.e. M;, # MZQ, we have to consider an additional contribution
F;RF # 0 of the reaction field also in the integration of the translational motion. So we
get for the acceleration of the center of mass

I .
P = (ECSD + FZ-RF> . (2.5.57)
m

1
m

Now let us have a look to the rotation where we start with (2.1.13) and can write for the
torque

2

N;=> 7. x F, (2.5.58)
a=1
2

— Y F. x ( CSD ﬁ?jF) (2.5.59)
a=1

= NOSP | NEF (2.5.60)

The term NE5P is included in the equations of motion through (3.1.29). The reaction
field generates the additional torque N/*¥ which is in detail

e d d
NiRF 57_7:1 . ?I?LF + <_§ﬁ’) x f?jF (2.5.61)
d
= S (f _jR ) (2.5.62)
1 2(e4—1) 1 d -
i 5 7 x [N, + ] 2.5.63
 dmey 2e4 + 1 thq12n [ " ( )

With that we get for G; used in equation (2.1.25) the following expression
5 = ,d
G, =GP 4 1 15 <f?fF _ f_lf’fF> , (2.5.64)

and we can see that the reaction field provides an additional term not only to the trans-
lation but also to the rotation.
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Finally we want to take a look at the virial respectively the pressure which is according
to equation (2.3.21)

N N
yo <z F> _ <z 7 (FooD F;RF)> 2565)

i=1 i=1

= <ZmF°’SD> + <Z ﬂﬁRF> - (2:5.66)

i=1 i=1

We split up again the expression for the reaction field and write for the ensemble average

N 1 2(6 1) 1 N
W)= e i i (M - M, > 2.5.67
<;rs ’ > 47T60 2€A+1 Tgutq1<zrs 1 2 ( )

=1

1 2(( A — 1 N -
(3 7 11 7 ]\47;2 . 2.:;.(;2;
47‘(’6“ 264 1 7gutq1 << TS > <Z 1 TS >> ( )

As our system consists of indistinguishable particles we can write

N N
=1 =1

N
<Z ﬁ-SERF> =0. (2.5.70)
=1

So we do not have any effect of the reaction field on the calculation of the pressure P.

and therefore

Calculation of the permittivity ¢4 For the calculation of the reaction field (2.5.49) we
first need to determine the a prior: unknown permittivity €4. In the following we want
to use the approach as proposed by Hentschke using a Ginzburg-Landau expansion [27]
of the free energy F'. This procedure is more generalized than the calculation done by H.
Frohlich [44]. We therefore consider an infinite dielectric with the permittivity e4 with
local and spontaneous oscillations of the dipole moment p(r). The free energy is defined

by

V[
F= V/vd r f(p(r),T) , (2.5.71)

with the local free energy f (p(7),T). Using the Ginzburg-Landau expansion we get for
the local free energy

F @), T) = fo(T) + e (T) p*(7) + %cQ (T) p*(7) + 3 (T) |V (2.5.72)
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As the local free energy f is symmetric in p a change of the sign does not have any impact
on f and therefore we only get elements of equal order.

We now assume an external electric field F, which acts on the system. This disturbance
can be reflected in the Hamiltonian as

Hp = —pE (2.5.73)

as an operator, which is linear in £ and p. In the canonical ensemble the free energy is
given by

F=—- -1 1nQNVT7 (2574)

and therefore the effect of the external electric field on the free energy F' or better the
local free energy is given by

of (p(r), T, E)
0FE

= —p. (2.5.75)

To ensure that the Ginzburg-Landau expansion (2.5.72) holds true for equation (2.5.75)
as well, we need to add an additional term like —pFE to it. With that we get for the local
free energy

PR TLE) = fo (1) + e (D) 5() + s (1) 57

! ) (2.5.76)
+ ¢ (1) [VR(P)[* = B E(T).

Now we want to assume a spherical volume V', where p(7) = p < 1 so that ¢; = 0. In the
equilibrium the free energy has a minimum and it holds

- —

Vs-f=0. (2.5.77)

With that and under consideration of E = const. we can now obtain ¢; (T) as

0=, (T)Vyp? =V E) (2.5.78)

=20 (1) 7~ (7 V) E + (E- V)i
S (2.5.79)

+ px (Vpx E)+ E x (Vy X p)
=0
=2¢(T)p—E (2.5.80)
and finally
1E

a()=5—, (2.5.81)
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because E and p are perpendicular. With the result

6[—1 3
—T
€I+2 cut

(2.5.82)

for the polarisation of a sphere with radius r.,; in a homogenous field [46], we can write
for the coefficient

le;+2 1
T)=- . 2.5.83
Cl( ) 26[—17“21“5 ( )
With that we get for the free energy f; within the volumen V
ler +2 p?
fr=Fp,T) = fo(T)+ - (2.5.84)

2er— 1713,
The term —p - E is not part of (2.5.84), because we omitted the electrical field, which
was just introduced to get ¢; (T'). For the whole description of the free energy we need to
get hold of the contribution f4 from the outside of the volume V', which is caused by the
polarisation of the dielectric by the dipole moment p. To obtain f4, we follow [46] for an
imbedded spherical dielectric and calculate the following integral

1 R
fa= —§/dVP L EW (2.5.85)
Where
EQ = —6% (2.5.86)

describes the pure electrical field outside the sphere. For the polarisation P caused by p
outside the sphere we can write

Ey4. (2.5.87)

To determine the electrical field E4 we use the potential

A
YA = ——2A cos © (2.5.88)
r
whose constant A4 follows from
p
or = (—2 — Bﬁ) cos © (2.5.89)
err
together with the condition
dipr Jpa
- =2 2.5.90
a@ T=Tcut a@ T=Tcut ( )
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and
o1 dpa
—€—— = —€4—— 2.5.91
‘1 87" T=Tcut €A 67“ T=Tcut ( )
as
Ay (2.5.92)
A= 26A + lp . LO.

For the free energy f4 outside the sphere we can calculate the integral (2.5.85) as

1 3(ea—1) =cosO =Dz

- - [av |- v (-v%) 2.5.93

fa 2 / A (2e4 + 1) Py vr3 ( )
——
=V%

3 eq—1 2 = 2\ 2

-2 dv ( —) 2.5.94
8724+ 10 / Vi (2:5.94)
3 €ea—1 , 8w

S 2.5.95
872e, + 17 313, (2:5.95)

—1 p?
S R (2.5.96)

T 24+ 1rd,

Together with the free energy f; inside the sphere we get for the total free energy F

F@.T)=fr+ fa (2.5.97)
ler+2 p? ea—1 p?
I L S 2.5.
fo(T) + 2er— 1703, 2ex4+1713, (2:5.98)
1(2e4+1)(er +2) —2(eqa — 1)(e7 — 1) p?
= fo(T) + = 2.5.
Rl (o~ D(ea + 1) (2:5:99)
3(2 1
(1) + et ) . (2.5.100)

2 — D(2ea+ )12,

=K

With this expression for the free energy we can calculate (p?) as well as the permittivity
€4 by having a look on the ensemble average (2.3.2) for p?

[ dT p? e M
W) =" qrem (2.5.101)
r
and the expression for the free energy (2.5.74)
F=—p"1"InQuyr (2.5.102)

=B ln/dFe_ﬁH. (2.5.103)
r
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We take the average in (2.5.101) over a spherical volume, i.e. (p?) = <M§p>, and can
write the partition function as a sum over the not normalized probabilities of all dipole
moments p as

Q=> Q) (2.5.104)

p
=> e, (2.5.105)

With that we get for the ensemble average

ZpeﬁF

2
(P = T (2.5.106)
f d3pp2e—5F
Ty (2.5.107)
= O(_pw)In / d®pe PF® (2.5.108)
= O(_pn) In(Br)*/* (2.5.109)
3
= 53(5,@ ln(ﬁm) (2.5.110)
31
= 2.5.111
B ( )
and finally
9 (e —1)(2e4+1) 4
(p*) = kT S0 (2.5.112)

2e4 + €5

Considering a homogenous fluid we can assume that the permittivity is the same inside
and outside the sphere €4 = ¢; = € and use

(e—1)(2e+1) 1 (p?)

3e "~ kgT 13,

for the calculation of €, and later usage in the reaction field (2.5.49). But within this

work we want to take a slightly different approach and use instead of <M§p> the value of

<J\7[5pM B> as suggested by [47] and also done earlier by Bartke [22, 45]. Despite those

(2.5.113)

two methods also <M M B> would be possible and as shown by [48] the last two are

equivalent for big systems. <Z\Zi SPM B> can be calculated for dumbbells as follows

2 N
L. 1 Lo
<MSPMB>:WZZMM 5 (2.5.114)

_ % > e (2.5.115)
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That means for each dumbbell site the dipole moment of the sphere Vg, is calculated and
multiplied with the total dipole moment of the simulation box. The calculation for other
systems is quite similar and only the corresponding ]\ngp has to be calculated. For ¢ which
is now given as

(D@t 1 (Mspls)
- e (2.5.116)

cut

we calculate the cumulative average during the simulation, because of the big fluctuations.
With that we finally can compute the reaction field.

Ewald summation method

Another method to treat the long range character of the Coulomb interaction is the Ewald
summation method. It was introduced by Paul Peter Ewald for the computation of lat-
tices nearly hundred years ago [28]. Contrary to the reaction field method the Ewald
summation allows an explicit calculation of the particle interaction using the periodicity
of the matter. This explicit calculation is enabled by a split of the summation into real
space and Fourier space, which results in a fast convergence of the infinite sum. Fluids
we examine in this work are not periodic, but due to the periodic boundary conditions
used in our simulations we can apply the Ewald method to the periodic images of the
box. We have not implemented the Ewald summation in our own simulation routines,
but use it in the comparison of our ionic system results with the LAMMPS (large-scale
atomic/molecular massively parallel simulator) package [49]. Here an optimized imple-
mentation called PPPM (particle-particle particle-mesh) is used, which improves the order
of the calculations to N In(N) instead of N2.

In the following we want to give a brief description of the method. We start with the
expression of the Coulomb energy with periodic boundary conditions

N

1 495 1
U=- _ 2.5.117
2 Iy 471'80 Z |’F;] + §I ( )

’ (i for 5=0)

The convergence of this sum is very slow and additionally the sum is conditionally con-
vergent, hence the result depends on the order of the summation. Ewald rewrites the
formula of the potential energy into a sum of two fast convergent expressions

uewald — ureal 4 urec , (25118)

and introduces a Gaussian charge distribution p; = —g;k3 exp(—r?r?)/y/7 to screen the
charges. A graphical illustration of the procedure is shown in figure 2.3. The first sum is
done in real space over the charges, as well as the Gaussian charge distribution to screen
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the charge. In the second term the screening charges, which form a smooth charge density;,
are summed in reciprocal space. The two terms are given as

N N

1 qiq; erfc [k |73 + S]] ¢ kK
ue = - ’ ! — — 2.5.119
2 07 477'80 g ’7_’;] + 5“ 47'('50 \/_r ( )

’ (ij for 5=0)
rec qiq; 4m _92 92 J
ue = - Z ye— —Z eXp | =7 =5 | exp i - ;] (2.5.120)
G40
with erfc(z) =1 —erf(zx) =1 — (Q/ﬁ)/ e du. (2.5.121)
0

For a detailed derivation of those formulas we want to refer to the book of Eastwood and
Hockney [34], who also introduced the PPPM method.

Charge magnitude

\ AN
A

Ewald sum Direct sum Reciprocal sum

<Y

Figure 2.3.: Graphical illustration of the Ewald summation method
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3. Models

A model chosen for molecular simulations is usually an approximation of a real world
molecule or at least represents a certain characteristic (e.g. polarity) of real molecules.
In the following we will describe the different models, used within this work, the CSD
model, the DSS model, the Stockmayer (ST) model, and simple ions. For the first two
models mainly the g-1 phase transition was studied, whereas the latter two were used for
the analysis of the osmotic pressure. One component common to all the models is a soft
sphere repulsion, which is identical to the repulsion in the LJ (12,6) potential. Due to the
generality of the LJ [1] (12,6) potential, which is in addition often used for reference and
for the test of our simulation routines, we omit to detail it out here. We refer to section
7.2.1, where a modified version of it is shortly introduced. From a geometric point of view
the CSD system is the most complex one, as it consists of two different charges separated
by a fixed distance. Sweet and Steele [2] introduced such a dumbbell like system for the
first time using LJ interaction on the individual sites. The other systems are all centered
on a single point.

As we mainly concentrate on the g-l1 phase-transition of dipolar liquids, all our models,
except the later used ions, have a dipolar character. This could be a point dipole used for
DSS and ST or a dipole built of two spatially separated charges like in the CSD model.
Our basic simulation system consists of N particles boxed into a volume V. We will
also define characteristics like the dipole moment (i and the moment of inertia I for each
molecule.

3.1. Charged soft dumbbell model

The CSD particle is a rigid linear molecule. It consists of two oppositely charged sites 7,
and iy of the molecule i € {1,2,..., N} separated by the fixed distance d. In addition to
the charges with magnitude ¢ each site has a repulsive r~!? potential, which models the
short range Pauli repulsion, caused by overlapping electron orbitals. The =12 form of the
repulsion is just an approximation quite often used for soft sphere models and established
by the use of the LJ [1] (12,6) potential. Historically this was motivated by minimizing
computational costs, as in the LJ model the r~!2 term can be calculated as the square
of the attractive r=% term. The orientation of the axis is defined by the unit vector 7,
which points from the negative to the positive charge. The total charge of the dumbbell
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Figure 3.1.: Description of the dumbbell molecule used in this work, length d with charges
¢, = —¢i,- DBecause of the masses being equal, we get for the center of mass

My Fiy My 75 1/= .
. 22 = (7 +Tiy)

coordinates 7;, = e = 2

is 0 so we can say 0 < ¢; = ¢;, = —¢;,- The dumbbell mass is defined as m and split for
each site into m/2. A schematic drawing of such a molecule is presented in figure 3.1.

With the direction of the unit vector 77; and the use of the center of mass coordinate 77,
the individual site coordinates 7, o € {1,2} can be written as

d

iy = Ti, + §ﬁz (3.1.1)
d

Tiy = Ti, — Eﬁz (3.1.2)

Obviously the CSD particle has five degrees of freedom, three for translation and two for
rotation. The constraint

|75 — Tip| = |diti| = d (3.1.3)

of a fixed axis length forbids any vibration. As the molecule can rotate around its center
of mass, we will note down the moment of inertia I as

2 m d? 2
1=l -2 =0 S 3.14
Somir ~ =5 I (314
d2
_ . 3.1.5
m4 ( )

Due to the strong d dependence of the moment of inertia, which goes along with a very
fast rotation for small dumbbells, we mainly keep it constant at I = 1.
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With having the two charges at 7, o € {1,2} we finally can calculate the total dipole
moment for the dumbbell

fii = qi (7, — 73,) = qi di; . (3.1.6)
Now we have introduced all the individual characteristics of the CSD molecule and we

want to take a look at the pair potential and the electric field of the dumbbell. Therefore

we consider first the Coulomb potential, caused by the two charges
1 < Qio

4meq =

(7 1) = (3.1.7)

@

This directly gives us the Coulomb pair potential for two dumbbells as

2
ou 1 qi,4q;
Ug l((ruanZ) (T.757nj = ZZ 2 (3.1.8)

47T€0 a1 51 riajﬁ

For the electric field we obtain via the gradient the expression

2 5

S = 1 GiaTig

E(ri,, ;) = =V = Areq Z 3 (3.1.9)
a=1

o

Together with the aforementioned r~'2

uGSP (7, ), (P, ) = ) [4&( 7 ) +LM] : (3.1.10)

af=1 Tiajﬁ 47T€0 Tiajﬁ

repulsion the total pair potential is given by

For all the equations above the site-site distance vector 7;,;, is given by
Tinjs = Tia — Tig (3.1.11)
[(—1)" i, — (=1)" 7] (3.1.12)

with the corresponding distance r4,;, = |75, — 7j,[. A typical arrangement of two inter-
acting particles is shown in figure 3.2. The site-site interaction causes four different terms
in the pair potential. This is important to keep in mind. Especially for comparison with
other models, where only one interaction center is present. In such cases the repulsive 712
term of the CSD model is approximately four times the one of the single center particles.
To be able to use the model in the velocity Verlet integrator of the MD simulation, we
need to calculate the force respectively the acceleration for the translation of the particle
and the angular acceleration for the rotation. We can easily calculate the force as derivate
of the potential as

FCSD _ . 45D (3.1.13)

U
2 14
= E {48; (—> + 471‘50 TS }Tiaj,ﬁ . (3114)

iajg
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Figure 3.2.: The single sites of the molecule are described by the coordinates 7;,. From these
you get the connection vector between two sites as 77, = 75, — j,-

Considering a system of N particles and the pairwise additivity of the CSD model, we
can write for the total potential energy of the system

U =Y uGSP (7, i), (7,0 7)) (3.1.15)
1<j
2
=) 2. 45( - )12 b Bl (3.1.16)
i<j a,f=1 Tiajs Amen Tigjg

Here we use the notation

=YY (3.1.17)
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which counts pairs only once and excludes self-interaction. We can calculate the total
force acting on one CSD particle caused by the remaining N — 1 particles as

- . oU
FOSP —myp, = — 3.1.18
i mri, o7 ( )
N 2 14
g 1 qlanﬁ —
— Z Z {48— (r. : ) AP }rim (3.1.19)
];laﬁ:l ladp 0 Viajs
Ve
N 2
=" fiiss (3.1.20)
a,f=1

PN

T

which easily gives us the acceleration to be used in the integrator (2.1.7 - 2.1.9) of the
MD simulation.

We finally want to have a look at the angular acceleration, which is derived in paragraph
(2.1.1) as

i = Gy — (ﬁ G+ ﬁQ) i, (3.1.21)

with G; = —I~1 (8U/d7;). For the CSD model we get for the derivative of the potential
with respect to 1i;

- 1 0ussP
goesp _ 27T 3.1.22
4 1 on, ( )
2 14
d € o 1 ¢i.qj
= — —1)*t 48— LN 3.1.23
21 a%gl ( ) { o? (riajﬂ) * 47TED ’l“? Jg Tiads ( )
d 2
=37 - (=D fius (3.1.24)
B=1
but with respect to 7; we get
= d < € o \" 1 4.q;
GSP = — —1)P Q48— kLA 3.1.25
It 21 ;1< ) 02 \ Tinjs T e dmeg 13 s Fieds ( )
d 2
— ﬁ (-1)° Finin (3.1.26)

and therefore obviously

~CS ~CS
GoP # =G5 (3.1.27)
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Considering now the whole system, we get for our CSD model

. 1

G = _jgg (3.1.28)
d 2 N .
" X Z{ G =i+ 00— )} Fo, (3.1.20)
i
where ©(n) again is
0: n<O0

O(n) = 3.1.30
(n) {1 >0, ( )

Now we can calculate the acceleration (2.1.25) as needed in the velocity Verlet algorithm.

We use the dumbbell system mainly to track the g-1 critical point from a regime, where we
can easily find g-1 coexistence, due to the absence of long chains, to the limit of DSSs. This
can be done by reducing the charge-to-charge separation d step by step. Additionally we
also follow the critical point for long dumbbells up to d = 7. We apply different theoretical
approaches to our results and succeed with a description using a modified van der Waals
mean field theory.

3.2. Charged hard dumbbell model

A similar model to CSD is the charged hard dumbbell model (CHD), which was proposed
by Ganzenmiiller and Camp [3] and allows us a comparison with our results for the CSD.
The geometry of the hard dumbbells is the same as for soft dumbbells. The only difference
is the repulsion, where each dumbbell site has the term

L 321
iajp

to model the hard sphere characteristic. Together with the additional charges of magni-

tude ¢ the final form of the pair potential is defined as

u (3.2.2)

1 2 Qia‘ly’ﬁ . ( o )
CHD __ { 4meq Za,ﬂ:l Tiaig fOI' mlna’ﬁ rla]ﬁ >0
ij

00 for mingg (ri,;,) <o

where the parameters (74, , ¢i,, ...) are the same as introduced for CSD.
We do not use the CHD model for any simulation in this work and therefore omit further
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details. A more sophisticated analysis of the CHD was done by Ganzenmiiller and Camp
in the reference mentioned above. They observed the g-l1 phase transition in a range of
0.1 < d < 1.0 using MC simulations. Due to finite-size effects it was not possible for
Camp to observe the area for d < 0.1, but extrapolating the values gives evidence for a
phase transition also in this region.

3.3. Stockmayer model

A famous and in computer simulations commonly used dipolar model is the ST potential.
As a model for polar gas the ST potential is based on a work of Walter Hugo Stockmayer
in 1941 [4]. The ST model consists of the isotropic LJ (12,6) potential

ul (ri) = 4e [(%)12 - (%)1 (3.3.1)

with an additional point dipole, whose pair interaction is given as

(il 30 ) (i)
DD j j j Ty
Uy (TJ 2 ,u]) Areg ( T?j T?j ( )

Here 7; = 7; — 7 is the displacement vector between the interacting particles 7 and j.
As already mentioned above the =2 term is based on the Pauli exclusion for electron
shells. Long-range attractions like van der Waals forces between the particles are the
physical explanation of the attractive term in the LJ potential. In our final form of the
ST potential, we will add an additional factor A, introduced by van Leeuwen and Smit [5],
to the attractive term. This allows to scale it or simply to turn the attraction off. So we

can write:
o\ 12 N
ST /= J
wp (g, iy fi) = 4 [(7) —A (r_)
1] 17

1 (ﬁi'ﬁj 37 - ) (%"ﬁj))

_|_

(3.3.3)

Amey rd

ij ij

Finally we want to note down the force F for the ST model and é, which are needed
for the integrator of the MD simulation. For the total force on particle i caused by the
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remaining N — 1 particles we get

FosT = _y,uvsT (3.3.4)
14 8
A
sl
= o Tij 2 \ 1y
J#i
L (G 150 R )] (335)
4 5 7 Tij +
Teo Y, rh
3 (it - Ty )i + (i - 73) i
dmeg r?j

where U*ST =Y. u?®T. For the integration of the rotation we need

i<j Wi
. 1 8U’UST
GUST = = 3.3.6
; T o (3.3.6)
N (3T ) 3.3.7
IR A A e (33.7)
j=1 J ij
i

with I = 1, to calculate the acceleration of the orientation vector. This means the rotation
is only dependent on the electric field

N

ST _ fia 37y (T - i)
BT =% (ﬁ - T) (3.338)
=1 N\ ij
i
and we can write éfST also as
GvST = %E;ST. (3.3.9)

The ST model is a thoroughly studied system in the literature including extensive studies
of the critical phenomena (e.g. [5-9]). It has also led to a controversy, if the results allow
to conclude that g-1 coexistence exists in the limit of DSSs or not [5, 10-13]. Despite this
interesting discussion we use the ST model not for any phase coexistence analysis and
only make use of it for the osmotic pressure simulations. We use the ST system as solvent
due to its dipolar character, which is similar to water.

3.4. Dipolar soft sphere model

The DSS system is commonly used in computer simulations to study dipolar fluids. With
the aforementioned modified ST potential the DSS dipole-dipole interaction can be easily
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obtain by setting A =0 as

U, Tijy Wiy bj) = 2AE | — — . 4.
K 7 Hir lg Tij Aeq rfj rf’j

With having the parameter A = 0 and therefore also the attractive term of the LJ potential
eliminated, we want to introduce again another scaling parameter A for the DSS system.
This new scaling parameter allows us to accommodate for the fact that we have in the
CSD system, due to the two dumbbell sites, in total four soft sphere interactions for each
particle-particle interaction. Therefore we introduce the new A and write (3.4.1) as follows

W55 i) = dxe (L) g L (P 80y ) (7 - ) 3.49)
) 179 Y1y ] Tij 47T60 T% T?j . L

So with setting A = 1 we deal with the ordinary DSS system as commonly used in the
literature. To model the limit d — 0 of the CSD system, we need to introduce the 4-DSS
model with A = 4 to represent the increased repulsion. Analogous to the potential we can
proceed for the force of the ST system in (3.3.5) and obtain

EPSS = _y,uPss (3.4.3)
N - o\ M
= 2{48)\—2( ) iy T
= 0% \Tij
J#i
U [ i) 150 )i - 7)] (3.4.4)
4 5 7 v +
3 (_‘J ﬁ])ﬁz+(ﬁz Fw _‘J
Amey Y,

As we have seen for the ST particle, the rotation is only dependent on the electric field
caused by the point dipole of the particles. Therefore the rotation is exactly the same

GPSS = GvST = %E}ST (3.4.5)
as in (3.3.9) for the ST model.
The DSS model is used quite frequently in computer simulations including simulations to
study the phase behavior. Therefore either the DSS model is used directly or modifica-
tions were applied, which allow to reach out to the DSS limit and extrapolate the behavior
for the pure dipolar model. A more detailed discussion can be found in the introduction
of this work. Therefore we only want to refer to the references [5, 9, 14, 15] at this point.
In our work we have introduced the DSS system to study the phase transition of purely
dipolar systems and especially with the adjusted repulsion of A = 4 to evaluate the CSD
limit d — 0.
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3.5. Dipolar hard sphere model

The dipolar hard sphere system (DHS) is a well known model in the literature [16-19]
and quite similar to the DSS with the difference in the repulsion to reflect the hard sphere
of the particle. Therefore the DHS potential follows as

{ 1 (#i‘Sll«j _ 3(7‘1‘]"/14)5(7'1‘]"#]')) for Tij >0

DHS

o ) — 4 3 D
uij (sza M, Mj) - o "ij "ij

(3.5.1)

00 for r; <o
Numerous studies have been done to settle the question, if g-1 phase coexistence exists in
the dipolar limit or not, by using the DHS potential directly or similar potentials allowing
to extrapolate to the DHS limit [20-29]. In the present work the DHS model is not used for
any simulation. But its similarity to the soft sphere potential allows to do an interesting
comparison of the DHS model results with those of the soft sphere model. We therefore
convert the soft sphere results to the hard sphere system, using the approach introduced
previously in Ref. [14] and recapped below.

3.5.1. Conversion of soft sphere to hard sphere results

To connect our soft sphere model results to previous results for DHSs we compute an
effective hard-core diameter
Ueff(T) (352)

using ‘
27r02f f
—3

Here By(HS) is the second virial coefficient of hard spheres and By (7') is the second virial
coefficient of soft spheres at temperature T'. This results in

o= ()] (2)" o5

Alternatively we could also make use of the Barker-Henderson formula [30] and get for
the effective hard-core diameter

1/12
O'eff(T) ~ 1.0555 <T> (355)

1/3

which is quite similar to our approach as [F (%)} ~ 1.07011. So with that the effective

hard sphere critical temperature is given by

TS =T.od (T (3.5.6)
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where T, stands for the soft sphere temperature. In the same way we get for the effective
hard sphere critical density
pé'JS = pco-g)ff(Tc) : (357>

This approach is quite beneficial and allows us to convert our soft sphere model results
to the results obtained in studies of hard-core models.

3.6. lonic soft sphere model

The ionic system consists of single charged particles and a soft sphere repulsion. l.e. we
can consider the CSD model as ionic system with the special condition of rigidly bound
oppositely charged ions. To keep the total simulation system charge neutral, we consider
a fluid of charged soft spheres, where half of them carry charge —g and the other half
charge 4+¢q. The potential energy between two particles, ¢ and j, of charges ¢; and g;
separated by distance r;; is given by

ITon g n 1 4:4;
w; " (ri;) =4e | — ) +-—". (3.6.1)

K Tij 47'('60 rij

With that we get for the force

N 14
- e (o 1 qq; |
Flon = v, Ul = § 48— | — I 3.6.2
! = { o2 (T@‘) + 471'80 T?j " ( )
J#i

As the ion is radial symmetric, we do not have any rotation for the ions.

The ionic system completes the investigation on the CSD model. We used the DSS model
for the limit d — 0 and on the other end of the spectrum the free ions can model the
behavior of big charge separation d, where the individual dumbbell sites act more and
more independently. Additionally the soft sphere ionic system is similar to the restricted
primitive model (RPM), where the soft sphere repulsion is replaced by a hard sphere
repulsion. The critical parameters we obtain from our simulations for the ionic system
can be compared with estimations based on the Debye-Hiickel theory published nearly 90
years ago [31].
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4. Analysis of the gas-liquid transition
for charged soft dumbbells using
molecular dynamics simulation

4.1. Phase coexistence in fluids

Since the fundamental work of van der Waals [1] almost 150 years ago, the phase transition
from a dilute gas to a dense liquid is qualitatively described by a modification of the
ideal-gas equation of state P = NkgT/V. He modified the equation in two ways, first he
considered a reduced pressure P, which is caused by the attraction of the intermolecular
forces reflected by the parameter a. Secondly he took account of the fact that two particles
cannot occupy the same region due to their repulsion at short distances. Therefore the
volume V' needs to be reduced by bN, where b is the excluded volume. With that he
formulated the well known van der Waals equation of state [2]

. N]{?BT _i
- V-Nb V2’

(4.1.1)

Despite the physical motivation, the van der Waals equation is a mean field theory, as
it only approximates the inter-particle forces and cannot reflect phase separation due to
its homogenous character. This has some unphysical effects, like the van der Waals loop
shown in figure 4.1, which violates the physical condition P/0V|r > 0 and cannot be
observed in real life experiments. It also means that the Gibbs free energy is convex,
which corresponds to unstable states in this region. Despite the fact that the van der
Waals loop is unphysical and cannot be observed experimentally, it is a well known effect
in MD simulations. This is caused by the finite size of the simulated systems, which
is usually in the region of hundreds or thousands of particles and hence does not allow
density fluctuations as seen in real experiments. The occurence of the van der Waals
loop in the simulations gives us the possibility to make use of the Maxwell construction
method, described in the following section. It allows us to identify the phase coexistence
area of our systems.

77



78 CHAPTER 4. ANALYSIS OF THE GAS-LIQUID TRANSITION WITH MD

sosol- vapour
I T
i 1 o
0.048 |- A7 @) 1w
- F Ny
L ¥ 1 R
0.046 | S
: 4
0.044 = o |
4 6 vV 8 10

10° V

Figure 4.1.: The plot shows the Maxwell equal area construction for one simulated isotherm
(stars) of the CSD system with d = 1072 and T = 0.047. An empirical equation
of state is used for a fit of the isotherm (dashed line) to apply the equal area
construction (shadded areas) and determine the corresponding coexistence densities
(red crosses). The coexistence densities for the remaining isotherms (red hollow
circles) are used to fit the envelope (red solid line) of the phase coexistence regime

and to calculate the critical point (red solid circle) via the scaling relations (4.1.11)
and (4.1.12).

4.1.1. The Maxwell construction method

The Maxwell construction method is a well established method to correct the unphysical
behavior of the van der Waals loop in the phase coexistence area. The usage of the method
was justified by Griffiths [3] and has been applied many times in various simulations [4-6].
Geometrically the Maxwell equal area construction method is illustrated in figure 4.1.
The two points V; and V; are chosen so that the shaped regions have equal area. The two
points describe the border of the g-1 phase coexistence region. To legitimate this view, we
follow [7] and use the fact that the pressure and the chemical potential in the g-1 phase
coexistence region must be identical. For the pure gas and the pure liquid at the border
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Figure 4.2.: Integrating the empirical equation of state (dashed line in figure 4.1) via P =
—0F/0V | gives the reduced free energy (black solid line). The red solid line is
the common tangent on the coexistence densities.

of the phase coexistence region it holds
P, =P (4.1.2)
Ly = H - (4.1.3)

We want to derive V, and V; from those two conditions. Therefore we use the equation
of state, which describes the isotherm, and insert it into (4.1.2). For our example we use

the van der Waals equation of state (4.1.1) and get
NT NT
_ 4 -2 (4.1.4)
V,—Nb V2 Vi—Nb

where we have set kg = 1. The values for a and b need to be determined from the
simulation data. For the second condition (4.1.3) we use the Gibbs free energy G = Ny =
F + PV, where F' stands for the free Helmholtz energy and write

0=N(u—py) =F—F,+P(Vi-V,). (4.1.5)
Together with P = —0F/0V|, we get
ory - _ofy _F-F, (4.1.6)
WVl WVl ViV,
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The geometrical interpretation of equation (4.1.6) is illustrated in figure 4.2 and means
that the line through the points (V,, F};) and (V}, F}) is also the common tangent of the
free energy at those two points. The difference between the Helmholtz free energies can
be obtained by integrating P = —0F/0V | along the isotherms

F(V,,T) = F(V,,T) = —/Vl P(V,T)dV (4.1.7)
v,

where P(V,T) stands for the equation of state used to interpret the isotherm. Replacing
the left side of (4.1.7) we can re-write it as

P(Vi=V,) = /va P(V,T)dV . (4.1.8)

This explains the equal area approach shown in the upper picture of figure 4.1. The
left side of (4.1.8) is the area in the rectangle between V; and V, with height P and the
right side is the area below the isotherm. It is clear that the two shaped areas are of the
same size and the two volumes V; and V, can be determined by a geometrical procedure.
Additionally we can interpret (4.1.6) geometrically as well, because the line through the
points (V;, F7) and (Vj, F,) is the tangent of the Helmholtz free energy on those two points.
This is illustrated in the lower part of figure 4.1.

To apply the equal area construction to our simulation data, we use an equation of state
like (4.1.1) as fit function to describe the isotherms, together with a small Mathematica [8]
program to determine V; and V;, respective p; and py. It is not necessary for the fit function
to have a physical foundation. We just need a function, which describes our simulation
data in the coexistence regime best. We mostly made use of the following two functions,
which are derived from an equation of state for networks [9]:

T asao 1a2a(2) ap
P=—-——-—-—"—-1 < ——) 4.1.
ag( v oty M\mTy)) T (4.1.9)
T asas 1a2a§ aop
P=—|(- —————1 < ——) . 4.1.1
ao ( v ary M\ eyt (4.1.10)

Here a,, are the fit parameters.

4.1.2. Scaling laws

The Maxwell construction gives us the possibility to identify the phase coexistence area
for simulated isotherms at different temperatures below the critical point. As we get
closer to the critical point, the simulation becomes more difficult due to large fluctuations
particularly in the pressure. Partly this could be compensated by extensive long simulation
runs. To be independent of simulations very close to the critical point, we can make use
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of the scaling laws, which allow to describe the system near the critical point [10, 11].
They also enable us to derive the critical parameters T, p. and P, from the coexistence
area, found with the Maxwell construction. The scaling laws are defined as

pr—pa~ Ag |7 +A; [ 1] (4.1.11)
(pr +pc)/2 2 pe+ Do |t [ +Dy [t (4.1.12)
P—P Pyt +P [t +P |t ], (4.1.13)

with ¢t = (T'—T,)/T. and can be derived using the renormalization group theory [12, 13].
They are identical for all systems in the same universality class. For the models in this
work, we use the universality class of the three dimensional Ising model. The critical
exponents for the Ising model are given as a =~ 0.110, 5 ~ 0.326 and A =~ 0.5 [14]. One
might ask the admittedly difficult question, whether the universality class of our systems
is Ising. We cannot clearly answer this question in this work. But we can consult the
literature and find for the ionic system, precisely the RPM system, in the study of Fisher
and Levin a “conclusion” to the question, if long range Coulomb interaction cause mean
field exponents or not. They argue that a non-Ising-like universality class seems unlikely
and that the cross-over to Ising-like behavior occurs very close to T, [15]. Almost ten
years later Panagiotopoulos performs a very sophisticated finite-size scaling analysis for
the RPM and states, while not conclusively, the good matching of the data to the limiting
Ising-class distribution is consistent with Ising-type criticality for this model [16]. We
expect that a conclusive answer to this question for our systems is likewise difficult. But
since evidence seems to indicate Ising behavior in the RPM, we would expect the same
for our systems. This is also in line with previous works on comparable models, aimed at
the critical parameters of CHDs [17] and point dipole systems [18, 19]. In the latter the
mapping on the ordering parameter distribution of the 3D Ising universality class is part
of the mixed-field finite size scaling employed. In general good matching of the data to the
limiting Ising-class distribution is taken as a consistency check for Ising-type criticality.
A comprehensive overview of phase transitions and critical phenomena can be found in
the book of the same title by Domb [6] and [20] or in [21, 22].

4.1.3. Parameters for the molecular dynamics simulation

Before we can use our simulation program, we first need to exercise some tests to verify
that there are no errors in the implementation, which lead to wrong simulation results.
Typically this is done by carrying out simulations for a simple system, where various data
for comparison exists in the literature. We have passed all those tests successfully, but
want to omit a lengthy discussion here and refer to [23] where this is documented for
the routines used in this work. Here we only want to focus on the determination of the
optimal parameters for the simulation of the isotherms.

To make use of the Maxwell construction and the scaling laws, we need to simulate several
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isotherms at different temperatures in the phase coexistence region. Usually the phase
coexistence region is a priori unknown and we need to narrow it down, by doing some
test simulations in the assumed region. Once we find an isotherm showing a van der
Waals loop, we can do more extensive simulations in that region. More extensive means
here that we try to optimize several parameters like the number of particles N, the total
simulation time t;,, the cutoff radius r.,, and the size of the time step At to improve
computational effort and result accuracy. The effect of the different parameters on the
simulated isotherms of the CSD model are visualized in figure 4.3 for different numbers of
particles and in figure 4.4 to show the influence of the cutoff radius. It turns out that the
simulations with more than N = 500 particles and a cutoff of r.,; = 9.0 produces stable
results.
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Figure 4.3.: The depicted isotherms show the influence of the system size N on the pressure
P plotted vs. the reciprocal of the density 1/p. Here the isotherms are plotted
for N = 108 (black circles), N = 500 (red squares), N = 800 (green diamonds),
N = 1200 (blue triangles) and N = 1600 (magenta stars) particles. It is apparent
that above N = 500 particles the pressure does not change significantly. The
isotherms are simulated at the temperature T = 0.0155, dipole moment u? = 1,
length d = 1 and a cutoff r.,; = 10.0.
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Figure 4.4.: Multiple isotherms simulated to identify the effect of the cutoff 7., on the pressure
P plotted vs. the reciprocal of the density 1/p. Here the isotherms are plotted for
rewt = 5.0 (black circles), ree = 7.0 (red squares), re,; = 9.0 (green diamonds),
rewt = 10.0 (blue triangles) and 74, = 12.5 (magenta stars). For cutoffs beyond
reut = 9.0 there is no major effect on the pressure. All of the isotherm are simulated
at the temperature 7' = 0.0155, dipole moment u? = 1, length d = 1 and N = 800
particles.

In general most of our simulations are done with systems varying from N = 800 to
N = 3000 particles and a cutoff radius between r.,, = 10 and r.,; = 20. The time step
for the simulations was mostly chosen as At = 0.001 except for very small dumbbells of
the CSD model with d < 0.001, where we decreased the time step down to At = 2-107°.
To avoid any systematic errors and to get better results for the isotherms, we produce for
each temperature two independent isotherms. For each one a FCC (face-centered cubic)
lattice with random velocities is generated as start configuration, to simulate the first
state point. For all consecutive state points the previous final configuration is used as
start configuration, and the density is adjusted accordingly. In total we produce for each
isotherm about 30-45 individual state points. To generate one isotherm, we start at a
low density and enlarge the density for each data point, i.e. the system is compressed.
For the other isotherm the first data point is sampled at high density and the system is
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de-compressed for all following state points. To control the temperature of the simulation,
we make use of the weak coupling method of Berendsen et al. [24].

4.2. Gas-liquid transition of charged soft dumbbells

After we have verified the general correctness of our simulation program with models like
the two center Lennard-Jones model (2CLJ), for which comparable data in the literature
exists [23, 25], we started our investigation of the g-1 transition of the CSD model. As
outlined earlier the CSD model allows us to start with a large charge-to-charge separation
d. Here we can expect a g-1 phase transition due to the absence of chains, as they are
energetically unprivileged as can be seen in figure 4.6. From there we can track the critical
point to the limit dipolar soft sphere limit d — 0. The only difference to the DSS model
is due to the two sites of a dumbbell. Thus we have in total four repulsive soft sphere
interactions contributing to the force, instead of a single one for the ordinary DSS model.
To eliminate this difference, we have introduced a 4-DSS model (see chapter 5) to be as
close as possible to the CSD model. We created a large set of simulations, which span
a range of dumbbell lengths from d = 0.0001 to d = 7.0. As the absolute value of the
dipole moment p = qd depends on the dumbbell lengths the simulation series can be split
into two. For the first one we sampled at constant charge ¢ = 1 and the other one with
constant dipolar moment ;2 = 1. To ease up the comparison with results created by other
groups like [17], we note down the reduced units where the ionic temperature is defined
as

. kgTD
=B 7 (4.2.1)
q
and the dipolar temperature as
knTD 3 1.2
L (4.2.2)

112 2

using D = 4meg. As usual in our simulations we set kg = 1, D = 1, and ¢ = 1, which
simplifies the ionic temperature for ¢ = 1 = const. to

=T (4.2.3)
and for the constant dipole moment ;2 = 1 = const. we get
=T. (4.2.4)

In the following listings of critical temperatures, and in all the plots, we will always use
the reduced temperature 7¢ and denote it as 7.

The critical parameters, we obtained from the isotherms using the Maxwell construction
and the scaling laws, can be found in table 4.1 for constant charges ¢ = 1, and in table
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4.2 for constant dipole moment u? = 1. For the constant charge series it was not possible
to observe a van der Waals loop for small dumbbells d < 0.1 even by lowering down the
temperature to 7° ~ 107%. Nevertheless this does not allow to conclude that there is no
critical point at all, because at such low temperatures it is difficult to reach equilibrium
and simulate for sufficient long time. It is also possible that the critical temperature is
in even lower regimes, where we are not able to simulate anymore due to the mentioned
difficulties. Luckily the series for constant dipole moment can be continued to smaller
dumbbells which we did until d = 10~%. But there is also a drawback with this series for
large dumbbells beyond d > 4 where it still was possible to see a van der Waals loop as
shown in figure 4.7. However it was not possible to apply the Maxwell construction as
only a too small regime of the phase coexistence area could be simulated. So it turns out
that each of the two series has some advantages for certain dumbbell lengths d.

The results for the critical parameters with p? = 1 are plotted in figure 4.5 and for d > 1
also for ¢ = 1. The critical parameters are stable in the range of 107* < d < 0.1 except of
some minor scattering in the critical density. This shows that the higher electric moments
do not have any effect. The averages for the critical temperature, critical number density
and critical pressure in this d range are

T.=0.0513 (4.2.5)
pe = 0.004 (4.2.6)
P,=6.6-107". (4.2.7)

With that we can calculate the critical compressibility factor

P
Z, = —¢ 4.2.8
T, (4.2.8)

as
Z.=0.33. (4.2.9)

This is in very good agreement with the compressibility factor calculated using the van
der Waals equation (4.1.1). To do that we can calculate the critical parameters for the
van der Waals equation and get

1 a

= — 4.2.1
2Tk ( 0)
8 a
kT, = ——+ 4.2.11
Blc 27 b ( )
1
e = — 4.2.12
pe= 35 (4.2.12)
which yields for the critical compressibility factor
31
Ze=—=——. 4.2.13
ST ( )
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As we can see Z. is independent of the parameters a and b, which means, in theory
the critical compressibility factor is the same for all kinds of fluids. In other words “all
substances obey the same equation of state in terms of reduced variables”. This is called
the principle of corresponding states [9]. Although the principle works very well for small
dumbbells, as shown in the bottom of figure 4.5, it is not absolutely true for the full
range of dumbbells we investigated. This is a known fact for dipolar fluids and was
observed before [19, 26]. It seems to be related to the formation of chains and networks in
polar fluids. Looking at the simulation snapshots for different dumbbell systems between
d=1and d = 0.1 (figures 4.9 - 4.13), indicates that for d = 1.0 no aggregate generation
exists. For the smaller dumbbells a network type structure respective chains are present.
This supports that the different type of aggregation is responsible for the deviation of
the principle of corresponding states. In addition, particularly the comparison between
figures 4.12 and 4.13, which show the simulation above p. and below p. respectively, points
out that there is a transformation from a network to chains. This allows us, to consider
theories like Tlusty and Safran [27], where the type of aggregation is responsible for the
phase transition.

As our system is quite similar to the CHD system studied by Ganzenmiiller and Camp [17],
we also did a comparison to their data. For this we converted our results into the hard
sphere system using the conversion given in section 3.5.1. The comparison can be found
in figure 4.8, where our critical temperatures for ¢ = 1 and p? = 1 are plotted along with
the reference data in the range 0.01 < d < 7.0. Especially the data for p? = 1 is, despite
some offset, in good agreement with the reference data for CHDs. The values for the
critical temperature for ¢ = 1 are lower, as we have not converted them into the reduced
units introduced in equation (4.2.2) above.

Table 4.1.: Table with our own results for the critical parameters of the CSD system with
q=1.
(41T [ 5 (R0 Z [ 2]
0.1500 | 0.0104 | 0.0052 | 0.0168 | 0.0031 | 0.0563 | 0.0285
0.2000 | 0.0121 | 0.0046 | 0.0062 | 0.0011 | 0.0632 | 0.0238
0.2500 | 0.0109 | 0.0062 | 0.1390 | 0.0206 | 0.0585 | 0.0331
0.5000 | 0.0195 | 0.0113 | 1.5088 | 0.0685 | 0.0903 | 0.0526
0.7500 | 0.0207 | 0.0090 | 2.7619 | 0.1485 | 0.0944 | 0.0411
1.0000 | 0.0170 | 0.0048 | 1.5640 | 0.1908 | 0.0817 | 0.0231
2.0000 | 0.0103 | 0.0048 | 3.7690 | 0.1915 | 0.0562 | 0.0259
3.0000 | 0.0057 | 0.0065 | 1.3940 | 0.0415 | 0.0361 | 0.0410
4.0000 | 0.0033 | 0.0026 | 0.6078 | 0.0458 | 0.0236 | 0.0185
5.0000 | 0.0021 | 0.0009 | 0.5305 | 0.1146 | 0.0170 | 0.0071
6.0000 | 0.0016 | 0.0014 | 0.3263 | 0.0426 | 0.0136 | 0.0118
7.0000 | 0.0012 | 0.0019 | 0.3225 | 0.0301 | 0.0110 | 0.0174
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Table 4.2.: Table with our own results for the critical parameters of the CSD system with

pu?=1.

L d [ T ] p [P-10°] Z [TPPST pPP% ]
0.0001 | 0.0515 | 0.0046 | 7.0288 | 0.2986 | 0.1874 | 0.0166
0.0005 | 0.0516 | 0.0031 | 6.2746 | 0.3939 | 0.1875 | 0.0112
0.0010 | 0.0513 | 0.0045 | 6.3231 | 0.2770 | 0.1868 | 0.0162
0.0015 | 0.0519 | 0.0039 | 7.0521 | 0.3479 | 0.1883 | 0.0142
0.0025 | 0.0516 | 0.0037 | 6.5794 | 0.3436 | 0.1877 | 0.0135
0.0050 | 0.0522 | 0.0045 | 7.4320 | 0.3172 | 0.1892 | 0.0163
0.0075 | 0.0518 | 0.0039 | 6.9135 | 0.3412 | 0.1882 | 0.0142
0.0100 | 0.0517 | 0.0035 | 6.8934 | 0.3789 | 0.1879 | 0.0128
0.0150 | 0.0511 | 0.0039 | 6.3611 | 0.3202 | 0.1862 | 0.0142
0.0200 | 0.0518 | 0.0036 | 6.6478 | 0.3587 | 0.1881 | 0.0130
0.0350 | 0.0518 | 0.0036 | 7.0124 | 0.3813 | 0.1882 | 0.0129
0.0500 | 0.0506 | 0.0036 | 6.0740 | 0.3319 | 0.1848 | 0.0132
0.0750 | 0.0502 | 0.0043 | 6.5605 | 0.3025 | 0.1838 | 0.0158
0.1000 | 0.0487 | 0.0052 | 5.6641 | 0.2232 | 0.1797 | 0.0192
0.1500 | 0.0472 | 0.0036 | 6.1719 | 0.3675 | 0.1754 | 0.0132
0.2000 | 0.0442 | 0.0041 | 5.4273 | 0.3031 | 0.1671 | 0.0153
0.2500 | 0.0407 | 0.0045 | 3.9301 | 0.2158 | 0.1569 | 0.0173
0.3000 | 0.0374 | 0.0055 | 5.4277 | 0.2636 | 0.1475 | 0.0217
0.4000 | 0.0308 | 0.0070 | 3.6511 | 0.1687 | 0.1274 | 0.0291
0.5000 | 0.0275 | 0.0078 | 3.1222 | 0.1460 | 0.1169 | 0.0332
0.6000 | 0.0235 | 0.0066 | 2.6537 | 0.1700 | 0.1041 | 0.0293
0.7000 | 0.0221 | 0.0077 | 2.4308 | 0.1422 | 0.0994 | 0.0347
0.7500 | 0.0213 | 0.0086 | 2.4258 | 0.1330 | 0.0967 | 0.0388
0.8000 | 0.0204 | 0.0096 | 2.5155 | 0.1286 | 0.0935 | 0.0440
0.9000 | 0.0186 | 0.0084 | 2.1275 | 0.1360 | 0.0873 | 0.0395
1.0000 | 0.0170 | 0.0048 | 1.5640 | 0.1908 | 0.0817 | 0.0231
1.1000 | 0.0147 | 0.0115 | 1.1000 | 0.0653 | 0.0732 | 0.0570
1.2000 | 0.0141 | 0.0098 | 1.4000 | 0.1012 | 0.0709 | 0.0493
1.2500 | 0.0137 | 0.0113 | 1.2200 | 0.0788 | 0.0694 | 0.0572
1.3000 | 0.0136 | 0.0110 | 1.1000 | 0.0734 | 0.0690 | 0.0559
1.4000 | 0.0121 | 0.0096 | 1.2500 | 0.1078 | 0.0632 | 0.0501
1.5000 | 0.0118 | 0.0125 | 1.4962 | 0.1015 | 0.0620 | 0.0658
1.6000 | 0.0105 | 0.0091 | 0.9000 | 0.0946 | 0.0568 | 0.0491
1.7000 | 0.0097 | 0.0072 | 0.7500 | 0.1071 | 0.0536 | 0.0399
1.7500 | 0.0098 | 0.0079 | 0.9994 | 0.1298 | 0.0539 | 0.0433
1.8000 | 0.0091 | 0.0083 | 0.6000 | 0.0794 | 0.0511 | 0.0466

Continued on next page
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Table 4.2 — continued from previous page
(T[T [ n [P0C] Z (TP [
1.9000 | 0.0084 | 0.0080 | 0.5800 | 0.0859 | 0.0481 | 0.0460
2.0000 | 0.0082 | 0.0089 | 0.8019 | 0.1097 | 0.0473 | 0.0512
2.1000 | 0.0075 | 0.0077 | 0.5800 | 0.1001 | 0.0442 | 0.0455
2.2000 | 0.0070 | 0.0070 | 0.4500 | 0.0925 | 0.0419 | 0.0417
2.3000 | 0.0068 | 0.0065 | 0.4000 | 0.0903 | 0.0410 | 0.0393
2.4000 | 0.0063 | 0.0062 | 0.4000 | 0.1023 | 0.0388 | 0.0382
2.5000 | 0.0059 | 0.0056 | 0.3800 | 0.1142 | 0.0369 | 0.0353
2.7500 | 0.0050 | 0.0052 | 0.2400 | 0.0929 | 0.0326 | 0.0337
3.0000 | 0.0041 | 0.0048 | 0.1159 | 0.0581 | 0.0282 | 0.0331
4.0000 | 0.0026 | 0.0018 | 0.0539 | 0.1125 | 0.0199 | 0.0142

Table 4.3.: Critical parameters for the CHD system produced by Ganzenmiiller and Camp

[17]
’ d ‘ T ‘ Tcd ‘ Pe ‘ Ref. ‘
0.10 | 0.001401(3) | 0.1401(3) | 0.0933(8) | [17]
0.15 | 0.003024(4) | 0.1344(2) | 0.0958(8) | [17]
0.20 | 0.005114(6) | 0.1279(1) | 0.0960(9) | [17]
0.25 | 0.007585(5) | 0.12136(7) | 0.0885(9) | [17]
0.50 | 0.02157(4) | 0.0863(2) | 0.0749(5) | [17]
0.75 | 0.03612(4) | 0.06422(8) | 0.0655(1) | [17]
1.00 | 0.04900(7) | 0.04900(7) | 0.0556(2) | [17]
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Figure 4.5.: Critical temperature, T, (top), critical density, p. (middle), and critical compress-
ibility factor, Z. (bottom), for soft sphere systems vs. d. The simulation data is
represented for CSDs and constant charge ¢ = 1 via solid circles and fixed dipole
moment p? = 1 using open circles. The horizontal lines represent 7T, for 4-DSS
(dotted) and ions (dashed) in reduced densities.
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Figure 4.6.: The plot shows the cross-over energy u/u? for two dumbbells arranged side-by-side
(black) or head to tail (red) vs. the dumbbell length d. We show the energy for the
CSD model (continuous lines) and for the CSD model without soft sphere repulsion,
i.e. two charges separated by the fixed distance d (dashed lines). The head to tail
formation is preferred for small d, i.e. the system prefers to build chains.
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Figure 4.7.:

In isotherms for dumbbells with d = 7.0 and p? = 1 still a van der Waals loop is
visible, here shown for 7" = 0.0025 and N = 1600 particles (the drawn line just
connects the dots and has no physical meaning). Nevertheless it was not possible to
apply the Maxwell construction as only a too small regime of the phase coexistence
area could be simulated.
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Figure 4.8.: The critical temperature T.°S as function of the dumbbell length d. The figure
depicts the values of the CSDs with u?> = 1 (red) and ¢ = 1 (green) as well
as the ones for the CHDs from Ganzenmiiller et al. [17] (black) in the range of
0.01 <d<7.0.
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Figure 4.9.: Snapshot of the simulation for d = 1.0 and p? = 1 with N = 2500 particles just
below the critical temperature at T = 0.0155 and at a density of p = 0.0011 close
to pe. There is no chain like or network type aggregation visible.
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Figure 4.10.: Snapshot of the simulation for d = 0.75 and p? = 1 with N = 800 particles just
below the critical temperature at 7" = 0.0207 and at a density of p = 0.008. A
network like branching of the particles is visible.
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Figure 4.11.: Snapshot of the simulation for d = 0.25 and p? = 1 with N = 800 particles just
below the critical temperature at 7' = 0.04 and at a density of p = 0.0042 close
to pe. The particles build chains, which are only rarely branched.
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Figure 4.12.: Snapshot of the simulation for d = 10~* and p? = 1 with N = 800 particles just
below the critical temperature at T' = 0.048 and at a density of p = 0.0194 above
pe- A network like branching of the particles is visible.
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Figure 4.13.: Snapshot of the simulation of d = 107* and p? = 1 with N = 800 particles just
below the critical temperature at T'= 0.048 and at a density of p = 0.0030 below
pc- The network which was visible above p. was replaced by chains. In addition
even ring formation is visible.
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4.2.1. Tlusty-Safran theory

With having obtained the critical parameters for a huge variety of dumbbells, we need
to find an adequate theory which can explain our simulation results. The observation of
chains and network like aggregates, as seen in the configuration snapshots, allows us to
conclude that we do not have an ordinary g-1 transition in our system. Instead another
approach introduced by Tlusty and Safran in 2000 [27] could apply. In their theory they
describe a defect-induced phase separation of a dilute gas with chains having two free ends
and a dense liquid characterized by a branching network. The junctions as well as the
free ends are considered as defects to a perfect network. To each type of defect, energetic
costs are associated, g1 for the free ends and e3 for the threefold junctions. Independent of
the defect type every defect contributes —kgT' to the free energy. We can derive the free
energy by applying the framework of self-consistent field approach to polymer systems [28§]
and get

1

Here the first two terms are densities for the free ends respective threefold junctions and
the last term describes the excluded volume repulsion between chains proportional to the
square of the monomer density ¢. The defect densities p; and p3 can be calculated from
the monomer density together with a Boltzmann factor, which accounts for the energetic
costs of the defects, as

pr ~ Y Pee/T (4.2.15)

p3 ~ ¢ 2ees/T (4.2.16)

This finally gives us for the free energy
12, —e/7 L 8/2 —es/T | L 2
f=—=(2¢)""e —§(2gb) e 3 +§¢ . (4.2.17)
Further Tlusty and Safran discover the free ends as an additional repulsion and the junc-

tions as attraction in the equation of state. So we get for the critical parameters of the
Tlusty-Safran theory

TS €1 —353

= 42.1
© 7 In[27/4] (4.2.18)
In[9/2] — £5In[2
In¢TS = — 2 n[‘z ]_ 3:’ n{2] (4.2.19)
In[81/2] — 5 In[32
I prs — 5! 11[85/1 ]_ 3;3 n[32] (4.2.20)

To check if the Tlusty-Safran theory is a sound description of the phase transition in
the CSD system, we need to determine £; and €3 in dependence of d. Afterwards we can



4.2. GAS-LIQUID TRANSITION OF CHARGED SOFT DUMBBELLS 99

calculate the critical parameters and compare them with the simulation results. Therefore
we start with the pair potential (3.1.10) between two particles

2 o 12 1 4.9;

CSD la1)p
Lol E 4 4 — 4.2.21
uw { 8( > 47T€0 Tiajﬁ } ’ ( )

a,8=1 ri‘ljﬂ

which we consider to be aligned head to tail along a chain. Using the distance between
two sites

L d o - .
Tiogs = [Tij = 5 [(—1)>7; — (-1)7 7] |, (4.2.22)

we can write for the pair potential of two particles in a chain

o 12 P 12 o 12
—] 9
u” 8[( Tij + Tij—d + Tij+d

2 2 1 1
q {— - - ] . (4.2.24)
4’/T€0 rij rij —d Tij —d

(4.2.23)

We need to determine the energy minimum of two particles in a chain. Hence we calculate
the distance r,,;, via

ou?.
=0 4.2.25
(97’2']' ( )
for the corresponding dumbbell lengths d. With this we compute
Upin = U5 (Tmin) - (4.2.26)

For a chain with n + 1 particles, i.e. n bonds, we can write the approximate potential
energy as

ul = nul .. (4.2.27)
To calculate the energy e; of free ends, we split the chain into two parts, which reduces
the number of bonds by 1 and creates two additional free ends with the energy

2¢1 = (n — Vul,, —nul, = —u’ . . (4.2.28)
We can follow a similar approach to determine the energy €3 of the threefold junctions. We
consider that the three particles of the junctions form an equilateral triangle whose angles
are continued by a chain. The orientation of the particles is for each along the bisecting
line and therefore are at an angle of 30° respective 150° to the sites of the triangle. For
this geometry we can note down the potential energy of the junction as

12

12 12
3 o o o
PR (A AV S
Tijk — 5\/5 Tijk§\/§ /riij + %
e 1 1 p

d o d o
dmey | rip — 5\/§ Tijk + 5\/5 r2. + %
1]

n (4.2.29)
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Here r;;;, is the distance of the center of mass between the particles which is obviously the
same for all the particles in the triangle. As earlier we get 7,,;, from

ous,

—k_ (4.2.30)

Oriji
to finally calculate u3,,. To calculate €3 we consider again a large chain with n bonds,
and split it up twice, to re-join the three parts afterwards, in order to form the threefold
junction. This yields

g3 = (n—2)ul, —nul S =l — 2ul (4.2.31)

min min + Unnin min min °

The results for the values of €; and €3, calculated via the potential minimum approach in
equation (4.2.28) and (4.2.31), are shown in figure 4.14 as red lines. The plot also shows
the results obtained from the simulation data using 7. and P. as symbols. If we use p.
instead of P, the results for d > 1.0 stay almost the same. But for the smaller dumbbells
this increases the result quantitatively by 10 to 20% without changing it qualitatively.
Comparing the theoretical derived data with the results from the simulation, shows that
the general trend of the data seems to be similar, i.e. for smaller dumbbell lengths the
values for e; and e3 decrease. For e; also the values are similar in the limit d — 0, but
there is a strong deviation between the data sets for 3. Here the value at the limit d — 0
deviates almost by a factor 9. This deviation is most likely caused by the difficulty to find
a good approximation for the junctions and their defect energies. Without having a good
estimate for e3, the Tlusty-Safran theory cannot provide a sound description of the critical
parameters. Another way to check, if the Tlusty-Safran theory is a valid description of
our system, is to analyze the junction density p3. We can calculate it from the critical
parameters according to (4.2.16) as

ps ~ pil e/ (4.2.32)

and do a comparison with the data from the simulation configurations close to the critical
point. For the anlysis of the configurations we define that a particle forms a junction,
as soon as it has more than two neighbours in a distance Tigjs < 2. For this criteria we
ideally chose a distance in the first minimum of the pair correlation function (see figure
5.5 for CSD). Values, which deviate from our selected distance 7;,;, < 2, will only slightly
change the result quantitatively. The comparison of the junction density is shown in figure
4.15, where in the top panel the concentration of junctions is calculated from the critical
parameters p. and 7, using equation (4.2.32). We see that the concentration increases for
decreasing dumbbell length d and finally forms a plateau. This is in contradiction to the
data we get from the simulated configurations shown in the bottom of figure 4.15, where
we see a large increase of the junction density for long dumbbells.

Overall it is not possible to bring the simulation results in accordance with the predicted
values of the Tlusty-Safran theory. So we have to conclude that the Tlusty-Safran theory
does not provide a good phase transition description of the CSD model. The underlying
partial free energy, which models a competition of free ends vs. junctions, oversimplifies



4.2. GAS-LIQUID TRANSITION OF CHARGED SOFT DUMBBELLS 101

the observed phase transition. Along with the sole description of a dipolar liquid in terms
of free chain ends and junctions another weak point is the neglect of higher correlations in
the Tlusty-Safran theory. So we have to look for another approach to explain the phase
transition of CSDs.
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Figure 4.14.: The symbols represent the defect energies 1 (circle) and e3 (squares) calculated
from the Tlusty-Safran model from our simulation results for CSD with constant
dipole moment x? = 1 using 7, and P, vs. the dumbbell length d. The red lines
show the defect energies €1 (continuous line) and e3 (dashed line) as calculated
via the potential minimum approach in equation (4.2.28) and (4.2.31).
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Figure 4.15.: Top: The concentration of junctions ps calculated via the critical parameters
using the equation (4.2.32) vs. d. Bottom: Average number of junctions per
configuration n; vs. d from simulations done at 7'~ T, and p ~ p..
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4.2.2. Flory lattice theory

As we can see in the simulation snapshot figures 4.10 - 4.13 the idea of describing the g-1
phase coexistence in a way, where the effect of reversible formation of chains or networks
contributes to the phase transition may be a good start for a further attempt. As this
kind of aggregation is very likely for dipolar fluids [29], and similar to common polymer
systems in a solute, we can start with Flory’s equation of state [30]

bP 1 4co
?_—(1—5)¢—1n[1—¢]—ﬁ¢2. (4.2.33)

This gives a theoretical description how chain formation may impact the critical behavior
of the CSD model. In the equation of state n represents the segments of linear chains, ¢
is the coordination number of the lattice and ¢ = bp expresses the chain volume fraction
with the monomer or segment volume b. The above equation of state can be derived using
a Flory-Huggins mean-field lattice model. Among several other applications, mainly in
polymer physics, it is also commonly used to describe dipolar fluids [5, 31-33]. In this
work we will omit a detailed derivation of the Flory-Huggins theory and just mention the
results we need for the comparison of our simulation data with the theory. For a more
detailed elaboration one can read [19, 34].

Using the equation of state (4.2.33), we can obtain the resulting critical parameters as

11

= 4.2.34
Pe= b1+ n (42.34)
=1 " _ (4.2.35)

BRSO

With the Boyle temperature Tgoy. for monomers, i.e. n = 1, we can write 7°° = Tgoye =
—qep. For the monomer case the critical parameter p. and 7, are very similar to those
we obtained earlier in (4.2.12) and (4.2.11) via the van der Waals equation. This is no
surprise as the consideration of an ideal gas, as done by van der Waals, also only takes
monomers into account. Interesting is the behavior of the critical density, which vanishes
for large chains, n — oo due to p, ~ n~Y2, whereas the critical temperature reaches
the constant value 72°. Corrections to the disappearance of the critical density for large
chains are discussed for instance in ( [35, 36]).

As we do not deal with a real polymer, the chain formation in our system is a dynamic
process. The dumbbells aggregate reversibly into linear chains and therefore our chain
length n varies. Thus we find multiple chains of different length n in a single system
configuration. This fact is not considered in the above equation of state (4.2.33). But
luckily it still can be used, if we identify n as the average chain length in terms of monomer
numbers [33]. The junctions we observe in our system configuration will be ignored for
the moment. In the low concentration limit, i.e. chain-chain interaction is ignored, the
average chain length is given by

1 1
n = 5 + 5\/1 + 4((] — 1)¢€—8i , (4236)
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where the quantity ¢; is an in-chain contact free energy characterizing the chain growth
together with the concentration ¢. This formula is well known from the theory of micellar
systems (see for instance Ref. [37]). By replacing n in equation (4.2.33) with (4.2.36) we
get for the modified critical parameters

—1
1 m3

=-11 — 4.2.

pe=7 < + K) (4.2.37)
1 T\
n

- = il — -1 — 4.2.

T. 5150 (m + (K —n(n—1)) Km3> : (4.2.38)

where m = 2n — 1 and K = 6n(n — 1) + 1. These expressions are far more complex
than the earlier ones for constant n. But considering large n we see that the limiting
n-dependence retains, i.e.

131

T. ~ —qeo (4.2.40)
ov3 1
L _9505V3 1 (4.2.41)

T b 16 ¥

with n. = n(¢.,;(1.)). As we can see in figure 4.6, the chain formation becomes more
and more favorable, when d approaches zero. Thus we can expect the critical density
to drop for d — 0 respectively to vanish in case of unlimited chain growth. The critical
temperature is controlled by the a priori unknown parameter €3 which possibly depends
on d. As both p. as well as T, depend on parameters like b or £y, which we do not know
exactly, it is hard to calculate predictions for the critical parameters. Nevertheless it
is still possible to calculate the critical compressibility factor, where all the adjustable
parameters vanish as

5
~nt. (4.2.43)

At the bottom of figure 4.5 we find the critical compressibility factor plotted versus d. It
shows an increase for decreasing d until d > 0.1 from there P./(p.T.) remains essentially
constant. This is not in total contradiction to the expected behavior if decreased d induces
progressively longer average chain lengths. But it means that the aggregation at small d is
not as strong as one would expect and limited to rather small aggregation numbers. This
fact is also supported by analyzing the number average size n of the reversible aggregates
from the simulation data as function of d, shown in figure 4.16. Here we have defined n via
a distance criterion, where two dumbbells are considered to belong to the same cluster or
aggregate if the separation r;,;, between any of their charge site to any of the charge sites
on another dumbbell is less than a certain distance. As shown in figure 4.16, we have used
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multiple distances in a range between 1.8 to 2.2 and each one produces to some extend a
different n (for the same d), but the basic dependence of n on d remains unaltered. We
observe that the aggregates become smaller as d is reduced, until a plateau value of n &~ 5
in the range 10™* < d < 107! is reached.

Another interesting aspect is the mean aggregation size s, which has been studied based
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Figure 4.16.: Average aggregation number n for CSDs vs. d for different distance criterias
Tinjs < 1.8 (circles), r;,j, < 2.0 (squares) and 7;,j, < 2.2 (diamonds). The
simulations were done close to the critical temperature T' ~ T, and with constant
density p = 0.006.

on an extended Flory-Huggins theory by [38]. It has also been analyzed in simulation
studies, where a continuous growth with increasing concentration of the solute [37] is
predicted. Therefore we want to have a closer look at the mean aggregate size of the
CSD model. We start by exploiting the effect of reversible aggregation to the chemical
potential at equilibrium, where we can write

by = S[i1 . (4.2.44)

Here ps denotes the chemical potential of a s-aggregate or s-mer containing s molecules
with chemical potential p;. In the low concentration limit of reversibly assembling molec-
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ular systems we can also write for the chemical potential
fs = fis + kT Inz, . (4.2.45)

Here x5 describes the mole fraction of s-mers and the quantity ji; sums up the remaining
dependencies of the chemical potential. Following [37] we can further specify z as

zs = (r1exp®)’ (4.2.46)

with the mole fraction of free monomers x;. The exponent « is given as

1/
o= (/u _ ?) (4.2.47)
1
= kB_T (ﬂ1 - ﬂbulk) — 58_1/[) (4248)

using the space dimension D = 1 for chainlike aggregates and the surface free enthalpy
T6. Plotting now the aggregate size distribution h(s) fetched from the simulation data in
a logarithmic plot vs. s, as done in figure 4.17, we expect

s~ h(s). (4.2.49)

For small dumbbells, as shown in the bottom of figure 4.17 for d = 0.0001, the simulation
shows a linear behavior over a wide s range in accordance with the above aggregation
model. As we can see in the top panel of figure 4.17 for d = 1, this is not true anymore
for larger CSDs, where the aggregate size distribution does not behave linear anymore.
In summary the above theory, which explains the shift of the critical parameters rather
well for the ST model [5, 33] and another dipolar fluid [32], where reversible aggregation
of long chains occurs, does not come to bear in the present case because n remains rather
small. For the CSD model we observe a broad aggregate size distribution, but the average
size is quite small with n ~ 5 for dumbbells of length d < 0.1. The constant behavior
of the aggregate size for d < 0.1 can be understood by equation (4.2.36), which explains
the chain growth by concentration and the in-chain contact free energy ¢;. For the CSD
model the charges retreat into the center of the soft-repulsive core as d decreases. Thus if
d < 1 there is no obvious reason why ¢; should increase, and therefore the average size, n,
approaches a constant at constant particle density and constant magnitude of the dipole
moment.
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Figure 4.17.: Aggregation size distribution for CSD, frequency h(s) vs s, at p = 0.006 for T’
close to the respective T.. Top: d = 1; bottom d = 0.0001.
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4.2.3. Modified van der Waals mean field theory

Finally we want to take a third attempt to explain the simulation data, by constructing
a mean field theory, which combines the Onsager cavity theory [39] of dipolar fluids
with notions from polymer theory. We consider a modified van der Waals free energy
f=AF/(NT) given by

bp dr e —1 p
_ _ wo 4.2.50
P e e (42:50)

The first term in equation (4.2.50) is the usual van der Waals repulsion. The second term
is the free energy of immersion of a point dipole i in a spherical cavity with volume b
in a medium with dielectric constant € [39]. Using the following equation the dielectric
constant can be written as

1 (e—1)(2e4+1) pp?
4 € T

(4.2.51)

Because we observe the critical point in the simulation at low densities, we can expand € in
terms of p. Keeping only the first-order terms allows us to simplify the critical parameters
as follows

8v/ 21 1?

T, ~ \{7”% (4.2.52)
1
\/§7T ,u2

From the critical parameters we can calculate the critical compressibility factor as
Pe/(pTe) = 3/8 (4.2.55)

which is identical to the ordinary van der Waals criticality.
Now we want to have a closer look at the parameter b. Without consideration of any
aggregation we can estimate the value for b via the second virial coefficient given by

1672 put
27T

Bo(T) = b — (4.2.56)

which ends up for 4 = 0 in By = b. Focusing now on small dumbbells where d < 0.1,
we can compute the second virial coefficient By(T) for the r~'%-repulsive part of the
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dumbbell-dumbbell interaction by solving the well known integral for radial symmetric
pair-potentials

By(T) = —27 /OO r? (e7T —1)dr. (4.2.57)

As each dumbbell has two interaction sites, we get in total a fourfold soft sphere repulsion

and therefore have to use 16
U= — (4.2.58)

12

to calculate (4.2.57). At the critical temperature T, = 0.05, obtained from the simulation
data, we get for the second virial coefficient

By(T = 0.05) ~ 11, (4.2.59)

Using this value for b together with 1 = 1, we can calculate the critical parameters via
the formulas given above as

pe ~ 0.03 (4.2.60)
T.~0.12 (4.2.61)
P,~14-107%, (4.2.62)

which is not in-line with the simulation results. As of now we treated the particles as
monomers and did not take into account the earlier observation of linear aggregates or
s-mers. So by considering the linear aggregates in our expression for b, we can greatly
improve the comparison. In the case of (long) cylinders of diameter D and length L, we
can expect

b=bn? (4.2.63)

because of By o DL?. Again we can set b; = 11 from the monomer calculation above.
We also have to take into account that the density p., which we can calculate from our
theory, is the critical aggregate number density p299 and not the critical monomer density
prer, we can calculate from the simulation results. So using the equations (4.2.53) and
(4.2.63) we need to introduce the conversion

mon __ agg __
pc - npc -

(4.2.64)
to link the two different kinds of densities. The value for n in this equation has to be
obtained from the simulation data. In figure 4.18 we see the average aggregation number
in the case that monomers are included in the calculation of n and in the case that
monomers are excluded. In the following we take n =~ 6 which corresponds to the case
of excluded monomers. This makes equation (4.2.64) only an approximation, as it now
underestimates the critical density. Going ahead with the value of n =~ 6 and b; = 11 we
get for the critical density

pe = 0.005. (4.2.65)

We have to apply the same mapping between the monomer and aggregate values to the
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Figure 4.18.: Average aggregation number, n vs. d for constant p = 0.004 and T' = T,. Circles:
Monomers are included in the calculation of n; squares: monomers are excluded.
The open circles represent the results for constant dipole moment p? = 1 and the
open symbols stand for constant charge ¢ = 1. The straight line corresponds to
n o« d.

critical temperature. Inserting (4.2.63) into (4.2.53) and replacing the monomer dipole
moment p by the dipole moment of the n-mer u,, the aggregate theory based critical
temperature becomes

_ 82 2
< 27 bm2 )

(4.2.66)

To calculate the temperature we need a way to determine the total dipole moment p? of
the n-mer. We can consider the CSD chains as freely-rotating chains of dipole vectors and
adopt the well-known expression for the calculation of the characteristic ratio of polymer
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chains as discussed in [40] and write for the dipole moment

i =3 i) (42.67)

= np’ {(1 +T)(1-T)"' - %T(l —T")[(1 - T)l]Z} (4.2.68)
=ne, . | (4.2.69)

In the freely rotating chain approximation all entries in the matrix T are zero except the
two entries 177 = (cos#) and T 5 = (sin#). To get the value for § we can use the order
parameter

Py(6) = <3cos226’— 1>

= m <Z(3 COS2 02-]- - 1)> (4271>

~ WO _1 N <Z[3(ﬁi $715)%0; — 1}> (4.2.72)

(4.2.70)

which is also known as the nematic order parameter. 0;; describes the angle between
the two particles 7 and j and their orientation 7; and 7;. The order parameter can
take a value between 1.0 and —0.5. A completely ordered system, i.e. all dipoles are
parallel reaches P,(f) = 1.0 and a randomly disordered system has P»(f) = 0. The
negative branch down to —0.5 is also possible, but has not been observed. To get insight
into the orientation of the particle chains in our system, the calculation of (4.2.72) is
slightly adjusted to restrict the calculation to adjacent particles in an aggregate only. To
identify those nearest neigbours we use the distance criteria min, g (riajﬁ) < 2.0. The
normalization factor 1/[(N — 1)N] needs to be adapted accordingly. A plot of the order
parameter with the simulation data for adjacent dumbbells is shown in figure 4.19. Taking
the average of P»(f) =~ 0.3 for small dumbbells, we get an average angle of § = 43 degrees
between adjacent dumbbells. With the value of § we now get ¢, = 3.58 for n = 6 and
with that g2 = 21.5. Together with the earlier calculated critical density these numbers
yield into the following theoretical critical parameters

T ~0.07 (4.2.73)
pihe0 ~ 0.005 (4.2.74)
Pthee ~23.107° . (4.2.75)

Comparing those values with the average simulation results for small dumbbells d < 0.1
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Figure 4.19.: Nearest neighbour dipole orientation coupling measured via P(6) vs d for CSDs
at p = 0.004 and T = T,. The open circles represent the results for constant
dipole moment x? = 1 and the open symbols stand for constant charge ¢ = 1.

which are
T5"™ = 0.0513 (4.2.76)
pEm = 0.004 (4.2.77)
Ps™ = 6.6-107° (4.2.78)

we see the predicted values in reasonable agreement with our simulation results.

Having shown that the above approach works quite well for small dumbbells, we want
to apply it also for large dumbbells, where d > 0.1. As the equations (4.2.52) - (4.2.54)
are still the basis for our further discussion, we only can vary the volume b to get an
adequate description. In figure 4.18 we see a slight growth of the aggregate size starting
at d = 0.1. It turns into a large growth beyond d = 1 with aggregates consisting of more
than 10 to 100 monomers. In the region 0.1 < d < 1.0 we observe a drop of the nearest
neighbour order parameter (see figure 4.19), which remains small for most of the cases for
d > 1.0. This indicates less order for the large aggregates and therefore we can consider
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the aggregates as random coils below the overlap threshold. Then the volume scales as
b ~ d?n*? (note that the random coil radius scales as n'/2) [29]. But it turns out that
this form of b does not produce a n dependence of the critical parameters in agreement
with the simulation data. Thus it is more reasonable to model the aggregates as compact
clusters corresponding to b ~ dn. Analyzing figure 4.18 we can infer d ~ n and hence
write

1
Pt = nplIt ~ — (4.2.79)
n
for the critical density. Here the quantity p2 is the mean square fluctuation of the cluster
dipole moment. This leads to p? ~ n and hence
1
T, ~—. (4.2.80)

n
As the critical pressure scales with p2/b* we have in total P. ~ n~2 which yields

P 1
€= (4.2.81)

et Y
mon
pron. n

Ze

for the critical compressibility factor.

As the three critical quantities T}, p. and Z, all scale with n™!, it is reasonable to compare

this n dependence in a double-logarithmic version of figure 4.5 in figure 4.20. Here we
convert d to n on the basis of figure 4.18. The scaling for the temperature is fairly good
and also for the critical density p. the data, despite extensive scattering, is consistent
with the expected n~! scaling. For the critical compressibility factor the scatter makes a
definite conclusion impossible.
In conclusion we found with the modified van der Waals mean field approach, expressed in
equations (4.2.50) and (4.2.51), a qualitatively valid description for d < 0.1 and d > 1, if b
and u, are interpreted properly. With having now a sound explanation for the simulation
data for small and large d, we lack an authoritative description of the d range of rising
critical density. The peak of the critical density indicates a change in the formation of the
particles, i.e. the increase of the critical density points to a restructuring of the short linear
aggregates into more compact clusters. This is supported by two observations. First the
increase of the number of junctions starting from d > 0.1 as shown in figure 4.16, which
one would suspect for more compact clusters. Secondly an inspection of the simulation
snapshots, showing that the preferred head-to-tail pairing of small dumbbells becomes
disfavored compared to a /2 rotation into a side-by-side pairing, if d is close to or larger
than unity. We can gain further insight into the pair arrangement of dumbbells by a
comparison of the CSD-CSD pair energies for the head-to-tail and side-by-side pairing,
as illustrated in figure 4.6. It shows that the head-to-tail arrangement is energetically
favored for small dumbbells with d < 0.624 and becomes disfavored for d > 0.624. This
also supports the above observation of the more compact aggregates. In the terminology
of the van der Waals theory the compact clusters decrease b and lead to an increase of
the critical density. The further growth of the aggregates eventually leads to a renewed
increase of b and a corresponding decrease of the critical density.
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Figure 4.20.: Critical temperature, T, (top), critical density, p. (middle), and critical compress-
ibility factor, Z. (bottom), for soft sphere systems vs. n (converted from d on the
basis of figure 4.18). The simulation data is represented for CSDs and constant
charge ¢ = 1 via diamonds and fixed dipole moment ;> = 1 using circles. The
horizontal lines represents 7, for DSS (dotted) and ions (dashed) in reduced den-
sities. The continuous line shows the n~! scaling as obtained from the mean field
approach.
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5. Gas-liquid transition of dipolar soft
spheres

We have tracked the critical point for CSDs from an elongated charge-to-charge separation
to very small dumbbells d — 0, in order to approximate the limit of the DSS model. Now
we want to study in the following chapter a real dipolar system. Therefore we use the
DSS system as described in chapter 3. We re-express the pair potential (3.4.2) here once
again

U, Tigy Wiy i) = el — + — . U.
" 32 Fiir g Tij dmeg r T

For the ordinary DSS system the parameter A must be set to 1. We carry out the
simulation in the same way as described in section 4.1.3, i.e. we use the NVT ensemble
and simulate for each temperature two isotherms. For the dipole moment of the system
we use u? = 1. After testing several simulation parameters, it turns out that N = 1600
particles and a cutoff radius r.,; = 10 with a time step of AT = 0.001 produces accurate
simulation results at acceptable simulation costs. In figure 5.1 we can see the comparison of
different cutoff radii and their influence on the van der Waals loop. The isotherms, shown
there, were simulated at temperature 7' = 0.059 with N = 1600 particles. For 7., > 8.0,
no significant difference in the van der Waals loop is apparent. This legitimates the usage
of roy = 10.0 in our further simulations. To take care of the dipole-dipole interactions
beyond the cutoff radius, we again make use of the reaction field method. It contributes
to the potential energy of the particle i as follows [1]

1 2(e—1) 1
RF — —
U = [ - (5.0.2)
! 4 2¢+1 713 ’
meg 26+ 1 7o, Ve
This then finally results in the total energy
1 1 i 3 (R i)\ 2e—1) 1
o — J i iy " Mg - -
U—AE:Tz‘i'_E:W E: 3 5 - 3 E: Hj
L ] 2 4 , Jo\re T 2¢e +1 12, . .
i<j U i=1 JGV.S;(”) ] i JEVsp(Ts)
VED

(5.0.3)
of the system. Here we have set 4meg = 1 and also ¢ = 0 = 1.
Having tracked the critical point for the CSD system earlier to d — 0, we got the starting
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Figure 5.1.: Influence of 7., on isotherms for the DSS system with N = 1600 particles and
temperature T' = 0.059. The plot shows cutoffs from 7., = 5.0 to rey = 15.0,
where the colors and symbols are as follows, re = 5.0 (brown triangle down),
Tewt = 6.0 (blue triangle up), reyy = 8.0 (magenta diamonds), re = 10.0 (red

squares), rey = 12.5 (cyan triangle left), and 7, = 15.0 (violet circles). The lines
are drawn with the fit function in equation (4.1.10).

region of temperature and density, which we have to analyze for the g-1 phase transition
of the DSS system. This is an enormous advantage, because based on earlier simulations
done on DSS or comparable hard sphere systems [2-4], we would look at higher temper-
atures and densities. Definitely that would make the detection of the phase coexistence
area more difficult. Figure 5.2 exemplifies the van der Waals loops in the DSS system
for two different isotherms. Beside the clear evidence of the loop itself, we can also see
that the isotherm at 7" = 0.063 seems to be very close to the critical point. Therefore
the plotted line, which was constructed for all isotherms using the earlier defined fit func-
tion (4.1.10), shows almost an inflection point instead of a loop. The complete g-1 phase
coexistence area is shown in figure 5.3 including the critical point, which we found at
temperature 7. = 0.0632 and critical density p. = 0.0033. These values are in accordance
with another study of the DSS system, done within our group by Jia [5]. He followed a
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different approach similar to Steven and Grest [6] and tracked the critical point of the
DSS in an external field to the limit of zero field, which is identical to our study.
Finally we can calculate with the critical pressure P, = 9.9 - 107%, the critical com-
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Figure 5.2.: Two exemplary van der Waals loops for DSS system with N = 1600 particles at
temperature 7' = 0.058 (red squares) and 7' = 0.063 (black circles). The lines are
drawn with the fit function in equation (4.1.10).

pressibility factor, which results in Z. = 0.047 and is much lower than the one we have
calculated earlier for the CSD system. To understand this difference, we have to recap
the geometry of the CSD particle. It consists of two soft sphere sites, which end up in
four particle-particle soft sphere interactions, whereas we have only one interaction for
ordinary DSS particles. Therefore we do another study of the DSS system with A = 4 and
call this the 4-DSS system. In figure 5.4 we can see the impact of the fourfold repulsion on
the structure of the system, by comparing two simulation snapshots, created at the same
conditions with 7" = 0.05, p = 0.003. The ordinary DSS system forms long reversible
chains including rings, whereas the additional repulsion of the 4-DSS system suppresses
aggregation. Thus only small chains are formed. Taking a look at the pair correlation
function in figure 5.5, shows that with the introduction of the fourfold repulsion, the
structure of the 4-DSS becomes almost identical to the one of the CSD model for small
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Figure 5.3.: Phase coexistence regime of the DSS system simulated for N = 1600 particles.

dumbbells.

Besides the fact that the fourfold repulsion allows a direct comparison to the CSD model,
it also opens a new aspect in the effort to analyze purely dipolar systems. Due to the
increased repulsion the 4-DSS system is much easier to equilibrate. Following the idea to
avoid excessive chain formation, numerous functional forms for the interaction potential
(e.g. [4, 7, 8]) have been proposed to study the g-1 criticality. They are characterized by a
control parameter, allowing to approach the ordinary DSS (or DHS) interaction. Tuning
the potential towards the DSS (or DHS potential), one hopes to collect sufficient data,
permitting extrapolation to the critical parameters of the limiting systems, before exces-
sive aggregation renders equilibration prohibitively time consuming. However, to the best
of our knowledge, no such study has controlled aggregation via scaled repulsion. Increased
repulsion, however, appears to be the easiest approach to a model potential with purely
dipolar attraction and easy access to its g-1 critical point [9)].

The critical parameters for the 4-DSS, which we have determined via NVT MD simu-
lations in the same way as for the ordinary DSS system are p. = 0.0037, T, = 0.0501
and P, = 4.9-107°. The critical compressibility factor is Z, = 0.262, which is slightly
lower than the value Z, = 3/8 obtained from simple liquid mean field theories like van
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Figure 5.4.: Top: Ordinary DSS at T' = 0.05, p = 0.003; bottom: 4-DSS with fourfold repulsive
interaction at the same conditions. Lines connecting particles indicate reversible
bonds based on a distance criteria.
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der Waals. All critical parameters can be found in table 5.1. Thus both DSS systems can
be compared with the average values for the CSD system for d < 0.1, where the influence
of d is very limited. The 4-DSS system is in very good agreement with the average values
for CSD below d < 0.1 and shows that the limit of d — 0 of the dumbbell system indeed
can be considered for the g-1 phase transition of the dipolar system.

Table 5.1.: Critical parameters for the DSS systems and the average CSD values for d <
0.1 noted as (CSD)

’ System ‘ 1. ‘ Pe ‘ P. ‘ Z, ‘

DSS | 0.0632 | 0.0033 | 9.88-107% | 0.047
4-DSS | 0.0501 | 0.0037 | 4.85-107° | 0.262
(CSD) | 0.0513 | 0.0040 | 6.74-107° | 0.330
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Figure 5.5.: Pair correlation functions for the CSD, DSS and 4-DSS model at T' = 0.05, p =

0.003 and dumbbell length d = 0.0001. The black continuous line shows the pair
correlation function go(r) for the dumbbells. The red line presents the same for the
4-DSS model and the blue line for the ordinary DSS model. It is obvious that the
structure of the CSD and 4-DSS model are almost identical.
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6. Simulation results for the ionic
system

In the previous chapters we studied the phase behavior of CSDs and their limit for d — 0
to DSS [1, 2] using MD simulations. With extending the analysis of the CSD model to
d > 1up tod =T, we crossed the line, where one would expect that the CSD model
behaves similar to an ionic fluid. So with eliminating the rigid dumbbell bond of the CSD,
we get an ionic fluid. This soft sphere ionic fluid is similar to the commonly used RPM,
which has a hard core repulsion instead of a soft sphere repulsion. In the following chapter
we want to analyze the phase coexistence of the soft sphere ionic system and compare
it with the literature results of the RPM, as well as the theoretical predictions of the
Debye Hiickel theory. In addition we want to compare the results with the CSD model,
because a detailed theoretical study of the g-1 phase separation in the RPM [3, 4] shows
that its critical parameters are governed by the formation of (primarily) dimers. Our
dumbbells are akin to these dimers, at least for certain values of d. To substantiate our
results and investigate the impact of the long-range correction, we compare our simulation
with the results of the LAMMPS MD simulator [5], which makes use of the Ewald [6]
correction instead of the reaction-field method applied in our own MD simulation package.
In addition we also analyzed the structural information of the systems in the regime of
the critical point and for a broad range of densities from 107° to 107!, A similar work
was done recently by Valeriani et al. [7] for the RPM. We also compare our results with
the theoretical approach for ion-pairing.

6.1. Gas-liquid transition of ionic soft spheres

In the following we want to analyze the g-1 transition of an ionic system. This corresponds
to the earlier studied dumbbells in case the charge is not rigidly bound. We therefore
consider a fluid of charged soft spheres, i.e. a r~!? repulsion. Half of them carry charge
—q and the other half charge +q. We already defined the potential energy between two
particles in (3.6.1) by

R /]

(1) T}JZ dmey T

(6.1.1)
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As we usually set the LJ parameters ¢ and o to one, we omitted them in the equation
above. Whereas we keep 4mey, which also equals one in our units, for easier comparison
with the formulas below. The interaction potential is applied to a system of N particles in
NVT MD simulation. As we use a cutoff radius r.,; for the interaction potential, we apply
a long-range correction method for the Coulomb interaction. As for the other models we
rely on the reaction field method as introduced in section (2.5.3) and derived from Tironi
et al. [8]. In contrast to the dumbbells, for which the cutoff sphere is charge neutral,
we get for the ionic system the following contribution from the reaction field to the total
Coulomb energy

RF _ €r — €
ul Z 6.1.2
! 47T€0€ I €Teut Z s - ( )

JEVsp(Ts)

This results in a total Coulomb energy of the system given by

N
1 4qi
UC _ i 6.1.3
9 ; Areoes ¢r(ri) ( )
. 1 4qiq;
dmeger | ;d Tij
IEVsp(F) (6.1.4)

1 € —c¢
+ qiq; -
dmeger 2€ T oyt ;]E\;T) j

Here Vs, (7;) describes the cutoff sphere of the particle at position r; with radius r.,; and
e corresponds to the dielectric constant of the fluid. The dielectric constant of the inner
part of the cutoff sphere can be set to e; = 1.

The total Coulomb force on charge ¢; caused by another particle j including the reaction
field can be expressed via

aq; (1 2(e —1) 1Y,
FO(7, R - 6.1.5
(7ij) = 4meq (rfj 2¢ + 1 rg’ut i ( )

The last term in equation (6.1.5) is the force FRF(F;) based on the reaction field. It
contributes also to the pressure as follows

N N
, 1 20e—1) 1
<ZmF (Tij)> T 2715 <Zrijqiqj> . (6.1.6)

i=1 cut \ j<j

The unknown dielectric constant € can be obtained via

(e—1)(2c+1) <MSP ' MB>
3e o Trcut

(6.1.7)
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with the dipole moment M sp of a cutoff sphere and the total dipole moment of the
simulation box Mp. Equation (6.1.7) is evaluated in each simulation step. To calculate
the reaction field contribution to the force and torque the cumulative average of € is used.
With our own software package we carry out MD simulations in the NVT ensemble. The
temperature is controlled via the weak coupling method of Berendsen et al. [9]. One
isotherm consists of 30-45 state points. The initial configuration for the first state point is
based on particles arranged on a fcc lattice with random velocities. Along a single isotherm
the final configuration of the preceding density is used for the new density. For each state
point we equilibrated the system for 1000 time units before collecting the results over 800
time units using a time step of 0.003. Depending on density these times are extended up
to 100-fold if necessary. The simulations to obtain the critical parameters were performed
for a system containing N = 1000 particles with a cutoff r.,, = 10.0. Variation of the
cutoff up to 7. = 20.0 and the number of particles up to N = 3000 showed that the
chosen values are sufficient to calculate reliable results.

For comparison we used the LAMMPS package, which delivers several pair styles out
of the box. For our purpose we chose one standard pair style, which is based on a
LJ potential in combination with Coulomb interaction and the PPPM [10, 11] long range
correction. To be in accordance with the potential given by (6.1.1) the attractive ¢ term
in the LJ force was removed from the standard pair style. To reduce the computation
time, we used the final configuration of an individual state point of our own package as
initial configuration for the LAMMPS run to construct the corresponding state point. We
further equilibrated the start configuration for LAMMPS for 750 time units before we
took the results over further 800 time units. Similar to our own package those times were
extended if necessary. In our LAMMPS simulation the temperature is controlled using a
Nosé-Hoover thermostat [12]. To determine the critical parameter, we again make use of
the Maxwell construction (see 4.1.1) and the scaling laws introduced in section 4.1.2.
The critical parameters calculated with the isotherms of our own software package were
Te = 0.0163 and p. = 0.006, this is in good agreement with the results produced via
LAMMPS, which are T = 0.0152 and p. = 0.007. All critical parameters can be found
in table 6.1. The phase coexistence area produced from both packages is shown in figure
6.1 in critical units. As expected there is a good agreement between the two results. This
accordance of the two software packages also shows that the different methods used for the
long-range correction of the Coulomb interaction produce similar results in the g-1 phase
of the ionic system. This is also in concordance with [13-16], who studied dipolar systems
(ST fluid or water) to compare the two long-range correction methods. Even though the
closeness of the above results does already indicate that our reaction field method and the
Ewald summation do yield the same results, we do a further simple test of both methods
in section 6.3 below.

As our model is quite similar to the restrictive primitive model, we want to compare
simulation results from literature with ours. But before we can do this, we have to cover
the influence of the different repulsions on the critical parameters. We follow the same
approximation as done previously (see section 3.5.1) to convert the results between the
soft ions (si) and the hard sphere (hs) ions of the RPM. For the temperature conversion
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we use .
s Tsi
ST _ . (6.1.8)
qQ/O-hs q2/o-sz
where Tg;ff is the temperature in the soft sphere ionic system converted to a hard sphere
system. Analogous we proceed for the density, i.e.,

(O'hs)gp];;f _ <O.Si)3p8i ) (619)

Here o* follows via B3(T%;0%) = Bh$(oh* = 1), where B, refers to the second virial
coefficient of the respective model. With that we get

o*{(T) =T (3/4)"/3(4/T)"/*? (6.1.10)

where T'(3/4)/3 ~ 1.07011. With the critical temperature 7, = 0.0163, calculated by
our own package, and the above introduced conversion we arrive at 7** = 0.028 and
phs = 0.029. Historically the studies of the RPM system used mostly MC methods to
determine the critical parameters arriving at a wide range of results. Valleau calculated
T. = 0.070 and p, = 0.07 in 1991 [17] and an early work by Panagiotopoulos in 1992 [18§]
found the critical point at 7. = 0.057 and p. = 0.030. But latest simulations for the RPM
done by Panagiotopoulos [19] reveal T, = 0.0489 and p. = 0.076 for the critical parame-
ters, which is almost identical to the results of Caillol et al. [20], which are T, = 0.049 and
pe = 0.080. Those values differ approximately a factor of two from our converted results.
But without the conversion the critical temperature of the soft ions differs from the same
quantity in the RPM by a factor of about three. In the case of the critical density the
respective factor is about 12.

Table 6.1.: Critical parameters for the ionic system produced with our own software pack-
age and LAMMPS.

’ Package \ T. \ Pe \ P. \ Z. \ Tchs \ pf}s ‘
Own 0.0163 | 0.006 | 2.8-107° | 0.286 | 0.028 | 0.029
LAMMPS | 0.0152 | 0.007 | 3.1-107% | 0.291 | 0.026 | 0.035

In addition to the comparison with simulation data, we can use the estimations for the
RPM system based on the Debye-Hiickel theory published nearly 90 years ago [21]. The
Debye-Hiickel theory predicts the critical parameters of the RPM at T, = 1/16 and
pe = 1/64mw. A further improvement of the Debye-Hiickel theory was done by Levin and
Fisher [3, 4], who encouraged the idea that the basic unit is not the ion but the neutral
ion pair. This leads to the Debye-Hiickel Bjerrum plus Dipole Ionic coupling theory.
Therefore we get T, = 0.0574 and p. = 0.0277 for the critical parameters of the RPM,
which is again a factor of two away from our result for the critical temperature but does
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very good correspond to our critical density.

As our earlier studied CSD model can be considered as neutral ion pairs with infinite
coupling, we want to see how good the results of the ionic system fit into this. The figure
6.2 presents the recent results for the ionic system along with those obtained earlier for
CSDs and DSS. For T, and p,. the results are in accord with the above idea; i.e., for T, the
results intersect at d & 1 and for p. at d = 2. Only in case of the critical compressibility
factor the intercept appears at a too small d. We note that Daub et al. [22] have studied
the critical behavior of the hard core variant of the dumbbell model and find rather good
agreement between their system, in which the dumbbell length is equal to the diameter of
the repulsive cores, and the RPM critical parameters. On the other hand a recent study
by Nikoubashman et al. [23] shows that the details of the ion-ion interaction have a strong
influence on the values of the critical parameters. In this analysis the point charges were
replaced by extended charge distributions. Additional information can be gained from
the pair correlation functions shown in figure 6.3. The first peak is very sharp for g5 ~and
totally missing for g5 7~ . Indeed this is a very good indicator of having cation-anion
pairs in the system and therefore a valid explanation of the closeness of the ion critical
parameters to the dumbbells with length d ~ 1 — 2 as they are similar to ion pairs. In
the following we want to do some further analysis of the pairing in ionic systems.

6.2. lon pairing in the soft sphere ionic system

We want to continue our study with an analysis of the cation-anion pairing of ions in terms
of Bjerrum association in our system. A similar work was done recently by Valeriani et
al. [7] for the RPM at low concentrations and low temperatures, where a substantial ion
pairing is expected [24]. They did a detailed comparison between theory, simulations and
experimental data. We want to shortly recap the theoretical approach based on the ideal
Bjerrum dipoles [25], to derive an approximation for the ion degree of association . More
details also can be found in Ref. [4, 26]. We start with the quasi-chemical equilibrium

cation — anion  pair = cation + anion (6.2.1)

and go ahead with the number density for (reversible) cation-anion pairs, defined as
p+ = ap/2 and the density of cations and anions p, = p_ = (1 — «)p/2. The association
a can be derived by considering chemical equilibrium py = py + p— of the three types of
components, cations, anions and neutral pairs. For an ideal gas of free charged particles
and neutral ion pairs the chemical potentials are

11—«
py = kgTln {%Ai} = kgT In(p;A%) (6.2.2)

p— = kgTIn {@A‘% } = kpT In(p;AY) (6.2.3)
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Figure 6.1.: Phase coexistence area of the ionic fluid based on the results produced with our
own software package (red) and LAMMPS (black) in critical units.

pe = kpTIn(apA3A® )2K) = kgT In(pe A3 A® /K). (6.2.4)

Here we use the de Broglie thermal wavelengths A, and A_ of the corresponding particles.
With that we get
a ap

o= 2 (6.2.5)

This we can solve for «, which is between 0 and 1, to arrive at

a:1—KLp<\/mq) . (6.2.6)

The quantity K is an “equilibrium constant” and named association constant. It is de-
scribed via the pair configuration integral

R>

drr? exp [_—ui} dr (6.2.7)

K(T) = 4n / .

R<
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Figure 6.2.:

O ]
o 001 -
- °.

(

0.001 HH
0.01 —
) 1
(&) e e e eiennns ]
Q - i
i ce

(
0.001 |- =
e R A O S O 3

NE
© 0.1 —
N T F .
i o
N (|

1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 11 IIIIII| 1 L1 11l

0.0001 0.001 0.01 0.1 1

d

Critical temperature, T, (top), critical density, p. (middle), and critical compress-
ibility factor, Z. (bottom), for soft sphere systems vs. d. The simulation data is
represented for CSDs and constant charge ¢ = 1 via diamonds and fixed dipole
moment p2 = 1 using circles. The horizontal lines represent 7, for DSS (dotted)
and ions (dashed) in reduced densities.

where uy is the intrapair potential. As described in [4] there are also other expressions
available to calculate the association constant. But for very low temperatures the devia-
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Figure 6.3.: Pair correlation functions for the ionic systems. The black continuous line shows
the pair correlation function go(r) ignoring the charge of the particles. The red
dashed line presents g, +’__(7"), the result for identical charged particles, and the
green doted g; ~(r) is the result for oppositely charged particles. The results are
taken from simulations close to the critical point at T' = 0.0163 and p = 0.006.

tions are only minor. In the case of the RPM uy is a —r~!-Coulomb potential and R is
given by the hard core repulsion. For the soft ions uy = 4r=!2 —r=! and R. = 0. As the
integral in eqn 6.2.7 does not converge for R~ — oo a suitable upper limit for the integral
needs to be identified. For the RPM we could approximate it as

K ~4no’exp (1/T) [T +2(T)* + 2(T)*] . (6.2.8)

Here we use the fact that the particle distance for cation-anion pairs at low temperatures
will be only slightly more than . We can use a similar approach for our soft sphere
ions. We set the upper limit of the integral with the same criteria, we used to define two
particles as paired. We can take a value close to the first minimum of the pair correlation
function in figure 6.3. In our case we consider two ions as paired, if their separation is less
than R. = 3.2 and use the same value as upper limit for the calculation of K in (6.2.7).
In general it turns out that there are multiple options for the upper limit of the integrand.
Using for instance the minimum of the integrand, i.e. R. ~ (27)~! as originally proposed
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by Bjerrum, yields almost identical results. A discussion of the cutoff ambiguity can be
found in Ref. [26].

To compare the theoretical results with our simulation for the soft sphere ions, we created
several independent simulation runs for different temperatures and varied the density from
p =107 —1071. All simulations were performed for N = 800 particles and t* = 5.25-10%
LJ-time units for the high densities and up to t* = 5.25 - 107 for the very low densities.
We also used different cutoffs from r.,; = 10.0 for high densities up to r.,; = 200.0 for
the lowest ones. With the above mentioned distance criteria we considered two ions as
paired if their separation is less than » < 3.2. The herewith calculated association «
is plotted in figure 6.4 versus ion number density p for temperatures between 0.04 to
0.08. We also included the theoretical results. We use equations 6.2.6 and (6.2.7) for the
numerical computation of K (7). Notice that «, following an S-shaped curve, increases
for increasing density. The threshold density, at which the steepest rise occurs, becomes
lower with decreasing temperature, as expected. The comparison is not as good as for
instance found in Ref. [7] for the RPM, following up on an earlier simulation study by
Shelley and Patey [27]. But overall it supports the basic idea of ion pairing as a central
ingredient for the understanding of this type of system.

6.3. Comparison between Ewald summation and the
reaction-field method

Even though our comparison between the Lammps package and our own simulations does
already indicate that the reaction field method and Ewald summation do yield the same
results, we briefly want to double check the equivalence of the two methods in our system.
The most common Coulomb long range methods used in computer simulations fall into
two principal categories, the direct particle-particle calculation based on the Ewald sum-
mation technique [6, 28] and the continuum description established via the reaction-field
method [8, 29-31]. The Ewald summation approach makes use of the periodicity of the
system, which is established via the periodic boundary conditions and works perfectly
on periodic systems. The reaction field method calculates the long-range interactions
by embedding the particles into a structureless dielectric continuum. This requires the
knowledge of the dielectric constant e of the surrounding. The dielectric constant is a
priori unknown, but luckily it can be calculated directly from the system [32].

As noted above, the two different ways to treat the long-range character of the Coulomb
force had no big impact on the critical parameters of the ionic system. But for a detailed
investigation of those two methods, we lower the temperature of our ionic model to the
solid phase. Here the Ewald summation can be taken as reference, as this is the area for
which it was developed. We calculate the Coulomb energy including the long-range correc-
tion for a system of particles with unit charge +1 placed on a perfect NaCl lattice with the
nearest neighbour spacing between ions equal to one. After a small random displacement,
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Figure 6.4.: Degree of association for the ionic fluid. The symbols show the simulation results
taken for different temperatures along with the continuous lines in the same color
calculated by the theoretical approach for K given by 6.2.8. The temperatures
correspond to T' = 0.04 (circles), T' = 0.05 (triangles), 7" = 0.06 (squares), T = 0.07
(crosses), T'= 0.08 (diamonds).

r, of the individual particles we calculate the Coulomb energy per ion, u., of the system
using both methods, i.e., reaction field and Ewald summation. In figure 6.5 the results of
the two methods are shown as function of r. As expected the two methods do not corre-
spond for small » when the system is close to a perfect grid, whereas agreement improves
for larger displacements, when the original lattice is completely randomized. Additionally
we get similar results, if we apply the different methods on arbitrary simulation snapshots
produced by our earlier simulation runs, which are not related to any lattice structure at
all. This shows that for our computer simulations both techniques can be used to treat
the long range contribution of the Coulomb force. This is also in compliance with other
comparisons found in literature. Especially Neumann et al. did several studies of the
reaction field method for dipolar systems using a lattice approach [31, 33] and also the
Ewald summation method [34]. He showed that both methods produce similar results.
The results of Benavides et al. [35], who extended the comparison of dipolar fluids to
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Figure 6.5.: Total Coulomb energy for a FCC lattice over the displacement of the particles r to
the lattice for the Ewald summation technique (circles) and reaction field method
(squares)

consider also the quadrupole interactions, and Nymand et al. [15], who used also charged
particles, strengthen the view, that both methods produce consistent results.






Bibliography

1]

[10]

[11]

H. Braun and R. Hentschke. Tracking gas-liquid coexistence in fluids of charged soft
dumbbells. Physical Review E, 80(4):041501, 2009.

R. Jia, H. Braun, and R. Hentschke. Gas-liquid coexistence in a system of dipolar
soft spheres. Physical Review F, 82(6):062501, 2010.

M. E. Fisher and Y. Levin. Criticality in ionic fluids: Debye-Hiickel theory, Bjerrum,
and beyond. Physical Review Letters, 71(23):3826, 1993.

Y. Levin and M. E. Fisher. Criticality in the hard-sphere ionic fluid. Physica A:
Statistical Mechanics and its Applications, 225(2):164, 1996.

S. Plimpton. Fast parallel algorithms for short-range molecular dynamics. Journal
of Computational Physics, 117(1):1, 1995.

P. P. Ewald. Die Berechnung optischer und elektrostatischer Gitterpotentiale. An-
nalen der Physik, 369(3):253, 1921.

C. Valeriani, P. J. Camp, J. W. Zwanikken, R. van Roij, and M. Dijkstra. Ion
association in low-polarity solvents: Comparisons between theory, simulation, and
experiment. Soft Matter, 6(12):2793, 2010.

I. G. Tironi, R. Sperb, P. E. Smith, and W. F. van Gunsteren. A generalized reac-
tion field method for molecular dynamics simulations. Journal of Chemical Physics,
102(13):5451, 1994.

H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and J. R.
Haak. Molecular dynamics with coupling to an external bath. Journal of Chemical

Physics, 81(8):3684, 1984.

R. W. Hockney and J. W. Eastwood. Computer simulation using particles. CRC
Press, 1988.

S. Plimpton, R. Pollock, and M. Stevens. Particle-mesh Ewald and rRESPA for

141



142

Bibliography

[12]

[13]

18]

[19]

[20]

parallel molecular dynamics simulations. In PPSC. Citeseer, 1997.

W. G. Hoover. Canonical dynamics: Equilibrium phase-space distributions. Physical
Review A, 31(3):1695, 1985.

C. G. Gray, Y. S. Sainger, C. G. Joslin, P. T. Cummings, and S. Goldman. Computer
simulation of dipolar fluids. Dependence of the dielectric constant on system size: A
comparative study of Ewald sum and reaction field approaches. Journal of Chemical
Physics, 85(3):1502, 1986.

C. Millot, J. Soetens, and M. T. C. Martins Costa. Static dielectric constant of the
polarizable Stockmayer fluid. Comparison of the lattice summation and reaction field
methods. Molecular Simulation, 18:367, 1997.

T. M. Nymand and P. Linse. Ewald summation and reaction field methods for
potentials with atomic charges, dipoles, and polarizabilities. The Journal of Chemical
Physics, 112(14):6152, 2000.

T. M. Nymand and P. Linse. Molecular dynamics simulations of polarizable water at
different boundary conditions. The Journal of Chemical Physics, 112(14):6386, 2000.

J. P. Valleau. The coulombic phase transition: Density-scaling Monte Carlo. The
Journal of Chemical Physics, 95:584, 1991.

A. Z. Panagiotopoulos. Molecular simulation of phase equilibria: Simple, ionic and
polymeric fluids. Fluid Phase Equilibria, 76:97, 1992.

A. 7. Panagiotopoulos. Critical parameters of the restricted primitive model. The
Journal of Chemical Physics, 116(7):3007, 2002.

J. M. Caillol, D. Levesque, and J. J. Weis. Critical behavior of the restricted primitive
model revisited. Journal of Chemical Physics, 116(24):10794, 2002.

P. Debye and E. Hiickel. De la théorie des électrolytes. i. abaissement du point de
congélation et phénomenes associés. Physikalische Zeitschrift, 24(9):185, 1923.

C. D. Daub, G. N. Patey, and P. J. Camp. Liquid—vapor criticality in a fluid of
charged hard dumbbells. The Journal of Chemical Physics, 119(15):7952, 2003.

A. Nikoubashman, J. Hansen, and G. Kahl. Mean-field theory of the phase diagram of
ultrasoft, oppositely charged polyions in solution. The Journal of Chemical Physics,
137(9):094905, 2012.



Bibliography 143

[24]

[25]

[30]

[31]

[32]

[33]

[34]

[35]

C. Valeriani, P. J. Camp, J. W. Zwanikken, R. Van Roij, and M. Dijkstra. Computer
simulations of the restricted primitive model at very low temperature and density.
Journal of Physics: Condensed Matter, 22(10):104122, 2010.

N. Bjerrum. Analysis of ionic association. Kongelige Danske Videnskabernes Selskab
Mathematisk-Fysiske Meddelelser, 7:1, 1926.

M. E. Fisher. The story of coulombic critiality. Journal of Statistical Physics, 75(1-
2):1, 1994.

J. C. Shelley and G. N. Patey. A comparison of liquid—vapor coexistence in charged
hard sphere and charged hard dumbbell fluids. The Journal of Chemical Physics,
103(18):8299, 1995.

M. P. Allen and D. J. Tildesley. Computer Simulation of Liquids. Oxford University
Press, 1989.

J. G. Kirkwood. Theory of solutions of molecules containing widely separated charges
with special application to zwitterions. The Journal of Chemical Physics, 2:351, 1934.

L. Onsager. Electric moments of molecules in liquids. Journal of the American
Chemical Society, 58:1486, 1936.

M. Neumann. Dipole moment fluctuation formulas in computer simulations of polar
systems. Molecular Physics, 50(4):841, 1983.

P. E. Smith and W. F. van Gunsteren. Consistent dielectric properties of the simple
point charge and extended simple point charge water models at 277 and 300 K. The
Journal of Chemical Physics, 100:3169, 1994.

M. Neumann, O. Steinhauser, and G. S. Pawley. Consistent calculation of the static
and frequency-dependent dielectric constant in computer simulations. Molecular
Physics, 52(1):97, 1984.

M. Neumann. Dielectric properties and the convergence of multipolar lattice sums.
Molecular Physics, 60:225, 1987.

A. L. Benavides, Y. Guevara, and F. Del Rio. Vapor-liquid equilibrium of a multipolar
square-well fluid: I. Effect of multipolar strengths. Physica A: Statistical Mechanics
and its Applications, 202(3):420, 1994.






7. Osmotic pressure of charged systems

In the first section of this chapter we explain osmosis and the osmotic pressure including a
derivation of the van’t Hoff equation following Ref. [1]. In the second section we document
the results of our simulations and compare them to the van’t Hoff equation as well as
experimental results.

7.1. Osmosis and osmotic pressure

We consider a system which consists of two subsystems containing two types of particles.
The first subsystem contains the solvent particles and the second one a mixture of the
solvent and solute. The two subsystems can exchange particles through a semi-permeable
membrane which confines the solute particles in the second subsystem but allows the
solvent to pass the membrane in both directions. If we now start to monitor this kind of
system as it is illustrated in figure 7.1, we observe that the solvent particles are exchanged
between the two subsystems until chemical equilibrium of the solvent between the two
subsystems is reached. Thus

1151 (T,p) = o (T, p+ 7, 212) (7.1.1)

where the left side is the chemical potential of the pure solvent in the beaker and the right
side is the chemical potential of the solvent in the mixture inside the tube. Here we use
the nominations that the index [ denominates the solvent and s the solute. The beaker
containing the pure solvent represents the first subsystem using index 1 and the tube the
second one using index 2. In addition the asterisk % indicates a pure substance. The
temperature 7" in both subsystems is identical, and ;5 is the solvent mole fraction inside
the tube. The difference between the pressure p+ 7 in the tube and the external pressure
p is called osmotic pressure 7. It is caused by the semi-permeable membrane which only
allows the chemical equilibration of the solvent and not the solute. Comparing the setup
shown in figure 7.1 together with the initial setup when the two surfaces are on the same
level, and the tube only contains solute particles, the osmotic pressure 7 can be calculated
from the height of the liquid column inside the tube A at equilibrium. With that it seems
to be easy to measure the osmotic pressure. But as the effect is large, e.g. a one molar
solution of sucrose has an osmotic pressure of about 27 atm. at 25°C [2], it is not as easy
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Figure 7.1.: A simple osmosis experiment is illustrated where a semi-permeable membrane sep-
arates the solution inside the tube from the solvent in the beaker. The solvent
flows through the membrane increasing the amount of liquid and thus the height of
the meniscus in the tube. This continues until the pressure generated by the liquid
column is equal to the osmotic pressure of the solute.

as it seems. A special difficulty is the manufacturing of appropriate membranes which are
truly semi-permeable.

In the following we want to derive the van’t Hoff equation which is an expression for the
osmotic pressure in an ideal solution. We start from the Gibbs-Duhem equation given by

K
—8dT + Vdp+ ... = > mydp; =0 (7.1.2)
=1

where K gives the number of components in the mixture and ... stands for other intensive
variables in addition to 7" and p. As in our case only the pressure p and the chemical
potential u; vary we can simplify it to

V*(p)dp —nydu; = 0. (7.1.3)

Assuming incompressibility of the liquid, i.e. V*(p) = const., the integration of equation
(7.1.3) yields
VAp)(p+m—p)=n [ (T, p+ ) — 1" (T, p)] - (7.1.4)
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Replacing 1 (T, p) via equation (7.1.1) in (7.1.4) yields

1
i (Top+m) = —V*(p)m ~ (T, p + 7, 21) (7.1.5)
l

with the chemical potential of the solvent in the mixture with the solute on the right side.
With z; > z, - the effect of the solute on the chemical potential is given in the following
equation [1, 3]

w(T,p+mx) =w(T,p+m)+ RT Inx (7.1.6)

and we can write

1
i (T,p+m) — FV*(p)ﬂ ~w(T,p+m)+ Rl Inaz;. (7.1.7)
I

With this we can finally write down the expression for the osmotic pressure

RT

TR ————Inxy (7.1.8)
V*(p)/n;
RT
~ . 7.1.9
8 Vz,molx 2 ( )
where we have used the molar volume Vo = V*(p)/n; of the solute at pressure p

and temperature 7' and the approximation Inz; = In(1 — z52) & —x45. This equation
is obviously proportional to 9. Here we already see some resemblance of the osmotic
pressure in equation (7.1.9) to the pressure of the ideal gas. It becomes even more apparent
with introducing another transformation

Ns 2 Ns 2
Tgo = ’ N — 7.1.10
2 Ngo+Nia N ( )
which yields together with Vo &~ V) om0 the final van’t Hoff equation
Ny okgT
ey (7.1.11)
Vo

This is no longer proportional to o as it depends on the molar concentration Nyo/V, =
Ts 2 P2, Where po, the density of the mixture, will change with increasing osmotic pressure.
The equation is named after Jacobus van’t Hoff, who in 1901 received the first Nobel prize
in chemistry for his work on chemical dynamics and osmotic pressure in solutions. This
result shows also that the osmotic pressure is a colligative quantity under the approxi-
mations we have made in the derivation as it only depends on the molar concentration
N, 2/V5 of the solute and the temperature 7.
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7.2. Simulation results for osmotic pressure

In the following sections we first explain the details of the systems which we have studied.
Then we present the results of a LLJ model which we used to confirm the correctness of our
simulation routines. Finally we discuss our results for the osmotic pressure in solutions of
ions in a dipolar solvent.

7.2.1. The modified simulation models

We analyze the osmotic pressure for a mixture between dipolar particles as solvent and
simple ions as solute. In addition we test our program routines using the LJ model. All
three models have been already introduced in chapter 3. However in the following we use
a slightly modified LJ pair potential given as

_— 5\
ugy (ri7) = 4 [( - ) ~ Eab (ra ) ] (7.2.1)
ij ij

which allows us to introduce different attractive interactions between the particles using
the parameter e, to model the solute and solvent particles for the LJ system. The
adjustments to the long range corrections of the potential energy and pressure are defined
in (2.5.34) and (2.5.35). Due to the importance of the potential energy for our MC
simulation we express the energy correction again

[7LIan :_8 3[ 1 < o )9E+( a >3€AAN,%+5BBN123+2€ABNAN3,2]
corr 3 V V .

Teut

(7.2.2)

Obviously we do not only have to deal with the parameter €, in the correction but also
need to consider the mixture of solute and solvent particles.

For the pure systems of ST particles and ions we already have noted down in chapter 3
the interactions between the same kind of particles. But for the mixture we still have
to treat the cross interactions between different kind of particles. For the non coulombic
part of the interaction we use the modified LJ pair potential defined in equation (7.2.1)
with the parameter

es1 =0 (7.2.3)

for the cross interaction between the Stockmayer(S) particles and the ions (I). For the
interaction between the same particles we have

£ss — 1 (724)
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for the ST particles and
err =20 (725)

for the ions. The charge-dipole pair potential, which is a monopole-dipole potential,
between the particles ¢ and j can be defined as [4]

uGP (7 ) = 5 (7 - 7) (7.2.6)

ij

where ¢; is the charge on the ion and /i; is the dipole moment vector of the ST particle.
For the simulation we need to apply a cutoff distance r.,; and therefore we have to take
care of the contribution to the potential energy caused by the particles outside the cutoff
sphere. As done previously, for the case of pure fluids, we make use of the reaction field
method to describe the long range interaction of ions and dipolar ST particles beyond
the cutoff radius. In equation (5.0.2) and (6.1.2) we have already taken care of the long
range interaction for the dipole-dipole and the charge-charge interaction. Now we want to
note down the terms for the charge-dipole interaction, which have to be considered in the
calculation of the potential energy [5] for an ionic particle i and the surrounding dipolar
particles j

1 2(e—1) 1
CRF — —
( _ 4 i i T 7.2.7
i dmey 2+ 1 ri’ut Z GibiTis ( )
Ju€Vsp(73)
and
1 2(6—1
DRF
: = T 7.2.8
i dmey 2+ 1 rgut Z G fi Ty ( )
]quSp(Tz)

for the energy of a dipolar particle 7 and an ionic particle j. The summation in the terms
above includes all particles in the cutoff sphere Vg, (7;) of particle i. However, only the
particles of different type to ¢ are considered noted by j, for ions and j, for dipoles. With
these additional terms we can write for the total energy for an ion ¢ in the ion-dipole
mixture

Z . e—1 g4 2(e — 1) Z
u{on — Qz q_j — —q_]> — 3 /’L] Tl] , (729)
. o sz € Teut 26 + 1 7ncuif .
qu‘;Sép(Ti) Ju€Vsp(Ti)
JF£

and in the same system for the dipole

Ju EVS}? (T’L) l] 1]
77 (7.2.10)
2(e—1) 1
=l BED DI ST
2e +1 12,
JMEVSQ(”) Ja€Vsp(73)
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where we have used 4meg = 1. So with these two expressions we can consider the reaction
field in the calculation of the Metropolis criteria. From the existing literature we know
that the reaction field method generates results which are in accordance with the Ewald
summation technique. Amongst others the equivalence between the two methods was
shown by Neumann [6] for dipolar systems. Bandura et al. [7] studied for ion solutions
in dipolar solvent the thermodynamics and structure using the reaction field method and
concludes that the method works well for mixtures of ions and dipoles for moderate values
of dipole moments and charges.

7.2.2. Test of the simulation routines for a Lennard-Jones system

To verify that our simulation program produces reliable results we carried out simulations
which allow us to compare our data with those published in the literature. The first test
of our program routines continues the earlier discussion on g-l transition which we can
analyze using the GEMC technique. We therefore use the ST system as we will use this
model later on also for the analysis of the osmotic pressure in charged systems. In addition
we also determine the critical parameters for the LJ system, which is as a special case of
the ST system when p? = 0. Studying the LJ system is useful, because we will make use
of it in our second test where we try to reproduce previous osmotic pressure results in
the literature. Table 7.1 compiles our simulation results and compares them to data from
the literature. As it turns out, the agreement is very good. A visual representation of

Table 7.1.: Critical parameters for the LJ, i.e. u? =0, and ST system in comparison with
results from the literature

w2 T | pe | T | pi" [Ref |
0 | 1.310 | 0.296 | 1.316 | 0.304 | [§]
1 ]1.402 | 0.303 | 1.41 | 0.30 | [9]
2 11.601 | 0.312 | 1.60 | 0.31 | [9]
3| 1.815 | 0.308 | 1.82 | 0.312 | [10]

the g-1 phase coexistence area in critical units produced with our program can be found
in figure 7.2. Corresponding coexistence curves can be found in Ref. [8-11]. Again, the
good overall agreement confirms the proper performance of our program routines. The
simulations for the LJ system were created using N = N; + Ny, = 1000 particles and
re“t = 5.0. In the case of the ST system we used N = N; + N, = 4096 with a cutoff
rewt = 7.5. In both cases the simulation was started at the density p = 0.3 in each box.
Having shown that our simulation program produces results in accordance with the
literature, we can continue with the second test. We now apply the modified MC algorithm
to the calculation of osmotic pressure. As done previously in our work group by Schreiber
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Figure 7.2.: Phase coexistence area in critical units for the LJ and ST model. The LJ model
is shown in blue and the other colors are for the ST system with u? = 1 (black),
u? =2 (red) and p? = 3 (green). The black diamond shows the critical point.

[12, 13] we use the LJ model described in (7.2.1) which allows us a direct comparison to
his results. We perform our first simulations in a system where all components interact
with the same potential, i.e.

Eab = €aa = Ebb (7211)

using N; = 500 particles as solvent and either Nyy = 108 or Nyo = 32 (for T' = 3.418)
particles as solute. We analyze the solute mole fraction x5 5 at fixed temperatures 1" = 2.0,
T = 3.418 and T = 6.0 with different values of m and a constant external pressure
p = 0.2. The result is plotted in figure 7.3 where we show the osmotic pressure 7 vs. the
solute mole fraction x5 for our simulations together with the data from Schreiber. In
addition to the comparison with Schreiber we also included in figure 7.4 the comparison
to the van’t Hoff equation (7.2.12). It turns out that our data is in very good agreement
with Schreiber as well as with the van’t Hoff equation for the considered temperatures.
Notice that the dependence of ™ on x5 is not strictly linear for the reason mentioned
following equation (7.1.11). Notice also that the compressibility of the system, at the
thermodynamic conditions used here, is much greater than that of a real liquid. We note
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Figure 7.3.: Osmotic pressure 7 of the LJ-fluid vs. the solute mole fraction z, 9 for different
temperatures and constant external pressure p = 0.2 in comparison to the results
from Schreiber and the van’t Hoff equation. The color coding represents the tem-
peratures 7' = 2.0 (black), 7" = 3.418 (blue) and 7" = 6.0 (red). The open circles
show our own data, filled circles the result from Schreiber and the open squares
the values from the van’t Hoff equation.

that we have not included in the plot the simulation results obtained for T" = 1.0, which
is below the critical point of the LJ system, because the box containing the solvent often
runs empty and no stable state could be found. This also seemed to be a problem for
Schreiber and therefore we can still trust the correctness of our simulation program and
continue our further analysis without alterations.

Finally we want to study a mixture of different particles, i.e. with different interaction
parameters g, in the LJ potential (7.2.1). Analogous to [13] we study the dependence of
the solute mole fraction z; 9 to the external pressure p for different temperatures, osmotic
pressures and in our case the interaction parameters £, = 0.5 and €;; = 1.0. The results of
our simulations which were performed with N; = 500 and N, 5 = 32 for the temperatures
T =1.0 and T = 2.0 can be found in figure 7.4. As seen before our data is in very good
agreement with Schreiber for the considered temperatures and interaction parameters.
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Figure 7.4.: Top: Solute mole fraction z, 2 vs. the external pressure p. Middle: Total number
density ps in box 2 containing the mixture vs. p. Bottom: Total number density
p1 in box 1 containing the solvent vs. p.
In all three panels the symbols represent 7' = 1.0, 7 = 0.1 (open squares); 7' = 1.0,
7 = 0.5 (open circles); T'= 2.0, 7 = 0.1 (solid squares) and T' = 2.0, # = 0.5 (solid
circles). The black symbols show the data produced in this work and the red ones
the results from Schreiber.
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7.2.3. Results for charged systems

Now we extend our model of pure LJ molecules to consider also coulombic interactions
and use ions as the solute and ST particles as the solvent. In addition to the fact that
this type of mixture is more close to real compounds of salt and water it also allows us
to see if the osmotic pressure is a colligative property, i.e. the type of particles we use in
our simulation should not matter and the osmotic pressure only depends on the fraction
of solute and solvent particles in box 2. Therefore also the van’t Hoff equation

N
Torr = —2kgT (7.2.12)
Vs

should hold true to calculate the osmotic pressure for our mixture. To see if this is the
case we first study the dependency of the solute mole fraction and the osmotic pressure
for different temperatures 7" in the range from 7' = 2 to T" = 6. In addition we consider
different combinations of ion charge ¢ and dipole strength p?. We performed all our
simulations with /V; = 2000 dipolar ST particles as the solvent together with Ny, = 108
ion particles, i.e. 64 ion pairs, as solute. The external pressure of the system is set to
p = 0.2 and the cutoff in our simulations is r.,; = 10. The results of our simulations is
shown in figure 7.5 - 7.8, where we have plotted the osmotic pressure versus the solute
mole fraction x55. In addition to the simulation data the plots also show the osmotic
pressure calculated via the van’'t Hoff equation (7.2.12) and another approximation of the
osmotic pressure used during the deviation of the van’t Hoff equation
kgT

~———1 T p). 7.2.13
™ Uz(T,p) nxl,Q( 7p) ( )

Here v (T, p) = (V1/N,1) is the solvent partial mole volume and the solvent mole fraction
is x;2(T,p), both quantities are measured in V5. For all temperatures the van't Hoff
equation is in agreement with the simulation results for small solute mole fractions but
the deviation to the simulation data increases with increasing solute mole fraction z; .
This increased deviation is no surprise as the approximations for the van’t Hoff equation
have been done under the assumption of a dilute system, i.e. small x5,. For the higher
values of =, the van’t Hoff equation is not linear anymore. Again this can be explained
by one of the assumptions made for the van’t Hoff equation which is the incompressibility
of the fluid. For the condition we used the system is not necessary in its liquid state and
therefore compressible. So the increased pressure affects the density ps in box 2 which
leads to a change of the volume V5. The additional approximation given in equation
(7.2.13) does in general not provide a better estimate for the simulation data.

An interesting behavior can be seen due to the influence of the charge. In almost all
cases the van’t Hoff equation provides a too low value for the osmotic pressure except
for the ion strength ¢ = 5.0 and dipole moment u? = 5.0 where the calculated pressures
are above the simulation data. This is caused by the strengthened tendency to form
ion pairs and will be discussed again in the next section (7.2.4) where we compare the
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data to experimental results. In addition to the increase for larger z, o there is also a
temperature dependence present for the deviation between the calculated values of the
van’t Hoff equation and our simulation results. This dependency is due to the fact that
the simulated system behaves more and more like an ideal solution for high temperatures
and therefore the deviations become smaller for bigger temperatures. To all this there
is one outlier for T = 2 and p? = 5 where few solvent particles join the solute in box 2
and therefore the solute mole fraction x5 reaches higher values with a larger gradient in
comparison to the other results.

Similar to the LJ system we study in the following the dependency of our model on
the external pressure p. Therefore we simulate different combinations of the osmotic
pressure, temperature, dipole strength and ionic charge to analyze for various situations
the influence of the external pressure on the solute mole fraction x5 and the total number
densities p1, py in the two simulation boxes. All the simulations are performed with
N; 2 = 108 ionic solute particles and N; = 500 ST particles as the solvent. For the sake
of illustration we have selected some of our results and plotted the solute mole fraction
Zs2, the total number densities p; and ps vs. the external pressure p in the figures 7.9 -
7.12. For the lowest temperature 7" = 1.0 there is no pressure dependence apparent for
the solute mole fraction and only a few solvent particles make it into box 2, i.e. z,9 ~ 1
over the examined pressure interval. The density p; can be considered as rather constant
and for p; we have an increase of the density at higher pressures. The gradient of the
pressure dependency is influenced by the strength of the solute-solute interaction. For
weak interaction ¢ = 1 the increase is higher than for strong ion charges ¢ = 5. This can
be seen comparing figures 7.9 and 7.10 or 7.11 and 7.12. All this is true for both osmotic
pressures applied, i.e. 7 = 0.1 and 7 = 0.5. Overall the densities at 7" = 1.0 are the
highest compared to the other temperatures. On increasing the temperature to T = 2.0
an effect of the pressure on the solute mole fraction is still not present in the case of high
solute-solute interaction, i.e. ¢ = 5.0. But for the weaker interaction with ¢ = 1.0 the
pressure dependence becomes obvious in combination with the dipoles of strength p? = 1.
For ;2 = 5 and the high osmotic pressure m = 0.5 it is again not observable. Whereas
for m = 0.1 the dependency is still apparent (see figure 7.11) but in contradiction to the
other results the solute mole fraction rises for higher external pressures p. Looking at the
highest temperature 7" = 3.0 we find a distinct relationship between the external pressure
and x4 for almost all results except for u? = 1, ¢ = 5.0 and 7 = 0.5 where the solute
mole fraction is more or less constant. For all the cases where a pressure dependency is
apparent the higher osmotic pressure leads to a higher solute mole fraction as expected.
In general the influence of the solute-solute interaction strength is similar to the findings
from Schreiber [13] who has studied LJ fluid mixtures. There it was also observed that for
stronger solute-solute interactions higher temperatures were necessary to observe an effect
of the external pressure to the solute mole fraction z, 2. Again as for the LJ system in our
case the box containing the solvent is not influenced by the characteristics of the solute as
can be seen in figure 7.9 and 7.10 respectively 7.11 and 7.12, where the density p; is almost
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identical for the same dipole strength. To evaluate finite size effects for our simulation
results we performed, at selected thermodynamic conditions, additional simulations with
N;o = 256 ions and N; = 1200 ST particles. The results are indicated by the crosses in
the figures 7.9 - 7.12. Overall they are very close to the values for the smaller system and
we can preclude the existence of finite size effects sufficiently pronounced to obscure the
present results..

As mentioned above the figures 7.9 - 7.12 are chosen exemplarily. The results of the
remaining simulations are added for the sake of completeness to the appendix and can be
found in the figures B.1 - B.8.
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Figure 7.5.: In all three panels the osmotic pressure 7 of the ion-dipole mixture vs. the solute
mole fraction xs9 is plotted for the temperature 7" = 2.0 with constant external
pressure p = 0.2 in comparison to the approximations of the osmotic pressure. The
solid circles show our own data, the open squares the values from the van’t Hoff
equation (7.2.12) and the open diamonds the approximation in equation (7.2.13).
Top: Solvent p? = 1.0 with solute ¢ = 1.0 (black) and ¢ = 2.0 (red)

Middle: Solvent p? = 2.0 with solute ¢ = 1.0 (black) and ¢ = 2.0 (red)
Bottom: Solvent 2 = 5.0 with solute ¢ = 1.0 (black) and ¢ = 5.0 (green)
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Figure 7.6.: In all three panels the osmotic pressure 7 of the ion-dipole mixture vs. the solute
mole fraction xs9 is plotted for the temperature 7" = 3.0 with constant external
pressure p = 0.2 in comparison to the approximations of the osmotic pressure. The
solid circles show our own data, the open squares the values from the van’t Hoff
equation (7.2.12) and the open diamonds the approximation in equation (7.2.13).
Top: Solvent p? = 1.0 with solute ¢ = 1.0 (black) and ¢ = 2.0 (red)

Middle: Solvent p? = 2.0 with solute ¢ = 1.0 (black) and ¢ = 2.0 (red)

Bottom: Solvent 2 = 5.0 with solute ¢ = 1.0 (black) and ¢ = 5.0 (green)
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Figure 7.7.: In all three panels the osmotic pressure 7 of the ion-dipole mixture vs. the solute
mole fraction xs9 is plotted for the temperature 7" = 4.0 with constant external
pressure p = 0.2 in comparison to the approximations of the osmotic pressure. The
solid circles show our own data, the open squares the values from the van’t Hoff
equation (7.2.12) and the open diamonds the approximation in equation (7.2.13).
Top: Solvent p? = 1.0 with solute ¢ = 1.0 (black) and ¢ = 2.0 (red)

Middle: Solvent p? = 2.0 with solute ¢ = 1.0 (black) and ¢ = 2.0 (red)
Bottom: Solvent 2 = 5.0 with solute ¢ = 1.0 (black) and ¢ = 5.0 (green)
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Figure 7.8.: In all three panels the osmotic pressure 7 of the ion-dipole mixture vs. the solute
mole fraction xs9 is plotted for the temperature 7" = 6.0 with constant external
pressure p = 0.2 in comparison to the approximations of the osmotic pressure. The
solid circles show our own data, the open squares the values from the van’t Hoff
equation (7.2.12) and the open diamonds the approximation in equation (7.2.13).
Top: Solvent p? = 1.0 with solute ¢ = 1.0 (black) and ¢ = 2.0 (red)

Middle: Solvent p? = 2.0 with solute ¢ = 1.0 (black) and ¢ = 2.0 (red)
Bottom: Solvent 2 = 5.0 with solute ¢ = 1.0 (black) and ¢ = 5.0 (green)
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Figure 7.9.: Pressure dependency of the coulombic mixture for dipole strength p? = 1 and ion
charge ¢ = 1. Top: Solute mole fraction xs2 vs. the external pressure p. Middle:
Total number density pz in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent 7' = 1.0 (black), 7" = 2.0 (red) and 7" = 3.0 (green). The shape of
the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure 7.10.: Pressure dependency of the coulombic mixture for dipole strength p? = 1 and ion
charge ¢ = 5. Top: Solute mole fraction xs2 vs. the external pressure p. Middle:
Total number density p2 in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent T' = 1.0 (black), T = 2.0 (red) and T' = 3.0 (green). The shape
of the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure 7.11.: Pressure dependency of the coulombic mixture for dipole strength ;2 = 5 and ion
charge ¢ = 1. Top: Solute mole fraction xs2 vs. the external pressure p. Middle:
Total number density p2 in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent T' = 1.0 (black), T = 2.0 (red) and T' = 3.0 (green). The shape
of the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure 7.12.: Pressure dependency of the coulombic mixture for dipole strength ;2 = 5 and ion
charge ¢ = 5. Top: Solute mole fraction xs2 vs. the external pressure p. Middle:
Total number density p2 in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent T' = 1.0 (black), T = 2.0 (red) and T' = 3.0 (green). The shape
of the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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7.2.4. Comparison with experimental results

We use the experimental data given in [14] to compare the simulation results with the
experiment. Here the osmotic coefficient ¢ of electrolytes in water is expressed in depen-
dence on the molality m, which is defined as the number of moles of solute per kilogram
of solvent. The osmotic coefficient describes the deviation of the osmotic pressure 7 from
the van’t Hoff approximation m,5 in equation (7.2.12). It is a useful definition for the
purpose of the comparison, as it is unitless. To convert the molality into z, o we use the
following formulas

-1

S Nso  _ Nl,2+1_1: 1l - m-v- My
7 N+ Nyo | Nso m-v- My 1+m-v- My

(7.2.14)

with the molar mass of water given by My = 0.01801528 kg/mol and v the number of
moles of ions formed from 1 mole of electrolytes, e.g. v =1 for ions, v = 2 for NaCl.
The osmotic coefficient is related to the osmotic pressure 7 via the following expression [2]

vRT My, N o 1 Nso
_ vRTMw o Neay o EACE TN g 7.2.15
™ Vi d-m s B W’mOI(ﬁ W, "B ¢ = Ty ( )
6 = ——. (7.2.16)
TvH

Here again the approximation V5 = 72 - Vi mol, Which is valid for small concentrations,
is used. Experimentally three kinds of behavior can be recognized as described in [2].
Very high osmotic coefficients are taken as evidence for extensive hydration of the ions,
while low osmotic coefficients are explained by ion-pair formation. In case of complex ion
formation the osmotic coefficient can become very low.
As can be seen in figure 7.13 the simulated osmotic coefficient does not deviate from the
ideal behavior as much as some of the experimental curves. This may be due to the dif-
ferences between a simple ST fluid as solvent in comparison to the more complex water.
To compare the simulation results more thoroughly with the experimental data, we use
the LJ parameters of TIP4P /2005 (transferable intermolecular potential 4 point) water
(see appendix A) to compare temperatures, dipole moments and charges of our results
with those of [14]. We see in table 7.2 that the largest dipole moment used in our sim-
ulation is still smaller than the one of TIP4P /2005 water (u = 2.305 Debye). Also the
ion charges used are quite small and only reaching 0.20987 e. While all experimental
data was measured at 25 °C, the simulations span the region of 6 to 286 °C. Looking at
experimental data from 0 to 100 °C presented in [2] the temperature dependence of the
osmotic coefficient is not very large. This can also be found looking into the simulation
results in figure 7.13. Here the osmotic coefficient is slowly approaching the ideal value of
1 with increasing temperature.

The experimental results all show a decreasing osmotic coefficient for small z,5. Un-
fortunately we do not have any data for such small concentrations as the size of our
simulation systems was not large enough for this. KF, HNOj3 and CsCl are then rising
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Figure 7.13.: Experimental [14] and simulated osmotic coefficient ¢ against xs2: Experimental
values are for KF (blue open diamonds), HNOj3 (green open triangles), CsCl (black
open circles), HF (red open squares) and NH4NO3 (mangenta open triangles).
Simulation results are for y> = 5 and ion charge ¢ = 1 at T = 3 (blue filled
diamonds), T'= 4 (mangenta filled circles), T'= 6 (brown filled triangles) as well
as u2 = 5 and charge ¢ = 5 at T = 3 (green filled triangles), T = 4 (red filled
triangles), T' = 6 (yellow filled triangles).

quickly to values of ¢ > 1, which points to a good hydration of these ions. We see the same
behaviour in our simulation results except for u? = 5 and ¢ = 5. Here the general form of
the curves remain the same, but ¢ is shifted to much lower values below 1 similar to the
experimental data for HF and NH4NOj3. As described in [2] this indicates the formation
of ion pairs. To verify this assumption we can look at the pair correlation functions for
T =3, u? =5 and 7 = 0.1 in figures 7.15 and 7.16. For ¢ = 5 a strong ion-ion correlation
for ions with unequal charge can be observed while the correlation for ions with equal
charge is strongly suppressed in the first shell. For ¢ = 1 only a very weak correlation
can be seen. To analyze the structural development with increasing osmotic pressure, we
also take a look at the pair correlation functions for 7 = 0.25 and 7 = 0.7 (figures 7.17 to
7.20). For small charges e.g. ¢ = 1 the correlation does only slightly increase with growing
osmotic pressure. For higher charge values e.g. ¢ = 5 the correlation extends to higher
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1.4

Figure 7.14.: Simulated osmotic coefficient ¢ against xs2: Simulation results are shown for
T = 3 and ion charge ¢ = 1 with 2 = 1 (black filled circles), u? = 2 (green filled
diamonds), u? = 5 (mangenta filled triangles) as well as for T = 3 and charge
q = 2 with u? = 1 (red filled squares), u? = 2 (blue filled triangles) and finally
T = 3 with ¢ = 5 and p? = 5 (brown filled triangles).

distances. For m = 0.7 longer chains of ion pairs develop, leading to a strong correlation
with maxima of equal and unequal charge pair correlations alternating with the distance
r. Looking at some sample configurations (figures 7.21 and 7.22) we see that the ions
form pairs and short chains for ¢ = 5, while for smaller charges the ions are part of small
chains that consist of ions and ST particles in turn. In case of ion pair and ion chain
formation not the single ions but larger structures are hydrated by the solvent leading to
a lower osmotic pressure.

In summary we can note that in line with the experiments, we can distinguish between
an osmotic coefficient rising above 1, which occurs due to a good hydration of the ions,
and an osmotic coefficient below 1, which is related to ion pair formation. In our simula-
tions we observe that for u? = 5 and smaller ion charges, ¢ = 1 and ¢ = 2, the osmotic
coefficient rises above 1, corresponding to a weak correlation with the formation of chains
consisting of ions as well as ST particles. For p? = 5 and an ion charge of ¢ = 5 the
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Table 7.2.: Table converting the used temperatures, dipole moments and charges into
physical units using the LJ parameters of the TIP4P /2005 water (see appendix

A).

T | red. LJ units | physical units
3 279.6 K
4 37128 K
6 559.2 K

1
1 0.6369 Debye
1.4142 0.9007 Debye
2.2361 1.4241 Debye

q
1 0.04197 e
2 0.08395 e
5 0.20987 e

picture changes significantly. Here the osmotic coefficient lies below 1, corresponding to
a strong correlation between the ions with the formation of chains of ion pairs.
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Figure 7.15.: Pair correlation functions for 7' =3, 7 = 0.1, > = 5 and ¢ = 1. Ion-ST correlation
(black), ion-ion correlation for equal charged ions (red) and ion-ion correlation for
unequal charged ions (green).
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Figure 7.16.: Pair correlation functions for 7' = 3, 7 = 0.1, > = 5 and ¢ = 5. Ion-ST correlation
(black), ion-ion correlation for equal charged ions (red) and ion-ion correlation for
unequal charged ions (green).
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Figure 7.17.: Pair correlation functions for 7 = 3, @ = 0.25, > = 5 and ¢ = 1. Ion-ST
correlation (black), ion-ion correlation for equal charged ions (red) and ion-ion
correlation for unequal charged ions (green).
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Figure 7.18.: Pair correlation functions for T = 3, # = 0.25, > = 5 and ¢ = 5. Ion-ST
correlation (black), ion-ion correlation for equal charged ions (red) and ion-ion
correlation for unequal charged ions (green).
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Figure 7.19.: Pair correlation functions for = 3, 7 = 0.7, > = 5 and ¢ = 1. Ion-ST correlation

(black), ion-ion correlation for equal charged ions (red) and ion-ion correlation for
unequal charged ions (green).
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Figure 7.20.: Pair correlation functions for T’ = 3, 7 = 0.7, > = 5 and ¢ = 5. Ion-ST correlation
(black), ion-ion correlation for equal charged ions (red) and ion-ion correlation for
unequal charged ions (green).
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Figure 7.21.: Configuration snapshot for 7' = 3, 7 = 0.25, u? = 5 and ¢ = 1. Blue balls denote
ST particles, black balls negatively charged ions and red balls positively charged
ions. Lines connecting particles indicate reversible bonds based on a distance
criteria.

Figure 7.22.: Configuration snapshot for 7' = 3, m = 0.25, u?> = 5 and ¢ = 5. Blue balls denote
ST particles, black balls negatively charged ions and red balls positively charged
ions. Lines connecting particles indicate reversible bonds based on a distance
criteria.
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8. Conclusion

The original motivation for this work was the question whether or not dipole-dipole at-
traction is sufficient to cause g-1 phase separation. Based on the work presented here, the
answer is yes - or at least a very probable yes. As an aside, the expertise needed to model
systems governed by long-range electrostatic forces was elaborated. It was thus both
possible and useful to include an application of this “technology” to the study of osmotic
pressure in electrolyte solutions. In the following we summarize the results obtained in
the two distinct but related parts of this thesis.

By performing NVT-MD simulations for the CSD model, we were able to locate the crit-
ical parameters in an area around d =~ 1, where g-l1 phase separation is expected due to
energetically disfavored formation of chains. Based on this starting point, we were able to
track the critical point along the path of reduced charge-to-charge separation d and fixed
dipole moment p2, down to the dumbbell length d = 10~*, which suggests a g-1 critical
point in the DSS limit. Extrapolation of these results to the dipolar limit d — 0, yields
for the critical temperature T, = 0.051 and the critical density p. = 0.004. Qualitatively,
these results are in accord with the work on CHD by Ganzenmiiller et al. [1], including
the extrapolation to the dipolar limit. Down to d = 0.6 they are also in line with Dussi
et al. [2], who also studied the CSD model. For still smaller dumbbell elongations, Dussi
et al. did not observe g-1 phase separation in the analyzed temperature ranges. This
deviation from our results can be attributed to the different methods used, i.e. MD using
the reaction field method on our side, and MC simulations with the Ewald summation
on their end, or alternatively to finite size effects observed in the simulations performed
by Dussi. So to figure out the root cause of this deviation, some more analysis is needed,
especially in comparison of the simulation methods including the long range correction
for the Coulomb potential.

To interpret the d dependence of our simulation results, we apply three different simple
models. The first two fail to describe the observed behavior. The extension of Flory’s
lattice theory to reversibly aggregating polymers [3, 4], where the fixed chain length is
replaced by an average chain length of equilibrium polymeric chains, does not succeed
because the reversible aggregates remain rather small. Likewise, the attempt to correlate
the observed behavior with the defect model introduced by Tlusty and Safran [5] also fails,
because the number of network nodes, which should increase for d — 0, decreases instead.
But finally, the developed van der Waals mean field theory, which combines the Onsager
cavity theory of dipolar fluids [6] with the idea that the basic unit is not the single dipole,
but rather a small reversible aggregate, gives us a suitable theory. In the range of small

179



180 CHAPTER 8. CONCLUSION

dumbbells, i.e. d < 0.1, where the reversible dipole-dipole aggregation produces predom-
inantly short aggregates, the theory demonstrates a rather good quantitative description
of our simulation results.

Now equipped with good evidence for the existence of g-1 phase separation for dipolar
systems based on the CSD results, we considered the pure DSS model to see to which
extent it is possible to reproduce the extrapolation of the CSD model to the dipolar limit.
In order to enable a direct comparison with the CSD model, we introduced the 4-DSS
model which has a fourfold repulsion and therefore mimics the repulsion of the CSD model
caused by its geometry. This change of the repulsion opened a new aspect in the effort
to analyze purely dipolar systems. Besides the fact that the increased repulsion of the
4-DSS system is much easier to equilibrate, it also allowed us to overcome the obstacle of
excessive chain formation with a new approach. Usually a control parameter in the inter-
action potential is used (e.g. [1, 7, 8]) to approach the ordinary DSS (or DHS) interaction.
Tuning the potential towards the DSS (or DHS potential), one hopes to collect sufficient
data permitting extrapolation to the critical parameters of the limiting systems, before
excessive aggregation renders equilibration prohibitively time consuming. However, to
the best of our knowledge, no such study has controlled aggregation via scaled repulsion.
Increased repulsion, however, appears to be the easiest approach to a model potential
with purely dipolar attraction and easy access to its g-1 critical point [9]. Our comparison
on the formation of reversible aggregates for the 4-DSS and DSS model showed that the
higher repulsion does indeed avoid the creation of long chains. We also found very good
agreement of the 4-DSS critical parameters compared to the average values for the CSD
model below d < 0.1. The critical parameters for the 4-DSS model are p. = 0.0037,
T. = 0.0501 and P, = 4.9 - 107°, and can be interpreted as g-1 critical parameters as
we were able to track the g-1 critical point from the dumbbells with large elongation to
the DSS limit. In subsequent work it may be interesting to explore in more detail the
influence of the repulsion on the formation of reversible chains and rings and their effect
on the critical parameters, and see to what extent this can be covered by theory.

In the continuation of the analysis of the dipolar limit, we extended the study on the
CSD model for charge-to-charge distances d > 1 up to d = 7. For d above one, the
aggregate lengths grow and the aggregates are more flexible. In this d range, the mean
field theory earlier applied for small dumbbells can again be used, and it yields a valid
qualitative description of our data. In the interpretation of the dumbbell data, there is
only an explanation of the peak in the density missing which we have not solved in this
work. By increasing the dumbbell length, we crossed the line where one can expect that
the CSD model behaves similar to an ionic fluid forming ion pairs. So with the elimination
of the rigid dumbbell bond of the CSD, we get an ionic fluid which is similar to the RPM
which has a hard core repulsion instead of a soft sphere repulsion, and is quite often used
in simulations and theoretical calculations. In our simulations of the soft sphere ions, we
were able to locate the critical point at T, = 0.0163 and p. = 0.006, which is close to
the results of the CSD for d values consistent with the ion-ion separations in the near
critical fluid. This supports the idea that the pairing of ions is a key ingredient to the
quantitative description of critical parameters in ionic liquids. The critical parameters
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we determined for the ionic system with our own simulation routines using the reaction
field method can be reproduced independently with the LAMMPS MD simulator [10],
which makes use of the Ewald summation. In contrast, the comparison of our results
with simulation data for the RPM from the literature and theoretical calculations using
the Debye-Hiickel theory provides a mixed picture. Compared to the RPM simulation
data [11, 12], our critical temperature and density is approximately a factor 2 smaller and
the Debye-Hiickel Bjerrum plus Dipole Ionic coupling theory [13, 14] confirms our critical
density, but is again a factor 2 higher for the critical temperature.

In the last section of this work, we left the field of phase coexistence analysis and turned
towards the study of the osmotic pressure for charged systems. A MC algorithm was
implemented, which permits simulations in the Tpm ensemble, developed by Schreiber
and Hentschke [15, 16]. We successfully reproduced selected results obtained by these
authors with the LJ system to check the correctness of our simulation routines. For the
charged systems, the van’t Hoff equation provides a good approximation of our simula-
tion routines and our results do not vary very much if the charge or the dipole moment
is changed. Only for the highest charge ¢ = 5.0 the situation changes, and the van’t Hoff
equation leads to an overestimation of the simulation data. This corresponds to a strong
correlation between the ions with the formation of ion pairs. Comparing the results to
experimental data, the van’t Hoff equation provides a good approximation for our results,
but not for the experimental data chosen. This holds true even for dilute concentrations
where the van’t Hoff equation is supposed to be valid. Quantitatively, the experimental
data does not comply with our data, but qualitatively some similarities in the behavior of
the osmotic pressure for different solute mole fractions can be seen. In particular, we see
agreement as far as the general relation between the osmotic coefficient and short range
structural ordering is concerned. To improve the comparison to the experimental data,
one could use a more realistic model like the TIP4P /2005 water for the solvent which can
cater for the more complex properties of real water.
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A. Reduced Lennard-Jones units

Simulation results are mostly presented in reduced LJ units, see e.g. [1]. These are given

by:
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To compare the simulation results for the osmotic pressure with the experimental data of
water solutions, we use the LJ parameters of the TIP4P /2005 water model [2] as example

values.

qg =

dv =

3.1580 A
93.2 - kg
0.5563 - ¢
—2-qu
2.305 Debye
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B. Additional figures for osmotic
pressure

In the following we have added the additional results for further dipole strengths and ionic
charges produced for the analysis of the influence of the external pressure on the solute
mole fraction z59 and the total number densities p;, ps in the simulation boxes.
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Figure B.1.: Pressure dependency of the coulombic mixture for dipole strength p? = 0.5 and
ion charge ¢ = 0.5. Top: Solute mole fraction z,2 vs. the external pressure p.
Middle: Total number density p2 in box 2 containing the mixture vs. p. Bottom:
Total number density p; in box 1 containing the solvent vs. p. In all three panels
the colors represent 7' = 1.0 (black), T = 2.0 (red) and 7' = 3.0 (green). The
shape of the symbols stand for m = 0.1 (circles) and = = 0.5 (squares).
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Figure B.2.: Pressure dependency of the coulombic mixture for dipole strength p? = 0.5 and ion
charge ¢ = 1. Top: Solute mole fraction 2 vs. the external pressure p. Middle:
Total number density ps in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent 7' = 1.0 (black), 7' = 2.0 (red) and 7' = 3.0 (green). The shape of
the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure B.3.: Pressure dependency of the coulombic mixture for dipole strength p? = 0.5 and ion
charge ¢ = 2. Top: Solute mole fraction 2 vs. the external pressure p. Middle:
Total number density ps in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent T' = 1.0 (black), T = 2.0 (red) and 7" = 3.0 (green). The shape of
the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure B.4.: Pressure dependency of the coulombic mixture for dipole strength p? = 1 and ion
charge ¢ = 0.5. Top: Solute mole fraction x5 vs. the external pressure p. Middle:
Total number density ps in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent 7' = 1.0 (black), 7' = 2.0 (red) and 7' = 3.0 (green). The shape of
the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure B.5.: Pressure dependency of the coulombic mixture for dipole strength p? = 1 and ion
charge ¢ = 2. Top: Solute mole fraction 2 vs. the external pressure p. Middle:
Total number density ps in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent 7' = 1.0 (black), 7' = 2.0 (red) and 7' = 3.0 (green). The shape of
the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure B.6.: Pressure dependency of the coulombic mixture for dipole strength p? = 2 and ion
charge ¢ = 0.5. Top: Solute mole fraction x5 vs. the external pressure p. Middle:
Total number density ps in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent 7' = 1.0 (black), 7' = 2.0 (red) and 7' = 3.0 (green). The shape of
the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure B.7.: Pressure dependency of the coulombic mixture for dipole strength p? = 2 and ion
charge ¢ = 1. Top: Solute mole fraction 2 vs. the external pressure p. Middle:
Total number density ps in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent 7' = 1.0 (black), 7' = 2.0 (red) and 7' = 3.0 (green). The shape of
the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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Figure B.8.: Pressure dependency of the coulombic mixture for dipole strength p? = 2 and ion
charge ¢ = 2. Top: Solute mole fraction 2 vs. the external pressure p. Middle:
Total number density ps in box 2 containing the mixture vs. p. Bottom: Total
number density p; in box 1 containing the solvent vs. p. In all three panels the
colors represent 7' = 1.0 (black), 7' = 2.0 (red) and 7' = 3.0 (green). The shape of
the symbols stand for 7 = 0.1 (circles) and m = 0.5 (squares).
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