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Tag der mündlichen Prüfung: 17. Januar 2020
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Abstract
This work focuses on the modeling of solute partitioning in various micelles
using predictive atomistic models. The combination of all-atom molecular dynamics (MD) simulations and the COSMOmic model provides a detailed and at
the same time computationally effective method to describe partition equilibria
in micellar systems. Therefore, new insights on the partition behavior of solutes
in different types of single and mixed surfactant systems are gained.
Force field parameters, which are an essential part of every MD simulation
are optimized and validated for nonionic surfactants of the Triton X series
to enable their modeling with this technique. The self-assembly process of
micelle formation in nonionic and mixed nonionic/ionic surfactant systems is
studied with MD simulations. Predicted partition coefficients of neutral solutes
in nonionic, zwitterionic, anionic, cationic and mixed nonionic/ionic micelles
are in good agreement with experimental data.
Since no predictive models have been established to predict the partition behavior of charged compounds in micelles, in this work the prediction quality of
the methods is evaluated with a special focus on ionizable molecules. In order
to enable this evaluation, micelle/water partition coefficients of ionized solutes
are determined experimentally. To gain detailed information on the localization
of ionizable solutes within different types of micelles, free energy profiles, which
cannot be obtained experimentally, are calculated with COSMOmic and umbrella sampling MD. Furthermore, an approach to improve the prediction quality of COSMOmic for negatively charged molecules in mixed nonionic/cationic
micelles is proposed. Based on free energy profiles and a thermodynamic cycle, a position dependent pKa within the micelles is estimated. Therefore, the
protolytic equilibrium not only in water but also in the micelle is taken into
account.
This work provides insights on the partition behavior of neutral and charged
solutes in micellar systems on an atomistic level. By considering various solutes and surfactant systems, the applicability of MD simulations with the
COSMOmic model for screening studies is evaluated.

1 Introduction
Surfactants are chemical compounds of particular significance due to their
broad spectrum of applications in life sciences and in the chemical industry. A
surfactant is an amphiphilic molecule consisting of a hydrophilic head group and
a hydrophobic tail group. Surfactants are classified according to the nature and
charge of their hydrophilic heads: nonionic, anionic, cationic and zwitterionic
surfactants. In aqueous solutions at concentrations higher than their critical micelle concentration (CMC) surfactants self-assemble into aggregates (micelles),
whereby their hydrophilic part is directed towards the aqueous phase, while
their hydrophobic tails point to the center of the micelle.
The water solubility of hydrophobic compounds can often be enhanced with
micelles due to the favorable partitioning of solutes in the micelles compared
to water. 1–3 Because of this property known as solubilization, micellar systems
find various applications. In cosmetics, water-insoluble compounds are dissolved using the solubilization in micelles. 4–7 Micellar solubilization is used for
extraction and purification of membrane proteins. 8–13 In pharmacy, surfactants
are often added to drugs to improve the dispersion within the human body
and are used as drug delivery agents. 4,14,15 In nonionic surfactant solutions,
a phase separation is observed, when the temperature is increased above the
cloud point temperature (CPT). In this case the surfactant solution separates
into two phases: a surfactant-rich phase and an aqueous-rich phase, whereby
hydrophobic compounds are favorably solubilized within the micelles, hence
they are concentrated in the surfactant-rich phase. Due to this feature of nonionic surfactants, they find application in environmental analytical chemistry
to enrich and extract nanoparticles 16 and in chemical engineering applications
for separation processes known as cloud point extractions (CPE). 17–24 For applications including proteins or living organisms it is important that the CPT
is not much higher than a specific temperature. In this context, the nonionic
surfactant Triton X-114 is widely used for membrane protein purifications and
cloud point extractions. 17–23,25 Zwitterionic micelles are used to mimic biological membranes due to their structural similarity to phospholipids and their
easier preparation compared to liposomes. 26–28 In many applications, mixtures
of surfactants are used, because they have improved characteristics compared
to single surfactants solutions. 29–31 For example, mixed micelles from block
copolymers are promising vehicles for drug delivery due to improved physical
stability and enhanced loading capacities compared to conventional polymeric
micelles for drug delivery. 32 In separation processes, the extraction efficiency
can be enhanced due to synergetic effects when mixtures of nonionic and ionic
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surfactants are used. 33,34
In pharmaceutical applications, the partition behavior of charged solutes is
of particular interest, since many drug molecules are ionized to some extend
at physiological pHs. 35,36 The knowledge of the drug affinity to the lipophilic
environment at different pH values is crucial to mimic physiological processes. 37
In this context, mixed micelles are promising drug delivery agents, as they can
enhance the solubilization of drugs and therefore to contribute to increased
bioavailability, controlled drug release and targeted delivery. 38–40 The partition
equilibria of ionizable solutes is of importance in extraction processes as well.
By adjusting the pH value, the surfactant types and the micelle compositions,
the partition behavior of solutes can be tailored for a specific application. 41
In order to evaluate and compare the partition behavior of a solute in different micellar systems, a quantitative property is required. The partition equilibria of the solubilized compound between the micelle and the aqueous bulk
phase can be quantified with a partition coefficient. Partition coefficients can
be obtained experimentally using for example micellar liquid chromatography
(MLC), 27,42 micellar enhanced ultrafiltration (MEUF), 42,43 solubility determination 44 and derivative spectroscopy. 26,28 However, depending on the application many surfactant-solute combinations are possible and the optimal combination should be identified. Therefore, theoretical methods to predict the partition behavior in micellar systems are of prime importance, especially screening
tools are desirable. There are few approaches in the literature, which allow the
prediction of micelle/water partition coefficients. One group are models based
on linear correlations between physicochemical properties and partition coefficients (e.g., property-property relations (PPR) 45 , linear solvation energy relations (LSERs) 46 , quantitative structure-activity relationships (QSARs) 47,48 ).
However, these models require physicochemical properties of the system of interest. For screening studies of new compounds predictive models are desirable.
In this context, a promising tool is the ”conductor-like screening model for realistic solvation” (COSMO-RS). 49,50 In this thermodynamic model, the micelles
are treated as a homogeneous surfactant phase in equilibrium with the aqueous
bulk phase (pseudo phase approach). 51 However, in reality there are anisotropic
systems. For more precise and more detailed (e.g., solute partitioning at different regions within the micelle) investigations of the partition behavior, models
which take into account the anisotropy of the system should be used.
Molecular modeling encompasses all computational techniques used to predict or mimic the behavior of molecules. These methods are an essential part of
the modern life sciences and are used in the fields of computational chemistry,
computer aided drug design and bioinformatics. All-atom molecular dynam-
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ics (MD) simulations are a computational technique to predict the behavior
of molecules at an atomistic level. Therefore, MD simulations are suitable for
molecular modeling of anisotropic systems. In MD simulations, the interactions
between atoms and molecules are defined in force fields. Hence, to simulate a
system of interest force field parameters for the present molecules have to be
available. Moreover, the prediction quality of a MD simulation is strongly dependent on the force field parameters. Based on the behavior of the atoms,
processes such as self-assembly and partition equilibria can be modeled with
MD simulations. In presence of solute molecules, their favorable partitioning
within the simulated system can be estimated based on free energy profiles. Free
energy profiles, which are not accessible by experimental methods, can provide
insights into the localization of solutes within micelles. However, the calculation of free energy profiles directly from MD simulations is computationally
demanding and therefore only reasonable for systems of special interest. Another approach is the combination of MD simulations with the COSMOmic
model, 52 which is an extension of COSMO-RS for anisotropic systems such as
micelles and membranes. In this case, MD simulations are performed to obtain
micelle structures, which are necessary for the calculations with COSMOmic.
However, once a micelle structure is obtained, the COSMOmic calculations
are computationally efficient, therefore this approach is suitable for screening
studies.
The aim of this work is to evaluate the combination of MD simulations with
the COSMOmic model for partition equilibria prediction of neutral and charged
solutes in various single and mixed micellar systems. Thereby, different types
of surfactants are considered including nonionic, zwitterionic, anionic, cationic
as well as mixtures of nonionic/anionic and nonionic/cationic surfactants. The
partition coefficients prediction is evaluated based on comparison with experimental data. In addition, partition behavior is also calculated directly with
MD simulations using the umbrella sampling technique. Hence, in this work
the three-dimensional micelle structure is taken into account, in contrast to
the literature, where most theoretical studies of solute partitioning in micellar
systems apply the pseudo phase approach, which neglects the anisotropy of the
micelles.
This thesis is organized as follows. In the next chapter, the fundamentals of
micellar systems and the applied methods are summarized. In chapter 3, previous studies, relevant for this work are outlined and the aims of this work are
derived. Methods, which are applied or proposed in this work are explained in
chapter 4. The results of the work are presented in chapters 5 to 8. Chapter 5
contains force field parameters optimization of Triton X molecules, modeling of
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self-assembly and partition equilibria in Triton X-114 and Triton X-100 micellar systems. In chapter 6, free energy profiles of neutral and charged solutes in
four types of micelles are represented. Self-assembly MD simulations, as well as
partition equilibria predictions in mixed nonionic/ionic micellar systems are introduced in chapter 7. In chapter 8, calculated with COSMOmic micelle/water
and liposome/water partition coefficients are compared to experimental data.
Finally, the findings of this work are concluded in chapter 9.

2 Fundamentals
2.1

Micelles and liposomes

Molecules containing both polar and nonpolar groups are called amphiphiles.
They can self-organize into ordered structures due to hydrophilic and lipophilic
interactions. In these self-assembled aggregates, the monomers are orientated
such that the polar part of the molecules is in contact with a polar environment
and encloses the nonpolar part, or reversed. 53 Well known amphiphiles are surfactants and polar lipids. Surfactants can be classified according to the charge of
their hydrophilic group as: nonionic, zwitterionic, anionic and cationic. Sodium
dodecyl sulphate (SDS) and cetyltrimethylammonium bromide (CTAB) are the
most commonly used anionic and cationic surfactants, respectively. Conventional nonionic surfactants, such as the Triton X series and Brij series (Ci Ej )
consist of a poly(ethylene oxide) chain with different chain length as a polar
group. 54
Depending on the molecular structure of the amphiphile, its concentration
in the solution and physical properties of the system, such as temperature and
ionic strenght, they are able to form various structures and phases. Amphiphiles
with one hydrophobic tail tend to pack into structures with a positive intrinsic curvature (micelles), where cylindrical molecules with two hydrophobic tails
organize into flat bilayers. 55 At high concentrations in aqueous solutions, amphiphiles form macroscopic liquid-crystalline phases (e.g., lamellar, hexagonal
and cubic phases), which upon dilution can be dispersed into relatively stable
colloidal particles (e.g., micelles and liposomes). 56 Some examples are shown in
Figure 2.1.
Spherical micelles are the simplest structures and form spontaneously in
aqueous solution, when the surfactant concentration exceeds a threshold value,
known as critical micelle concentration (CMC). The CMC is specific for each
surfactant. Micelles have an anisotropic water distribution within their structure, whereas the water content decreases from the surface to the micelle core,
which is mostly water-free. 57 Schematic illustrations of cationic and nonionic
spherical micelle structures are shown in Figure 2.2. In ionic micelles, the hydrophobic core is surrounded by the Stern layer, which is a shell of hydrophilic
head groups and contains counterions, considered to be bound to the micelle.
The Gouy-Chapman electrical layer is a diffuse layer, which is surrounding the
Stern layer and contains counterions as well. Its thickness depends on the ionic
strenght of the solution and decreases in presence of electrolytes. 57,58
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Figure 2.1: Examples of self-assembled aggregates and macroscopic liquid-crystalline phases
formed by amphiphilic molecules in amphiphile-water mixtures. The self-assembly is strongly
dependent on the molecular structure of the amphiphile, its concentration and the condition
in the solution (temperature and ionic strenght). This illustration was adopted from reference
53.

2.1 Micelles and liposomes
(a) cationic micelle

7
(b) nonionic micelle

Figure 2.2: Schematic illustrations of cationic (a) and nonionic (b) micelle structures.

In nonionic micelles, the hydrophobic core is surrounded by the palisade
layer, which is a shell containing the hydrated polar chains of the surfactant. 58
An important parameter that characterizes micelles is the aggregation number Nagg , which is the average number of surfactant monomers in the micelles
of a micellar solution. The aggregation number, as well as the shape of the
micelles can vary with the surfactant concentration. 59 With increasing the surfactant concentration, spherical micelles grow to various morphologies, most
common are ellipsoidal (prolate), rod-like and worm-like micelles, bilayers fragments and reversed micelles. 60 Other factors affecting the micelle size and the
CMC value are the structure of the hydrophobic and hydrophilic group, the
type of the counterion in case of ionic micelles, the addition of electrolytes and
the temperature of the solution. 58 An increase in the lenght of the hydrophobic chain results in an increase in the micelle size and a decrease in CMC. In
general, nonionic surfactants have lower CMC values and higher aggregation
numbers than ionic surfactants with similar hydrocarbon chains. An increase
in the polar chain of nonionic surfactants leads to an increase in the CMC.
For cationic surfactants, the micelle size increases depending on the type of the
counterion according to the series Cl− < Br− < I− and for anionic surfactants
according to the series Na+ < K+ < Cs+ . 58 The addition of electrolytes to ionic
surfactant solutions leads to increasing micelle sizes and decreasing CMCs. In
nonionic surfactant solutions at temperatures above the so-called cloud point
temperature (CPT), a characteristic phase separation is observed, leading to
two liquid phases: one is a diluted surfactant solution (micelle concentration
around the CMC), the other is an aggregated, surfactant-rich phase. 61 Above
the CPT, the micelle size is increased and the CMC is decreased. 58
An important property of micelles with significance in pharmacy is their
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ability to solubilize various sparingly water soluble substances by their incorporation into the micelle aggregates. 57 Due to the anisotropic micelle structure
and water distribution within the micelle, the solutes can be located in different regions of the micelle depending on their chemical structure and polarity.
Nonpolar molecules are solubilized in the hydrophobic core of ionic and nonionic micelles. Water insoluble compounds containing both polar and nonpolar
groups are orientated with the polar group to the hydrophilic group of the micelle and the nonpolar group distributed inside the hydrophobic core. Solutes
containing polar groups can be located in the outer shell of nonionic micelles,
known as palisade layer (see Figure 2.2b). 57 Hydrophilic compounds can be
adsorbed on the surface of the micelle as well as charged molecules, which are
favorably distributed within the Stern layer of ionic micelles with the opposite
charge (see Figure 2.2a). 57,60 The solubilization of a molecule i by a surfactant
can be evaluated based on two descriptors: the molar solubilization capacity,
χ, and the molar micelle/water partition coefficient, Ki , which are related to
each other according to 57,62
Ki =

χ(1 − CMC)
Sw

(2.1)

where Sw is the water solubility of the solubilized compound. The molar solubilization capacity, χ, is defined as the number of moles of the solute that can
be solubilized by one mole surfactant solution given with 57,63
χ=

(Stot − Sw )
(Csurf − CMC)

(2.2)

where Stot is the total solute solubility and Csurf is the molar surfactant concentration. The solubilization capacity is influenced by factors such as the chemical
structure of the surfactant and the solute, the surfactant concentration and the
temperature of the solution. 57,58
Liposomes are spherical vesicles, in which membranes consisting of one or
more lipid bilayers encapsulate solvent molecules. 53 The major types of liposomes are the multilamellar vesicle (MLV), containing several lamellar lipid
bilayers, small and large unilamellar vesicle (SUV and LUV, respectively) with
one lipid bilayer (see Figure 2.1). In contrast to micelles, which form spontaneuosly by mixing surfactant and water and are thermodynamically stable systems,
liposomes are not in thermodynamically stable state and therefore cannot form
spontaneously. In order to produce liposomes some energy should be supplied to
a dispersion of (phospho)lipids in a polar solvent (e.g., sonication, extrusion or
homogenization). 53 Liposomes and lipid bilayers undergo several phase transitions. Above a certain temperature, known as phase transition temperature, Tc ,

2.2 Thermodynamics of micellar systems
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the lipid bilayers exist in a disordered liquid-crystalline phase, where the hydrocarbon chains are randomly orientated, whereas below Tc the ordered gel phase
is observed, in which the hydrocarbon chains are fully extended and closely
packed. 64,65 Moreover, different liquid-crystalline phases can be observed. By
decreasing or increasing the lipid concentration, the lamellar phase can undergo
a transition into a hexagonal micellar phase and an inverse hexagonal micellar
phase, respectively. 66 These transitions can be induced by increasing or decreasing the average area of polar heads as well, for example by adjusting the pH
value in case of pH-sensitive liposomes. 53,67,68 The above mentioned transitions
result in liposome leakage of the encapsulated solvent, followed by their dissolution. As micelles, liposomes are able to solubilize solutes in aqueous solutions.
In general, hydrophobic compounds are solubilized inside the lipid bilayers and
hydrophilic compounds can be dissolved in the encapsulated aqueous content.
Liposomes find various applications as delivery agents for encapsulated drugs
due to the possibility to adjust their properties, such as leackage rate, fusogenic
activity and interaction with cells for a particular application. 53

2.2
2.2.1

Thermodynamics of micellar systems
Thermodynamics of micellization

The micelle formation is a reversible equilibrium process, characterized by a
minimization of the free energy of the system in order to reach thermodynamic
stability. 69 Experimental analysis showed only a small enthalpy change, when
micellization occurs. Therefore, the process is considered as mainly entropy
driven and the negative free energy results from a large positive entropy. 70 The
micellization process is induced by hydrophobic, steric, electrostatic, hydrogen
bonding, and van der Waals interactions. 57 The main attractive force results
from an entropic effect, known as hydrophobic effect, which is the observed tendency of nonpolar molecules to aggregate in an aqueous solution and exclude
water molecules, caused by the strong water self-association. 71,72 The process
of micelle formation is characterized by the CMC, which is the surfactant specific concentration at which aggregates are spontaneously forming and become
thermodynamically soluble in an aqueous solution. 73 The mass action model
(MAM) and the pseudo phase separation approximation (PSA) postulate that
the micelle formation can be modeled as a chemical equilibrium process between
the micelles and the surfactant monomers. Hence, a relation between the CMC
and the Gibbs free energy of micellization can be derived. 74 The key difference
between the models is that the MAM provides the dependence of the chemical potential on the aggregation number Nagg and allows the consideration of
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polydispersity. 75 The MAM gives more accurate description of the micellization
and should be preffered for Nagg < 50. 75 However, for large aggregation numbers (Nagg → ∞) or when the micelle becomes a macroscopic phase, the PSA
can be interpreted as an approximation of the MAM. The Gibbs free energy of
micellization for nonionic surfactants can then be defined as
∆G0mic = µ0mic − µ0solv = RT ln CMC

(2.3)

At constant temperature and pressure, the chemical potential is equal to
the partial molar Gibbs energy (see equation 2.18). Hence, µ0mic is equal to
the free energy of inserting a surfactant into the micelle and µ0solv is equal to
the solvation free energy of a surfactant in the aqueous phase (hydration free
energy). Therefore, the CMC can be estimated from the free energy for the
transfer of a surfactant from the aqueous phase to the micelle. 76 The formation
of ionic micelles is strongly affected by the salt concentration. The ionic strenght
will cause adsorption of some of the free counterions on the surface of the
micelles. Therefore, the degree of counterion binding (β) is accounted for and
the Gibbs free energy of micellization for ionic surfactants is approximated by 60
∆G0mic = (1 + β)RT ln CMC

(2.4)

Equation 2.4 can be further extended to account for the presence of electrolytes. 77
Semiquantitative predictive models of micellization, such as the concept of
the packing parameter by Israelachvili et al. 78 , the Tanford theory 79 and its
extention by Nagarajan and Ruckenstein 80 were introduced for the prediction
of micelle shapes and sizes.
The free energy model by Tanford 79 suggest that the standard free energy
change associated with the transfer of a surfactant from its infinite diluted
state in water to an aggregate with aggregation number Nagg contains three
contributions 81
!
!
!
!
∆µ0Nagg
∆µ0Nagg
∆µ0Nagg
∆µ0Nagg
=
+
+
(2.5)
kB T
kB T
kB T
kB T
Transfer

Interface

Head

The transfer term is a negative free energy contribution arising from the
transfer of the surfactant tail from its unfavorable contact with water to the
hydrocarbon environment in the aggregate core, which depends on the surfactant tail but not on the size and shape of the aggregate. The second term is a
positive contribution, which takes into account that there is a residual contact
of the tail surface area with water at the surface of the aggregate core. The
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third term provides a positive contribution representing the repulsive interactions between the head groups at the aggregate surface due to steric interactions
for all types of head groups and due to electrostatic interactions for zwitterionic and ionic head groups, as well. kB is the Boltzmann constant, and T the
temperature.
The packing paramater by Israelachvili et al. 78 is defined as
P =

V0
ae l0

(2.6)

whereby V0 is the surfactant tail volume, ae is the equilibrium head group area
and l0 is the extended tail lenght. ae is a thermodynamic quantity obtained
from equilibrium considerations (minimum free energy) and is not a simple geometrical parameter based on the shape and size of the surfactant head group. 81
Therefore, Israelachvili et al. 78 estimated ae using the Tanford model for the
standard free energy change on aggregation. For micelles in thermodynamic
equilibrium, the equilibrium head group area ae can then be calculated with 81
 α 1/2
(2.7)
ae =
σ

where α is the head group repulsion parameter and σ is the interfacial tension,
respectively. Based on the packing paramater value, the most probable geometries of the surfactant aggregates can be predicted: spherical or ellipsoidal
micelles (P < 0.33), cylindrical or rod-like micelles (P = 0.33 − 0.5), vesicles
and flexible bilayers (P = 0.5 − 1.0) and reversed micelles (P > 1.0). As for
most common surfactants V0 /l0 = constant, only the head group area ae controls the equilibrium aggregate structure and the surfactant tail does not have
any influence on the shape and size of the aggregate in the model of Israelachvili
et al. 78 The packing parameter concept combined with the Tanford’s free energy expressions is able to describe various experimental findings. For example,
for nonionic surfactants with ethylene oxide head groups, smaller head groups
lead to small ae and therefore to high P , which means bilayers are favored,
where for larger head groups, P is lower and cylindrical micelles are favored. 81
In case of ionic surfactants, the addition of salt leads to a decrease in ae and
increase in P , therefore the transition from spherical to cylindrical micelles can
be predicted. 81 The influence of solvents and temperature can be predicted, as
well. 81 However, this concept will predict the same P value for surfactants with
short and long tail lenghts and therefore still neglects the influence of the tail
lenght on the shape and size of the aggregate.
Nagarajan and Ruckenstein 80 extended the Tanford model by introducing
an additional term, the packing free energy contribution to the free energy
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calculation. Taking into account this term, the estimated equilibrium head
group area ae is dependent on the lenght of the hydrophobic tail. 81 In this
model, the tail length influences the head group area and thereby the shape
of the aggregate. The extension by Nagarajan and Ruckenstein 80 improves
the prediction quality of the semiquantitative predictive group of models, as
the tail still has an influence on the formation of spherical micelles, rod-like
micelles and bilayers. For example, the tail influences the ionic strenght in
case of ionic micelles and thereby modifies the equilibrium area ae , the packing
parameter P and thus the aggregate size. 81
Further extensively reported approaches for prediction of micellization (CMC)
are quantitative structure-property relationship (QSPR) 82–86 models, activity
coefficient models such as nonrandom two-liquid (NRTL) 87 and universal quasichemical functional-group activity coefficients (UNIFAC), 88 and equations of
states (e.g., statistical associating fluid theory (SAFT)). 89,90
2.2.2

Formation of micelles in mixed surfactant solutions

Mixtures of different surfactants are often used, as they can have improved
characteristics compared to single surfactant solutions for a particular application. 29–31 One important issue in the formation of mixed micelles is their
composition, which cannot be straightforward assumed as equal to the composition in the surfactant solution. 91,92 Different approaches have been proposed
to calculate the CMC in mixed surfactant solutions and to predict the composition of the mixed micelles. If ideal mixing is assumed, the CMC value for a
mixed surfactant system can be calculated with Clint’s equation 93
1
α1
(1 − α1 )
=
+
CMC12
CMC1
CMC2

(2.8)

where CMC1 and CMC2 are the CMCs of the pure surfactants 1 and 2, respectively and CMC12 is the CMC of the mixture. α1 is the mole fraction of
surfactant type 1 in the bulk solution. In case of ideal mixing, the mole fraction of surfactant 1 in the micelle x1 in a solution with bulk composition α1 is
calculated as 93
α1 Cs − CMC∗1
x1 =
(2.9)
Cs − CMC12
CMC∗1 indicates the CMC of surfactant 1 in a mixed solution with composition
α1 , where CMC12 = CMC∗1 + CMC∗2 . 94 Cs is the total surfactant concentration
in the solution. The relation between x1 and α1 is given with
x1 =

α1 CMC2
α1 CMC2 + (1 − α1 )CMC1

(2.10)
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The regular solution approximation theory (RSA) is another approach for the
calculation of micelle compositions, which takes into account the non-ideality
of mixing. The activity coefficients γ in a binary surfactant mixture can be
describes according to the RSA by
ln(γ1 ) = β(1 − x1 )2

(2.11)

ln(γ2 ) = β(x1 )2

(2.12)

The parameter β, proposed by Rubingh 91 is a specific molecular interaction
parameter, which accounts for the interaction energy difference between equal
and nonequal surfactant molecules according to 95
β=

ln

 α1 CMC12 

x1 CMC1
(1 − x1 )2

=

ln

 (1−α1 )CMC12 
(1−x1 )CMC2
x21

(2.13)

Based on the experimental data of the CMCs of the single surfactants and
the mixture, as well as on the composition of the surfactant solution α1 , the
composition x1 of a micelle can be calculated numerically by
x21 ln((CMC12 α1 )/(CMC1 x1 ))
=1
(1 − x1 )2 ln((CMC12 (1 − α1 ))/(CMC2 (1 − x1 ))

(2.14)

Significant deviations between the composition in the bulk solution α1 and
the composition in the micelle xi are obtained at total surfactant concentrations
close to the CMC of the mixture (Cs ≈ CMC12 ), whereas at high concentrations
(Cs ≫ CMC12 ) xi approaches α1 . 93,96
2.2.3

Partition equilibria in micellar systems

Phase equilibria in liquid systems and partition coefficients
In the state of thermodynamic equilibrium three conditions have to be fulfilled:
the conditions of thermal, mechanical and chemical equlibrium.
T α = T β = ... = T π

(2.15)

pα = pβ = ... = pπ

(2.16)

µαi = µβi = ... = µπi

(2.17)

The thermal and mechanical equilibria are characterized by the equality of the
temperature T and pressure p of all phases according to equations 2.15 and
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2.16, respectively. The chemical equilibrium is defined by the equality of the
chemical potential of each component i in all phases, given with equation 2.17.
According to the Gibbs fundamental equations, the chemical potential of
a component i can be defined based on the thermodynamic potentials, the
internal energy U (S, V, ni ), the enthalpy H(S, p, ni ), the Helmholtz free energy
A(T, V, ni ) and the Gibbs free energy G(T, p, ni ) 97

µi =

 ∂U 
∂ni

S,V,nj

=

 ∂H 
∂ni

S,p,nj

=

 ∂A 
∂ni

T,V,nj

=

 ∂G 
∂ni

T,p,nj

(2.18)

The chemical potential in an ideal mixture is calculated by
µideal
= µ0i + RT ln(xi )
i

(2.19)

where µ0i is the chemical potential of the chosen standard state, T is the
temperature and xi is the mole fraction of component i.
However, to describe real mixtures, the non-ideality has to be considered.
Therefore, the activity ai is introduced, which accounts for the non-ideality of
the mixture. The chemical potential in a real mixture is then described as
= µ0i + RT ln(ai )
µreal
i

(2.20)

By combining equations 2.17 and 2.20, the condition of chemical equilibrium
can be expressed as
aαi = aβi = ... = aπi

(2.21)

In order to quantify the non-ideality, the activity coefficient is defined as
γi =

ai
xi

(2.22)

From equations 2.21 and 2.22, the general equation for the description of
thermodynamic liquid-liquid phase equilibria (LLE) is derived
xαi γiα = xβi γiβ = ... = xπi γiπ

(2.23)

The partition equilibria of a component i between two liquid phases α and
β can be quantified with the partition coefficient (derived from equation 2.23)
αβ
Ki,sd

γiβ
= β = α
γi
xi
xαi

(2.24)
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where the subscript “sd” stands for system size dependent. However, for a
reasonable comparison, a system size independent partition coefficient is usually used, which is defined as the ratio of the molar concentrations cαi and cβi
according to 98
β
cαi
xαi v β
γiβ v β
αβ
αβ v
Ki = β = β α = α α = Ki,sd α
(2.25)
γi v
v
ci
xi v
αβ
Hence, the partition coefficients Ki,sd
and Kiαβ are connected by the molar
volumes v α and v β of the phases α and β, respectively. Throughout this work,
the system size independent partition coefficient Kiαβ is used, where α represents
the organic (micellar) phase and β is the aqueous phase, as established in the
literature. 98

Partition coefficients of ionizable solutes
Ionization reactions for acids AH can be expressed with
−

+

AH ⇋ A + H

[A− ][H+ ]
Ka =
[AH]

(2.26)

where the brackets represent the concentrations of each species and Ka the
equilibrium constant of the acids. The association of ionic species is quantified
analog to Ka with the ion pair formation constant KIP
−

+

−

+

A +X ⇋A X

KIP

[A− X+ ]
= − +
[A ][X ]

(2.27)

where [X+ ] and [A− X+ ] are the counter ion concentration and the ion pair
complex concentration, respectively.
Combining equation 2.26 with the definitions of pH and pKa results in the
so-called Henderson-Hasselbach equation
 [A− ] 
pH = pKa + log
(2.28)
[AH]

As the ratio [A− ]/[AH] is unitless, other ratios with other units may be used,
for example the molar fractions of the dissociated and protonated form xA− and
xAH .
αβ
The partition coefficients of an unionized (protonated) compound Ki,AH
and
αβ
its ionized (dissociated) form Ki,A
− between two liquid phases α and β can be
expressed with
[AH]α
αβ
(2.29)
Ki,AH =
[AH]β
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[A− ]α
= −β
[A ]
The partition coefficient of an ion pair is calculated analogically with
αβ
Ki,A
−

αβ
Ki,IP
=

[A− X+ ]α
[A− X+ ]β

(2.30)

(2.31)

The pH dependent partitioning of an ionizable compound in consideration of
ion pairing can be described in terms of a distribution coefficients Diαβ according
to
[AH]α + [A− ]α + [A− X+ ]α
αβ
Di =
(2.32)
[AH]β + [A− ]β + [A− X+ ]β
Combining the partition coefficients of the protonated, dissociated species
and the ion pair complex (equations 2.29, 2.30 and 2.31) with equation 2.28,
the pH dependent distribution coefficient in consideration of ion pairing can be
expressed for acids as follows
αβ
Di,acid;IP

Ki,AH 10(pKa −pH) + Ki,IP 10(logCsalt −pKIP ) + Ki,A−
=
1 + 10(pKa −pH) + 10(logCsalt −pKIP )

(2.33)

where Csalt is the salt concentration and pKIP is the pK value of the ion pair
complex.
However, Ingram et al. 99 assumed that not only free ions [A− ], but also the
associated ion pair [A− X+ ] sum up to the total ion concentration [A− ], implied
in equation 2.26. In this case, the pH dependent distribution coefficient for
acids is given with
Ki,AH 10(pKa −pH) + Ki,A−
=
(2.34)
1 + 10(pKa −pH)
Of course, distribution coefficients for basic compounds can be derived analog.
Diagrams, showing the distribution coefficients in logarithmic scale in dependence of pH are reffered to as lipophilicity profiles. 36
αβ
Di,acid

2.2 Thermodynamics of micellar systems

17

Experimental determination of partition coefficients with micellar liquid chromatography
Micellar liquid chromatography (MLC) is a chromatographic separation technique that allows the determination of partition coefficients of solutes in micellar
systems. 100 The separation in MLC is based on the interactions of the solutes
with a stationary and a mobile phase. The partitioning of the solute molecules
is determined by the three phase model introduced by Armstrong and Nome 101
which describes the distribution behavior of the solute between the stationary
(S) phase, the micelles (M), and the aqueous bulk phase (W). 102 The retention
in MLC depends on the partition equilibria of the solute between the three coexisting phases, where hydrophobic, electrostatic and dipole interactions of the
solute with the micelles and the surfactant modified stationary phase influence
its elution. It has been shown that in particular the interactions between ionic
surfactants and charged solutes have a great impact on the retention times:
very short retention times due to repulsive forces when the surfactant and the
solute have the same charge and in case of opposite charges long retention
times because the solute molecules strongly bind to the ionic surfactants due
to electrostatic attraction forces. 103 Retention models, based on various properties such as surfactant concentration and elution volumes are used to describe
the retention behavior of the solute and thus to determine quantitatively its
partition behavior in micellar systems. The two most commonly used retention
models are those proposed by Armstrong and Nome 101 and by Arunyanart and
Love 104 . It has been demonstrated that both of them usually lead to comparable results. 41,105,106 In this work, the model by Armstrong and Nome 101 is
used
Vs
v(KiMW − 1)
1
=
C
+
m
Ve − V0
KiSW
KiSW

(2.35)

where Vs , Ve and V0 are the volume of the stationary phase, the solute’s elution
volume and the void volume, respectively. v and Cm are the surfactant molar
volume and the micelle concentration, given with Cm = Cs − CMC, where Cs
is the total surfactant concentration in the mobile phase. Based on equation
2.35 the partition coefficients between the stationary phase and the aqueous
bulk phase KiSW and between the micelles and the aqueous phase KiMW can be
determined by plotting the volumes ratio againts varying micelle concentration.
The partition coefficient KiSW is described by the reciprocal y-axis section b with
KiSW =

1
b

(2.36)
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KiMW can be determined from the slope a of the interpolation line f (x) = ax + b
according to
aKiSW
MW
+1
(2.37)
Ki
=
v
The partition coefficient between the stationary phase and the micelles KiSM
results as a quotient between KiSW and KiMW
KiSM

2.3

KiSW
= MW
Ki

(2.38)

Molecular dynamics simulations

Statistical mechanics is a theoretical framework for prediction of macroscopic
properties (pressure, temperature, phase equilibria, etc.) of a many body system from its microscopic behavior. When combined with the laws of thermodynamics, it is known as statistical thermodynamics or equilibrium statistical mechanics. Statistical thermodynamics connects the properties of specific microscopic configurations of a thermodynamic system (microstate) to its
macroscopic properties (macrostate). 107 Hence, the macroscopic properties are
averages over microstates. A macrostate is characterized by a probability distribution of all possible microstates within a certain statistical ensemble. This
idea is the basic of the ensemble concept introduced by J. Willard Gibbs. 108
In other words, an ensemble is the collection of all possible mictostates sharing a set of defined macroscopic properties (e.g., the same number of particles,
pressure and temperature). Therefore, macroscopic properties are calculated
as averages over the systems in the ensemble. For example, some common
thermodynamic ensembles are defined as 108
1. Microcanonical ensemble (NVE = constant) The number of particles N , the system’s volume V and the total energy in the system E are
constant.
2. Canonical ensemble (NVT = constant) The number of particles N ,
the system’s volume V and the temperature T are constant.
3. Grand canonical ensemble (µVT = constant) The chemical potential
µ, the system’s volume V and the temperature T are constant.
4. Isothermal-isobaric ensemble (NPT = constant) The number of
particles N , the pressure P and the temperature T are constant.
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An important quantity in statistical thermodynamics is the partition function, which describes the statistical properties of a system in thermodynamic
equilibrium. The partition function represents the connection between macroscopic themodynamic properties and microscopic models in a particular statistical ensemble. 109 Hence, every thermodynamic property can be calculated by
means of the partition function of the corresponding system. Unfortunately, in
many cases it is not possible to obtain an analytical solution for the partition
function. However, computer simulations can be used to solve this problem
using nummerical methods. 110 Two commonly applied simulation techniques
are: (i) Monte Carlo simulations, which generate ensemble members using the
laws of statistical thermodynamics and macroscopic properties are calculated
as ensemble averages and (ii) molecular dynamics simulations, which generate
a phase space trajectory using the laws of classical mechanics and calculate
macroscopic properties as time averages. 110
Molecular dynamics (MD) simulations is a technique for determining equilibrium and transport properties of a classical many particle system. In case of
all-atom MD simulations, the particles represent atoms. The classical equations
of motion are solved nummerically in successive time intervals and therefore a
time sequence of microstates is obtained. Solving the differential Newton’s
second law of motion
d 2 xi
Fxi
(2.39)
=
dt2
mi
yields a chronologic progression of the microstates (trajectory), which describes
how the positions and velocities of the atoms in the system change over time.
The continuous trajectory of a N particles system moves in a 6N -dimensional
phase space (3N coordinates r and 3N momenta p). Macroscopic properties of
the system are calculated from the phase space trajectory as time averages.
To study the behavior of real systems with MD simulations, the interactions
between the participating molecules have to be modeled. These are defined in
a so-called force field, which is an essential part of each MD simulation. The
force field, which contains analytical forms of the interactions and values for
their parameters is a crucial factor for the prediction quality of the simulation.
Therefore, force field parameters are usually adjusted such that simulations are
able to reproduce physical properties of the system. Which properties (e.g.,
density, heat of evaporation, energy of solvation, partitioning free energy, etc.)
are used as target values depends on the type of force field. 111–114
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2.3.1

Force fields

The force calculation is the most essential and time consuming part of every MD
simulation. To describe the total energy of a system, the classical Hamiltonian
H(p, r) is used, which is the sum of the kinetic energy K(p) and potential energy
V (r)
H(p, r) = K(p) + V (r)
(2.40)
The kinetic energy term is independent of the particle position, if no further
configurational restrictions are applied on the system 115 and it is calculated
according to
3N
X
p2i
K(p) =
(2.41)
2m
i
i=1

The potential energy term V (r) is described by the intermolecular and intramolecular interactions of the particles in the system and is dependent on the
positions of the particles
V (r) = Vinter (r) + Vintra (r)

(2.42)

A schematic representation of the intermolecular interactions is shown in Figure
2.3.
(a) bond vibration

(b) bond angle

(c) dihedral angle

Figure 2.3: Schematic representation of the three most common intermolecular (bonded)
interaction types.

2.3 Molecular dynamics simulations

21

The interactions between atoms and molecules and their parameter values are
defined in the force field. Force fields for modeling biomolecules were proposed
and established in the literature (e.g., GROMOS based force fields, 113,116–120
CHARMM, 112,121–123 AMBER, 124–126 OPLS 127,128 ). In this work, CHARMM
was chosen due to its good parametrization of amphiphilic molecules like lipids
and surfactants. 121,129,130 The intra and inter molecular interactions in the potential energy function of the CHARMM force field 112 are calculated according
to
X
X
X
2
2
Vintra (r) =
Kb (b − b0 ) +
Kθ (θ − θ0 ) +
Kφ (1 + cos(nφ − δ))
bonds

angles

dihedrals

(2.43)

+

X

Kϕ (ϕ − ϕ0 )2 +

improper dihedrals

Vinter (r) =

X

nonbonded

qi qj
+ ǫij
4πDrij

X

KUB (r1,3 − r1,3;0 )2

Urey-Bradley

"

Rmin,ij
rij

12

−2



Rmin,ij
rij

6 #!

(2.44)

The first term in the intramolecular energy function accounts for the bond
stretches where Kb is the bond force constant, b0 is the equilibrium distance
and b the actual distance (see Figure 2.3a). The second term in equation 2.43
accounts for the bond angles where Kθ is the bond angle force constant, θ0 is
the equilibrium angle between three bonded atoms and θ is the bond angle.
The third term is for the dihedral angles (torsion angles) where Kφ is the
dihedral force constant, n is the multiplicity of the function, φ is the dihedral
angle and δ is the phase shift. The fourth term accounts for the improper
dihedral angles, which describe out of plane bending, where Kϕ is the force
constant, ϕ0 is the equilibrium out of plane angle and ϕ the actual angle. The
Urey-Bradley component (cross-term accounting for angle bending using 1,3
nonbonded interactions) comprises the fifth term, where KU B is the respective
force constant and r is the distance between the 1,3 atoms in the harmonic
potential.
Nonbonded interactions between pairs of atoms (i, j) are represented by
equation 2.44. The intermolecular interactions include the standard 12-6
Lennard-Jones (LJ) potential, where ǫij is the well depth, Rmin,ij is the radius in
the LJ term used to treat the vdW interactions, and rij is the distance between
i and j. The electrostatic energy is calculated with a Coulombic potential (see
first term in equation 2.44), where qi and qj are the partial atomic charges of
atom i and j, respectively. Since the number of nonbonded interactions increases quadratically with the number of simulated atoms, several techniques
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to minimize the required computing power have been introduced. 110 The LJ
potential is normally cut off at a certain distance, where a cutoff radius is
defined and only the interactions with atoms within that defined sphere are
taken into account. 110 Simply applying an abrupt truncation leads to discontinuity in the energy and in the forces. A possibility to avoid this problem is
to shift the potential to zero at the cutoff radius. 110 Besides a shifting function a switching function can be used to truncate the van der Waals potential
energy smoothly at the cutoff distance. 131,132 A switch distance specifies where
the switching function should start taking effect to bring the van der Waals
potential to zero smoothly at the cutoff distance. Thus, the switch distance
must be less than the cutoff radius. Electrostatic interactions are treated by
pairwise calculation with the Coulomb law. However, with increasing system
size the calculation of all possible interactions would take most of the computational time and is not feasible. One possibility to overcome this problem is to
truncate the forces at a cutoff distance, as used for the van der Waals potential
calculation. The electrostatic interactions at distances greater than the cutoff
can be accounted for using the particle mesh Ewald (PME) technique, 133 which
calculates electrostatic potential beyond a chosen cutoff distance by the solution of a Poisson-Boltzmann equation for a solute in a continuum solvent. The
electrostatic potential within the cutoff is calculated as Coulomb forces. Using
PME allows a significant acceleration of the computing time. 134
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CHARMM General Force Field parametrization philosophy
The CHARMM force field was parametrized for varios classes of biomolecules
including carbohydrates, 135–138 proteins, 122,139,140 nucleic acids 123,141,142 and
lipids. 121,129 The main challenge in creating force fields is to cover enough of the
variety of chemical classes. Therefore, the standard CHARMM optimization
procedure for biomolecular force fields has been simplified for the purpose of
creating the CHARMM General Force Field (CGenFF). 112 To attain this, a
systematic optimization protocol is required that is (1) of a level of accuracy
appropriate for the proposed application of the force field, (2) fast enough to
parametrize large numbers of model compounds, and (3) simple enough to enable CHARMM users to easily extend the force field to chemical groups of their
interest. 112 The CGenFF parametrization philosophy is adapted with emphasis
on quantum mechanical (QM) results as target data for the parameter optimization. 112 This includes the QM calculations, followed by the analogous molecular
mechanical (MM) calculations and parameter optimization to minimize the difference between the MM and QM data. 112 A general parametrization workflow
for the force field parameter optimization according to the CGenFF procedure
is shown in Figure 2.4 and the essential steps are summarized below.
1. Generating initial topology and parameters
The parameterization workflow requires files containing molecular information such as initial molecular geometry, preassigned atom types and
atom names. 143 For that, an automated algoritm based on the CGenFF
is provided by the ParamChem 144,145 webserver, which is proven to be accurate for CGenFF atom types. 143 In many cases, it is not necessary to
parametrize whole new molecules, but to undertake the parameter optimization procedure on only the new parameters required for the molecule
of interest. That is, parameters missing in the force field. Initial values for
the new parameters should be based on analogous parameters for similar
chemical species already available in CGenFF. These can also be obtained
with the ParamChem tool. 144,145 The initial molecular geometry should
be optimized at the second order Møller-Plesset 146 level of theory on the
6-31G(d) basis set (further reffered as MP2/6-31G(d)).
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2. Optimization of partial atomic charges

Optimization of the charges is performed with the model compound in its
MP2/6-31G(d) optimized conformation. Complexes between the geometryoptimized target compound and a water molecule (TIP3P water model 147 )
are constructed in which the water is ideally oriented for hydrogen bonding
(distance and angle between acceptor and donor are optimized). For each
target compound-water complex, a corresponding Hartree-Fock 148 calculation on the 6-31(d) basis set (further reffered as HF/6-31(d)) is performed.
Scaled HF/6-31(d) model compound-water interactions and the dipole moment are used as target data. Ideally, the model compound-water interaction energies should be within 0.2 kcal/mol from the target interaction
energies. For polar, neutral molecules, empirical results should overestimate the magnitude of the QM dipole moment by 20-50 % and should
reproduce its orientation. Several rules facilitate charge fitting. For example, aliphatic hydrogen atoms are always assigned a charge of +0.09.
Similarly, aromatic C-H moieties not adjacent to a heteroatom are assigned
charges of -0.115 and +0.115 on the C and the H atom, respectively.

3. Optimization of bonds and angles

Optimized equilibrium bond and valence angle parameters should reproduce the target geometries, computed at the MP2/6-31G(d) level of theory.
In general, deviations of up to 0.03 Å and 3◦ from the QM geometry are
acceptable.

4. Optimization of dihedrals

Starting from the optimized MP2/6-31G(d) geometry, a potential energy
scan (PES) for each dihedral angle has to be optimized at the MP2/631G(d) level of theory. The dihedral optimization is then performed until
the MM PES reproduce the QM PES.
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Figure 2.4: A general parametrization workflow according to the CGenFF procedure. 112,143

In principle, all parameters in a force field are interdependent and need to
be optimized in a self-consistent fashion. Therefore, force field parametrization
is an iterative procedure (it is iterated from optimization of partial charges
to optimization of dihedrals). 111 While this iterative procedure should be performed until convergence, with given good initial guess parameters, one or two
iterations should be sufficient. 112
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Position restraints

In order to access areas with high energy barriers or to influence the overall
structure of the simulated system, atoms or whole molecules can be restrained
during a MD simulation. Atoms are restrained to fixed reference positions using
a harmonic potential 149
1
Vpr (ri ) = Kpr |ri − Ri |2
2

(2.45)

where ri is the position of the atom, Ri is the reference position and Kpr is the
force constant.
Simulations with position restraints find application during equilibration in
order to avoid drastic rearrangements of critical parts. 149 Another important
example of simulations with position restraints are the so-called pulling simulations, which are often carried out to generate initial configurations for umbrella
sampling simulation windows (see the following chapter 2.3.3). In this case,
a pulling force between two objects (molecules, clusters of molecules etc.) is
applied, so that the relative position between them changes. In this work, a
pulling force between the center of mass (COM) of a micelle and a solute molecule is applied, so that the solute approaches towards or away from the COM
of the micelle.
Besides a harmonic potential, a flat-bottom (FB) potential can be used to
prevent strong influences due to restrictions in the molecular movement. The
FB potential consists of an inner part, in which the atom can move unhindered,
and an outer part. If the atom leaves the inner region fixed with the radius rf b ,
a harmonic potential is applied to return the atom to the inner region by 149
1
Vf b (ri ) = Kf b [dg (ri , Ri ) − rf b ]2 H[dg (ri , Ri ) − rf b ]
2

(2.46)

where ri is the position of the atom, Ri is the reference position, Kf b is the force
constant and H the Heaviside step function. The distance dg (ri , Ri ) depends
on the geometry of the FB potential. For a sphere it is calculated according to
dg (ri , Ri ) = |ri − Ri |

(2.47)

In this work, simulations with position restraints using a flat bottom potential are applied in chapter 6.2.2.
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Free energy calculations

The Gibbs free energy G is a thermodynamic potential that is minimized when
a system reaches equilibrium at constant pressure and temperature. 97 Hence,
processes at constant pressure and temperature proceed spontaneously only,
if G is reduced. The free energy along a reaction coordinate is known as a
free energy profile and can be calculated from equilibrium MD simulations.
A favorable solute partitioning can be estimated based on the probability of
finding a solute at certain positions along the reaction coordinate. However,
regions with high energy barriers (where solutes would not partition favorably)
would require an extensively long simulation time to sample a solute in these
regions. Different techniques to solve this problem were proposed in the literature (e.g., thermodynamic integration, 150 free energy perturbation, 151 umbrella
sampling 152 ). In this work, the umbrella sampling (US) method by Torrie and
Valleau 152 is used.
Umbrella sampling (US)
The calculation of free energy profiles with US consists of several independent
simulations (simulation windows). Each simulation window simulates the solute molecules at different positions along the reaction coordinate, therefore
each window covers only a small range of the reaction coordinate. Thus, in
each simulation window a different region of the reaction coordinate is sampled individually. Afterwards, the results from the independent simulations are
combined to obtain a free energy profile (i.e., free energy along the reaction
coordinate). In the US simulations, the reaction coordinate is restrained by
applying a bias potential (in this work a harmonic potential). This additional
energy term ensures efficient sampling along the whole reaction coordinate. The
potential energy of the system with an applied bias potential V b (r) differs from
the one of an unbiased system V (r)
V b (r) = V (r) + wi (ξ)

(2.48)

wi (ξ) is the bias potential, which depends only on the reaction coordinate.
When a harmonic potential is used, this additional term is calculated with
2
1
wi (ξ) = K ξ − ξiref
(2.49)
2
where K is the force constant of the potential, ξ is the current position on the
reaction coordinate and ξiref is the reference position in the respective window
i. Since this harmonic potential only restricts the solute along the reaction coordinate, the molecule can continue to rotate and move freely in the orthogonal
directions to the reaction coordinate.
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In order to obtain the unbiased free energy, the unbiased distribution Piu (ξ)
is needed according to 153
R
exp[−βV (r)]δ[ξ′(r) − ξ]dNr
R
Piu (ξ) =
(2.50)
exp[−βV (r)]dNr

where β = 1/(kB T ) with kB being the Boltzmann constant and T being the
absolute temperature. Nr is the number of degrees of freedom of the system.
The biased probability density Pib (ξ) is calculated according to 153
R
exp[−βV (r)]δ[ξ′(r) − ξ]dNr

(2.51)
Pib (ξ) = exp[−βwi (ξ)] R
exp − β[V (r) + wi (ξ′(r))] dNr

The unbiased probability Piu (ξ) is related to the biased probability Pib (ξ)
according to 153
Piu (ξ) = Pib (ξ) exp[βwi (ξ)]hexp[−βwi (ξ)]i

(2.52)

The free energy Gi (ξ) in simulation window i can then be determined via
the biased probability density Pib (ξ) with 153
Gi (ξ) = −(1/β) ln Pib (ξ) − wi (ξ) + Fi

(2.53)

where Fi = −(1/β) lnhexp[−βwi (ξ)]i.
If the free energies Gi (ξ) of more windows have to be combined to one global
G(ξ), Fi have to be calculated to connect Gi (ξ) obtained in the different windows according to 153
exp(−βF
Z i ) = hexp[−βwi (ξ)]i
= P u (ξ) exp[−βwi (ξ)]dξ
Z

= exp − β[G(ξ) + wi (ξ)] dξ

(2.54)

where P u (ξ) is the global unbiased distribution (see equation 2.55).
As the Fi cannot directly be obtained from sampling, methods to calculate them (i.e., to analyze US simulations) have to be applied. These methods
combine the results of different windows to reconstruct the entire system. Typically, the weighted histogram analysis method (WHAM) 154 or the umbrella
integration 155 are used. In this work, the WHAM method is applied.
More details about the umbrella sampling technique can be found in the
literature, for example in references 152, 153, 156, 157.
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Weighted Histogram Analysis Method
WHAM 154 is a standard technique for generating free energy profiles from a set
of US simulation windows. The global unbiased distribution P u (ξ) is calculated
as a weighted average of the probabilities of the individual windows by 153
u

P (ξ) =

windows
X

pi (ξ)Piu (ξ)

(2.55)

i

pi are the weights, chosen in order to minimize the statistical error of P u (ξ)
∂σ 2 (P u )
=0
∂pi
under the condition

P

(2.56)

pi = 1. They are calculated as 154,158

ai
pi = P , ai (ξ) = Ni exp[−βwi (ξ) + βFi ]
j aj

(2.57)

with Ni being the total number of steps sampled for window i. The constants
Fi (see also equation 2.53) are calculated by
Z
exp(−βFi ) = P u (ξ) exp[−βwi (ξ)]dξ
(2.58)
As there are two quantities depending on each other (P u (ξ) and the constants
Fi ), it has to be solved iterativelly. The global free energy of the system,
calculated using WHAM is then defined as
GWHAM (ξ) = −(1/β) ln P u (ξ)

(2.59)

For spherical structures, such as micelles an additional correction for the free
energy is necessary. If the three-dimensional distance is devided in layers with a
constant bin width for WHAM, their volume (volume of spherical shells) is not
constant. Therefore, a correction is necessary to ensure that the free energy in
the bulk water phase becomes constant. In this case, the effect of transforming
Cartesian three-dimensional coordinates into a distance reaction coordinate ξ
can be corrected with the Jacobian correction 159,160
G(ξ) = GWHAM (ξ) + (2/β) ln ξ

(2.60)

More details about the volume correction for micelles are given in chapter
4.4.
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Partition coefficients calculation
From free energy profiles the favorable partitioning of solutes can be quantified
by means of partition coefficients. For their calculation, two phases have to be
present: a micelle phase α and an aqueous phase. As free energy profiles are
calculated along the whole reaction coordinate, a boundary between the two
phases has to be defined. This can be specified based on the free energy values
(a free energy of zero corresponds to the water phase). For the calculation of
partition coefficients from free energy profiles in most MD studies the following
equation is applied

KiPdef

nα
P

V W j=1
= M P
n
m

V (rj ) exp(−β∆Gi (rj ))
(2.61)
V (rk ) exp(−β∆Gi (rk ))

k=nα +1

where the sum over layer 1 to nα is defined to represent the micelle phase and
the other layers (nα + 1 to n) define the aqueous phase. V (rj ) and V (rk )
denote the volume of shell j and k, respectively. V W is the volume of the
water phase and mM denotes the mass of the micellar phase. KiPdef is a system
size independent partition coefficient based on the molality of the solute in the
micelle phase and the molar concentration of the solute in the water phase in
units L/kg. 161 The factor V W /mM transforms the partition coefficient from a
system size dependent into a system size independent coefficient.

2.4

COSMO-RS and COSMOmic

Besides MD simulations, the model COSMO-RS and its extention COSMOmic
are used for the calculation of partition equilibria of solutes in this work. The
models are based on quantum chemical calculations and statistical thermodynamics. Klamt 49 proposed the COSMO-RS model, which is developed on the
basis of the original COSMO (COnductor-like Screening MOdel 162 ). COSMO is
a variant of the continuum solvation models, which rely on the assumption that
the surrounding liquid environment can be approximated by a dielectric continuum, characterized by its dielectric constant εr . Quantum chemical calculations
in a virtual conductor environment are performed as a first step to calculate the
screening charge density on the surface of the molecule. In this environment,
all interactions between the molecules are screened on the interface to the ideal
conductor and there are no intermolecular interactions. However, in order to
describe realistic solutions the intermolecular interactions have to be taken into
account. Therefore, the COSMO theory was combined with the laws of statisti-
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cal thermodynamics and extended to the COSMO-RS (COnductor-like Screening MOdel for Realistic Solvation) 49 approach. When using the COSMO-RS
method for micellar systems, the pseudo phase approach 51 is applied, where the
partition equilibrium of a solute molecule between two separate liquid phases
(a surfactant and an aqueous phase) is calculated. In this case, the micelle
is considered as a homogeneous macroscopic phase, whereas in reality micelles
are anisotropic aggregates. Therefore, Klamt et al. 52 developed an extension
of the COSMO-RS approach called COSMOmic, which takes into account the
anisotropy of the system. In the next section, the COSMO-RS methodology is
summarized briefly, whereas a detailed description can be found in references
49,163–167. Thereafter, in section 2.4.2, the COSMOmic approach is described.
2.4.1

The Conductor-like Screening Model for Realistic Solvation

In the COSMO-RS approach, the conductor environment (εr = ∞) is considered as a reference state for solvation. The screening charge density on the
surface of a molecule in an ideal conductor is calculated using the density functional theory (DFT). The three-dimensional cavity around the molecule is then
discretized into surface segments with a screening charge density σ for each
segment. The sum of all segment charge densities σ gives a σ-profile (probability p(σ)), which provides information on the charge density distribution of
the specific molecule. As an example, the σ-profile of water is shown in Figure
2.5. The two high peaks indicate similar positive and negative charge densities,
which corresponds to the strong polarity of water.

Figure 2.5: A schematic representation of the COSMO-RS charge density distribution calculation for the water molecule. 168

The σ-profile provides the basis for the COSMO-RS calculations, where the
short range interactions between different molecules are quantified by the interation energies of pairwise interacting segments. Several contributions to the
interation energy are considered: an electrostatic contribution emisfit , a hydrogen
bonding contribution ehb and a van der Waals contribution evdW .

32

2 Fundamentals

The electrostatic energy contribution is decribed by the misfit energy term
emisfit . The misfit energy term is necessary, because it accounts for the energy
difference between the ideal screening of the molecule in the ideal conductor
and the non-ideal screening in a real solution. It is calculated according to
emisfit (σ, σ ′ ) =

α′
(σ + σ ′ )2
2

(2.62)

where σ and σ ′ are the screening charge densities of two contacting segments,
scaled with the misfit energy parameter α′ . The misfit energy parameter is an
empirical factor, fitted to experimental data.
For the hydrogen bonding contribution, an empirical term ehb was proposed,
given with equation 2.63. This term needs to be considered, because the interaction energy contribution due to hydrogen bonding cannot be neglected for
interactions in liquid phases. The screening charge densities of both hydrogen
bond acceptor σacc and donor σdon should exceed a certain threshold value σhb .
Otherwise, the ehb term is equal to zero.
ehb (σ, σ ′ ) = chb (T ) min(0; σdon + σhb ) max(0; σacc − σhb )

(2.63)

where the hydrogen bonding energy factor chb is an empirical correction, which
accounts for the temperature dependence.
The third energy contribution due to van der Waals interactions, caused by
induced dipoles cannot be described based on the screening charge density of
the surface segments. This interaction energy contribution is defined as
evdW (e, e′ ) = τvdW (e) + τvdW (e′ )

(2.64)

whereas the van der Waals parameter τvdW has been fitted to experimental
element specific parameters.
The sum of the three described interaction energy contributions gives the
overall interation energy between two contacting surface segments
eint (σ, σ ′ ) = emisfit (σ, σ ′ ) + ehb (σ, σ ′ ) + evdW (e, e′ )

(2.65)

Applying the principles of statistical thermodynamics, the surface specific
chemical potential µ′ (σ) of a segment σ is derived from the interactions with
all segments in an ensemble.
Z
 

′
′ ′
k
T
−a
(e
(σ,
σ
)
−
µ
(σ
))
B
eff
int
µ′ (σ) = −
(2.66)
ln
dσ ′
p′s (σ ′ ) exp
aeff
kB T
where p′s (σ ′ ) is the normalized σ-profile of the system, kB and aeff are the Boltzmann constant and the effective contact area, respectively.
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The chemical potential of component i in a system is calculated as
µi = µi,res + µi,comb + kB T ln(xi )

(2.67)

The residual part of the chemical potential µi,res can be calculated as a sum
of the surface segments chemical potentials according to
µi,res =

Z

pi (σ)µ′ (σ)dσ

(2.68)

where pi (σ) is the σ-profile of component i. The combinatorial contribution
µi,comb is described by the Staverman-Guggenheim expression and accounts for
the size and shape effects of a component in a liquid mixture. 169 xi is the mole
fraction of component i in the mixture.
Finally, the activity coefficient γi of component i is calculated by
µi − µ0i − kB T ln(xi )
γi = exp
kB T




(2.69)

where µ0i is the chemical potential of the standard state.
Partition coefficients between two liquid phases can then be derived from the
activity coefficients (see equation 2.25).

2.4.2

COSMOmic for anisotropic systems

COSMOmic is an extension of COSMO-RS for anisotropic systems, such as
micelles and membranes. A three-dimensional structure of the micelle or membrane is needed for the calculation with COSMOmic, which is usually obtained
from a MD simulation (see chapter 4.3). For micelles, the three-dimensional
structure is radially divided into several shells (layers). In case of membranes,
the lipid bilayer structure is divided into layers along the membrane normal.
The COSMOmic division of the input structures into layers is shown schematic
in Figure 2.6. The structure of each layer is assumed to be homogeneous with
a certain atomic composition of surfactant or lipid, water and ions (in case ions
are present). COSMO-RS calculations of the solute in different orientations
are performed for each layer, whereby solutes can expand over multiple layers.
The solute molecules are considered in an infinite dilution, so that they cannot
interact with each other.
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Figure 2.6: A schematic representation of the COSMOmic division into layers for micelles
(left) and for membranes (right).

The chemical potential of solute i at a defined position r and orientation d
can be calculated with
µi (r, d) = µi,CRS (r, d) + µi,comb (r, d)

(2.70)

µi,CRS represents the term of the chemical potential, which results from the
pairing of surface segments and is often the dominating part of the chemical
potential, escpecially for polar components. 52,170 The term µi,comb takes into account the size and shape of the solute and solvent molecules. Originally, Klamt
et al. 52 introduced two additional terms for the chemical potential calculation:
an empirical approximate expression for the elastic deformation of the micelle
or membrane by the penetration of a solute molecule and a zeta potential,
taking into account the long range electrostatic interactions. Their influence
was investigated and considered as negligible for neutral solutes. 52 However, for
ionic species, the zeta potential should not be neglected and the calculation of
charged solutes with COSMOmic should be interpreted with caution. 52 Bittermann et al. 171 introduced an approach to improve the COSMOmic prediction
quality for charged molecules in membranes by implementing an internal membrane dipole potential (see also section 3.5).
To describe the partition behavior of a solute i, its chemical potentials in
each layer j and each orientation k are summed up to the partition function
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n
X
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Zi (rj ) =

m
n X
X
j=1 k=1



−µi (rj , dk )
exp
kB T



(2.71)

The probability that the solute molecule partitions favorably in layer j can
be determined by means of the distribution function
Zi (rj )
(2.72)
Zi
The free energy difference ∆Gi of the solute between the position rj within
the micelle or membrane and the aqueous bulk phase can be calculated from
this probability with
pi (rj ) =

∆Gi (rj ) = −kB T ln pi (rj )

(2.73)

Combining the free energy differences at all position leads to the free energy profile. As for micelles the volumes of the layers are not constant, the
volume correction is applied in this work to ensure that the free energy in the
water phase is constant (see also chapter 4.4). In case of free energy profiles
in membranes, no volume correction is needed, as the volume of the layers is
constant.
For the calculation of partition coefficients with COSMOmic, Klamt et al. 52
introduced the concept of a water correction to obtain an equation that is stable
also for hydrophilic solutes. In this case it is assumed that a fraction of the
free energy in each layer is due to the water in this layer, and this fraction is
subtracted leading to


n 
P
nw (rj )
V (rj ) exp(−β∆Gi (rj )) − V (rn ) exp(−β∆Gi (rn )) nw (rn )
W
V
j=1
KiWcorr = M
nw
m
V (rn ) exp(−β∆Gi (rn )) nw (rg n )
(2.74)
whereby V (rj ) denotes the volume of layer j, nw (rj ) is the amount of water
molecules in layer j, and nw
g represents the total amount of water in the system.
β is the reciprocal product of the Boltzmann constant and the temperature.
Please note that in the COSMOtherm implementation of COSMOmic, the volume contribution is included in the calculation of the partition function with
equation 2.71 and is not considered in equation 2.74. In equation 2.74 volume corrected free energy profiles should be used (see chapter 4.4). In case
of calculating partition coefficients from unmodified profiles (profiles obtained
with COSMOtherm), the volume contribution is already included in the partition function calculation and therefore in the free energy profile and should
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not be considered in equation 2.74. KiWcorr is a system size independent partition coefficient in units L/kg. The factor V W /mM , which is the volume of the
water phase divided by the mass of the micellar phase transforms the partition
coefficient from a system size dependent into a system size independent.

3 State of the art
3.1

Molecular dynamics simulations of micellization

Many MD simulations studies investigating the micellization process of various
nonionic, zwitterionic, anionic and cationic surfactants were reported in the
literature. De Nicola et al. 172 proposed and validated a coarse-grained model
to estimate the CMC, as well as shape and phase transitions of the widely used
nonionic surfactant TX100. Moreover, an atomistic model using the CHARMM
force fields parameters optimized in this work (see chapter 5.1) and published
in reference 173 was applied to calculate distance distribution functions and
hydrodynamic measurements. 172 Polydisperse mixtures of spherical, oblate and
prolate micelles were found, which is in agreement with experimentally observed
micelle structures. 174–176 Espinosa et al. 177 employed atomistic MD simulations
using the GROMOS force field parameters 178 to investigate the pressure effect
on TX100 self-assembly process. At atmospheric pressure, a prolate ellipsoid
micelle was obtained, whereas at higher pressures decreasing eccentricity of
the micelle was calculated indicating more spherical structure. Changes of the
micelle radius were observed with increasing pressure, which is related to the
increase in the solvation of the hydrophilic area. Under high pressures the water
density is modified, which makes it acting as an unstructured liquid capable of
penetrating into the micelle.
Marrink et al. 179 performed MD simulations of dodecylphosphocholine (DPC)
zwitterionic surfactant monomers at two concentrations above the CMC and
obtained different aggregate shapes - a spherical micelle at the lower concentration and a worm-like micelle at the higher concentration.
Bruce et al. 180 evaluated structural characteristics (radius of gyration, eccentricity, micelle size, accessible surface area) as well as counterion distribution of a SDS micelle obtained from a 5 nanosecond all-atom MD simulation.
Sammalkorpi et al. 181 studied the structural properties of SDS aggregates with
large-scale MD simulations. A procedure to identify micelles from self-assembly
simulations in aqueous solutions was proposed based on distances between the
COMs of the surfactant monomers, as well as between chosen carbon atoms.
Furthermore, the temperature effect on the self-aggregation process was investigated. Crystalline aggregates were found at low temperature and micelles
were formed at elevated temperatures, respectively. Sammalkorpi et al. 182 studied the micellization of SDS in presence of salts (NaCl and CaCl2 ) and found
the the ionic strenght of the solution influences both the aggregation size and
structure of the anionic micelles. Sanders et al. 183 investigated the micellization
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behavior of sodium alkyl sulfates with different alkyl tail lenghts in water using
atomistic self-assembly MD simulations. CMC values and aggregate size distribution were obtained at various temperatures. They found a strong dependence
of the free monomer surfactant concentration on the overall surfactant concentration, which is crucial when comparing simulated and experimental CMCs.
Espinosa Silva and Grigera 184 studied the formation of SDS aggregates at different pressures and temperatures. Sphere-like micelles were obtained from
self-assembly simulations at atmospheric pressure and a temperature of 300 K.
Larger rod-like shaped aggregates, which are pieces of bilayers were observed at
high pressures. Both low and high temperatures lead to formation of lammelar
structures instead of micelles. It could be demonstrated that low temperature
has similar effect as high pressure, as expected due to the decreasing contribution of the entropic term. At very high temperature (700 K) formation of reverse
micelles was observed, as water is in the vapor phase at this temperature.
The self-assembly process of SDS and CTAB surfactants at two different concentrations was investigated with all-atom MD simulations by Storm et al. 185
The expected concentration influence could be obtained (larger aggregates at
higher concentrations). The reported aggregation number of both SDS and
CTAB micelles are in the range of experimental findings and previous literature data. 181,186–188
Storm et al. 170 studied the self-assembly of nonionic/ionic mixed micellar
systems on an atomistic scale. They performed MD simulations of pure Brij35
and mixtures with CTAB and SDS at different concentrations and surfactant
ratios. The obtained micelle sizes of Brij35 are in good agreement with experimental results. Moreover, the estimated composition of the mixed micelles is
similar to the bulk surfactant composition, as expected. 94
Chen and Hao 189 simulated CTAB and sodium octyl sulfate (SOS) mixtures
with fixed number of surfactant molecules and different cationic/anionic surfactant ratios. The relation between the micelle composition and the shape of
the aggregate was established, which contributes to the understanding of the
self-assembly of mixed cationic/anionic surfactant systems.
MD simulations were used to investigate the self-assembly and the bilayer
to micelle transition of lauric acid. 190 Formation of gel phase bilayer was observed at low and intermediate pH, whereas spherical micelles were obtained
at high pH, which corresponds to the expectations that fatty acids form liposomes near their pKa value and micelles, when the anionic form dominates,
respectively. 191–193
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Free energy profiles in micelles

Precise information about the partition behavior in anisotropic environments
can be obtained from free energy profiles, which are not accessible via experiments. Free energy profiles can give insights into the localization of solutes
within the micelles depending on the solute-micelle combination. For lipid
bilayers, MD simulations have been frequently used to calculate free energy
profiles for many different molecules. 194 However, few publications applied MD
simulations for free energy profiles in micellar aggregates so far. Matubayasi
et al. 195 combined the method of energy representation with MD simulations
to calculate the solvation free energy of methane, benzene and ethylbenzene
in SDS micelles. The free energy of solvation shows that the solutes are energetically stabilized in the hydrophobic core regions. Fujimoto et al. 196 used
MD simulations with thermodynamic integration and showed that methane is
stabilized in the hydrophobic core of SDS micelles. Yan et al. 197 investigated
the partition behavior of pyrene in SDS micelles using all-atom MD simulations. Free energy profiles showed that one pyrene molecule would partition
in the hydrophobic core of the micelle, while two molecules build a conjugate
structure (excited dimer) and are located near the head group region of the
micelle. Yuan and Larson 198 studied flower-like micelles of a hydrophobically
modified ethylene oxide urethane molecule (C16 E45 C16 ) and star-like micelles
containing C16 E22 and C16 E23 by atomistic and coarse-grained MD simulations.
They used the US method to obtain free energy profile for transferring a hydrophobic group from the micelle to bulk water and estimated most probable
micelle size and average hydrophobe escape time, consistent with experimental
studies. Grafmüller et al. 199 performed atomistic MD simulations with the US
method to obtain free energy profiles for the desorption of DPPC lipids from
bilayers, as well as from a spherical micelle. It could be demonstrated that the
desorption free energy strongly depends on the geometry of the lipid aggregate.

3.3

Partition equilibria prediction of neutral solutes in
micelles

There are few approaches in the literature, which allow the prediction of micelle/water partition coefficients. One group are models based on linear correlations between physicochemical properties and partition coefficients (e.g.,
property-property relations (PPR) 45 , linear solvation energy relations (LSERs) 46 ,
quantitative structure-activity relationships (QSARs) 47,48 ). However, these models require physicochemical properties of the molecules in the system.
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Another group are models based on the pseudo phase approach (micelles
are treated as a macroscopic phase in equilibrium with the aqueous surrounding). The partitioning of a solute between these coexisting phases is determined by the thermodynamic equilibrium, whereby activity coefficients can be
calculated using g E models (e.g., Universal Quasi-Chemical Functional-Group
Activity Coefficient (UNIFAC) 88 or with the COSMO-RS model. 49,50,164–167 The
COSMO-RS model has the advantage that only the chemical structures of the
molecules have to be known for the calculation. Buggert et al. 200 studied the
potential of UNIFAC and COSMO-RS to predict the partitioning of nonpolar
solutes (toluene, p-xylene) in aqueous solutions of nonionic surfactants (TX100,
Lutensol FSA10). The original UNIFAC model had been extended by an interfacial contribution term to take into account the micelle size and improved
prediction quality could be demonstrated. The COSMO-RS model, which does
not take into account the size of the micelles underestimates the concentration
of the solutes in the aqueous phase. Mokrushina et al. 201 applied UNIFAC and
COSMO-RS to predict micelle/water partition coefficients of homologous series
of organic solutes in nonionic polyethoxy alcohols and SDS surfactant solutions.
Good quantitative agreement with experimental data could be demonstrated.
Moreover, factors that influence the prediction quality of COSMO-RS, such as
the conformer of the molecules were discussed. In reference 202 two methods for performing conformational search for COSMO-RS were evaluated - the
HyperChem program, which examines the molecules geometry in vacuum and
MD simulations in solvent. MD simulations were considered as a promising
tool for conformational analysis, as they account for the solvent in realistic
manner. A methology to select conformers of large flexible molecules (surfactants, drugs, macromolecules) from MD simulations was developed and reproducible COSMO-RS predictions were achieved. 203 Good prediction quality of
COSMO-RS was reported for partition coefficients of neutral solutes in Brij35
and CTAB micelles. 105 The method was evaluated for partition equilibria prediction in mixed Brij35/SDS and Brij35/CTAB micelles as well. 41,42 In case of
mixed micelles, the composition of the mixed micelle has to be defined and it is
a crucial factor for reasonable predictions. Wille et al. 204 applied COSMO-RS
to predict the partitioning of alkyl parabens and ibuprofen in nonionic and ionic
surfactant solutions with added organic and inorganic electrolytes. The experimentally obtained influence of added electrolytes on the partition behavior
could be reproduced.
However, COSMO-RS employs the pseudo phase approach and therefore
considers the micelle as a homogeneous surfactant phase, which is not the case
in reality. The extension of the model called COSMOmic takes into account
the anisotropy of the micelle based on the three-dimensional micelle structure
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required for the calculation. Partition coefficients of neutral solutes in SDS
and CTAB micelles as well as in mixed Brij35/SDS and Brij35/CTAB micelles
were predicted with COSMOmic. 170,185,205 Very good agreement with experimental data and improved prediction quality compared to the pseudo phase
approach were obtained. 205 Still, the micelle structure used for the COSMOmic
calculation has a great impact on the prediction quality. Since the structures
are taken from self-assembly MD simulations, different micelles occur over the
simulation time and are available as an input for COSMOmic. It was demonstrated that averaged partition coefficients from calculations in different micelles
with the same aggregation number obtained over the trajectory lead to more
reproducible results than the partition coefficients calculated in single micelle
structures. 185 In self-assembly simulations micelles offen are in close proximity
to each other, which may lead to gaps in the water layer around the micelle
and using such structures alters the predictions with COSMOmic. 170 The size
and the shape of the micelle have high impact on the calculated values as well.
Ritter et al. 206 analyzed the influence of micelle size and shape on the partition equilibria predictions in various micellar systems, where preassembled
micelles with aggregation numbers between 20 and 160 for six different surfactants were considered. It was recommended to use small spherical micelles for
the COSMOmic calculations, as outliers are more likely to occur when using
larger and in particular more ellipsoidal aggregates.

3.4

Micelles composition of mixed surfactant systems

Thermodynamic theories for surfactant mixtures have focused on the CMCs
of mixtures as well as on the micelle compositions. Most theories employ the
pseudo phase separation approximation in combination with regular solution
theory to model the intermicellar interactions responsible for the nonidealities in mixed micellar solutions. 207 The theoretical studies of mixed surfactant
solutions available in the literature are mostly based on Rubingh’s approach,
because it includes a specific molecular interaction parameter β, defined as an
interaction energy difference between same type of surfactant molecules. 95 Micellization in mixed surfactant solutions has been studied using a variety of
experimental techniques (e.g., static and dynamic light scattering, 208 neutron
scattering, 209–211 NMR 212 ). However, mostly equimolar solutions were considered. Fang et al. 213 used the Fourier transform pulsed-field gradient (FT-PGSE)
NMR technique to measure self-diffusion coefficients of TX100 and CTAB surfactants in mixed aqueous solutions at different molar ratios. Some important
micellization parameters, such as CMCs of the mixtures, compositions of the
mixed micelles and the interaction parameter β have been obtained. It was
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demonstrated that at low surfactant concentrations deviations in the composition of the mixed micelles from the composition in the mixed solution occur.
When the mole fraction of CTAB in the mixed surfactant solution, αCTAB is
higher than 0.5 micelles with a higher TX100 content were formed at first,
whereas for αCTAB lower than 0.5 micelles with a higher CTAB content were
obtained. However, with an increase of the total surfactant concentration, the
compositions of the mixed micelles approach the mole fraction of the mixed solution. The FT-PGSE NMR approach was also applied to study the micellization
properties of Brij35/CTAB mixtures. 94 It has been shown that the mechanism
of micelle formation is different from that of the TX100/CTAB system. At any
composition of the mixed solution, Brij35 molecules have a tendency to form
pure Brij35 micelles first and the CTAB molecules enter them with increasing
total surfactant concentration. Nevertheless, in both systems with increasing
surfactant concentration the composition of the mixed micelles approaches the
composition of the solution. The composition of mixed Brij35/TX100 micelles
at different ratios was estimated from NMR diffusometry self-diffusion coefficients and calculated with the regular solution approach by Koneva et al. 214 A
change in the mixed micelle composition in dependence of the total surfactant
concentration was observed. Higher amounts of Brij35 surfactants in the formed
micelles were observed at concentrations near the CMC of the mixture, whereas
at concentrations above 2 mM the composition of the micelles approaches the
composition of the surfactant solution.

3.5

Partition equilibria of ionizable solutes in membranes
and micelles

Many compounds of interest are ionizable and are charged in a specific pH range.
Since the protonation equilibrium has a significant influence on the partition behavior, pH dependent partitioning of ionized solutes in various membrane/water
systems is reported in the literature. Austin et al. 35 studied the partitioning of
ionizable molecules in DMPC unilamellar vesicles as a function of pH using an
ultrafiltration method. It could be demonstrated that octanol/water and membrane/water partition coefficients of unionized drugs have similar values, while
those of ionized species have significant higher values in the lipid membrane
system. The same behavior was observed for substituated phenols and methylated amines by Escher and Schwarzenbach 215 and Escher et al. 216 Therefore,
it was concluded that liposomes constructed from zwitterionic phosphatidylcholines are appropriate model systems for mimicking the partitioning of both
neutral and ionic molecules between biological membranes and water, while the
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widely used octanol/water system is not suitable in case of charged solutes. 215
Avdeef et al. 217 determined liposome/water partition coefficients and lipophilicity profiles of ionizable drugs in DOPC unilamellar vesicles using a pH-metric
technique. They found that the partition coefficients of the ionized drugs are
lower than those of their neutral state due to electrostatic interactions with
the zwitterionic membrane. The findings are consistent with those obtained
with other methods such as EPR spectroscopy measurements, ultrafiltration
and dialysis. 35,218–220
The partition behavior of ionized solutes in micellar systems is less investigated in the literature. Mehling et al. 105 investigated the partition behavior of
ionized solutes in Brij35 and CTAB micelles with MLC. Partition coefficients
of dissociates acids in nonionic Brij35 micelles could not be determined due
to the so-called non-binding behavior. As the dissociated solutes are more hydrophilic, they did not partition favorably in the nonionic micelles. Similar
behavior was observed from cloud point experiments in aqueous micellar two
phase systems, where very low partition coefficients of dissociated acids between
TX114 surfactant rich phase and aqueous rich phase were obtained. 23 In CTAB
micelles dissociated acids have higher partition coefficients than their protonated state due to enhanced electrostatic interactions with the cationic head
group of CTAB. 105 Still, for ionized molecules, the determination of partition
coefficients with retention models is challenging and in some cases not feasible
due to very strong electrostatic interactions designated as overbinding. 105 The
same behavior was obtained in mixed Brij35/CTAB micelles at higher CTAB
content 42 and reported in previous study for the drug valsartan in CTAB micelles. 221 The prediction of partition equilibria of charged molecules in micellar
systems is also challenging. There is a lack of theoretical methods able to predict the partition behavior of ionized solutes in micelles. However, predictions
for charged solutes in lipid bilayer systems have been carried out already. As
some of these concepts will be applied to micellar system in this thesis, they
will be briefly reviewed in the next paragraphs.
COSMOmic for partition equilibria predictions of ionized solutes in
membranes
It is known that the ordered structure of lipid bilayers results in an internal dipole potential, which cannot be measured directly. Several indirect approaches yield to hill-shaped potentials in the range from 227 mV to 280 mV
in the membrane interior for DPPC bilayers and egg phosphatidylcholine bilayers. 222–224 Bittermann et al. 171 proposed an approach to improve the prediction
quality of COSMOmic for charged molecules in membranes by implementing an
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internal membrane dipole potential. They used an empirical model potential,
a Gaussian-type error function with three adjustable parameters. The model
was optimized to minimize the error in the prediction of a training set containing partition coefficients of ionic and neutral solutes in DMPC. The proposed
refinement model improves the prediction quality of COSMOmic for ionic compounds, while it has no negative effect on the predictions of neutral molecules. 171
COSMOmic shows better prediction accuracy for ionizable molecules in membranes compared to models based on empirical correlations and is a promising
tool for partition equilibria predictions of charged solutes. 225
Thermodynamic cycle and position dependent pKa
It is known that when both the neutral and the charged form of a solute bind
to a lipid membrane, the pKa of the solute in the membrane differs from that in
the aqueous solution. 226,227 Shifts of ionization constants were observed in micellar systems as well. 221,228,229 In neutral lipids, the pKa of acids increases and
the pKa of bases decreases due to the effect of the decreased dielectric constant
in the interfacial zone. 36 In case the lipid vesicles or micelles are charged, an additional electrostatic shift occurs. If the surface is negatively charged it attracts
protons into the interfacial zone, such that the interfacial pH will be lower than
the bulk pH, therefore the apparent pKa changes accordingly. 36 Ionization constants, interfacial electrostatic potential and protolytic equilibrium of acid-base
indicators in various micellar pseudo phases are discussed in detail in ref 229.
de Castro et al. 28 have shown that taking into account the protolytic equilibrium in the micellar phase is crucial when determining partition coefficients of
ionizable drugs, as the partition behavior strongly depends on the ionization
state of the molecule. Various theoretical methods including QSPR models, QM
calculations and thermodynamic cycles were applied to predict pKa values in
both aqueous and organic solvent solutions. 230–233 Molecular models such as MD
simulations have the advantage that they are able to estimate the change of the
ionization constant when a molecule passes through different environments. 194
A common approach is to combine free energy profiles from MD simulations
with a thermodynamic cycle to calculate the pKa change as function of position in the lipid bilayer. 194 Chew et al. 234 used MD simulations to calculate free
energy profiles of adamantanes in a POPC lipid bilayer and based on them to
estimate the pKa change within the membrane. It could be demonstrated that
the protonated species (positively charged) partition favorably in the interfacial region, but have a large free energy barrier in the membrane center. Thus,
adamantanes are distributed mostly in neutral form in the bilayer center. Based
on atomistic MD simulations, MacCallum et al. 235 estimated the distribution
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behavior and the position dependent pKa of amino acid side chain analogs considering their neutral and charged form in a DOPC membrane. When charged
molecules penetrate into the bilayer center, formation of water defects that hydrate the solutes was obtained. It was summarized that lysine, glutamine and
aspartic acid partition favorably in their neutral state as the cost of forming a
water defect in the membrane center is higher than the cost of protonating or
deprotonating the solute. In contrast, for arginine it is energetically feasible to
be located at the membrane center stabilized by a water defect. A favorable
partitioning of arginine in charged form due to formation of water defect was
reported in a DPPC bilayer as well. 236,237 It could be demonstrated that the
combination of free energy profiles and thermodynamic cycles is a promising
approach to predict position dependent pKa values and therefore the ionization
state of solutes within anisotropic systems such as lipid bilayers. The theory
behind this concept is explained in more detail in chapter 4.5 and it is then
applied to a micellar system in chapter 7.2.3.

3.6

Aim of this work

Most atomistic MD studies of micellar systems available in the literature investigate the self-assembly process with a focus on CMC prediction, as well as
on the aggregates size and shape depending on the system conditions. However, only a few consider the partition equilibria of a third component (solute)
between micelles and water on an atomistic scale. Most studies on partition
equilibria predictions in surfactant-based systems apply the pseudo phase approach, which neglects the anisotropic structure of micelles and are restricted to
partition equilibria of neutral molecules only. The aim of this work is to evaluate
the combination between all-atom MD simulations and the COSMOmic model
for solute partitioning prediction in all types (according to the surfactant head
group charge) of single surfactant micelles (nonionic, anionic, cationic, zwitterionic) and in mixed nonionic/anionic and nonionic/cationic micelles. Factors,
influencing the prediction quality of the approach, such as the size and the shape
of the micelle structure obtained from MD simulations and used in COSMOmic
calculations should be studied in detail.
The prediction of partition behavior in the nonionic surfactants Triton X114 and Triton X-100 is of particular interest in this work due to their wide
range of practical applications (e.g., in surfactant based extraction processes
and membrane protein purifications). Since optimized parameters for these
surfactants are not available in the known biomolecular force fields, in the first
part of this thesis parameters for the Triton X series have to be optimized and
validated enabling all-atom MD simulations. Regarding the micelle structures
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obtained from self-assembly simulations, criteria to select suitable micelles for
the COSMOmic calculations should be proposed. The partition equilibria prediction of neutral solutes in Triton X micelles should be evaluated, whereby the
influence of the micelle structure used for the calculation with COSMOmic will
be analyzed.
In the literature, the position dependent solute partitioning in micellar systems has been rarely investigated, whereby mostly one or two micelle types are
considered. In this work, the favorable localization of selected solutes within
various micelles should be estimated from free energy profiles. COSMOmic
profiles and profiles calculated directly from MD simulations will be compared.
Although the partition behavior of ionized solutes in micelles is of particular
importance in pharmaceutical applications, most experimental and theoretical
studies in the literature investigate only neutral molecules. There is a lack of
theoretical methods to predict the partition behavior of ionized solutes in micelles. Therefore, in this work a special focus will be set on the description of
charged solutes. Both MD simulations and COSMOmic should be evaluated
for the prediction of ionized molecules. To make the validation of predictions
possible, partition coefficients of dissociated solutes have to be obtained experimentally.
Despite the fact that for practical applications mostly mixtures of surfactants
are used, the partition behavior in mixed micelles is less investigated in the
literature compared to single surfactant systems. In this work, the micellization
process and the composition of mixed nonionic/ionic micelles have to be studied
with self-assembly MD simulations. The partition equilibria of neutral solutes
in mixed micelles should be investigated, whereby COSMOmic predictions will
be compared to COSMO-RS calculations using the pseudo phase approach.
Furthermore, a thermodynamic cycle based on COSMOmic free energy profiles
should be applied to estimate the position dependent pKa value of a solute in
nonionic/cationic micelles. Based on this, an approach to improve the accuracy
of COSMOmic for partition coefficients prediction of ionizable solutes in mixed
micelles should be proposed.

4 Materials and methods
4.1

Experimental determination of partition coefficients
with micellar liquid chromatography

The surfactants Triton X-114 (TX114) and sodium dodecyl sulfate (SDS) were
provided by Sigma-Aldrich and cetrimonium bromide (CTAB) was purchased
from Serva Electrophoresis. The pH was adjusted with HCl from Th. Geyer.
All chemicals were used without further purification.
Partition coefficients in pure CTAB micelles (chapter 6.1) and in mixed surfactant systems (equimolar solution of TX114/SDS and TX114/CTAB) (chapter 7.1.3) were determined using MLC. The chromatographic analysis was performed with an Agilent 1200 Series HPLC. The HPLC system included a quaternary pump, a tempered autosampler, a degasser, a diode array detector, and
a column thermostat. A Nucleodur C18 Gravity column (Macherey Nagel, 4 x
125 mm, 5 µm, 100 Å) with the corresponding pre-column was used and kept at
298 K. The pH of the mobile phase was adjusted with NaOH and HCl to pH 2,
pH 7 and pH 10.5. The mobile phase flow rate was set to 1 mL/min (for CTAB)
and to 0.5 mL/min (for TX114/SDS and TX114/CTAB). The column was equilibrated with the surfactant solution until a constant pressure and constant UV
signals have been reached. The column was loaded with surfactant until the
adsorption equilibrium and a breakthrough curve was recorded. The retention
of the solutes was determined for five different surfactant concentrations in the
mobile phase (0.05-0.25 wt.% for CTAB and 0.1-0.5 wt.% for TX114/SDS and
TX114/CTAB). The injection volume was 20 µL for all solutes. The partition
coefficients were calculated according to the model of Armstrong and Nome. 101

4.2
4.2.1

Analysis of micelles from MD simulations
Definition of micelles

In order to identify micelles from self-assembly simulations and to proof the
stability of the preassembled micelles, the method proposed by Sammalkorpi
et al. 181 was applied. In this procedure, usually three distances between surfactant monomers are defined, where two surfactant monomers are being part of
the same micelle if (1) one of the three defined distances is shorter than r1cut ,
or (2) two out of three distances are shorter than r2cut , or (3) all three distances
are shorter than r3cut , where r1cut ≤ r2cut ≤ r3cut . The distances and the cutoffs
are chosen according to the specific systems after detailed visualization of the
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configurations to verify a reliable definition of micelles. In the case of mixed
micelles, two carbon atoms (one from each surfactant type) were grouped to
calculate its distances. The distances and cutoffs used in this work are given in
Table 4.1. In Figure 4.1 the structures of the surfactants are shown, where all
atoms used for the definitions are highlighted.
Table 4.1: Distances between carbon atoms and cutoffs used for the definition of micelles.
The atoms of the nonionic surfactant are given first (e.g., in the last row, column two C5 of
TX114 and C19 of CTAB). In some cases the center of mass (COM) of a surfactant is used
instead of an atom.

Surfactant system
Brij35
TX114;TX100
HePC
SDS
CTAB
Brij35/CTAB
TX114/SDS
TX114/CTAB

4.2.2

Distances
C1
C1D
C6
SDS COM
CTAB COM
C12 + C19
C5 + C12
C5 + C19

C6
C1A
C15
C5
C8
C6 + C18
C4 + C11
C4 + C14

C12
C5
C21
C12
C19
C1 + C16
C2 + C10
C1D + C6

Cutoffs [nm]
r1cut r2cut r3cut
0.68 0.68 1.20
0.58 0.78 1.00
0.66 0.88 1.10
0.61 0.66 0.76
0.70 0.74 0.89
0.68 0.68 1.20
0.58 0.78 0.88
0.58 0.78 1.00

Shape analysis

The shape of micelles has been analyzed by examining the eccentricity ε, 238,239
which is defined as
Imin
ε=1−
(4.1)
Iavg
where Imin is the moment of inertia along the principal axes with the smallest
magnitude, whereas Iavg is the average of all three moments of inertia. ε can
have values from 0 to 1, inclusive. For simple, closed aggregates, ε = 0 usually
corresponds to a highly symmetrical shape resembling a sphere while larger
values of ε correspond to progressively more elliptical shapes. 238,239
The radius of gyration of the micelles is calculated as the root mean square
distance between the center of mass of the micelle and its ends. If the micelle
is a sphere, the radius of this sphere Rs can be calculated from the relation to
the radius of gyration
Rs =

r

5
Rg
3

(4.2)

4.3 Averaged atomic distributions for COSMOmic
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Figure 4.1: Structures of the surfactants: Brij35 (nonionic), Triton X (nonionic), HePC (zwitterionic), CTAB (cationic), SDS (anionic). The carbon atoms used for the micelle definition
are highlighted. In case of Triton X, the hydrophilic chain lenght n would define the specific
Triton X (e.g., TX100 or TX114).

4.3

Averaged atomic distributions for COSMOmic

To predict the micelle/water partition behavior of solute molecules with
COSMOmic, a micelle structure is required. Since the model COSMOmic needs
the spatial composition of the system, the use of proper micelle structures is
crucial for the predictive quality. In the study of Storm et al. 185 single micelle
structures were used as input for the COSMOmic calculations, whereas thousands of single micelles have been selected in order to achieve statistical reliable
results. More physically reasonable approach is to use averaged atomic distributions as input structures for the COSMOmic calculation. 240 In this work,
averaged atomic distributions of the most probable micelle sizes, which have
been obtained during the MD simulations, have been calculated. This procedure was previously suggested for bilayers and it was demonstrated that using
averaged atomic distributions from MD simulations as input for the model
COSMOmic is beneficial. 240 In order to achieve statistically reliable results, the
atomic distribution were averaged over at least 200 micelles.
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It has been demontrated that gaps in the water layer around some micelles
can occur, resulting from another micelle in close proximity. 170 When using
such micelle structures as input for COSMOmic, a decline in the prediction
quality was observed. In order to overcome the effect of outliers, resulting from
a deficient water layer around the micelle, an approach to fill up the gaps in
the water shell was applied in this work. If atom i of a surfactant molecule,
which is not part of the micelle, was present in the atomic distribution, it
was subsequently replaced by an equivalent amount of water molecules. This
amount was calculated by

Nsol,fill =

nsol msurf,i
nsurf Msurf

(4.3)

where n is the molecular bulk density, M the molecular weight, and m the
mass of an atom. The subscripts “surf” and “sol” denote the surfactant and
solvent molecule, respectively. It is important to note that only the values of
the water molecules were altered by this method, no atoms were placed into
space. In order to validate this approach, the radial density of water around a
micelle was analyzed (TX114 micelle with Nagg = 33). The micelle structure was
obtained from a self-assembly simulation. The same micelle was also separately
simulated in a system containing otherwise only water. Therefore, a snapshot
of the self-assembly simulation, containing a Nagg = 33 micelle were taken and
all other Triton X-114 molecules were removed. After a short equilibration
simulation, the system was simulated for 40 ns. In this case, no gaps in the
water layer can occur, as there is only one micelle in the system. Therefore, the
radial distribution of water from this system corresponds to a complete water
layer. As COSMOmic assumes the second phase for the partition coefficient
calculations to be the last layer, the densities far away from the micelle should
represent bulk water for micelle/water partition coefficient predictions. Hence,
the densities around the different micelles should level off at the same water
density. However, by comparing the densities for the micelle from the selfassembly simulation with the density of the micelle surrounded by water only,
it can be seen that they converge to different values (see Figure 4.2). This is
due to other micelles and surfactant molecules in the self-assembly simulation.
When the gaps are filled with the described approach, the radial density overlap
with the density from the simulation of a single micelle. Therefore, it can be
concluded, that the applied approach successfully generates structures with
complete water shells around the micelle. In this work, all atomic distributions
are calculated with this approach.

4.4 COSMOmic for free energy profiles in micelles
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Figure 4.2: Radial density of the oxygen atom of water around a TX114 micelle: calculated
from a self-assembly simulation without filling up the gaps in the water shell (red); calculated
from the same self-assembly simulation, whereas the gaps in the water shell were filled up
(blue); calculated from a simulation of a single micelle in a water box (green).

4.4

COSMOmic for free energy profiles in micelles

In the case of micelles the volume of each individual shell depends on the
distance between the bulk water layer and the center of the micelle. Therefore,
when using a constant layer thickness, the volume of the layers increases with
this distance. This has an influence on the shape of the free energy profile. As
the free energy is a measure for residence probability, decreasing free energy
(increasing probability) is calculated when the volume increases. Therefore,
the free energy in the water phase is decreasing instead of reaching a constant
value. To overcome this effect, the free energy can be calculated with corrected
volumes of the layers (see equation 2.60). In Figure 4.3, a free energy profile
with corrected volumes is compared to an unmodified COSMOtherm result. It is
important to understand the different meaning of the profiles. The unmodified
profiles give the free energy of the bin. That is taking into account different
volumes the free energy is different in the same environment (e.g., water) (in a
larger volume the probability is higher to find a solute). In contrast, the volume
corrected profile represents the free energy due to the environment (interactions
with surrounding molecules). All profiles, shown in this work, are calculated
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with corrected volumes.
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Figure 4.3: Free energy profiles of 4-hydroxybenzoic acid in a CTAB micelle. The profile
shown in blue is calculated with weighted volumes of the shells, the profile shown in red is an
unmodified COSMOtherm result.

4.5

Thermodynamic cycle and position dependent pKa

It is known that when both the charged and the uncharged forms of a drug
bind to a membrane with different binding constants, the pKa for the drug in
the membrane should differ from that in the aqueous phase. 226 This change
of the pKa compared to the bulk aqueous phase is obtained for micelles as
well and has to be taken into account. 28,241 The position dependent pKa as
a function of the distance from the micelle center can be estimated based on
the free energy profiles of both the charged and neutral form of the molecule.
The thermodynamic cycle, which allows this calculation is given in Figure 4.4.
∆GAH and ∆GA− are the free energy profiles of the neutral and dissociated
molecule, in this work they were calculated with COSMOmic. The free energy
of dissociation in water ∆GAHw at a given pH can be calculated with
∆GAHw = 2.303RT (pKa − pH)

(4.4)

The described procedure below is applied for the partition coefficients calculation of ionized isovanillin in section 7.2.3. From these three terms the fourth
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term, the free energy of dissociation in the micelle ∆GAHm can be calculated
(see Figure 4.4) and therefore the pKa in the micelle. In this calculation, the
protolytic equilibrium of the hydronium ion between the micelle and water is
neglected. 242

Figure 4.4: Thermodynamic cycle to calculate the pKa as a function of distance from the
micelle center. This pKa is related to the free energy of dissociation in the micelle ∆GAHm .
∆GAH and ∆GA− are the free energies for the transfer from the water to the micelle phase for
the neutral and dissociated solute. ∆GAHw is the free energy of dissociation in the water phase
(see equation 4.4).

To calculate partition coefficients of ionizable solutes both the protonated
(AH) and dissociated (A− ) form of the molecules have to be considered. 28 Each
form is distributed between the micelle and the aqueous phases according to
their specific partition coefficients (KAH and KA− ). The total partition coefficient that accounts for the partitioning of both forms KT can be expressed as
the weighted average of KAH and KA− according to 226
KT = xAH KAH + xA− KA−

(4.5)

where xAH and xA− are the mole fractions of the protonated and dissociated
form in the micelles, respectively. xAH and xA− are calculated as average over
the micelle layers, whereas the mole fractions at different positions (layers) in
the micelle are calculated at the desired pH (e.g., in chapter 7.2.3 it was pH =
10.5 as used in the corresponding experiments 42 ) from the position dependent
pKa with the Henderson-Hasselbalch equation (see equation 2.28, chapter 2.2.3)
under the condition xAH + xA− = 1. KAH is the partition coefficient of the

54

4 Materials and methods

neutral form at the given Brij35/CTAB micelle composition calculated with
COSMOmic.
It is assumed that the partitioning of dissociated solutes in the nonionic
surfactant can be neglected. 42,243 Hence, KA− is the partition coefficient of the
dissociated form in pure CTAB micelle calculated with COSMOmic.

4.6

Error calculation

In this work, deviations between experimental and predicted partition coefficients were estimated with the root mean square error (RMSE), defined as
v
u n
u1 X
(logKicalc − logKiexp )2
(4.6)
RMSE = t
n i=1

where n is the number of solutes for which calculations were carried out.

5 Modeling of Triton X-114 and Triton
X-100 micelles
In this chapter the aggregation process of the nonionic surfactants Triton
X-114 (TX114) and Triton X-100 (TX100) is investigated with self-assembly
MD simulations. As the fundamental models behind every MD simulation are
the force fields, the quality of the force field parameters is of major importance
for the reasonable representation of physical properties with MD simulations.
Therefore, at first force field parameters for the surfactants of the Triton X
series are optimized and validated. Furthermore, the self-aggregation process
of TX114 and TX100 is simulated at different concentrations and temperatures.
In section 5.2.3, micelles obtained from the self-assembly simulations are used
for prediction of partition equilibria with COSMOmic, whereas the influence
of micelle size and shape on the prediction quality is investigated. The results
of the following sections were in parts published as Yordanova, D.; Smirnova,
I.; Jakobtorweihen, S. Molecular Modeling of Triton X Micelles: Force
Field Parameters, Self-Assembly and Partition Equilibria in Journal of
Chemical Theory and Computation. 173

5.1
5.1.1

Optimization of force field parameters
Computational details

The surfactant TX114 is not directly included in the CHARMM36 force field
nor in the CHARMM General Force Field (CGenFF). Mayne et al. 143 developed the Force Field Toolkit (ffTK), which is distributed as a VMD plugin
and facilitates an organized workflow with a graphical user interface design for
rapid parametrization of CHARMM compatible parameters. The ffTK (Version 1.0) 143 within VMD 1.9.2 alpha release, was used for the optimization
of the missing parameters. The general parametrization procedure is summarized in chapter 2.3.1 and fully described elsewhere. 112,143 The optimization is
based on performing molecular mechanics (MM) calculations which should reproduce the quantum mechanics (QM) target data. 112 All QM calculations were
performed using Gaussian03. 244 Initial guesses were obtained with the ParamChem tool. 144,145 In addition, a ”penalty score” is assigned by ParamChem to
each parameter which judges the quality of the parameters. According to these
penalties eight atom charges, one bond, four angles and nine dihedrals were
parametrized in this work, the penalties of these parameters were between 1 and
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16. All other parameters were used from CGenFF version 2b7 as their penalties
were zero. For further details about the ParamChem algorithm and the penalty
score estimation, please refer to the corresponding publications. 144,145 CGenFF
LJ parameters were assigned to existing atom types. The molecular geometry
was optimized at the MP2/6-31G(d) level of theory.
Charge optimization was based on compound-water interactions, which were
built for all hydrogen bond donors. The interaction distance was optimized at
the HF/6-31(d) level of theory, keeping all other degrees of freedom fixed. The
interaction energy was scaled by a factor 1.16 and the QM hydrogen bond
length was offset by -0.2 Å to be relevant for the bulk phase. 112 The charge
optimization was run iteratively in simulated annealing mode. 143
The QM target data for the optimization of the bonded parameters was
obtained from the Hessian computed at the MP2/6-31G(d) level of theory
and scaled by 0.89. 112 The optimization was iteratively performed in downhill
mode 143 weighting the geometry and energy terms 1:1.
A potential energy scan (PES) for each selected dihedral angle was calculated
in 15◦ increments, starting from the optimized geometry. Two Gaussian input
files were generated for each scan - one in the positive direction and one in the
negative direction. Each structure was optimized at the MP2/6-31G(d) level
of theory. The dihedral optimization was based on reproducing the QM PES.
The first round of optimization was performed in simulated annealing mode.
Several refinement optimizations were run, again in simulated annealing mode.
A final refinement was performed in downhill mode. 143
5.1.2

Parameter optimization overview

CGenFF parameters for TX114 molecule were obtained using the ffTK. 143 In
line with the CHARMM force field philosophy, 112 two smaller molecules representing the hydrophobic part of TX114 were used for the parameter calculations. The parameters were first optimized for the smaller molecule in order
to get better initial guesses for subsequent iterations. Schematic illustration
of the TX114 structure and the two smaller molecules are presented in Figure
5.1. Note that when a covalent link is formed to create a larger molecule from
model compounds, the charge on the deleted H is added to the adjacent oxygen
to maintain an integer charge. The parametrization was carried out by applying
the following sequence:

5.1 Optimization of force field parameters
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1. Optimization in four steps, where first charges, second bonds, then angles
and in the end dihedrals of model compound (1) (see Figure 5.1b), are
obtained.
2. Second iteration of Step 1.
3. Reoptimization of C2, C4 and C5 charges, bonds, angles and dihedrals in
model compound (2), for atom names and molecule structures see Figures
5.1c and 5.2.
4. Second iteration of Step 3 until reaching convergence to reproducible values.

Figure 5.1: (a) Structural formula of TX114 (n=7-8) and TX100 (n=9-10); in the performed
MD simulations TX114 and TX100 were modeled with n=8 and n=10, respectively. (b) Structural formula of model compound (1): 1,1-dimethylpropyl-benzene; (c) structural formula of
model compound (2): 1,1,3,3-tetramethyl-benzene.

Partial charges were optimized for six carbon atoms: C1A, C2, C3A, C3B,
C4 and C5 (see Figure 5.2). According to the CHARMM force field, 112 the
charges of the nonpolar hydrogens were assigned a fixed charge of +0.09. Aromatic C-H groups were assigned the standard CHARMM charges of -0.115 and
+0.115 on carbon and hydrogen atoms, respectively. The charges of the three
carbon atoms that are not optimized are taken from the CGenFF (they show
a penalty of zero in the ParamChem tool). QM calculations for interactions
between the model compounds and water molecules have been computed following the standard CGenFF procedure. The interaction properties of the final
optimization are listed in Table 5.2. The optimized partial charges are given in
Table 5.1.
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Figure 5.2: 3D structure of 1,1,3,3-tetramethyl-benzene (model compound (2)); the atoms for
which the atomic charges were optimized and the atoms comprising the eight dihedral angles
which were optimized in this molecule are shown in red.

Table 5.1: Optimized atomic charges.

Atom Atom type Optimized charge
C5
CG301
-0.096
C4
CG321
-0.085
C2
CG301
0.162
C3A
CG331
-0.265
C3B
CG331
-0.265
C1A
CG2R61
-0.172

Ideally, the compound-water energies should be within 0.2 kcal/mol from the
QM interaction energies. 112 Some of the final MM energies differ by more than
0.2 kcal/mol from the target data, but the agreement is satisfactory considering
that the matching of all 22 interaction energies is complicated for a large molecule like model compound (2). Deviations in this range are also reported for
optimized CGenFF parameters for phosphonosulfonimidate. 245 The interaction
distances are overestimated by 0.1-0.3 Å(see Table 5.2). As shown in Table 5.3,
the dipole moment is overestimated by 47% compared to the MP2 value, which
is in the desirable range to reproduce bulk phase properties. 112
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Table 5.2: Optimized 1,1,3,3-tetramethyl-benzene (model compound (2))-water interaction
energies and geometries.

Interaction energy (kcal/mol) Interaction distance (Å)
Interaction geometry
H1A...OHH
H1B...OHH
H1C...OHH
H1D...OHH
H1E...OHH
H3A...OHH
H3B...OHH
H3C...OHH
H3D...OHH
H3E...OHH
H3F...OHH
H4A...OHH
H4B...OHH
H6A...OHH
H6B...OHH
H6C...OHH
H6D...OHH
H6E...OHH
H6F...OHH
H6G...OHH
H6H...OHH
H6I...OHH

∆E(QM − MM)
-0.385
0.503
0.585
0.618
0.545
0.400
0.128
0.165
0.165
0.400
0.128
-0.052
-0.052
0.094
0.094
0.527
0.196
0.239
0.524
0.239
0.196
0.476

∆r(QM − MM)
-0.050
0.250
0.300
0.300
0.300
0.150
0.300
0.150
0.150
0.150
0.300
0.150
0.150
0.100
0.100
0.200
0.150
0.250
0.200
0.250
0.150
0.200

ADa
AADa
RMSDa

0.249
0.317
0.358

0.182
0.204
0.209

a

AD, average deviation; AAD, average absolute deviation; RMSD, root-mean-square deviation.

Table 5.4 represents the optimized bonded parameters along with the QM
results. QM bond length is reproduced within 0.3 Å, as desirable. 112 MM
optimized angles are all within 3◦ , except for C2-C4-C5 angle which shows a
deviation of 10◦ . However, the result is considered as reasonable, because it is
in the range of the CGenFF value (113.50◦ ), for which the ParamChem tool
shows a penalty as low as 1.8. The optimized bonds and angles parameters are
given in Table 5.5.
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Table 5.3: Gas phase dipole moment of model compound (2) calculated at the MP2/6-31G(d)
and MM level of theory.

µ
X
Y
Z
Total

QM
-0.305
-0.055
0.000
0.310

MM
-0.381
-0.249
0.000
0.456

Table 5.4: QM and MM optimized equilibrium geometry of model compound (2).

Coordinate
Bond lenghts (Å)
C1A-C2
Angles (◦ )
C1B-C1A-C2
C1A-C2-C4
C1A-C2-C3A
C2-C4-C5

QM

MM

1.5426 1.5420
121.58
108.80
107.56
126.24

121.80
108.40
108.70
116.24

Difference
-0.0006
0.22
-0.4
1.2
-10.0

Table 5.5: Optimized bonds and angles.

Bonds
b0 b
Coordinate
Atom type
kb a
C1A-C2
CG2R61-CG301
288.00 1.5420
Angles
θ0 d
Coordinate
Atom types
kθ c
C1B-C1A-C2 CG2R61-CG301-CG301 30.96 121.80
C1A-C2-C4
CG2R61-CG301-CG321 119.37 108.40
C1A-C2-C3A CG2R61-CG301-CG331 33.55 108.70
C2-C4-C5
CG301-CG321-CG301 47.97 116.24
a

kb , bond force constant
b0 , equilibrium bond length
c
kθ , angle force constant
d
θ0 , equilibrium angle
b
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Table 5.6: Optimized dihedral angles.
Coordinate
C1C-C1B-C1A-C2
C2-C1A-C1B-H1A
C1B-C1A-C2-C4
C1B-C1A-C2-C3A
C1A-C2-C4-C5
C1A-C2-C4-H4A
C3A-C2-C4-C5
C1A-C2-C3A-H3A
O2-CB1-CB2-O3
O3-CC1-CC2-O4

Atom types
CG2R61-CG2R61-CG2R61-CG301
CG301-CG2R61-CG2R61-HGR61
CG2R61-CG2R61-CG301-CG321
CG2R61-CG2R61-CG301-CG331
CG2R61-CG301-CG321-CG301
CG2R61-CG301-CG321-HGA2
CG331-CG301-CG321-CG301
CG2R61-CG301-CG331-HGA3
OG301-CG321-CG321-CG311
OG301-CG321-CG321-CG311

kΦ a
3.000
2.172
1.770
2.333
0.1030
0.3230
0.1730
0.1880
0.8720
0.9730

nb
2
2
2
2
3
3
3
3
1
2

δc
180.00
180.00
180.00
180.00
0.00
0.00
0.00
0.00
180.00
0.00

a

kΦ , dihedral force constant
n, multiplicity
c
δ, phase shift

b

Figure 5.3: The potential energy scans for the eight optimized dihedral angles of model
compound (2), shown in one plot. The abscise depicts the number of the scan point. The
ordinate is the relative energy in kcal/mol: QM PES (black); using the initial guess parameters
(red); using the optimized parameters (blue). The results were visualized with ffTK. 143
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Figure 5.4: Potential energy scans of one optimized dihedral from the hydrophilic
poly(ethylene oxide) chain. The abscise depicts the number of the scan point. The ordinate is the relative energy in kcal/mol: QM PES (black); using the initial guess parameters
(green); using the optimized parameters (blue).

Figure 5.5: Structure of ethylene glycol monomethyl ether used for optimization of one dihedral from the hydrophilic head region of TX114.

Figure 5.3 shows a comparison between the target QM, initial MM and
refined MM PESs of eight optimized torsion angles (see also Figure 5.2). All
optimized dihedral angles are given in Table 5.6. The refined MM parameters
are in excellent agreement with the QM PESs. The RMSE between the QM
and the refined MM PESs for all eight dihedral angles is 0.125. One dihedral
from the hydrophilic poly(ethylene oxide) chain (hydrophilic head) of TX114
was separately optimized, ethylene glycol monomethyl ether was used for this
optimization (see Figure 5.5). The refined MM parameters yield a PES that
reproduces the QM target PES with excellent agreement (RMSE = 0.044).
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A comparison between the MP2/6-31G(d), initial MM and refined MM PESs
is shown in Figure 5.4.
Validation
To validate the determined force field parameters usually some physical and
thermodynamic quantities (density, enthalpy of vaporization, energy of solvation) are calculated and compared with experimental measurements. 112,143 For
that, a pure TX114 bulk liquid phase has to be simulated. A rectangle box containing 450 TX114 molecules was constructed by placing a copy of the molecule
on each grid point of a rectangle 2.625x10.5x15 lattice. After a energy minimization with the steepest descent method, a short simulation in the NPT
ensemble was conducted for 400 ps, using the Nosé-Hoover thermostat 246 with
the coupling time constant of 1 ps at 298.15 K and the Berendsen barostat 247
(isotropic, coupling constant τp = 5 ps). As the volume was far from equilibrium and for a rapid equilibration, the pressure was set to 500 bar in this short
equilibration step. Afterwards, the equilibrated box has been simulated in the
NPT ensemble for 12 ns, using the Nosé-Hoover thermostat 246 at 298.15 K and
the Parrinello-Rahman barostat 248 at 1 bar. From this simulation the density
of TX114 was determined. This (1.055 g/cm3 ) is in excellent agreement with
the experimental value of 1.052 g/cm3 . 23 Unfortunately, experimental data for
other pure TX114 properties, which can be used for parameter validation, are
not available.
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Self-assembly in aqueous solution and partition equilibria
Simulation details

The MD simulations were performed using the GROMACS package version
4.6.5. 249 To obtain initial configuration for the MD simulations, a specific amount
of TX114 monomers was placed randomly into a cubic water box to match a
specific concentration, whereby overlapping water molecules were removed. The
energies of the initial configurations were minimized with the steepest descent
method. After the energy minimization, a simulation in the NVT ensemble was
conducted for 600 ps to further relax the system, using the Nosé-Hoover thermostat 246 with the coupling time constant of 1 ps and T = 298 K. After these
initialization steps, all simulations were performed in the NPT ensemble at p =
1 bar and T = 283 K or T = 313 using the Nosé-Hoover thermostat 246 (coupling
constant τt = 1 ps) and the Parrinello-Rahman barostat 248 (coupling constant
τp = 2 ps). For the NPT simulations a time step of 0.002 ps has been used.
The Lennard-Jones interactions were cut off at 1.2 nm and switched from 0.8
nm on, where both the potential and the force were switched. For the Coulomb
interactions, a real space cutoff of 1.0 nm was applied. For long-ranged electrostatic interactions the Particle Mesh Ewald method 133,250 was used. All bonds
to hydrogens were constrained with the LINCS algorithm. 251
The self-assembly of TX114 was studied at two different concentrations (0.1
mol/L and 0.22 mol/L) and two different temperatures (283 K and 313 K).
Additionally, a simulation of TX100 self-assembly at 0.22 mol/L and 283 K
was performed. A summary of all MD simulations is given in Table 5.7.
Table 5.7: System configurations for MD simulations of TX114 and TX100 in aqueous solution.
Number of molecules
Surfactant Surfactant Water Total number of atoms Csurfactant [mol/L] Temperature [K] Simulation time [ns]
TX114
216
53352
180144
0.22
283
100
TX114
216
53371
180201
0.22
283
100
TX114
216
53360
180168
0.22
313
100
TX114
216
53360
180168
0.22
283
200
TX114
216
120515
381633
0.1
283
200
TX100
216
53407
183333
0.22
283
200
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COSMO-RS and COSMOmic
The COSMOmic calculations require at least one conformer for each molecule
type in the system. As the conformation of amphiphilic molecules is dependent
on the environment, surfactant monomers were taken from MD simulations
to obtain conformers present in micelles. Representative surfactant monomers
were selected with respect to the solvent accessible surface. 240 The surfactant
conformers, as well as the solute conformers were calculated with Turbomole
5.10 252 on the BP-TZVP 253–255 level and the RI (resolution of the identity)
approximation. 256 A conformer analysis of the solute molecules has been performed with HyperChem 8.0. 257 In this chapter, the COSMOtherm (version
C3.0 Release 13.01) implementation of COSMO-RS and COSMOmic with the
BP TZVP C30 1301 parametrization was used.
5.2.2

Self-assembly: Influence of concentration and temperature

MD simulations of TX114 and TX100 in aqueous solution have been performed.
The simulated concentrations (0.1 mol/L and 0.22 mol/L) are both orders of
magnitude higher than the CMCs of TX114 and TX100 (0.17 mM 258 and 0.24
mM 259 , respectively). Lower concentrations were not simulated due to limitations of the system size. The simulated systems are already very large (see Table
5.7), consequently computationally very demanding. However, at the considered concentrations the TX114/water and TX100/water systems are both in
the one phase region (isotropic liquid). 260,261
In Figure 5.6a the progress of the maximum aggregation number, Nagg over
the simulation time at two different concentrations of TX114 is shown. The
aggregation numbers of the observed micelles vary between 30 and 216 over
the MD trajectories, which corresponds to the growing micelles sizes during
the equilibration process and to the polydispersity of nonionic surfactants solutions. 175,262,263 In the system at concentration 0.22 mol/L, small aggregates consisting of 30-40 surfactant molecules were formed after 10 ns. In the first 100 ns
of the simulation micelles in close proximity were observed (see Figure 5.7). The
assembly of small aggregates into larger micelles (∼100 surfactant monomers)
starts at 40 ns. The maximum Nagg after 100 ns is around 120. At 120 ns,
all surfactants begin to aggregate into one micelle (216 surfactant monomers).
At the lower concentration of 0.1 mol/L small micelles with Nagg ≈ 30 were
observed after 25 ns. The maximum Nagg after 50 ns is around 60 and after 100
ns smaller aggregates start to aggregate to a larger micelle with an aggregation
number of 183. The maximum Nagg over the 200 ns MD trajectory remains 183
(lower than 216 at the higher concentration of 0.22 mol/L).
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Due to the fact, that at the lower concentration two times more water is
present, the micellization process is slower and in general smaller aggregates are
observed. Faster micelle formation with increasing concentration is reported in
other MD studies, as well. 181,185 However, the equilibrium condition in these
systems may not have been reached. Since at the lower concentration the aggregation process is slower, it can be assumed that longer simulation times are
needed for this system to reach complete equilibration. Therefore, it is expected
that with enough simulation time both systems would converge to a single large
micelle containing all 216 monomers. Wolszczak and Miller 264 reported experimentally determined aggregation numbers of 68 and 156, dependent on the
used fluorometric techniques. The measurements were carried out at TX114
concentration of 0.01 mol/L. It is known that aggregation numbers determined
at surfactant concentration higher than the CMC may differ strongly from the
aggregation numbers around the CMC. 258 The concentrations in the experimental determinations and in the simulations are both orders of magnitude above
the CMC, but also differ by an order of magnitude from each other. However,
aggregation numbers of nonionic surfactants increase with increasing concentration. 59,60 Therefore, the aggregation numbers in the simulations should be
higher than those in the experiments by Wolszczak and Miller 264 which corresponds to the findings.
In order to investigate the influence of temperature on the aggregation process, an additional 100 ns simulation of 0.22 mol/L TX114 solution with 216
surfactant molecules has been performed at a temperature above the CPT of
TX114, which is ∼300 K at this concentration. 243 In Figure 5.6b, the growth
of the micelles in terms of the largest aggregation number is presented. Corresponding to experimental results, at temperatures above the CPT the micellization process is faster and the micelle size increases significantly. 265 The
simulations are qualitatively in agreement with these findings, as self-assembly
is faster at 313 K and the largest micelles containing all 216 surfactant molecules
are already stable after 50 ns. As shown in Figure 5.6a at 283 K the micelle
size will increase further for longer simulation times.
The determined force field parameters (see chapter 5.1) are applicable for
all surfactants of the Triton X series, as they differ only in the length of the
poly(ethylene oxide) chain. A single 200 ns simulation of TX100 self-assembly
has been performed and the progress of the maximum aggregation number is
shown in Figure 5.8. As already observed in the TX114 self-assembly simulations, during the first 50 ns of the simulation small aggregates consisting of
30-40 surfactant monomers are formed.
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Figure 5.6: (a) Maximum aggregation number of TX114 at two different concentrations. (b)
Maximum aggregation number of TX114 at two different temperatures.

Figure 5.7: A snapshot of TX114 self-assembly simulation at 0.22 mol/L after 100 ns. With
different colors are shown three different micelles (aggregation numbers 120, 48, 48). For a
clear presentation of the micelles, water and the monomers were removed in this snapshot.
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Larger micelles with aggregation numbers around 190 are observed after 60
ns and after 130 ns almost all TX100 monomers aggregate to one micelle with
Nagg = 214. This aggregation number is in agreement with another atomistic
MD study of TX100 self-assembly using the GROMOS force field, 178 where all
200 monomers containing in the simulation box converged to a single micelle. 177
Patel et al. 266 reported an experimentally determined TX100 aggregation number Nagg = 287. Since the experimental aggregation number is larger than
the total number of surfactant molecules in the simulation, it is expected that
all monomers converge to one micelle. An increase of the system size would
probably show even larger micelles.
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Figure 5.8: Maximum aggregation number of TX100 from a 200 ns self-assembly simulation.

In this chapter, the self-assembly of TX114 and TX100 was simulated with
the force field parameters determined in this work (see chapter 5.1). The expected concentration and temperature dependence of the aggregation process
could be qualitatively reproduced, which can be interpreted as further validation of the optimized parameters. Aggregation numbers obtained from the simulations are in the same order of magnitude with experimentally determined
values. However, it is known that the equilibrium state is difficult to reach
with MD simulations of surfactant self-assembly. 181,267 Therefore, a quantitative comparison between simulated and experimentally determined aggregation
numbers should be intrepreted with caution.
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Prediction of partition equilibria: Influence of micelle size and
shape

In this chapter, micelle structures obtained from the self-assembly simulation
in chapter 5.2.2 are used to predict partition coefficients of neutral solutes with
the model COSMOmic. The influence of the micelle size and shape on the
prediction quality with COSMOmic is studied.
To study the influence of the micelle size and shape on the COSMOmic
results, different micelles are used for the COSMOmic calculations. The selected TX114 micelle sizes Nagg , their sampling (number of averaged micelles
per atomic distribution), eccentricity ε, radius of gyration Rg and radius of the
micelle Rs are presented in Table 5.8. These micelle structures are used for the
prediction of the partition behavior of ten neutral solutes with COSMOmic.
The predicted partition coefficients logKi between TX114 micelle and water in
comparison with experimental data 243 are shown in Table 5.9.
Table 5.8: Structure parameters of averaged TX114 micelles, the angular brackets donate
that these values were averaged over the micelles.
Nagg
32a
33b
65a
98b
116b
181a

Number of micelles
1673
440
465
1265
633
511

<ε>
0.17 ± 0.07
0.18 ± 0.06
0.33 ± 0.06
0.42 ± 0.03
0.64 ± 0.03
0.30 ± 0.03

< Rg > [nm]
1.72 ± 0.04
1.77 ± 0.04
2.26 ± 0.06
2.62 ± 0.05
3.15 ± 0.10
3.26 ± 0.07

< Rs > [nm]
2.22 ± 0.05
2.28 ± 0.05
2.92 ± 0.08
3.38 ± 0.06
4.06 ± 0.13
4.21 ± 0.09

a

The micelle structures used for COSMOmic calculations were taken from a 200 ns MD simulation of 0.1
mol/L TX114 solution.
b
The micelle structures used for COSMOmic calculations were taken from a 200 ns MD simulation of 0.22
mol/L TX114 solution.

By comparing the RMSE of all logKi values presented in Table 5.9, no significant differences for the range Nagg = 32-98 can be observed, since all overall
RMSEs are similar (∼0.40). The predicted partition coefficients slightly overestimate the experimental values, but still provide good prediction quality. The
calculated partition coefficients using micelles with aggregation numbers in the
range of the experimental values (Nagg = 116-181) are in very good agreement
with experimental results, since the RMSE = 0.27. When using larger micelles
(Nagg ≥ 100) as input for the COSMOmic calculations, the tendency to overestimate the partition coefficients is reduced. However, usually it is expected
that larger micelles are less suitable for COSMOmic as it is more likely that
their shape deviate from a sphere. 170 Nevertheless, here larger micelles show
a slight increase in prediction quality. A reason could be a different arrangements of surfactants within the micelle. Although the eccentricity for Nagg =
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181 is only 0.3, the structure is not a sphere where the end atoms of the heads
are all located on the surface. By visual inspection of only the hydrophobic
region of a micelle of this size it seems that this region has a shape similar to a
dumb-bell, probably because two micelles are aggregated to one large micelle.
Furthermore, the radial densities show water close to the hydrophobic core.
The eccentricity shows still a small value as all atoms are forming a sphere and
only by visual inspections and by the radial densities it becomes obvious that
this is not a reasonable and suitable micelle structure for COSMOmic. Hence,
especially the radial density should also be checked before a micelle is used for
COSMOmic.

Table 5.9: Predicted partition coefficients of ten neutral solutes in TX114 micelles at 298 K
in comparison with experimental data. 243 All Ki have units of L/kg.
logKiCOSMOmic
Solute
Diclofenac
Ibuprofen
Ferulic acid
Hydroxybenzoic acid
p-Coumaric acid
Phenol
Salicylic acid
Syringic acid
Vanillic acid
Vanillin
RMSE

Nagg = 32a
4.01
4.26
2.71
1.92
2.04
2.00
2.95
1.78
1.87
2.05

Nagg = 33b
4.02
4.23
2.78
1.96
2.12
2.01
2.97
1.81
1.92
2.11

Nagg = 65a
4.01
4.09
2.76
2.05
2.22
2.00
2.95
1.85
2.03
2.08

Nagg = 98a
4.07
4.10
2.77
2.09
2.26
2.02
2.98
1.85
2.06
2.07

Nagg = 116a
3.86
3.93
2.57
1.90
2.06
1.84
2.78
1.67
1.87
1.89

Nagg = 181a
3.47
3.40
2.53
2.00
2.17
1.79
2.64
1.78
1.99
1.89

0.40

0.42

0.40

0.41

0.27

0.27

logKiexp
3.82
3.73
2.20
1.83
2.19
1.65
2.23
1.64
1.88
1.49

a

The micelle structures used for COSMOmic calculations were taken from a 200 ns MD simulation of 0.1
TX114 solution.
b
The micelle structures used for COSMOmic calculations were taken from a 200 ns MD simulation of 0.22
TX114 solution.

The structural parameters (eccentricity factor ε, radius of gyration Rg and
radius of the micelle Rs ) of averaged TX100 micelles are given in Table 5.10.
Predicted partition coefficients of six neutral solutes between TX100 micelles
and water in comparison with experimental results 268,269 are shown in Table
5.11.
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Table 5.10: Structure parameters of averaged TX100 micelles, the angular brackets donate
that these values were averaged over the micelles.
Nagg
33a
34a
213a
214a

Number of micelles
228
433
357
294

<ε>
0.22 ± 0.10
0.21 ± 0.05
0.57 ± 0.08
0.56 ± 0.08

< Rg > [nm]
1.92 ± 0.07
1.91 ± 0.04
4.24 ± 0.30
4.21 ± 0.27

< Rs > [nm]
2.48 ± 0.09
2.46 ± 0.05
5.47 ± 0.40
5.43 ± 0.35

a

The micelle structures used for COSMOmic calculations were taken from a 200 ns MD simulation of 0.22
mol/L TX100 solution.

Table 5.11: Predicted partition coefficients of six neutral solutes in TX100 micelles in comparison with experimental data. 268,269 All Ki have units of L/kg.

logKiCOSMOmic
Solute
3-Methoxyphenolb
Naphtalenec
Phenanthrenec
Phenolb
Pyrenec
Vanillinb
RMSE

Nagg = 33a
2.10
3.18
4.01
1.95
4.31
2.00

Nagg = 34a
2.13
3.21
4.03
1.98
4.33
2.01

Nagg = 213a
1.73
2.37
3.07
1.58
3.31
1.58

Nagg = 214a
1.74
2.38
3.09
1.59
3.33
1.59

0.14

0.15

0.74

0.73

logKiexp
1.96
3.10
4.16
1.79
4.49
1.90

a

The micelle structures used for COSMOmic calculations were taken from a 200 ns MD simulation of 0.22
TX100 solution.
b
The partition coefficients are measured and calculated at 293 K. 268
c
The partition coefficients are measured and calculated at 298 K. 269

The calculated partition coefficients using small TX100 micelle structures
(Nagg = 33 and Nagg = 34) are in excellent agreement with experimental data
(RMSE = 0.14 and 0.15, respectively). The usage of small TX100 micelles (aggregation number ∼33) shows better prediction quality (RMSE ∼0.15) compared to the calculations using TX114 micelles of the same size (RMSE ∼0.40).
Since no significant difference in the micelle structures are observed (aggregation number, micelle radius and eccentricity factor are in the same range), it can
be concluded that the deviation is due to the different solutes which were studied. The predicted partition coefficients using larger micelles (Nagg = 213 and
Nagg = 214) underestimate the experimentally determined partition coefficients
with RMSE = 0.74 and RMSE = 0.73, respectively. Consequently, when using
large micelles (Rs > 5 nm) outliers can occur. The reason is most probably
the deviation of the structure from a sphere (see ε in Table 5.10). This usually
leads to deviations in the predictions, as in COSMOmic the micelle structure
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is assumed as a perfect sphere surrounded by a water shell.
The main factor that influences the quality of the COSMOmic predictions
is the form of the micelle, defined by the eccentricity factor. Therefore, in
order to achieve appropriate prediction quality with COSMOmic, the micelles
formed during MD simulations, need to be analyzed and selected according to
their structure. Although cylindrical micelles (ε ≥ 0.5) can also provide good
prediction quality (see Table 5.9), outliers are more likely to occur. On the
other hand, when using small spherical micelles (Rs < 4 nm , ε ≤ 0.5) as input
structures for the COSMOmic calculation, all predicted partition coefficients are
in very good agreement with experimental data (RMSE ≤ 0.42). Therefore, it
can be recommended to select micelle structures from MD according to their
structural parameters (radius of the micelle and eccentricity factor) and by
checking the radial densities.

5.3

Summary

It has been demonstrated that using the force field parameters for nonionic
surfactants from the Trition X series introduced in this work, it is possible to
simulate the self-assembly of TX114 and TX100 and to reproduce qualitatively
the concentration and temperature dependence of the micelles formation. The
aggregation number increases with increasing temperature and surfactant concentration, which is in agreement with experimental data. 265 Micelle structures
taken from the self-assembly simulations were used for predictions of partition
equilibria with COSMOmic. In order to achieve statistical reliable results, averaged atomic distributions for the micelle structure were used, which reduces
the effect of outliers. The predictions are in very good agreement with experimental results for neutral molecules. Moreover, the influence of micelle size and
shape on the prediction quality was analyzed. Outliers are more likely to occur
when using large and more cylindrical micelles, whereas reproducible results
were obtained when using small spherical micelles as an input for COSMOmic.
In the next chapter COSMOmic calculations are further validated by comparing free energy profiles.

6 Free energy profiles and partition equilibria in various micelles:
Comparison between MD simulations,
COSMOmic and experiments
In this chapter, the partition behavior of solutes in all types of micelles (nonionic, zwitterionic, anionic and cationic) is investigated, whereby COSMOmic,
MD simulations and experiments are compared. To gain insights on the partition behavior as a function of the position within the micelle, free energy
profiles are obtained and analyzed. Furthermore, the applicability of MD simulations (umbrella sampling method) and COSMOmic to predict partition behavior of charged solutes is evaluated. To make the quantitative comparison
possible, partition coefficients of dissociated molecules in cationic micelles are
determined with micellar liquid chromatography. The results of the following sections were partly published as Yordanova, D.; Ritter, E.; Gerlach, T.;
Jensen, J.H.; Smirnova, I.; Jakobtorweihen, S. Solute Partitioning in Micelles: Combining Molecular Dynamics Simulations, COSMOmic and
Experiments in Journal of Physical Chemistry B. 270 Some results are based
on the supervised master’s thesis of Jan-Hendrik Jensen. 106

6.1

Micellar liquid chromatography for CTAB micelles

The MLC method has been established as robust and reliable technique to obtain partition coefficients of neutral solutes in micellar systems. 271 However,
the determination of dissociated compounds is more challenging. Only a few
partition coefficients of ionizable molecules are available in the literature. 42,105
One aim of this work is to evaluate MD simulations with the US method and
the COSMOmic model for the calculation of partition coefficients in micelles
with special focus on charged solutes. In MD simulations one of the main limitations is the force field. Unfortunately, no CHARMM force field parameters
(the force field used for the surfactants as described before) are available for
ionizable molecules, for which experimental partition coefficients are available.
To make the quantitative comparison possible, solutes with available parameters in the CHARMM General Force Field (CGenFF) 112 were selected and
their partition coefficients are determined with MLC. Therefore, partition coefficients of 4-hydroxybenzoic acid, 4-methoxyphenol and phloretic acid in CTAB
micelles were measured at three pH values (2, 7 and 10.5) to consider different
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dissociation states of the molecules. The structural formulas of the selected
solutes in their neutral form are shown in Figure 6.1. At pH = 2 all solutes will
be protonated (no overall charge). The dissociation degrees of the compounds
at pH = 7 and pH = 10.5 in water are shown in Table 6.1. The determined
partition coefficients are listed in Table 6.2. Since 4-methoxyphenol is 99.89 %
protonated at pH = 7, nearly identical partition coefficients at pH = 2 and pH
= 7 are expected. The deviation of 0.18 log units can be related to inaccuracies
of the experiment.
Table 6.1: Degrees of dissociation in water at T = 298 K. α0 corresponds to the undissociated
molecules, α1 and α2 are the degree of dissociation of the first (carboxyl group, in case of
4-methoxyphenol hydroxyl group) and second dissociable functional group (hydroxyl group),
respectively.

pH = 7
Solute
4-Hydroxybenzoic acid
4-Methoxyphenol
Phloretic acid

α0 [%]
0.24
99.89
0.16

α1 [%]
99.55
0.11
99.53

pH = 10.5
α2 [%]
0.21
0.31

α0 [%]
0.00
21.59
0.00

α1 [%]
12.89
78.11
9.28

α2 [%]
87.11
90.72

Table 6.2: Experimentally determined partition coefficients of three ionizable solutes in CTAB
micelles. The standard deviation was derived from three measurements. All Ki have units of
L/kg.

logKiexp
Solute
4-Hydroxybenzoic acid
4-Methoxyphenol
Phloretic acid

pH = 2
2.64 ± 0.04
2.38 ± 0.01
2.94 ± 0.21

pH = 7
3.91 ± 0.09
2.20 ± 0.01
3.99 ± 0.68

pH = 10.5
3.03 ± 0.03
-

As expected, the partition coefficients increase with increasing pH value.
This effect can be attributed to the strong electrostatic interactions between
the deprotonated groups (negatively charged) and the cationic CTAB head
groups. Similar effects were observed in previous studies. 42,105 According to
the protolytic equilibrium at pH = 10.5 the second dissociable functional group
(hydroxyl group) of 4-hydroxybenzoic acid and phloretic acid is also dissociated
(see Figure 6.1 for the molecule structures). Due to increasing net charge of the
solutes at higher pH, increasing attraction forces between the cationic groups
of CTAB and the dissociated molecules are expected. However, the calculated
pKa values refer to an aqueous solution and it is known that the description of
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Figure 6.1: Structural formulas of the selected solutes in their neutral form.

the protolytic equilibrium can differ significantly in membranes. 226 For example,
Beschiaschvili and Seelig 227 showed shifted pKa values of peptides in contact
with lipid membranes. Schreier et al. 226 demonstrated that the apparent pKa
of the drug tetracaine decreases in the presence of membranes, being a function
of membrane concentration. The change of the pKa from the aqueous phase
to the membrane can be estimated theoretically based on transfer free energies
obtained from MD simulations. 194 . Shifts of ionization constants are observed
in micellar systems as well. 221,228 Rodgers and Khaledi 228 reported significantly
increasing ionization constants of amino acids in micellar solutions. However,
it is known that electrostatic interactions are the driving forces causing changes
in the pKa at the membrane/water interface. 218 Thus, in the case of cationic
CTAB micelles and dissociated acids, lower pKa values on the micellar surface
than in water are expected. A similar behavior was demonstrated for the binding of valsartan dianion to CTAB micelles. 221 Therefore, increasing partition
coefficients of 4-hydroxybenzoic acid and phloretic acid at pH = 10.5 are expected. However, the determined partition coefficients at pH = 7 and pH =
10.5 are nearly identical (the values at pH = 10.5 are not shown). It has been
demonstrated that the MLC method is very sensitive to the micelle-solute interactions. 42 Due to very strong binding between the micelle and the solute (for
example due to strong electrostatic interactions in case of cationic surfactant
and dissociated solutes) the evaluation with the retention models is limited. 42,105
This behavior is designated as overbinding. Čudina et al. 221 demonstrated that
binding constants, obtained by using MLC and UV spectrophotometry show
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great discrepancy. Hence, in the case of 4-hydroxybenzoic acid and phloretic
acid MLC is probably not sensitive enough to estimate the protolytic equilibrium of the second functional group. As the determined partition coefficients
in this case cannot be considered as reliable, the values are not included in
Table 6.2. The determination of a broader range of partition coefficients using
the MLC method could be challenging and time consuming. Therefore, other
technique, such as the MEUF method could be more suitable for dissociated
compounds.

6.2

Simulation details

The MD simulations were performed with GROMACS package version 5.1.1 272
or version 4.6.7 249 using the CHARMM36 force field 129,273 and the CHARMM
TIP3P water model. 122 TX114 was modeled with the force field parameters
optimized in this work (see chapter 5.1). Parameters for the bromide ions are
taken from Joung and Cheatham 274 who optimized them for TIP3P water.
In all simulations the temperature was fixed at 298 K using the Nosé-Hoover
thermostat 246 (τt = 1 ps). The time step for all simulations was 2 fs. The
Lennard-Jones interactions were cut off at 1.2 nm and switched from 1.0 nm
on (0.8 nm for GROMACS version 4.6.7), where the force was switched for
GROMACS version 5.1.1 (and both the potential and the force for GROMACS
version 4.6.7). For the Coulomb interactions, a real space cutoff of 1.2 nm
was applied (1.0 nm for GROMACS version 4.6.7). The Particle Mesh Ewald
method was used for the long-ranged electrostatic interactions. 133,250 The bonds
to hydrogens were constrained with the LINCS algorithm. 251
6.2.1

Preassembled micelles

In this chapter, preassembled micelles were used as starting structures. They
were generated with PACKMOL, 275 containing 40 surfactant monomers. To
obtain spherical starting structures, surfactant atoms were restricted in two
defined spheres. Water molecules were added such that a concentration of 0.08
M was reached. In case of ionic surfactants, counterions were added. After
an energy minimization with the steepest descent method, a simulation in the
NPT ensemble with the Berendsen barostat 247 (isotropic, coupling constant τp
= 5 ps) was performed for 200 ps in the case of SDS and CTAB micelles and
10 ns for TX114 and HePC, respectively. Followed by 40 ns NPT simulations
with the Parrinello-Rahman barostat 248 (p = 1 bar, isotropic coupling constant
τp = 5 ps).

6.2 Simulation details
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Umbrella sampling protocol

The umbrella sampling method 152,276,277 was applied to calculate the free energy
profiles of four neutral molecules in different micelles: 4-hydroxy-benzoic acid in
TX114 and CTAB micelles, 3-phenylpropanoic acid in HePC, 4-methoxyphenol
and naphthalene in SDS. The structures of the solutes and of the surfactants are shown in Figure 6.1 and Figure 4.1, respectively. Furthermore, 3phenylpropanoic acid and 4-hydroxybenzoic acid were investigated in their dissociated states in HePC and CTAB micelles, respectively. All simulated systems
are listed in Table 6.3. Force field parameters for the solutes are taken from
the CGenFF 112 and were assigned using the ParamChem tool, 144,145 where the
highest charge penalty = 3.845 and the highest parameter penalty = 6.500
were obtained for 3-phenylpropanoic acid (neutral) and phloretic acid (neutral
and first dissociation equilibrium). All parameters for 4-hydroxybenzoic acid,
4-methoxy-phenol and naphthalene have penalties equal to zero.
The simulated preassembled micelles (see chapter 6.2.1) were used as starting structures for the umbrella sampling (US) simulations. To obtain better
statistics and error estimates, two solute molecules were added to the simulated
TX114, HePC and SDS micelles, described in chapter 6.2.1. The molecules were
placed into the water phase, the overlapping water molecules were removed. In
case of dissociated solutes, counterions were added explicitly to keep the total
charge of the system neutral. Subsequently, NPT simulations were performed
for 10-40 ns using the Parrinello-Rahman barostat 248 (p = 1 bar, coupling constant τp = 5 ps). In case of CTAB, a system containing a preassembled micelle,
two solute molecules and counterions was directly prepared with PACKMOL.
After an energy minimization, a simulation in the NPT ensemble with Berendsen barostat 247 was performed for 200 ps, followed by a 40 ns NPT simulation
with the Parinello-Rahman barostat. 248 To obtain starting configurations for
the US simulations, the solutes were pulled (pull rate = 0.002 nm/ps, force
constant = 3000 kJ/mol nm2 ) towards and away from the COM of the micelle.
In case of charged solutes, the micelles did not remain stable after the pulling
simulation and two smaller aggregates were observed. This is due to repulsive
forces between the charged solute and the hydrophobic core of the micelle. As
the partitioning of the charged solute in the micelle core is unfavorable, the
micelle falls apart such that the solute makes contact with water and is located
between the two aggregates at the COM of all surfactants. To overcome this
effect, restraints were employed to limit the movement of surfactant monomers.
Two atoms from the hydrophobic part (first and terminal carbon) of HePC
and CTAB molecules were restricted by applying a flat bottom potential with
a force constant = 10000 kJ/mol and a flat bottom radius = 0.4 nm (see chap-
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ter 2.3.2). Finally, 36 umbrella sampling simulations were performed for each
solute, where the distance between each window was 0.1 nm. The force constant for the umbrella potential was 3000 kJ/mol. By using two solutes two
free energy profiles were obtained and an averaged profile with error bars was
calculated. 235 The performed US simulations are listed in Table 6.3.

Table 6.3: Simulation details of the umbrella sampling simulations.

Solute
4-Hydroxybenzoic acid (HBA)
3-Phenylpropanoic acid (PPA)
3-Phenylpropanoic acid (PPD)
4-Methoxyphenol (MTP)
Naphthalene (NAPH)
4-Hydroxybenzoic acid (HBA)
4-Hydroxybenzoic acid (HBD1)
4-Hydroxybenzoic acid (HBD2)

Solute charge
0
0
-1
0
0
0
-1
-2

Surfactant Simulation time
TX114
36 x 40 ns
HePC
36 x 40 ns
HePC
36 x 40 ns
SDS
36 x 40 ns
SDS
36 x 40 ns
CTAB
36 x 40 ns
CTAB
36 x 40 ns
CTAB
36 x 40 ns

To calculate the partition coefficient between the micelle and the aqueous
phase, it is crucial to define a border between the micellar phase and the aqueous
phase. The free energy profiles, obtained with the US method were used to
distinguish between the micelle and the water phase: the water phase begins
where the free energy has reached a value near zero (maximal deviation < 0.40
kJ/mol). The chosen criteria are 2.6 nm for HePC micelles, 2.5 nm for CTAB
and SDS micelle and 3.2 nm for TX114, respectively.

6.2.3

COSMO-RS and COSMOmic

Surfactant conformers were selected from micelles with respect to their solvent
accessible surface. 240 The required surfactant DFT/COSMO calculations were
performed with a single point calculation with Turbomole 6.6. 278 Conformers for the solute molecules were created with COSMOconf version 3.0 279 and
the corresponding DFT/COSMO calculations were performed with Turbomole
6.6. 278 The COSMOtherm 280,281 (version C3.0 Release 15.01) implementation
of COSMO-RS and COSMOmic with the BP TZVP C30 1501 parametrization
was used. The same DFT/COSMO calculations and COSMOtherm version
were also used in chapter 7.

6.3 Calculated free energy profiles and partition coefficients
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Calculated free energy profiles and partition coefficients

The US method and the COSMOmic model are applied to predict partition
equilibria of various solutes in micelles. As COSMOmic was introduced for
neutral molecules, predictions for charged solutes should be interpreted with
caution. Therefore, a comparison between MD and COSMOmic free energy
profiles in micelles is beneficial. By comparison to experimental partition coefficients, the applicability of both models to predict the partition behavior of
solutes in micelles is evaluated.
For the calculation of partition coefficients from free energy profiles, different
approaches are possible (see chapters 2.3.3 and 2.4.2). In MD studies mostly
equation 2.61 is used, where a border between the micelle and the water phase
is defined. However, the original COSMOtherm implementation uses a different equation. 52 To obtain an equation that is stable also for hydrophilic solutes,
Klamt et al. 52 introduced the concept of a water correction (equation 2.74, chapter 2.4.2). In this chapter, both definitions are applied and compared for the
calculations with COSMOmic. Partition coefficients calculated with the COSMOtherm implementation of COSMOmic are designated as logKiCOSMOmic,Wcorr .
To be consistent with the MD results, partition coefficients from COSMOmic
free energy profiles were also calculated using equation 2.61 (designated as
logKiCOSMOmic,Pdef ). It is important to note that for equations 2.61 and 2.74 the
volume corrected profile should be used (see Figure 4.3, chapter 4.4). Whereas,
for unmodified profiles the volumes of the layers should not be used in equations
2.61 and 2.74, as the volume contribution is already incorporated in the profile.
The predicted and experimental partition coefficients are summarized in Table 6.4. The experimental error scales of the partition coefficients (see Table
6.2) are mean standard deviations of three determinations. However, partition
coefficients obtained with different experimental techniques can vary widely and
an experimental error of 0.3 log units can be assumed. 201,282
In reference 161 the influence of the applied equation on the membrane/water
partition coefficients was investigated. Deviations within ∼0.3 log units are
observed between the two equations. In the case of micelles higher deviations
(∼0.5 log units) than in membranes are observed, which can be attributed to the
different geometries. Since micelles are more flexible than lipid bilayers, more
water molecules are allowed to be located inside the micelle phase. The water
content inside the simulated zwitterionic micelle phase is 85 water molecules
per surfactant, which is much higher compared to the water to lipid ratio in a
lipid bilayer phase (17 water molecules per DMPC lipid). As expected, higher
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Table 6.4: Predicted partition coefficients in comparison with experimental data, all Ki have
units of L/kg. All predictions were obtained with micelles consisting of 40 surfactants.

Solute Surfactant
HBA
TX114
PPA
HePC
PPD
HePC
MTP
SDS
NAPH
SDS
HBA
CTAB
HBD1
CTAB
HBD2
CTAB
PLA
CTAB
PLD1
CTAB
PLD2
CTAB
MTP
CTAB
MTD
CTAB

logKiUS,Pdef
2.03 ± 0.16
2.63 ± 0.23
1.06 ± 0.32
2.17 ± 0.10
2.73 ± 0.08
2.51 ± 0.03
1.69 ± 0.07
1.32 ± 0.02
-

logKiCOSMOmic,Pdef
1.55
1.88
0.61
1.57
2.75
2.04
2.97
4.03
2.34
3.37
4.61
2.29
3.63

logKiCOSMOmic,Wcorr
2.13
2.33
1.09
2.14
3.33
2.60
3.46
4.45
2.90
3.85
5.02
2.85
4.11

logKiexp
1.83 23
1.62 283 ; 1.73 284
3.00 285 ; 3.07 283
2.64
3.91
2.94
3.99
2.38; 2.20
3.03

partition coefficients are obtained when using the water correction, than those
calculated with the phase boundary definition. Significant deviations can occur
when using equation 2.61 for hydrophilic compounds. In this case the concept of
a water correction has to be applied. Below, the calculated free energy profiles
and partition coefficients are discussed in detail according to the surfactant
type.

6.3 Calculated free energy profiles and partition coefficients
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Nonionic surfactants

For the modeling of partition equilibria in nonionic micelles, TX114 was chosen as representative nonionic surfactant. Figure 6.2 shows free energy profiles
of 4-hydroxybenzoic acid (HBA) in its neutral state in a TX114 micelle. The
hydrophilic head group (oxyethylene chain) of TX114 is larger than its hydrophobic part, depicted also by the radial distribution of the head group. The
free energy minimum is located completely in the hydrophilic part of the micelle
(palisade layer) at a distance of 1.35 nm (COSMOmic profile) from the center
of the micelle. The favorable partitioning of HBA inside the palisade layer can
be attributed to the polar groups of the molecule. The free energy profiles from
the US simulations and the COSMOmic calculation are in good agreement,
both showing the same location and depth of the free energy minimum. The
predicted partition coefficients are in good agreement with the experimental
value, as the deviations are lower than 0.3 log units (see Table 6.4).
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Figure 6.2: Free energy profiles of 4-hydroxybenzoic acid (HBA) in a TX114 micelle calculated
from MD simulations (US method) and with the COSMOmic model. The colored areas show
the error margin of the MD simulation results. Radial distribution function (RDF) of the
surfactant head group atoms (dashed line) calculated from MD simulation without HBA is
plotted on the secondary y-axis.
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6.3.2

Zwitterionic surfactants

The zwitterionic detergent HePC (miltefosine) is often used as model for biomembranes due to its structural similarity to the phospholipids present in biomembranes and the easier preparation of micelles compared to liposomes. 26–28,286
Therefore, HePC was chosen as an example for a zwitterionic surfactant. Free
energy profiles of 3-phenylpropanoic acid in the neutral (PPA) and dissociated
(PPD) state are shown in Figure 6.3.
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Figure 6.3: Free energy profiles of 3-phenylpropanoic acid in neutral (PPA) and dissociated (PPD) state in a HePC micelle calculated from MD simulations (US method) and with
COSMOmic. The colored areas show the error margin of the MD simulation results. Radial distribution functions of the surfactant head and tail group atoms calculated from MD simulation
without solutes are plotted on the secondary y-axes.

The free energy profiles for PPA from US simulations and from COSMOmic
are similar. However, differences are obtained in the interfacial region. It is
well known that COSMO-RS shows systematic errors for secondary and tertiary amines, which is likely due to the description of the hydrogen bonds of
the amine group within the model. 50,163 In contrast to this, the phosphaditylcholine (PC) head group of HePC contains a quaternary ammonium group
which is not capable of accepting hydrogen bonds. Nevertheless, similar deviations in the interfacial region were observed for lipid bilayers containing
the PC head group, 161,287 and it was shown, by comparing lipids with other
head groups, that this deviation is due to the PC head group. 161 In the classic COSMO-RS model the electrostatic misfit energy is calculated locally for
surface segments in close contact. Thus, any nonlocal, long range electrostatic
interactions are neglected 288 but might be of importance for the charged quaternary ammonium group. Recently, a new COSMO-RS parametrization called
BP-TZVPD-FINE was introduced, 288 including improvements for the descrip-
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tion of hydrogen-bonding and electrostatic interactions. The free energy profile
of PPA was calculated again using the BP-TZVPD-FINE parametrization and
is shown in Figure 6.3a. It can be seen, that by using the BP-TZVPD-FINE
parametrization the COSMOmic result is in better agreement with the MD
result in the interfacial region. Further deviations between the methods are
observed in the hydrophobic core of the micelle. The free energy profile from
US simulations shows a free energy of ∼9 kJ/mol in the hydrophobic core,
which can be associated to the polar carboxyl group of the acid. In contract,
COSMOmic predicts ∼0 kJ/mol free energy in the hydrophobic core and ∼ −6
kJ/mol when using the FINE parametrization. It is assumed that the free energy in the hydrophobic center of biomembranes can be modeled by cyclohexane/water transfer free energies. 235 Unfortunately, for 3-phenylpropanoic acid
no experimental cyclohexane/water transfer free energy was found in the literature. Nevertheless, Abraham et al. 289 obtained a free energy of 4.85 kJ/mol
for benzoic acid and 13.69 kJ/mol for propanoic acid, respectively. It is expected that the transfer free energy of 3-phenylpropanoic acid is between those
of benzoic and propanoic acid, which is in agreement with the US method
prediction of ∼9 kJ/mol. Therefore, it can be assumed that the COSMOmic
calculations underestimate the free energy of PPA in the hydrophobic core of
the HePC micelle. The free energy minimum of PPA is in agreement for both
models, which is located between the PC head group and the hydrophobic region of HePC. For the dissociated form of 3-phenylpropanoic acid (PPD) large
energy barriers in the hydrophobic core are obtained (see Figure 6.3b), as expected. The COSMOmic profile shows a small change in the slope between
the hydrophilic and hydrophobic groups, which can be associated with overpredicted repulsion forces when the molecule is passing through regions with
different hydrophobicity. Both methods show deviations in the location of the
global minimum, which is predicted at ∼1.65 nm by the US simulations and at
∼2.25 nm by COSMOmic, respectively. Unfortunately, experimentally determined partition coefficients for 3-phenylpropanoic acid in HePC were not found
in the literature. Therefore, the partition behavior prediction can be evaluated only qualitatively. Miyazaki et al. 218 demonstrated, that due to interfacial
pKa shift protonated fatty acids have higher partition coefficients in dimyristoylphosphatidylcholine (DMPC) bilayer compared to their dissociated form.
Furthermore, partition coefficients of 5-phenylvaleric acid in liposomes were
found in the literature, 35,37,290 which has only two methylene groups more than
PPA. A partition coefficient of 2.94 log units and 3.17 log units was obtained for
protonated 5-phenylvaleric acid in DMPC and DOPC, respectively. 290 A value
of 0.50 log was determined for the charged form in DMPC. 35 Correspondingly,
the calculations in this work show decreasing partition coefficients for dissoci-
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ated 3-phenylpropanoic acid compared to the neutral solute. As the chemical
structures of 5-phenylvaleric acid and 3-phenylpropanoic acid are similar and
also the structure of HePC with DMPC and DOPC, the predictions are most
likely qualitatively correct, for a quantitative assessment experimental data is
needed.
6.3.3

Anionic surfactants

In this chapter, the partitioning between SDS micelles and water of two molecules
with different hydrophobicity was investigated. Free energy profiles of 4-methoxyphenol
(MTP) and naphthalene (NAPH) are shown in Figure 6.4.
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Figure 6.4: Free energy profiles of 4-methoxyphenol (MTP) and naphthalene (NAPH) in a
SDS micelle calculated from MD simulations (US method) and with COSMOmic. The colored
areas show the error margin of the MD simulation results. Radial distribution functions of
the surfactant head and tail group atoms calculated from MD simulation without solutes are
plotted on the secondary y-axes.

For both solutes, the free energy profiles calculated with the US method
and with COSMOmic show some differences. For MTP deviations at similar
positions as for PPA and PPD in HePC micelle are observed. In the hydrophobic core of the micelle the US profile shows a free energy of ∼7.5 kJ/mol,
whereas the COSMOmic calculation results in 0 kJ/mol. Rich and Harper 291
obtained transfer free energy of 5.61 kJ/mol (at 296 K) for MTP in cyclohexane/water. Hence, the prediction of the MD simulations can be considered as
reasonable, whereas COSMOmic underestimates the free energy in the micelle
core. COSMOmic predicts a change in the slope of the profile in the region
between the hydrophilic and hydrophobic part of the micelle, which is not expected. Similar behavior was predicted for PPD in HePC micelle. In both
cases the changes occur, when the molecules are located in the transition re-
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gion between the hydrophilic head groups and the hydrophobic carbon chain
(see Figure 6.5). The deviation can be attributed to overpredicted repulsion in
the transition region. The partition coefficient of MTP in SDS calculated with
COSMOmic using equation 2.61 is in the best agreement with experimental
data (absolute deviation 0.09 log units). The predictions from the MD simulations and the COSMOtherm implementation of COSMOmic lead to identical
values, which overestimate the experimental partition coefficients with maximal
absolute deviation of 0.53 log units (see Table 6.4).
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Figure 6.5: (top) Free energy profiles calculated with COSMOmic: PPD in a HePC micelle
(a) and MTP in a SDS micelle (b). Radial distribution functions of the highlighted atoms are
shown. (bottom) Structures of the corresponding surfactants.

In order to investigate partition behavior of a hydrophobic compound, free
energy profiles of naphthalene in SDS are determined. As expected, the solute is preferably located in the hydrophobic region of the micelle (see Figure
6.4b). According to the profile calculated with the US method, a local minimum is observed between the hydrophilic and hydrophobic groups, whereas
COSMOmic predicts a constant free energy within the whole hydrophobic region. The free energy at the minimum is ∼ −16.5 kJ/mol according to the
US profile and a value of ∼ −21.5 kJ/mol is predicted by COSMOmic. Abraham et al. 289 obtained −19.29 kJ/mol free energy of transfer for naphthalene in
alkane/water. Thus, both methods result in reasonable free energies of NAPH
in the hydrophobic micelle core. Therefore, the predicted partition coefficients
are also in good agreement with experimental results (see Table 6.4). Although
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both free energy profiles differ in the hydrophobic region (0 to 1.5 nm from
micelle center), the obtained partition coefficients are similar. The deviation to
experimental values is in the range of 0.3 log units.
6.3.4

Cationic surfactants

In order to investigate partition equilibria of ionizable compounds in cationic
micelles, 4-hydroxybenzoic acid as solute and CTAB as widely used cationic surfactant were selected. As described before, the partition coefficients in CTAB
micelles are higher than those in nonionic micelles because of stronger electrostatic interactions. 42,60,105 Furthermore, the partition coefficients of the dissociated solutes increase significantly compared to those of the protonated form. 42
To evaluate the applicability of MD simulations and COSMOmic to predict
these effects, 4-hydroxybenzoic acid was investigated in neutral and dissociated
states (see also Table 6.3). The obtained free energy profiles are shown in Figure
6.6. Please note that a micelle with aggregation number of 40 is used for both
the MD simulations and COSMOmic calculations. The influence of the micelle
size on the free energy profiles and partition coefficients of charged compounds
will be discussed in detail below. In the case of HBA, the free energy profiles
obtained with the US method and calculated with COSMOmic are in good
agreement regarding the shape of the profile and the depth of the minimum.
COSMOmic predicts the minimum at 1.75 nm from the COM of the micelle. In
the same region the maximum of the radial distribution of the hydrophilic group
is obtained. The free energy minimum in the US profile is slightly shifted to the
hydrophobic group. In the hydrophobic core a free energy of 13 ± 2 kJ/mol is
predicted by the US method and 19 kJ/mol by COSMOmic, respectively. Both
models overestimate the experimental cyclohexane/water transfer free energy
of 10.09 kJ/mol. 292 Still, the free energy obtained from MD simulations is in
close agreement with the experimental data when considering the error of ∼2
kJ/mol in the hydrophobic core. The predicted partition coefficients of HBA
in CTAB micelle are higher than in TX114 (see Table 6.4), as expected. Good
agreement with experimental results can be achieved by using the US method.
The COSMOmic prediction with equation 2.61 leads to a higher deviation of
0.60 log units, only by using the water correction (equation 2.74) COSMOmic
is in agreement with the experimental result. Significant deviations are obtained for the charged solutes. Both methods predict huge energy barriers in
the hydrophobic core of the micelle, but show crucial differences at the free
energy minimum (see Figure 6.6). According to the US profiles, no decrease
in the free energy minimum for the dissociated solutes is obtained compared
to the neutral form; the free energy at the minimum of HBA and HBD1 re-

6.3 Calculated free energy profiles and partition coefficients

87

mains relatively constant (∼ −10 kJ/mol), which does not correspond to the
experimental findings (see Table 6.4). Thus, enhanced electrostatic interactions
between the cationic head group of CTAB and the dissociated acid are not observed in the MD simulations. This could be attributed to the electrostatic
model in the force field and the force field parameters. Force field parameters
for CTAB are taken from the CHARMM force field for lipids. Due to different
optimization procedures the parameters in different force fields can differ significantly. This is also the case for the charge distribution of the phosphocholine
group. Surprisingly, in the CHARMM FF the nitrogen is negatively charged,
the positive charge of the head group is distributed between the hydrogens. In
contrast, in other all-atom force fields (e.g., OPLS AA 128 , Slipids 293 and Amber
Lipids FF 125 ) the nitrogen is positively charged. For a better understanding
of the force field parameters influence, a comparison with other all-atom force
fields is reasonable. However, the solutes of interest have to be parametrized
within the same force field, as the FF parameters are not transferable between
different force fields. Moreover, to reproduce processes driven by electrostatic
interactions correctly, the usage of polarizable force field 294,295 would be the
most appropriate choice. In contrast to the MD results, different free energies
at the minimum are obtained by the COSMOmic calculations. The calculated
minimum free energy is −15 kJ/mol for HBA, −20 kJ/mol and −27 kJ/mol for
HBD1 and HBD2, respectively. Hence, an increase in the partition coefficient
is predicted for the dissociated states. The calculated partition coefficient of
HBD2 is 1 log unit higher than that of HBD1, which corresponds to the expected behavior. Therefore, it can be assumed that the COSMOmic model is
able to predict a qualitatively correct trend.
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Figure 6.6: Free energy profiles of 4-hydroxybenzoic acid in neutral (HBA) and dissociated
(HBD1 and HBD2) states in a CTAB micelle calculated from MD simulations (US method)
and with COSMOmic. The colored areas show the error margin of the MD simulation results.
Radial distribution functions of the surfactant head and tail group atoms calculated from MD
simulation without solutes are plotted on the secondary y-axes.

Influence of CTAB micelle size on partition coefficient predictions
with COSMOmic
The influence of micelle sizes (in terms of aggregetion numbers, Nagg ) on partition coefficient predictions with COSMOmic in various micelles was analyzed
in reference 206. It could be demonstrated that the calculations in CTAB are
more sensitive on the micelle size in comparison to predictions in SDS and nonionic micelles. Still, the usage of small micelles (aggregation number up to 50)
was recommended, as more stable and reproducible results could be obtained
compared to those calculated with larger micelles. However, only neutral solutes were considered. In this chapter, the influence of CTAB micelle size on the
partition behavior predictions with COSMOmic is investigated with a focus on
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charged solutes. Partition coefficients of 4-hydroxybenzoic acid, phloretic acid
and 4-methoxyphenol in their neutral and charged states calculated with different CTAB micelle sizes are given in Table 6.5. As only influences on COSMOmic
calculations are discussed, all partition coefficients were calculated with equation 2.74, as it is the equation used in the COSMOtherm implementation of
COSMOmic. It can be seen that the calculated partition coefficients of charged
molecules are highly sensitive to the micelle size. In general, with increasing
aggregation number the partition coefficients decrease significantly. In the case
of HBD1, PLD1 and MTD, the partition coefficients predicted with Nagg ≤ 40
are relatively constant, but decrease for larger micelles. This behavior could be
directly related to the changes in the free energy profiles. As an example, free
energy profiles of HBD1 calculated using micelle sizes between 20 and 120 (step
10) are shown in Figure 6.7.

Table 6.5: Partition coefficients logKi calculated with COSMOmic using different aggregation
numbers of CTAB, all Ki have units of L/kg.

Solute
Nagg
20
30
40
50
60
70
80
90
100
110
120
exp.

HBA HBD1
2.36
3.52
2.50
3.52
2.60
3.46
2.62
3.26
2.61
2.97
2.58
2.71
2.54
2.51
2.49
2.14
2.40
1.81
2.32
1.45
2.16
0.85
2.64
3.91

HBD2
4.77
4.67
4.45
4.06
3.50
3.02
2.41
1.97
1.45
0.87
0.01
-

PLA PLD1
2.66
3.89
2.79
3.91
2.90
3.85
2.91
3.63
2.88
3.30
2.83
3.01
2.76
2.64
2.69
2.37
2.57
2.02
2.49
1.66
2.32
1.08
2.94
3.99

PLD2
5.28
5.21
5.02
4.63
4.05
3.56
2.92
2.44
1.85
1.23
0.33
-

MTP
2.68
2.76
2.85
2.84
2.80
2.75
2.69
2.59
2.47
2.37
2.22
2.38; 2.20

MTD
4.11
4.14
4.11
3.92
3.63
3.36
3.02
2.70
2.28
1.83
1.07
3.03

90
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Figure 6.7: Free energy profiles of charged 4-hydroxybenzoic acid (HBD1) calculated with
COSMOmic using different aggregation numbers of CTAB.

When using Nagg ≤ 40 CTAB monomers, the depth of the minimum is relatively constant (changes are less than 0.5 kJ/mol). Differences are obtained only
in the position of the minimum, which is related to the different system sizes.
When using Nagg ≥ 50 the depth of the minimum changes as well. This trend
is even more distinct for the -2 charged molecules, which directly reflects in the
calculated partition coefficients (higher differences are obtained). As expected,
in the case of neutral solutes the trend is less pronounced. Thus, the stronger
the electrostatic interactions between a micelle and a solute are, the greater the
influence of the micelle size. Two main factors for this observation are: (i) the
composition of the micelle at the free energy minimum and (ii) the shape of the
micelle. The free energy minimum of all solutes (neutral and charged) is located
in the hydrophilic head group region of CTAB. However, depending on the micelle size the head groups are differently mixed with the hydrophobic tails, that
is the content of hydrophobic groups within the hydrophilic region changes.
This can be seen from the radial distribution functions of the hydrophilic and
hydrophobic part of micelles with different Nagg in Figure 6.8. With increasing
aggregation number the overlapping area between hydrophobic and hydrophilic
groups increases, that is more hydrophobic groups penetrate in the hydrophilic
region. Therefore, with increasing micelle size weaker attractions between the
CTAB head group and a charged solute is predicted, which leads to a higher
free energy at the minimum and a lower partition coefficient.
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Figure 6.8: Radial distribution functions of the hydrophilic and hydrophobic part of CTAB
micelles with different sizes.

The influence of the micelle shape (in terms of eccentricity, ε) for charged
solutes is investigated. In Figure 6.9 the relation between the depth of the free
energy minimum and the eccentricity is shown for different aggregation numbers. At first, the relation between eccentricity and aggregation number has
to be evaluated. The most spherical micelles are those with aggregation numbers 40, 50 and 60 (ε = 0.12). Micelles with aggregation numbers 20 and 30
have slightly higher eccentricities (0.15 and 0.13, respectively). The same trend
was observed in reference 206 where also the influence of higher concentrations
and self-assembled micelles were studied. Thus, it could be assumed that aggregation numbers between 40 and 60 provide the most favorable geometrical
arrangements for spherical CTAB aggregates. For micelles with Nagg ≥ 70 an
increase in the eccentricity is observed leading to the maximal value of ε = 0.36
for Nagg = 120.
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Figure 6.9: Free energy at the minimum in function of CTAB aggregation number. The
eccentricity of the CTAB micelle is plotted on the secondary y-axes.

Interestingly, the same trend of the free energy at the minimum with Nagg
is observed for all solutes and depends only on the charge of the solute (see
Figure 6.9). The free energy at the minimum of solutes with charge -1 and
-2 increases with Nagg . This behavior can be directly related to the change of
the micelle composition in the head groups region (see Figure 6.8). Very small
deviations (less than 0.5 kJ/mol) are obtained for Nagg = 20 − 40, which can be
considered as negligible. Hence, for charged molecules the micelle composition
is the key factor for the free energy at the minimum and therefore for the
partition coefficient. Please notice that for Nagg ≥ 40 both the eccentricity and
the amount of hydrophobic groups in the head group region are increasing with
Nagg .
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It can be noticed from Figure 6.9 that the changes in the free energy at the
minimum for neutral solutes are much less pronounced (maximal difference is
∼4 kJ/mol). The minimal free energies are obtained for the most spherical
micelles (Nagg = 40-60). Higher free energies are calculated when using micelles with aggregation numbers 20 and 30, which can be attributed to their
slighlty higher eccentricities. Further increase in the free energy is obtained
for Nagg ≥ 70 with maximal values calculated for Nagg = 120. Therefore, the
usage of micelles with high aggregation numbers (higher eccentricity) for the
COSMOmic calculation leads to lower partition coefficients. Although this
trend is less pronounced for neutral compared to charged solutes, it still can
have significant impact on the calculated partition coefficients (differences up
to 0.6 log units).
It could be demonstrated that micelles with Nagg = 40-60 provide stable
and reproducible results for both neutral and charged molecules. Hence, the
findings support that small and spherical micelles are the most suitable for the
calculations with COSMOmic. Please note that the focus of this analysis is
not to determine which micelles show the best prediction quality compared to
experimental results, but either which of them provide reliable and to the most
possible extend unbiased and reproducible results. Actually, each aggregation
number could be ”accidentally” the best for a particular micelle-solute combination. In the future, it would be interesting to determine the influence of
the aggregation number in MD simulations of solute partitioning. It can be assumed that it is much less pronounced compared to COSMOmic calculations,
as COSMOmic relies on spherical micelles. In COSMOmic the structure of the
micelles is obtained in a simulation without solute and cannot change according
to the presence of the solute, whereas in MD simulations the micelle structure
is dynamic.

Lipophilicity profiles
In order to compare the prediction quality of COSMOmic for the partitioning
of molecules in their neutral and charged state, lipophilicity profiles of six solutes in CTAB micelles are calculated and compared to experimental data. The
experimental partition coefficients are taken from reference 105 and are determined with the MLC technique. The lipophilicity profiles are shown in Figure
6.10 and the partition coefficients of the solutes in their neutral and dissociated
state are given in Table 6.6.
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Figure 6.10: Lipophilicity profiles of six solutes in CTAB micelles, where the solid lines are
experimental data and the dashed lines are COSMOmic calculations. The experimental data
is taken from reference 105, where the determination with MLC is performed at pH = 2 of the
mobile phase for the neutral state of the molecules and at pH = 10.5 for the dissociated state,
respectively.
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Table 6.6: Partition coefficients of neutral and ionized solutes in CTAB micelles calculated
with COSMOmic in comparison with experimental data. 105 All Ki have units of L/kg.
neutral

Solute
Ethylvanillin
Ferulic acid
Isovanillin
p-Coumaric acid
Syringic acid
Vanillin
RMSE

logKicalc
3.36
3.68
3.42
2.85
3.58
2.94
0.89

logKiexp
2.35 ± 0.25
2.91 ± 0.10
2.36 ± 0.07
2.92 ± 0.12
2.34 ± 0.04
2.28 ± 0.24

ionized
logKicalc
4.63
4.42
4.45
3.76
4.26
4.40

logKiexp
3.44 ± 0.94
4.06 ± 1.11
3.49 ± 0.96
4.71 ± 1.29
3.31 ± 0.91
3.51 ± 0.96

0.92

It can be seen that the prediction quality of COSMOmic for neutral and dissociated solutes in CTAB micelles is similar with an overall RMSE of 0.89 for
neutral molecules and 0.92 for negatively charged, respectively. The absolute
deviation between calculated and experimentally determined partition coefficients for the neutral and the dissociated state of each molecule is comparable
for all solutes except p-coumaric acid, where a very good agreement is observed
for the neutral state (an absolute deviation of 0.07 log units) and a much higher
deviation for the negatively charged state (an absolute deviation of 0.95 log
units). p-Coumaric acid is also the only solute, for which the predicted partition coefficients underestimate the experimentally determined, whereas for the
other five solutes the predictions overestimate the experimental values. As already discussed in chapter 6.1 the partition coefficient determination of charged
solutes with MLC is challenging, which leads to higher error bars in the case of
charged molecules. The predicted partition coefficients of the dissociated state
are within the range of the experimental error for five of the six considered
solutes (except ethylvanillin). However, the accuracy of the COSMOmic calculations in CTAB micelles is significantly lower compared to those in nonionic
Triton X micelles (see chapter 5.2.3) and in anionic SDS micelles (see chapter 6.3.3). It was observed that the predictions for CTAB micelles are more
sensitive to the micelle structures and show generally higher deviations from
experimental data than nonionic surfactants and SDS. 206 Since the deviation
for the neutral and charged state is similar, the lower prediction quality in
CTAB can be attributed to the interactions between CTAB and the solutes in
general. It can be concluded that the COSMOmic prediction quality for neutral
and charged solutes in CTAB micelles is comparable and no decline due to the
charge of the solutes is observed. However, only six solutes are considered in
this comparison. For a final conclusion, a larger set of partition coefficients in
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CTAB is necessary.

6.4

Summary

In this chapter the solute partitioning was investigated in four types of micelles.
Free energy profiles calculated from MD simulations with the US method and
with COSMOmic were compared. For a quantitative validation, partition coefficients predicted with both methods were compared to experimental results.
The partition behavior of negatively charged solutes in zwitterionic and cationic
micelles was considered. Due to lack of experimental data for charged solutes
in the literature, partition coefficients of dissociated solutes in CTAB micelles
were measured using micellar liquid chromatography. It could be demonstrated
that that the determination with MLC can be challenging for charged solutes,
which corresponds to previous observations. 42,105,221
The main findings of the investigation on partition equilibria predictions using MD simulations with the US method and the COSMOmic model can be
summarized as follows. As micelles have a higher water content in comparison
to membranes (see also chapter 6.3), it could be demonstrated that the equation used for the calculation of partition coefficients from free energy profiles
has a higher impact for micelles than for membranes. 161 On average equation
2.74 (with water correction) results in logKi which are 0.5 higher than calculations with equation 2.61 (using a defined border between the micellar and
the aqueous phase). Comparison to experimental values gives no clear trend
which equation leads to better predictions (see Table 6.4). In any case, if two
models are compared, the same equation should be used for both methods. If
compared to experimental data, the choice of the equation should depend on
the experimental technique and one should ask the question how the water in
the micelle phase was treated during the experiment and the analysis.
In the nonionic TX114 micelle the partition behavior of neutral 4hydroxybenzoic acid (HBA) was investigated. For this system both MD and
COSMOmic provide similar free energy profiles according to the position and
depth of the minimum, which show that the solute is favorably located in
the hydrophilic region of TX114. The predicted partition coefficients are
in good agreement with experimental results. The partition behavior of 3phenylpropanoic acid in the neutral (PPA) and dissociated (PPD) form was
calculated in the zwitterionic HePC micelle. Some deviations in the free energy profiles from MD simulations and COSMOmic are obtained in the hydrophobic core and in the transition region. By evaluating the free energy in
the hydrophobic core by cyclohexane/water 235 transfer free energies, the US
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profiles could be identified to be more reliable in this region. Due to lack of
experimental data the calculated partition coefficients could be evaluated only
qualitatively, both methods predict the expected trend (decreasing partition
coefficient when the solute is charged). The partitioning of 4-methoxyphenol
(MTP) and naphthalene (NAPH) in the anionic SDS micelle was investigated.
Analog to the zwitterionic micelle, the free energy profiles from MD simulations
and COSMOmic show differences in the hydrophobic core and in the transition
region. Again, by comparison to cyclohexane/water transfer free energies the
US profiles could be considered as more reliable. The predicted partition coefficients of NAPH are in good agreement with experimental data, whereas both
models overestimate the partition coefficient of MTP. 4-Hydroxybenzoic acid
in the neutral (HBA) and charged (HBD1 and HBD2) state were investigated
in cationic CTAB micelles. Similar free energy profiles for the neutral form are
obtained, the predicted partition coefficients are in good agreement with experimental data. In the case of the dissociated states, only the COSMOmic model
predicts the expected trend (increasing partition coefficient with increasing negative charge of the solute). In contrast, the US method is not able to predict
an increase in the partition coefficient when the solutes are negatively charged,
which probably can be attributed to the electrostatic model in the force field
used for the MD simulations. For this system, the usage of polarizable force
fields could be advantageous. In general, the results from MD simulations and
COSMOmic are comparable. Additionaly, lipophilicity profiles of six ionizable
solutes in CTAB micelles were calculated with COSMOmic and compared with
experimental results determined with MLC. The COSMOmic model is able to
predict partition coefficients of neutral and ionized solutes in CTAB micelles
with comparable accuracy, but deviations to experimental results are observed
for both solutes.
In the next chapter MD simulations and the COSMOmic model will be
further evaluated for partition equilibria predictions in mixed micellar systems.

7 Micellization and partition equilibria
in mixed nonionic/ionic micellar systems
In the previous chapter, the partition behavior of various solutes in micelles of all surfactant types (nonionic, zwitterionic, anionic and cationic) was
investigated with MD simulations and COSMOmic. However, only micelles
consisting of one surfactant type were considered. For practical applications,
mixed surfactant solutions are also relevant. In this chapter, the micellization process of mixed nonionic/ionic surfactant systems is investigated with
MD self-assembly simulations. Furthermore, COSMO-RS and COSMOmic are
evaluated and compared for the prediction of partition equilibria in various
mixed nonionic/ionic micelles. The results of the following sections were in
parts published as Yordanova, D.; Ritter, E.; Smirnova, I.; Jakobtorweihen, S.
Micellization and partition equilibria in mixed nonionic/ionic micellar systems: Predictions with molecular models in Langmuir. 296

7.1

TX114/SDS and TX114/CTAB mixed micelles

In this chapter, self-assembly MD simulations of mixed nonionic/ionic surfactant systems were performed to investigate the aggregation process at different
surfactant ratios, as well as the composition of the mixed micelles. Moreover,
micelle structures taken from these simulations are used for calculation of partition equilibria in chapter 7.1.3. Please note that preassembled micelles can
also be used. In reference 206, the prediction quality of COSMOmic using
self-assembled and preassembled micelles was compared. It could be demonstrated that self-assembled and preassembled micelles with similar aggregation
numbers and atomic distributions lead to similar predictions with COSMOmic.
Therefore, the focus of the self-assembly simulations is not to obtain micelle
structures, but to investigate the aggregation behavior in mixed surfactant systems.
7.1.1

Simulations details

Initial configurations for the self-assembly simulations of TX114/SDS and
TX114/CTAB were prepared with PACKMOL 275 containing 200 randomly
placed surfactant monomers. A concentration of 0.13 M was adjusted by adding
a specific amount of water molecules. Counter ions were added explicitly to ob-

100

7 Micellization and partition equilibria in mixed nonionic/ionic micellar systems

tain charge neutrality. An energy minimization was performed with the steepest
descent method. First, a 600 ps equilibration step was carried out in the NVT
ensemble with a time step of 1 fs. Afterwards, a simulation in the NPT ensemble
with the Berendsen barostat 247 was performed for 200 ps. Finally, the systems
were simulated for 200 ns in the NPT ensemble with the Parinello-Rahman
barostat 248 (isotropic coupling constant τp = 2 ps) with a time step of 2 fs.
The temperature was fixed in all simulations at 283 K using the Nosé-Hoover
thermostat 246 (coupling constant τt = 1 ps).
7.1.2

Formation of mixed micelles: Self-assembly MD simulations

Self-assembly simulations of TX114/SDS mixtures at three molar ratios (α =
0.1, α = 0.5 and α = 0.9) and TX114/CTAB (α = 0.5) are performed. In
Figure 7.1 the progress of the maximum aggregation numbers over the simulation time is shown. It can be seen that micelles become more stable when
the content of the ionic surfactant increases, whereas more fluctuations in the
aggregation number are obtained in the system with higher TX114 content.
Moreover, the aggregation numbers decrease with increasing content of ionic
surfactant. This behavior could be explained with the micelle size distributions in micellar solutions. It is known that all micellar systems exhibit some
degree of polydispersity with respect to micelle aggregation numbers. 297 This
is characteristic especially for solutions of nonionic surfactants. 175,262,263 However, in case of mixed nonionic/ionic micelles monodisperse solutions are observed. Kamayama and Takagi 298 reported monodisperse C12 E8 /SDS mixed
micelles obtained from electrophoretic light scattering. Furthermore, Tokiwa
and Aigami 299 investigated the micelle sizes of mixed SDS with dodecyl polyoxyethylene ether and determined decreasing micelle sizes with increasing SDS
content. The same trend was observed for TX100/SDS mixtures at low ionic
strength, 300 which is in agreement with the trend from the self-assembly simulations in this work. In contrast, Komaromy-Hiller et al. 301 reported no significant
influence on the aggregation number of TX114 when SDS and CTAB surfactants are added. Nevertheless, this can be attributed to the concentrations of
the ionic surfactants in their study, which are very low (below their CMCs).
Furthermore, at different nonionic/ionic surfactant ratios the obtained aggregation numbers differ significantly, as expected. The aggregation number of
TX114/SDS micelles is 24 for αSDS = 0.9 and 200 for αSDS = 0.1, respectively.
Both are in the range of aggregation numbers, obtained from self-assembly
MD simulations in the literature: 20-38 185 for pure SDS and 183-216 173 for
pure TX114. The aggregation numbers in the equimolar TX114/SDS and
TX114/CTAB systems are 50 and 79, respectively. Both are higher than those
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Figure 7.1: Maximum aggregation number over time from self-assembly simulations of
TX114/SDS and TX114/CTAB systems at different compositions α.

of pure SDS and CTAB micelles (20-38 185 and 23 185 , respectively), which can
be attributed to the TX114 content. Therefore, the expected trend could be
observed.
It has been demonstrated that the composition in the mixed micelles is a
crucial parameter for the prediction of partition equilibria in mixed micelles. 42
In all self-assembly simulations in this work, the composition in the mixed
micelles approaches the composition in the system, where the compositions in
the micelles are calculated from the micelles formed at the end of the 200 ns
simulations (data not shown). This is in agreement with the experimental observations for TX100/CTAB mixtures at concentrations higher than ∼2 mM,
where the composition of the mixed micelles is equal to the composition in
the solution. 213 The same behavior was observed for Brij35/CTAB, where the
composition of the mixed micelles is equal to the composition in the solution
at concentrations higher than ∼1 mM. 94 Please note that this is valid at concentrations higher than the CMCs of the surfactants. At concentrations below
their CMCs, the composition of the mixed micelles differs from the surfactant
ratios in the solution. 94,213 As the relevant concentrations in both simulations
and experiments are higher than the CMCs of the mixed micellar solutions,
for the prediction of partition equilibria in this work the composition in the
mixed micelles is assumed to be equal to the composition in the initial mixed
surfactant solution.
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Partition equilibria: Comparison between experiments and
predictions

Partition coefficients of neutral solutes in mixed TX114/SDS and TX114/CTAB
micelles are experimentally determined using MLC and predicted with the
COSMO-RS model and COSMOmic. For both systems equimolar solutions
are used in the experiments and therefore also in the calculations. In this
chapter, all partition coefficients were measured only once. However, the MLC
technique has been established for the determination of partition coefficients of
neutral molecules and the same method and retention model as described in
the literature 42,105 are used. Therefore, the maximum error is assumed to be
∆logKi = ±0.25 in accordance with previous experiments. The experimentally
obtained and calculated partition coefficients in the system TX114/SDS are
shown in Table 7.1.
Table 7.1: Calculated partition coefficients of neutral solutes in TX114/SDS mixed micelles
(equimolar composition) in comparison with experimental data. All Ki have units of L/kg.
logKicalc

Solute
4-Hydroxybenzaldehyd
4-Hydroxybenzoic acid
Coumarin
Ferulic acid
Isovanillin
p-Coumaric acid
Syringic acid
Vanillic acid
Vanillin
RMSE

logKiexp

COSMOmica
1.63
2.24
1.56
2.63
1.70
2.30
2.34
2.42
1.86

COSMO-RS
1.27
2.46
0.88
2.84
1.26
2.60
2.60
2.64
1.51

0.25

0.55

1.84
1.97
1.68
2.25
1.76
2.25
1.97
2.09
1.72

a

The micelle structure used for the COSMOmic calculation was taken from a 200 ns self-assembly simulation,
Nagg = 50.

It can be seen that the predictions with COSMOmic are in very good agreement with the experimental data (RMSE = 0.25). The COSMO-RS model
shows higher deviations with an overall RMSE = 0.55. The same relation is
obtained for the system TX114/CTAB, where the RMSE for the COSMOmic
calculation is 0.37 and 0.64 for COSMO-RS, respectively (see Table 7.2). Where
for the system TX114/SDS no trend is observed, all COSMOmic calculations
for TX114/CTAB with one exception (4-hydroxybenzoic acid), show an overprediction. If this is a general behavior for the TX114/CTAB system, cannot be elucidated here as the number of solutes is too small. However, when
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comparing the two systems TX114/SDS and TX114/CTAB, it can be noticed
that both COSMOmic and COSMO-RS have slightly higher deviations in the
TX114/CTAB micelles compared to TX114/SDS. Since with a few exceptions
the same set of solutes is considered, the higher deviation can be attributed
to the CTAB surfactant. Higher deviations and an overprediction were also
observed in pure CTAB micelles (see chapter 6.3.4).
Table 7.2: Calculated partition coefficients of neutral solutes in TX114/CTAB mixed micelles
(equimolar composition) in comparison with experimental data. All Ki have units of L/kg.
logKicalc

Solute
4-Hydroxybenzaldehyd
4-Hydroxybenzoic acid
Acetophenone
Coumarin
Ethylvanillin
Ferulic acid
Isovanillin
Orthovanillin
Phenol
Resorcin
Vanillic acid
Vanillin
RMSE

logKiexp

COSMOmica
1.61
2.10
2.00
1.89
2.37
2.80
2.00
2.23
2.14
1.95
2.47
2.07

COSMO-RS
2.87
1.55
1.14
1.06
2.03
3.28
1.53
1.62
2.26
2.78
3.05
1.77

0.37

0.64

1.82
1.93
1.54
1.63
1.92
2.38
1.63
1.67
1.81
1.86
1.92
1.84

a

The micelle structure used for the COSMOmic calculation was taken from a 200 ns self-assembly simulation,
Nagg = 64.

It can be concluded that the COSMO-RS pseudo phase approach partition
coefficient calculations are in reasonable agreement to the experimental data.
Nevertheless, the usage of the COSMOmic model is beneficial, as the overall
RMSEs in both systems are ∼0.3 log units lower than with COSMO-RS (pseudo
phase). Hence, taking into account the anisotropy of the micelles, which is
neglected in the pseudo phase approach, is of importance for the prediction
quality of partition equilibria in mixed micellar systems.

7.2

Brij35/CTAB mixed micelles

For mixed micellar systems not only equimolar mixture are important, rather
different compositions are relevant for the design of new processes. In order to
evaluate COSMO-RS and COSMOmic for the prediction of partition equilibria in mixed micelles, the consideration of micelles with different compositions
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is of importance. In this chapter, partition coefficients of neutral solutes in
Brij35/CTAB mixed micelles at different molar ratio of CTAB are calculated,
as experimental data is available in reference 42.
7.2.1

Simulation details

For the Brij35/CTAB mixed micelles, preassembled micelles were used as starting structures. They were generated with PACKMOL, 275 whereas water
molecules were added such that the system had a surfactant concentration of
0.08 M. Nagg = 40 was chosen for all micelles. After an energy minimization
with the steepest descent method, two equilibration steps were performed: a
600 ps simulation in the NVT ensemble, followed by a 200 ps simulation in
the NPT ensemble with the Berendsen barostat 247 . The NPT simulations for
sampling were carried out for 40 ns with the Parinello-Rahman barostat 248
(isotropic coupling constant τp = 2 ps) and the Nosé-Hoover thermostat 246 (τt
= 1 ps). The temperature was fixed at 298 K and a time step of 2 fs was used.
7.2.2

Partition coefficients of neutral solutes

The predicted partition coefficients in comparison to experimental data are
shown in Figure 7.2 and listed in Table 7.3. It is known that usually higher
partition coefficients are obtained for CTAB than for nonionic surfactants due
to enhanced electrostatic interactions between the solutes and the cationic head
group of CTAB. However, the partition coefficients do not increase linear with
increasing CTAB content, which can be seen from the experimental data in Figure 7.2. In general, it can be observed that the trend predicted by COSMOmic
is qualitatively in agreement with the experiments. For some solutes (coumarin,
ferulic acid, isovanillin) the predictions of COSMOmic partition coefficients are
also quantitatively in good agreement to the experimental values at low CTAB
content (α ≤ 0.5). Higher deviations are obtained at higher CTAB content,
where the predicted partition coefficients overestimate the experimental values.
An increase in the partition coefficients in CTAB compared to those in Brij35
is predicted by COSMO-RS as well. However, in the COSMO-RS calculations
the partition coefficients increase linear with increasing CTAB content, which
is not in accordance with the experimental data. The obtained linear trend can
be attributed to the pseudo phase approach (micelle structure not taken into
account) in COSMO-RS, whereas the trend predicted by COSMOmic is more
precise.

7.2 Brij35/CTAB mixed micelles
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It can be noticed that the deviations between the COSMO-RS calculations
and experimentally determined partition coefficients increase with increasing
CTAB content as well. The overall RMSE of COSMOmic and COSMO-RS
in dependence of the CTAB content is shown in Figure 7.3. The RMSE of
COSMO-RS increases from 0.56 in pure Brij35 micelle to 0.73 in pure CTAB,
whereas the difference is more pronounced for COSMOmic (from 0.35 to 0.90,
respectively). Still, for α ≤ 0.8 COSMOmic provides quantitatively better predictions than COSMO-RS. This is not the case in pure CTAB, where the overall
RMSE of COSMO-RS is 0.17 log units lower than for COSMOmic. However,
it has to be noted that the sensitivity of the COSMOmic calculations on the
used micelle structure and size increases with increasing CTAB content. 206 In
chapter 6.3.4 the influence of the CTAB micelle size on the COSMOmic calculations was investigated in detail. One finding was that the CTAB micelle size
has a significant influence especially for charged solutes, but also for neutral
molecules deviations up to 0.6 log units were obtained.
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Figure 7.2: Partition coefficients of 6 neutral solutes in Brij35/CTAB mixed micelles at
different micelle compositions. The experimental data is taken from reference 42. Lines are
added as guides for the eye.

α = 0.0

Solute

logKimic logKiRS
Coumarin
Ferulic acid
Isovanillin
Phenol
Syringic acid
Vanillic acid

1.44
2.60
1.60
2.10
2.38
2.40

0.87
2.83
1.22
2.01
2.59
2.01

RMSE

0.35

0.56

α = 0.2
logKiexp

1.55
2.37
1.54
1.68
1.89
1.89

±
±
±
±
±
±

0.13
0.10
0.06
0.11
0.12
0.09

logKimic logKiRS
1.53
2.55
1.66
2.02
2.32
2.30

0.89
2.92
1.27
2.05
2.67
2.70

0.26

0.59

α = 0.5
logKiexp

1.59
2.45
1.60
1.75
1.86
1.97

±
±
±
±
±
±

0.09
0.04
0.04
0.01
0.02
0.02

logKimic logKiRS
1.81
2.79
1.97
2.14
2.54
2.46

0.93
3.07
1.36
2.12
2.81
2.84

0.37

0.64

α = 0.8
logKiexp

1.69
2.37
1.65
1.77
1.95
2.05

±
±
±
±
±
±

0.14
0.04
0.04
0.01
0.02
0.02

logKimic logKiRS
2.39
3.15
2.57
2.23
2.88
2.64

0.96
3.21
1.44
2.18
2.94
2.98

0.59

0.70
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Table 7.3: Calculated and experimentally determined partition coefficients of neutral solutes in Brij35/CTAB mixed micelles at different
micelle composition, where α is the mole fraction of CTAB, logKimic is the partition coefficient calculated with COSMOmic and logKiRS with
COSMO-RS, respectively. The experimental data is taken from reference 42. All partition coefficients have units of L/kg.
α = 1.0
logKiexp
1.85
2.67
1.86
2.06
1.98
2.13

±
±
±
±
±
±

0.03
0.05
0.04
0.01
0.02
0.02

logKimic logKiRS
3.25
3.68
3.42
2.47
3.58
3.17

0.96
3.27
1.48
2.20
3.01
3.06

0.90

0.73

logKiexp
2.18
2.91
2.36
2.40
2.34
2.49

±
±
±
±
±
±

0.08
0.10
0.19
0.25
0.04
0.02
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Figure 7.3: RMSE of COSMOmic and COSMO-RS calculated partition coefficients of 6
neutral solutes in Brij35/CTAB mixed micelles at different surfactant compositions. Lines are
added as guides for the eye.

In summary, although the COSMO-RS predictions are reasonable, the predictions with COSMOmic, where the anisotropic environment within the micelle
is accounted for, can be considered as more precise and are quantitatively in
better agreement with experimental results. Hence, it is important to take into
account the three-dimensional structure of the micelles.
7.2.3

Partition coefficients of ionized solute

It is known that the partition behavior in mixed nonionic/ionic micelles can be
influenced by adjusting the pH of the surfactant solution. A partition coefficient
increase in Brij35/CTAB mixed micelles is obtained when the acidic solute
is dissociated. This effect is due to attractive forces between the negatively
charged solute and the positively charged head group of CTAB. Therefore, it is
expected that the partition coefficient increases with increasing CTAB content
in the mixed micelle for acidic solutes. Experimentally determined partition
coefficients of ionized isovanillin in Brij35/CTAB mixed micelles at different
molar ratios of CTAB are available in the literature 42 and calculated in this
chapter using the COSMOmic model. For these calculations the protolytic
equilibria not only in water, but also in the anisotropic micelle based on free
energy profiles calculated with COSMOmic are taken into account. This is
possible by applying a thermodynamic cycle (see chapter 4.5). The pKa value
of 8.89 for isovanillin in water is used in the calculations. 302 As an example, free
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energy profiles of isovanillin (neutral and charged) in a pure CTAB micelle and
the estimated position dependent pKa are shown in Figure 7.4.
(a) free energy profiles
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Figure 7.4: (a) Free energy profiles of neutral and charged isovanillin in a CTAB micelle
calculated with COSMOmic. (b) Calculated position dependent pKa of isovanillin in a CTAB
micelle. The dotted line represents the experimental pKa of isovanillin in water. 302

In order to distinguish between the micellar and water phase, the phase
boundary between them has to be defined. The free energy profiles of neutral
isovanillin obtained with COSMOmic were used to define a border between both
phases accordingly: the water phase begins where the free energy has reached
a value near zero (maximal deviation < 0.40 kJ/mol). Thereby, the interface
positions are obtained, which are 2.65 nm for pure CTAB micelles, 2.75 nm for
α = 0.8, 3.35 nm for α = 0.5 and 4.05 nm for α = 0.2, respectively.
The calculated and experimental partition coefficients of ionized isovanillin in
Brij35/CTAB mixed micelles are given in Table 7.4. The experimental partition
coefficients were determined with MLC at pH = 10.5. 42 As the determination
of partition coefficients with MLC is based on retention models, it is not possible to distinguish between different ionization states of the same molecule and
the ionization state of the solutes is calculated according to the adjusted pH of
the mobile phase. Therefore, this procedure does not allow to determine separately the partiton coefficients of the protonated and dissociated solute (KAH
and KA− , respectively). It is assumed that the partition coefficient KT that accounts for the partitioning of both neutral and dissociated forms of the solute is
measured (see chapter 4.5). Hence, the partition coefficients of isovanillin at pH
= 10.5 are used from reference 42 unmodified (further referred as ionizedexp )
and compared to the partition coefficients calculated with equation 4.5, chapter
4.5 (further referred as ionizedcalc ). The calculated and experimentally determined partition coefficients for the protonated form of isovanillin are shown
for comparison in Figure 7.5. It can be seen that the calculated trends are in
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qualitative agreement with the experimental ones. For the dissociated state
the absolute deviation from the experimental values is within ∼1 log unit at
all molar ratios of CTAB, which is comparable to the deviation of the neutral
form for α ≥ 0.8. Please note that the direct calculation of ionized molecules in
mixed micelles with COSMOmic or COSMO-RS without taking into account
the protolytic equilibrium within the micelle leads to very high deviations from
the experimental values (up to some orders of magnitude), especially in micelles
with high nonionic surfactant content. It has to be noted that the partition coefficient of dissociated isovanillin in pure CTAB has an absolute deviation of
0.69 log units, which is in the range of the experimental error. Since this value
is used for the calculation of the partition coefficients at α = 0.2, α = 0.5 and
α = 0.8, its error contributes to the error of all calculated partition coefficients.
If using a partition coefficient for pure CTAB, which is closer to the experimental value, the deviations at the other molar ratios would decrease as well.
If using the experimental value in pure CTAB instead of the predicted one for
the calculations at the other three molar ratios, the overall RMSE for the four
compositions decreases from 0.81 to 0.51, respectively. Moreover, the difference between the calculated and experimental partition coefficient of neutral
isovanillin in pure CTAB micelles is ∼1 log unit as well. Hence, the higher deviations in this system can be attributed to the interactions between isovanillin
and CTAB in general rather than to the charge of the solute. The same trend
was observed for five other solutes in pure CTAB micelles (see chapter 6.3.4).
4.5
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Figure 7.5: Partition coefficients of isovanillin in Brij35/CTAB mixed micelles at different
micelle compositions. The experimental data is taken from reference 42. Lines are added as
guide to the eye.
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Table 7.4: Calculated and experimentally determined partition coefficients of ionized isovanillin in Brij35/CTAB mixed micelles at different micelle compositions, where α is the mole
fraction of CTAB, ionizedcalc is the partition coefficient calculated with COSMOmic using the
procedure described in chapter 4.5. The experimental data is taken from reference 42. All Ki
have units of L/kg.

α
0.2
0.5
0.8
1.0

logKi
ionizedcalc ionizedexp
3.13
2.36 ± 0.07
3.30
2.59 ± 0.08
3.56
2.54 ± 0.08
4.18
3.49 ± 0.96

It was demonstrated that it is crucial to take into account the protolytic
equilibrium within the micelle for the calculation of partition equilibria of ionized solutes with COSMOmic. By applying a thermodynamic cycle based on
transfer free energies calculated with COSMOmic, the estimated partition coefficients are in qualitative agreement with the experimental data and have an
absolute deviation within ∼1 log unit. For comparison, the direct calculation
with COSMOmic considering only the dissociated form of isovanillin can lead
to absolute deviations up to ∼15 log units for the micelles with high content of
nonionic surfactant.

7.3

Summary

The aggregation behavior and the composition of mixed TX114/SDS and
TX114/CTAB micelles were estimated from self-assembly MD simulations. The
composition in the micelles approaches the composition in the initial configuration, which is in accordance with experimental data in the relevant surfactant
concentration range. 94,213 Therefore, for the predictions of partition coefficients
it was assumed that the composition in the mixed micelle is equal to the composition in the mixed surfactant solution. Both COSMO-RS and COSMOmic
provide qualitatively correct predictions in the investigated systems. Nevertheless, the usage of COSMOmic shows advantages over the COSMO-RS pseudo
phase approach, as the predictions are generally in better agreement with experimental data. In many cases the COSMOmic calculations result in good
quantitative agreement (e.g., see Table 7.1). However, a first condition is that
the partition coefficients should be correctly predicted for the pure micelles of
the involved surfactants. If this is not the case, micelles with a high content
of the inaccurately described surfactant cannot be correctly described (e.g., see
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Figure 7.2a). Furthermore, partition behavior of dissociated isovanillin in mixed
Brij35/CTAB at different molar ratios of CTAB was investigated. The usage of
a thermodynamic cycle based on transfer free energies allows the estimation of
the protolytic equilibrium not only in water but also in the micelle. It could be
concluded that taking into account the protolytic equilibrium within the micelle
is crucial for a reasonable description of partition equilibria of ionized solutes
in mixed micelles with COSMOmic. If considering only the ionized form of
the solutes, the COSMOmic calculations in mixed micelles lead to much higher
deviations from experimental data compared to neutral solutes.

8 Micelle/water compared to
liposome/water partition coefficients
In the previous chapters 6 and 7, the prediction quality of the COSMOmic
model was evaluated for the partitioning of neutral and dissociated solutes in
all micelle types (nonionic, zwitterionic, anionic and caionic) and in mixed nonionic/ionic micelles, whereas in general reliable accuracy was obtained. Zwitterionic surfactants are of special relevance for pharmaceutical studies, as they
can be used to mimic the lipophilicity of drugs in biomembranes. The zwitterionic surfactant HePC (miltefosine) is often used as model for biomembranes
due to its structural similarity to the phospholipids present in biomembranes
and the easier preparation of micelles compared to liposomes. 26–28 It has been
demonstrated that the COSMOmic model shows a reliable prediction quality
for membrane/water partition coefficients of neutral molecules. 161,194,205,225,240
However, predicted membrane/water and micelle/water partition coefficients
obtained with
COSMOmic were not yet critically compared. The resuts of the following section were partly published as Loureiro, D.; Soares, J.; Lopes, D.; Macedo, T.;
Yordanova, D.; Jakobtorweihen, S.; Nunes, C.; Reis, S.; Pinto, M.; Afonso, C.
Accessing lipophilicity of drugs with biomimetic models: a comparative study using liposomes and micelles in European Journal of Pharmaceutical Sciences. 286
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Simulation details

Averaged atomic distributions of the membrane and micelle are calculated from
MD simulations. The DMPC bilayer structure used for the COSMOmic calculations was obtained from a simulation at 303 K with 128 lipid molecules and
ionic strength of I=0.1 mol/L. The preassembled HePC micelle containing 100
monomers was simulated at 298 K, with an ionic strength of I=0.1 mol/L. Representative lipid and surfactant conformers were selected from MD simulation
with respect to the solvent accessible surface. 240 For all solute molecules the
conformers were created with COSMOconf version 3.0. 279 The DFT/COSMO
calculations for all molecules, which are required for COSMOmic, were then
performed with Turbomole 6.6. 278 The COSMOtherm 280,281 (version C3.0 Release 17.01) implementation of COSMO-RS and COSMOmic with the
BP TZVP C30 1701 parametrization was used. In the case of charged solutes in
DMPC bilayers, the electrostatic potential introduced by Bittermann et al. 171
was used for the calculation.

8.2

Partition coefficients in DMPC/water and
HePC/water: COSMOmic versus experiments

In this chapter DMPC/water and HePC/water partition coefficients are predicted and compated to experimental values. DMPC is choosen as a lipid due
to the structural similarity with HePC. In Table 8.1 calculated partition coefficients in DMPC lipid bilayer and HePC micelles are given in comparison
to the experimental results. The experimental partition coefficients in both
liposomes and micelles are determined with derivative spectrophotometry and
taken from reference 286. A set of 17 reference compounds is selected from
the international accepted “Organisation for Economic Co-operation and Development (OECD) Guidelines for the Testing of Chemicals for the partition
coefficient determination - partition coefficient”. These compounds constitute
frameworks frequently found in approved drugs and/or drugs in different phases
of development. 303,304 The experimets are performed at pH = 7.4, at which 2,4dinitro-6-sec-butylphenol, benzoic acid, phenoxyacetic acid and trans-cinnamic
are completely dissociated and 2-nitrophenol is predominantly in the anionic
form (86 % dissociated).
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Table 8.1: Comparison between experimental and calculated (with COSMOmic) partition
coefficients in DMPC and HePC. Experiments and calculations are performed at 310 K. All
partition coefficients have units of L/kg.
DMPC

Solute
1-Naphthol
2,4-Dinitro-6-sec-butylphenol
(anionic)
2,6-Dichlorobenzonitrile
2,6-Diphenylpyridine
2-Nitrophenol
(86 % anionic)
4-Phenylphenol
Anisole
Benzoic acid
(anionic)
Benzophenone
Diphenyl ether
Naphthalene
Nitrobenzene
p-Cresol
Phenol
Phenoxyacetic acid
(anionic)
Thymol
trans-Cinnamic Acid
(anionic)
RMSEneutral
RMSEanionic
RMSEall

HePC

logKicalc
3.0
3.0

logKiexp
3.4 ± 0.1
3.0 ± 0.1

logKicalc
2.8
2.0

logKiexp
3.4 ± 0.1
3.3 ± 0.1

2.7
5.1
2.2

3.5 ± 0.1
4.1 ± 0.1
3.3 ± 0.1

2.4
4.9
1.9

3.8 ± 0.2
4.6 ± 0.1
3.8 ± 0.1

3.4
2.7
1.5

3.7 ± 0.2
3.6 ± 0.1
2.3 ± 0.1

3.2
2.5
1.1

3.8 ± 0.1
4.1 ± 0.1
-

3.1
4.3
3.4
2.5
2.4
2.0
1.4

3.2
3.9
4.4
2.6
2.9
2.8
2.8

0.1
0.1
0.1
0.1
0.1
0.1
0.2

2.9
4.1
3.3
2.4
2.3
1.9
1.1

3.6 ± 0.1
4.5 ± 0.1
4.8 ± 0.1
-

3.8
1.6

3.3 ± 0.1
3.1 ± 0.1

3.6
1.3

3.7 ± 0.1
-

0.65
1.11
0.81

±
±
±
±
±
±
±

0.95
1.62
1.10

The COSMOmic predictions show a good agreement to the experimental
values in DMPC for the majority of the substances. In fact, the difference between the experimental and the calculated logKi values in DMPC are ≤ 0.3
log units for 1-naphthol, 2,4-dinitro-6-sec-butylphenol, 4-phenylphenol, benzophenone and nitrobenzene. This difference is within the experimental error
range. 282 The substances could be divided into two groups: neutral substances
and dissociated substances at pH 7.4. In the case of neutral substances, higher
deviations (ca. 1 log unit) are obtained for 2,6-diphenylpiridine, anisole and
naphthalene. Deviations of the COSMOmic predictions for polycyclic aromatic
hydrocarbons have been already reported and discussed in the literature. 240 The
overall RMSE for ionized compounds (1.11) is significant higher than for neutral
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solutes (0.65). Actually, only one of the experimental partition coefficients of
the dissociated molecules (2,4-dinitro-6-sec-butylphenol) can be reproduced correctly with COSMOmic. The absolute deviation for the other charged solutes is
higher than 1 log unit, whereas the calculations underestimate the experimental
findings. Bittermann et al. 171 reported a RMSE of 0.66 for 56 organic anions
in phospholipid bilayers. However, these authors used a 0.32 offset, which is
not subtracted in the calculations in this work. Taking into account the fact
that only five ionized solutes are compared, the prediction quality can be considered as comparable to the findings of Bittermann et al. 171 . The predicted
logKi values in HePC micelles using COSMOmic, show higher deviations from
experimental values than those in DMPC bilayers (RMSE = 0.95 for neutral
and 1.62 for ionized molecules, respectively). Please note, that a smaller set
of partition coefficients is used for the calculation of RMSE in HePC micelles
(only 9 neutral and 2 charged solutes). Experimentally it was obtained that
HePC/water partition coefficients are in general higher than for DMPC/water.
This trend could not be found by the calculations with COSMOmic. The experimentally found trend was related to the lower membrane fluidity and the rigid
structure order of the liposome bilayers compared to the monolayer micelles. 286
However, the prediction of this effect with COSMOmic is difficult, as the density
of the system is not accounted for in the model. In contrast to the experimental
observations, the predicted values in HePC are slightly lower than in DMPC
(≤ 0.3 log units for all solutes except 2,4-dinitro-6-sec-butylphenol). Free energy profiles are examined to gain information about the partition behavior of
a solute as a function of its position within the membrane or micelle. In Figure
8.1 the free energy profiles of ionized 2,4-dinitro-6-sec-butylphenol in a DMPC
bilayer and in a HePC micelle are shown.
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Figure 8.1: Free energy profiles of 2,4-dinitro-6-sec-butylphenol in a HePC micelle and in a
DMPC membrane calculated with COSMOmic with and without using the electrostatic potential (Epot) implemented by Bittermann et al. 171 The x-axis represents the distance from the
micelle or membrane center.

The profiles in the micelle and in the liposome without electrostatic potential
are similar, leading to the prediction of almost identical partition coefficients
(logKi in HePC of 2.0 and logKi in DMPC of 2.1, value not presented in Table 8.1). In contrast, the profile with electrostatic potential shows significant
differences, especially in the hydrophobic region (0-2 nm), leading to 1 log
unit higher partition coefficient, which is in agreement with the experimental
value (see Table 8.1). 2,4-Dinitro-6-sec-butylphenol consists of both an ionizable group interacting with the phosphocholine group and a lipophilic part
partitioning in the hydrophobic core. Therefore, the implementation of an internal electrostatic membrane potential is crucial for the reasonable prediction
with COSMOmic. Nevertheless, deviations between free energy profiles in the
HePC micelle and in the DMPC membrane are obtained for all neutral and
charged molecules (data not shown). Mostly, enhanced electrostatic interactions with the hydrophilic group of DMPC are predicted compared to those
with the head group of HePC. These can be attributed to the polar glycerol
group present in DMPC resulting in higher partition coefficients in DMPC than
in HePC.
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Summary

In summary, COSMOmic is able to predict DMPC/water partition coefficients
of neutral solutes with sufficient accuracy for screening studies (RMSE = 0.65).
A special caution should be taken in case of charged molecules, as in general
underestimated values are obtained with a higher deviation from experimental
data (RMSE = 1.11). However, the experimentally observed trend that partition coefficients in DMPC/water have in general lower values than those in
HePC/water could not be predicted by COSMOmic. In constrast, the opposite trend is obtained, which reflects also in higher quantitative deviations for
the system HePC/water. In this case, it can be recommended to use another
method (e.g., MD simulations), which takes into account the density of the system and the dynamics of the surfactant aggregates in presence of partitioning
solutes.

9 Conclusions
The combination between all-atom MD simulations and the COSMOmic
model was evaluated for partition equilibria predictions in various micellar systems including nonionic, zwitterionic, anionic and cationic micelles, as well as
nonionic/anionic and nonionic/cationic mixed micelles. In contrast to the most
studies on partition equilibria predictions in micellar systems available in the
literature, which apply the pseudo phase approach the methods used in this
work consider the anisotropic structure of micelles. In zwitterionic, cationic
and nonionic/cationic micelles, negatively charged solutes were studied with a
special focus. In this work, the prediction quality of the combination between
MD simulations and COSMOmic for charged solutes was evaluated for the first
time. The predictions were validated based on comparison with experimentally
determined partition coefficients. Moreover, to gain a detailed information on
the localization of solutes within the micelles, free energy profiles were obtained,
where two approaches were compared: MD simulations with the umbrella sampling (US) method and COSMOmic.
The nonionic surfactants Triton X-114 and Triton X-100 were of particular
interest in this work due to their wide range of practical applications. Since the
Triton X molecules were not present in any known biomolecular force field, the
first optimized set of Triton X parameters for the CHARMM general force field
has been developed. Therefore, the self-assembly of Triton X surfactants could
be studied for the first time via all-atom MD simulations. Micelle structures obtained from the MD simulations were used as input for the model COSMOmic
in order to predict the partition behavior of neutral solutes. In order to achieve
statistical reliable results, averaged atomic distributions for the micelle structure were used. This approach reduces the effect of outliers. By comparing
the predictions of the partition coefficients using different micelle structures, an
influence of the micelle size and shape on the prediction quality was observed.
When using large or more cylindrical micelles, outliers are more likely to occur.
Whereas the micelle shape is problematic for large micelles, for small micelles
the water layer around the micelle can be problematic. In self-assembly simulations other micelles or surfactant molecules are present such that sometimes
no bulk water is found around the micelle. This problem was solved in this
work by replacing the disturbing molecules by water in the distributions used
for COSMOmic.
Free energy profiles calculated by applying two approaches were firstly compared: MD simulations with the US method and the COSMOmic model. Although some deviations were observed, the free energy profiles of neutral solutes
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obtained with both methods are in an overall good agreement. Additionally,
negatively charged compounds were studied in zwitterionic HePC and cationic
CTAB micelles. To make a quantitative comparison possible, partition coefficients of dissociated solutes in CTAB micelles were determined using micellar
liquid chromatography (MLC). It could be demonstrated that for charged compounds, the experimental determination of partition equilibria with the MLC
method can be challenging due to the so-called overbinding of the solutes. In
case of a dissociated acid in a HePC micelle, a decrease in the partition coefficient of the dissociated acid compared to its neutral form is expected. This
behavior could be predicted qualitatively correct with both models. In case of
negatively charged solutes in CTAB micelles, the opposite behavior is expected:
the partition coefficient of the dissociated states should increase compared to
the neutral form due to enhanced electrostatic interactions between the negatively charged solute and the positively charged head group of CTAB. This
trend was not obtained with MD simulations. It is expected that the usage of
polarizable force fields for this system could be advantageous. In contrast to
MD simulations, COSMOmic is able to predict a favorable partitioning of dissociated solutes in CTAB. Nevertheless, the COSMOmic calculations for charged
molecules should be interpreted carefully. It is known that COSMOmic shows
higher deviations for predicted partition coefficients of charged solutes in lipid
bilayers compared to those of neutral. Bittermann et al. 171 improved the prediction quality for charged molecules in DMPC membranes by the implementation
of an internal membrane dipole potential, which was empirically optimized by
using experimental partition coefficients. However, the introduction of a dipole
potential for a micelle for COSMOmic analog to lipid bilayers is only possible,
if a large set of partition coefficients for charged solutes in one type of micelle is
available. Unfortunately, experimental data for charge compounds in micelles
are scarce in the literature.
The combination between MD simulations and COSMOmic was further applied to study the micellization and partition behavior in various mixed surfactant systems. The COSMO-RS pseudo phase approach and COSMOmic were
compared for the calculation of partition coefficients of neutral solutes in mixed
nonionic/ionic micelles, whereby both provide qualitatively correct predictions.
Nevertheless, the usage of COSMOmic shows advantages over COSMO-RS, as
the predictions are generally in better agreement with experimental data. Furthermore, a thermodynamic cycle based on transfer free energies was applied
to obtain a position dependent pKa value in the micelles. This approach allows
the estimation of the protolytic equilibrium within the micelle and was used for
partition coefficient predictions of dissociated isovanillin in mixed Brij35/CTAB
micelles. For this system, taking into account the protolytic equilibrium within
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the micelle was crucial for a reasonable description of partition equilibria with
COSMOmic. If considering only the ionized form of the solute, the COSMOmic
calculations in mixed micelles lead to much higher deviations from experimental
data compared to neutral solutes. It can be concluded that COSMOmic can
qualitatively predict the influence of surfactant mixtures on partition behavior
of solutes. However, a first condition is that the partition coefficients should be
correctly predicted for the pure micelles of the involved surfactants. If this is not
the case, micelles with a high content of the inaccurately described surfactant
cannot be correctly described.
In summary, in this work the combination of MD simulations with the
COSMOmic model was successfully applied for the prediction of partition coefficients in single and mixed micellar systems, whereby an overall good prediction quality for neutral solutes was obtained. Criteria to select suitable micelle
structures for the COSMOmic calculations were proposed and techniques to
reduce the effect of outliers were established. Additionaly, free energy profiles
of neutral and charged solutes in various types of micelles were obtained using
two different methods. Finally, an approach, which takes into account the protolytic equilibrium within the micelle was proposed and applied for the partition
coefficients prediction of negatively charged solute in mixed nonionic/cationic
micelles. By applying the proposed approach, a significant improvement in the
prediction quality of COSMOmic could be achieved.
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