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Abstract

The properties of the micellar structures formed by surfactant molecules in aqueous
solution has been a widely discussed topic for the last century. Numerous hypotheses
evolved in the effort to characterize the shape, internal structure, and driving force in
the emergence of these aggregates. Many of the disputes can be ascribed to the fact that
precise examination would require observations on a molecular level, which is difficult
to achieve with experimental techniques in such dynamic colloidal systems. Therefore,
theories often necessarily rely on the interpretation of circumstantial evidence rather than
direct proof. In this study, the subject is approached with atomistic molecular dynamics
simulations, that provide atomistic insight into the assembly of micelles formed by the ionic
surfactants n-octyltrimethylammonium bromide, n-decyltrimethylammonium bromide,
n-dodecyltrimethylammonium bromide, sodium octanoate, and sodium decanoate in
water. In the course of these simulations, the spontaneous aggregation of surfactant
molecules from initially homogeneous distribution is sampled and data acquisition is
progressed far beyond the point where dynamic equilibrium is reached. This converged
stage is in each case characterized by a noticeable degree of polydispersity that describes
a bell-shaped peak in a histogram of aggregation numbers. Targeted analysis of micelles
close to the most probable aggregation number reveals objects of globular shape with
a diffuse interfacial region. In this assembly, the molecular subunits preferably occupy
certain radial positions with the apolar alkyl tails in the micelle center and the polar
groups oriented towards the solvent. Compared to idealized representations, however,
this ordering is significantly defused and even the terminal methyl groups have a finite
probability to be located at the micelle/water interface. The internal configuration that
leads to this occurrence is a combination of a few surfactant molecules constituting a
radially aligned molecular scaffold and a number of tangentially attached monomers. In
case of the Cy—trimethylammonium bromide micelles, a consequence of this mixed array
is a rough aggregate surface with deep crevices that allow for significant water penetration
up to a buried hydrophobic core. The anionic species form a notably smoother boundary
by tighter packing and comprise a larger water-free region in the micelle center, that,
however, still only makes up 40 % of the micelle volume. The immediate solvent shell of
the aggregates is characterized by a substantial decrease of water-water hydrogen bonds
that is more pronounced in case of the anionic compounds, where the carboxylate group
represents a dedicated hydrogen-bonding site. The monomer exchange rate is found to be
strongly decelerated with increasing aliphatic tail length and ranges between 107 s™! and
10% s! for the cationic and 107 s™! and 10® s! for the anionic micelles.

The acquired insights on traditional surfactant micelles provide a useful background
for the characterization of aggregation in solutions without surfactants. Speculation on
such surfactant-free microemulsions dates back to the 1970s but the idea was dismissed
for a long time, not least due to the absence of experimental evidence. Recent studies,
however, confirmed this conjecture with direct proof of micelle-like oil-in-water aggregates



in the ternary system water/ethanol/octan-1-ol. The weakly associated structures occur
for a certain range of compositions that constitute the so-called “pre-Ouzo region” in the
monophasic part of the ternary phase diagram. The hydrotrope ethanol enables the stability
of these octanol droplets on the nanometer scale by accumulating to a film at the interface
similar to that formed by surfactant molecules in conventional microemulsions. A variety
of aggregation numbers is observed, that encompasses a continuous spectrum of nano-
ordering. The smaller clusters are of globular shape and feature a roughly radial symmetric
assembly with a core region composed of mostly terminal carbon units and an outer shell
enriched with hydroxyl groups. This resemblance to traditional micelles fades towards
larger aggregation numbers, where increasingly amorphous structures are detected. The
system is governed by quick rearrangements and the mechanisms of micelle growth due
to inter-particle collisions and shrinkage by decomposition into smaller aggregates play
a major role. Not all of the cluster sizes that occur during these fluctuations are equally
stable and certain aggregation numbers can be characterized as transitory stages during
processes of swelling or depletion. The surfactant-free microemulsion exhibits excellent
solubilizing properties for the apolar substances propane and squalene. For the first, the
solvation free energy in the micelle interior is close to the favorable value predicted for a
similarly composed binary octanol/ethanol solution, whereas the aqueous pseudo-phase
poses a poor solvent. In the presence of the C;, compound, octanol domains expand
to enclose the large organic molecules in comparatively stable structures. This leads
to significantly enhanced solubilization over a binary water/ethanol mixture of equal
proportions. The primary consequence of the addition of the electrolytes Nal and LiCl is a
stabilization of the aggregates via the salting-out of ethanol. Preferential adsorption of I~
or Li* at the interface is only weakly observed due to the local accumulation of ethanol
and octanol hydroxyl groups that leave little apolar surface exposed. In further analogy
to traditional microemulsion systems, oil-in-water aggregation reverses to water-in-oil
aggregation in excess of octanol. These two regimes are linked by a bicontinuous region,
where the octanol and water pseudo-phases entwine to form a sponge-like network.

Kurzzusammenfassung

Die Eigenschaften von Tensid-Mizellen wurden im letzten Jahrhundert ausgiebig dis-
kutiert. Im Bestreben, ihre Gestalt, ihren inneren Aufbau und die Triebkraft hinter ih-
rer Entstehung zu verstehen, entstanden zahlreiche Hypothesen. Viele der bestehenden
Streitpunkte lassen sich darauf zuriickfithren, dass eine exakte Charakterisierung Unter-
suchungen auf molekularer Ebene erfordern wiirde, die mit experimentellen Methoden
fiir derart dynamische, kolloidale Systeme schwer zu realisieren sind. Aus diesem Grund
bauen viele Theorien auf Indizien anstelle von klaren Beweisen auf. In dieser Studie



werden Molekulardynamiksimulationen durchgefiihrt, um Einblicke in den Aufbau von
n-Octyltrimethylammoniumbromid-, n-Decyltrimethylammoniumbromid-, n-Dodecyltri-
methylammoniumbromid-, Natriumoctanoat- und Natriumdecanoat-Mizellen in Wasser auf
atomarem Niveau zu ermoéglichen. Im Laufe dieser Simulationen wird die spontane Mizell-
bildung in anfanglich homogenen Lésungen beobachtet. Die Aufzeichnung der Trajektorien
wird dabei weit {iber den Zeitpunkt hinaus fortgesetzt, an dem sich ein dynamisches Gleich-
gewicht einstellt. Dieses ist fiir alle untersuchten Tenside durch einen betrachtlichen Grad
an Polydispersitédt gekennzeichnet, welche sich in einem glockenférmigen Maximum in der
Clustergroflenverteilung widerspiegelt. Eine gezielte Analyse von Mizellen in einem klei-
nen Bereich um diese wahrscheinlichste Gro8e charakterisiert diese als runde Objekte mit
einer unscharfen Grenzflache. Die Tensidmolekiile haben innerhalb dieser Strukturen eine
gewisse radiale Ordnung, wobei die unpolaren Alkylreste das Zentrum der Mizelle ausma-
chen und die polaren Kopfgruppen nach aufden gerichtet sind. Im Vergleich zu idealisierten
Darstellungen ist diese Ordnung jedoch deutlich entschérft und sogar endstdndige Methyl-
gruppen sind gelegentlich an der Mizelle/Wasser-Grenzflache zu finden. Dies kann auf eine
Dichtomie der internen Konfiguration zuriickgefiihrt werden: Ein Teil der Tensidmolekiile
bildet ein Geriist aus radial angeordneten Kohlenwasserstoffketten aus, an das weitere
Molekiile tangential ankniipfen. Im Falle der Cy-trimethylammoniumbromid-Mizellen
fiihrt diese raumliche Anordnung zu einer zerkliifteten Oberflache, die tiefes Eindringen
von Wassermolekiilen erlaubt. Das anschlielfende Zentrum der Mizelle hingegen ist was-
serfrei. Die anionischen Spezies bilden eine vergleichsweise homogene Oberflache und
schliel3en durch die dichtere Anordnung einen deutlich groReren hydrophoben Bereich
ein, der sich jedoch selbst in diesem Fall nur auf etwa 40 % des Gesamtvolumens belauft.
Wassermolekiile in der unmittelbaren Solvathiille bilden deutlich weniger gegenseitige
Wasserstoffbriickenbindungen aus, als aulderhalb des Einflussbereichs der Mizellen. Dieser
Effekt macht sich fiir die anionischen Verbindungen aufgrund der Carboxygruppe, die
als Akzeptor fungiert, starker bemerkbar als fiir die kationischen. Die Austauschrate von
Monomeren nimmt schnell mit der Lange der Kohlenstoffkette ab. Fiir die kationischen
Mizellen liegt sie zwischen 107 s~ und 10° s™'; fiir die anionischen zwischen 107 s™! und
108571,

Die gewonnenen Erkenntnisse {iber klassische Tensid-Mizellen erweisen sich als niitzlich
fiir die Untersuchung der Aggregation in tensidfreien Losungen. Spekulationen iiber ten-
sidfreie Mikroemulsionen tauchten erstmals in den 1970er Jahren auf. Allerdings wurde
dieser These lange Zeit wenig Aufmerksamkeit geschenkt; nicht zuletzt, weil stichfeste
experimentelle Beweise fehlten. Neuere Studien bestitigten diese Spekulationen allerdings
vor kurzer Zeit mit dem direkten Nachweis von mizellenartigen Aggregaten im terniren
System Wasser/Ethanol/Octan-1-ol. Diese schwach assoziierten Strukturen treten fiir be-
stimmte Zusammensetzungen im einphasigen Bereich des terndren Phasendiagramms auf,
die den sogenannten ,pre-Ouzo“ Bereich definieren. Die Stabilitit dieser Octanoltropfchen
auf der Nanometerskala wird durch das Hydrotrop Ethanol gewahrleistet. Es reichert sich
an der Grenzflache zu einem Film an, wie ihn Tenside in herkémmlichen Mikroemulsionen
bilden. Eine grof3e Spanne an Aggregationszahlen ist die Folge starker Polydispersitit,



die ein kontinuierliches Spektrum an strukturellen Charakteristika umfasst. Die kleineren
Aggregate sind globuldr und der innere Aufbau folgt einer radialen Hierarchie. Die Kernre-
gion besteht iiberwiegend aus den Methylresten, wahrend die Hydroxylgruppen an der
Aggregatsoberflache angereichert sind. Mit zunehmender Aggregationszahl erscheinen die
Octanoldoméanen immer ungeordneter und verlieren an Symmetrie, womit die Parallelen
zu klassischen Tensidmizellen verschwinden. Das System ist von raschen Umlagerungen
gekennzeichnet, im Rahmen derer Zuwachs- und Zerfallsprozesse durch Eingliederung
anderer Aggregate und Zerfall in kleinere Aggregate eine wesentliche Rolle spielen. Die
auftretenden Octanolcluster sind unterschiedlich stabil und einige Aggregationszahlen
fallen als kurzlebige Ubergangsgroen auf. Diese tensidfreie Mikroemulsion zeichnet sich
durch sehr gute Solubilisierungseigenschaften hinsichtlich der unpolaren Substanzen Pro-
panol und Squalen aus. Die Bedingungen innerhalb der Octanolmizellen sind fiir Ersteres
dhnlich gilinstig wie in einer gleichwertigen binidren Octanol/Ethanol Losung, wohinge-
gen die wassrige Pseudophase ein schlechtes Losungsmittel darstellt. In Gegenwart der
C;-Verbindung findet eine grundlegende Umstrukturierung hin zu grof3eren Aggregaten
statt, die in der Lage sind, die grof3en Molekiile zu umschlie3en. Das Resultat ist eine
deutlich erhohte Loslichkeit von Squalen im Vergleich zu einem binidren Wasser/Ethanol
Gemisch. Zugabe der Salze Nal und LiCl fithrt primér zu einer Stabiliserung der Mizellen
aufgrund der Aussalzung von Ethanol. Der zusétzliche Effekt einer Ladungstrennung
aufgrund der bevorzugten Adsorption von I~ oder Li" an der Grenzfliche macht sich
nur schwach bemerkbar. Dies lasst sich durch eine erh6hte Konzentration an Ethanol-
und Octanol-Hydroxylgruppen an der Oberflache erkldren, durch die nur wenig unpolare
Flache frei liegt. Analog zu herkémmlichen Mikroemulsionen kehrt sich das Aggrega-
tionsverhalten im Uberschuss von Octanol um: Statt Ol-in-Wasser-Aggregaten entstehen
Wasser-in-Ol-Aggregate. Die beiden Regimes sind verbunden durch eine bikontinuierliche
Region, in der die Octanol- und Wasser-Pseudophasen eine schwammaéahnliche Struktur
ausbilden.
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Nomenclature

Acronyms

CMC critical micelle concentration

COG center of geometry

GDS Gibbs dividing surface

IQR interquartile range

MD molecular dynamics

RDF radial distribution function

SBS smallest bounding sphere

SFME surfactant-free microemulsion
SWANS small and wide angle neutron scattering
SWAXS small and wide angle X-ray scattering
UFME ultraflexible microemulsion

System Labels

(composition) a water/ethanol/octanol mixture with molar ratios specified in Table
1.4

(composition) f3 water/ethanol/octanol mixture with molar ratios specified in Table
1.4

(composition) y water/ethanol/octanol mixture with molar ratios specified in Table
1.4

(composition) I water/ethanol/octanol mixture with molar ratios specified in Table
1.4

(composition) 1T water/ethanol/octanol mixture with molar ratios specified in Table
1.4

Vii



Nomenclature

(composition) III

CAP

DEC

DeTA

DTA

OTA

Aliases
t-butanol
octanol

propanol

viii

water/ethanol/octanol mixture with molar ratios specified in Table
1.4

binary mixture of water and sodium octanoate with surfactant
concentration stated in Table 1.2

binary mixture of water and sodium decanoate with surfactant
concentration stated in Table 1.2

binary mixture of water and n-decyltrimethylammonium bromide
with surfactant concentration stated in Table 1.2

binary mixture of water and n-dodecyltrimethylammonium bro-
mide with surfactant concentration stated in Table 1.2

binary mixture of water and n-octyltrimethylammonium bromide
with surfactant concentration stated in Table 1.2

tert-butyl alcohol, 2-methyl-propan-2-ol
octan-1-ol

propan-1-ol



Definitions

Unless otherwise stated, the following conventions are adhered to throughout this work.

Citation Citations are marked by superscript enumerators which identify the respective
entries in the “References” section. Direct references to literature are inline elements that
are initiated by the token “Ref.”, followed by an enumerator. These elements are usually
set at the end of the concerning sentence. They may also be placed immediately after the
concerning passage to avoid potential confusion with unrelated succeeding text segments.
If a citation extends over more than a single sentence, the citation element follows the
first pertained instance and all subsequent sentences referring to the same source are
terminated with the superscript %~

Units Units are chosen with regard to the orders of magnitude of quantities and the
standards implemented by the employed software. Except for the frequently used measure
of volume, liter, designated by the symbol ‘I’, which is defined as 11= 10" m?, all units
comply with the SI (International System of Units) standards of notation and are annotated
at the corresponding locations in the text. For unitless quantities, annotation may be
omitted.

Typography Mathematical objects are distinguished by the typesetting clarified in Ta-
ble 0.1.

Table 0.1: Mathematical objects by typesetting.

Element Notation Example
vector upright bold X
vector length / scalar quantity italic x
arithmetic mean overline X

Symbols Symbols are annotated and defined at the corresponding locations in the text,
with the exception of the general specifiers listed in Table 0.2 and the Boltzmann constant
kg.



Definitions

Table 0.2: Frequently used symbols and linked quantities.
Symbol Quantity

t time

temperature
amount of the momentum transfer
q=ki—k;,
where k; is the wave vector of
1 the incident particle, and k¢
the wave vector of the scattered
particle

Data precision The greater part of results is obtained through analyses on finite intervals.
Numeric values extracted from the results are not exact to the given decimal place, but
represent the location of the respective data bin or quantities derived from these values.
Other numeric values that are subject to fluctuations, for instance the box edge length, are
truncated to the lowest constant decimal place.



Introduction

It is a basic insight, readily verified by grease drops surfacing in a bowl of soup and the
lack of alcohol drops floating in a glass of wine, that substances can crudely be categorized
into water-soluble and water-insoluble classes.

In a polar dispersion medium like water, non-polar compounds seek to avoid the polar
environment, which gave rise to the term hydrophobicity! (from ancient Greek 1dwp
hydor, “water” and p63o¢ phdbos “fear”). A consequence that is macroscopically easily
discerned is the partitioning into separate phases. Accordingly, the opposite behavior, good
miscibility with water due to polarity or electric charge, is referred to as hydrophilicity'®
(where the second syllable descends from the ancient Greek y(Ao¢ philos, “beloved”).
If both properties combine in a molecular species, because it consists of e.g. an apolar
hydrocarbon tail linked to a polar sulfate group, interesting arrangements are made to
accommodate the ambivalent preferences. Owing to their dual character, these substances
are summarized under the heading of amphiphiles'® (where the first syllable derives from
the ancient Greek & ( amphi, “both”).

In low concentrations, amphiphile additives adsorb at the water/air interface in a
configuration maintaining immersion of the polar groups, while minimizing contacts
between polar tail sections and the solvent.® Similarly, adsorption at other existing
interfaces may occur, for instance at the walls of the flask containing the solution.':
This process entails a decrease in (liquid-vapor) surface tension that progresses until the

*Greek — English translations from Ref. 2.



Introduction

interface is saturated.'® This occurrence instigated the generic title surfactant, which is
a contraction of the term surface active agent.* Amphiphile molecules may be ionic or
uncharged and the category is represented by a wide variety of structures.” Two examples
from the vast portfolio of known surfactants are shown in Figure 0.1./

Figure 0.1: Structure formulae of two amphiphilic molecules: A the ionic
surfactant sodium decyl sulfate and B a complex p-terphenyl derivate. Polar
groups are colored and apolar groups

Scientific insight into the phenomena responsible for many of the characteristics of
surfactant solutions was scarce when MCBAIN presented his idea of the association of
soap molecules into “micelles” in 1913.° Years of pondering the strange behavior these
mixtures displayed in conductivity experiments above certain concentrations”-® led to that
conclusion, but the hypothesis did not ab ovo attract approval in the scientific society. In
this context it is often pointed anecdotally to the harsh reaction MCBAIN was confronted
with during a lecture before the Royal Society of London on the subject,”° to emphasize
with which degree of ridicule this proposal was initially met. A search on relevant platforms
clearly reveals that this condition did not last and that MCBAIN’s speculation turned out
to be far from “nonsense”. Entries of more than 2000 publications on the subject, if
counting only those that are labeled with contiguous compositions of the words “micelle”
and “structure” or declinations thereof, attest strong academic interest in the matter. The
existence of micellar aggregates is by now unequivocally established and the narrow
concentration range in which certain properties of surfactant solutions abruptly change is
known as the critical micelle concentration (CMC).!1~13

However, long lasting controversies accompanied the exploration of the topic that are
not altogether resolved even now. Initial discussions naturally concerned themselves with
the shape of these newly identified structures. Early X-ray data'* seemed to advocate a
lamellar symmetry, which was promoted by HARKINS and McCBAIN,'>'® whereas DEBYE
and ANACKER proposed a rod or disk-like geometry.!” Around the same time, HARTLEY'®
postulated spherical-ellipsoid objects with a central region consisting of apolar alkyl chains
surrounded by an outer shell of polar head groups. This notion was shortly after supported
by REICH from an entropic viewpoint!? and eventually consolidated as general conviction
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even before it was bolstered by results from more progressed experimental techniques in
the 1980s.20-2

Another point of debate was the state of the micelle interior. Opinions diverged on
whether the core was fluid-like?>2° or comparable to a crystalline solid.2°2® This gave rise
to widely different models of assembly, ranging from unordered, convoluted structures?
over more organized lattice representations,*® to geometrically strict packing.*!

Further disagreement prevailed on the topic of water penetration. While STIGTER
defended the position of completely dry alkyl chains,? which is sometimes referred to as
the “reef” model,*® others portrayed a “fjord” model’® in which water permeates the whole
micelle,** resulting in a core milieu which MULLER described as having “characteristics
about midway between those of water and of hydrocarbon”.>> More moderate schemes
acknowledged the presence of water to some extent between the polar head group region
and a hydrophobic core. 3638

Simultaneously, different models were developed to thermodynamically classify micelle
formation. On one side, the mass action model could gather its share of supporters.3**
This approach treats the aggregates as a chemical species that is in equilibrium with free
surfactants.** On the other side, one found proponents of the phase separation model
that regards micellar structures as a separated phase from the dispersion medium.**
Refinement of these models led to the multiple equilibrium model®® that removed the
disadvantage of the mass action model relying on monodispersity and application of
HiLL’s method of the thermodynamics of small systems®! that corrected shortcomings in the
prediction of thermodynamic relations by the phase separation model.

One could argue that the question after the cause of the aggregation of amphiphilic
compounds in water was the most unanimously settled. At least in what it is not: it
is not the consequence of favorable interactions between the hydrophobic chains as
conjectured by DEBYE in the early days.>? With regard to the apolar moieties it much
rather is a passive effect originating from ejection of hydrophobic groups from the aqueous
environment. The roots of this so-called “hydrophobic interaction” or “hydrophobic effect”
were initially ascribed to a distinct ordering of water molecules in close proximity to a
hydrophobic solute by FRANK and EVANS, that was illustrated as “iceberg” formation, on
the basis of the temperature dependence of the solubility of hydrocarbon molecules in
water.>® In this light, micellization is a primarily entropy-driven process that minimizes the
structurization imposed on water molecules by hydrophobic contacts. This rationale was
seriously questioned later by MILLER and HILDEBRAND who attributed the low solubility
of apolar subunits to the high cohesive energy in liquid water.>*>> Over the years, more
criticism and various theories surfaced®®%? and the matter has since then often been
addressed in more cautious terms, merely stating that interactions of water with water
are more favorable than interactions between water and apolar units.®® The issue is not
satisfactorily resolved to date, leading to a lively ongoing discussion on how to interpret
the phenomenon.%%8

Without regard to the different scientific stances on many subjects in the field, surfactants
were employed in abundancy in the 20th century and have been long before. The most
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common application of amphiphiles is certainly soap, that can be retraced to ancient
Egypt and beyond.®® The first targeted modeling of surfactants for industrial purposes
is documented in the mid-1800s in the context of the burgeoning textile industry.”®
The sophisticated processing of raw cotton and wool into textile fabrics necessitated
dedicated dispersing, softening, and sizing agents.'¥- Nowadays*, surfactant manufacturing
is a prosperous industrial branch with a global production volume of 11 million tonnes
annually and a market value of 35.7 billion euro in Europe alone.”! The majority of this
capacity is accounted for by cleaning products ranging from industrial and household
detergents to personal care and toiletry applications.- Another substantial sector attends
to various agrochemical and industrial areas of application where surfactants are deployed
as emulsifiers, foaming agents, wetting agents, penetration agents, and so forth.

A unique feature of these multi-domain systems that is frequently exploited is the
possibility to disperse even entirely hydrophobic substances that are otherwise insoluble in
water and would just settle as a separate phase.” In the literature, this third constituent is
usually plainly tagged “oil”. The same applies in reverse: a continuous oil phase enriched
with an amphiphile can hold significant amounts of water./- The solubilization power of
surfactant mixtures is naturally limited and the relative composition and mutual interaction
profiles determine the distribution of components.”® An extensive description of such
systems dates back to WINSOR, who identified four different regimes (“Winsor I, II, III,
IV”)Z74_76

Type | An organic oil is in equilibrium with a solution of surfactant in water. Some oil is
dispersed in the aqueous phase.

Type Il Water is in equilibrium with a solution of surfactant in organic oil. Some water is
dispersed in the oil phase.

Type lll Separate phases of water and organic oil are in equilibrium with a solution of all
three components.

Type IV Only one phase exists, consisting of water, oil, and surfactant.

In 1969, EXWALL reported that the solubilization capacity can be greatly enhanced by the
presence of a further amphiphilic species, termed co-surfactant.”” Additional adsorption of
this compound at the domain boundaries can result in a drastic reduction of interfacial
tension, that may even reach zero.”® For ultra-low interfacial tension, the leading term in
the free energy of the structures is the bending energy.- The morphology then depends
on the bending elastic moduli and spontaneous curvature, as well as the volume fractions
of the components.” A high bending rigidity paired with low spontaneous curvature
can promote organization into highly ordered mesostructures.®’ Yet the value of the
bending constant can approach values lower than k; T, in which case macroscopically
disordered bicontinuous entities or separated droplets emerge.®! The consequence is

*at the 2006 level
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the spontaneous formation of macroscopically isotropic and thermodynamically stable
liquid-liquid dispersions.®*#* Owing to the minuscule domain sizes, those systems were
conceptualized as microemulsions by SCHULMAN et al. in 19598 succeeding the pioneering
work of HOAR and SCHULMAN on the matter in the 1940s.8¢ For lack of a rigorous definition,
the term was initially used with some ambiguity and led to confusion.?” The current ITUPAC
recommendation stipulates a microemulsion as a “Dispersion made of water, oil, and
surfactant(s) that is an isotropic and thermodynamically stable system with dispersed
domain diameter varying approximately from 1 to 100 nm, usually 10 to 50 nm.”®® These
requirements decidedly distinguish microemulsions from regular emulsions. The latter
are not thermodynamically stable but instead are generated from immiscible liquids by
applying mechanical shear and merely represent a temporary state in the process of
macroscopic phase separation.®” The definition further hints that a co-surfactant is not
absolutely necessary and it should be clarified that microemulsions can also be obtained
in ternary systems.”® However, this is not generally true for every substance from the
extensive class of surfactants. The ionic amphiphile sodium dodecyl sulfate, for instance,
does not produce a microemulsion unless it is supplemented by a co-surfactant.”’ In other
cases, the tendency of a solution to form a balanced microemulsion can be significantly
tuned with a co-surfactant such as a short-chain alcohol.”?

N\ Wﬁ
S TS

Figure 0.2: Schematic view of A an oil-in-water and B a water-in-oil micelle.
Surfactant molecules are shown in black, where the aliphatic tail is sketched
in a line representation of the carbon chain and the polar head groups are
accentuated as discs. The water phase is illustrated in continuous

and the oil-phase in

As already mentioned, the structural characteristics of the microemulsion domains
can vary. In the simplest case they are globular water-in-oil or oil-in-water inclusions as
depicted in Figure 0.2, but possible textures extend to mesophases with e.g. lamellar,
hexagonal, or cubic symmetry.”?

Some time during the late 1970s, when many of the debates on amphiphile solu-
tions were still in full swing,”* the first reports on structurization in systems free of
conventional surfactants materialized.”>®” These “detergent free microemulsions” in
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hexane/water/propan-2-ol showed similarities to ordinary microemulsions in that they
were optically clear and stable. It was contemplated by the authors that the addition
of alcohol lowered the water-oil interfacial tension and thus enabled the formation of
dispersed droplets, but no complete theoretical description evolved. The theme was picked
up again around 1990, yet the underlying processes were still poorly understood.”8-1%

Interest in this class of systems was renewed through a study by KLOSSEK et al. in
2012.1% The subject of investigation was the ternary system water/ethanol/octan-1-ol
(from here on after simply referred to as octanol), which is characterized by a miscibility
gap in the ternary phase diagram due to the immiscibility of water and octanol as displayed
in Figure 0.3. Dynamic and static light scattering measurements revealed the presence of
micelle-like octanol aggregates well within the one-phase region. To clearly demarcate this
occurrence from the “Ouzo effect” described earlier by VITALE and KaTz'%* in the same type
of system, the authors coined the term “pre-Ouzo effect”. The former is the consequence
of a binodal decomposition that takes place upon rapid dilution of a monophasic mixture
with water, just barely crossing the phase boundary. The result then is the formation of
octanol droplets on the micrometer scale that are stable over the course of days. The
similarities of the system to the Greek beverage ouzo, in that the liquor primarily consists
of water, ethanol, and the water-insoluble compound trans-anethole and is also subject to
phase separation upon dilution with water, is responsible for the catchy name.

0.0,1.0

one-phase
region

two-phase region

1.0
0.0 0.2 0.4 0.6 0.8 1.0

Octanol
Figure 0.3: Ternary phase diagram of water/ethanol/octanol. The two-phase

region is colored in blue, the decomposition line in red, and the monophasic
region is blank. Values are given in weight fraction.”

*Shape and location of the one- and two-phase region reconstructed from Figure 1. a) in Ref. 101.
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By contrast, the structures identified in the one-phase region are not the result of a
metastable emulsification process and, with domain sizes in the nanometer range, manifest
at substantially different length scales. Taking into account the earlier descriptions, the
precondition for the emergence of this type of surfactant-free microemulsion (SFME) in
ternary solutions was narrowed down to the combination of two hardly miscible com-
ponents (water and octanol) with a third that is well soluble in both (ethanol). In the
present case, the third species, ethanol, is a classical hydrotrope*.

Nano-structuring was also observed when octanol was substituted by benzyl alcohol,
ethyl lactate, or y-valerolactone'® and it is assumed that SFMEs always occur for cer-
tain compositions in the one-phase region of systems that exhibit an Ouzo region.!**
This supposition was indeed confirmed by LuciA et al. for the ouzo-like system wa-
ter/eugenol/ethanol, which showed promising capability in solubilizing the insecticide
imidacloprid with no detectable changes in structurization.'%

Other instances have been reported in commercially available mosquito repellents, eaux
de toilette and eaux de parfum that do not rely on surfactants.!?®1%7 A succeeding study
by TCHAKALOVA et al. concluded that the performance of these fragrance formulations
is strongly influenced by the presence of a pre-Ouzo region:!® when the liquid phase
reaches this composition during the process of evaporation, increased fragrant activity
is detected. Moreover, reports by KHMELNITSKY et al.”®?° and ZoUMPANIOTI et al.'%-11!
accentuate the potential of SFMEs in biotechnology by means of n-hexane / short-chain
alcohol / water model systems. It was found that enzymes such as cholesterol oxidase”® *°
or lipases from Rhizomucor miehei and Candida antarctica’®'!! retained their catalytic
activities in these microheterogeneous media. In the latter study, enzymatic stability was
even increased over surfactant-based microemulsions.

Due to their sub-microscopic dimensions, giving a comprehensive account of the involved
structures with solely experimental techniques is problematic. For that reason, further
probing of the reference pre-Ouzo system water/ethanol/octanol was supplemented by
atomistic molecular dynamics (MD) simulations. In conjunction with conductivity and
contrast variation neutron scattering experiments, the microemulsion-like character of
the pre-Ouzo composition was tied to the presence of micellar octanol aggregates, coated
by an interfacial film of ethanol.!'>''* The bending constant of this mixed interface is
expected to be lower than 0.1 k; T, which motivated the label “ultraflexible microemulsion”
(UFME) in extension to the established classification of microemulsions into stiff and
flexible types.!'®> Without disregard for this conceptual delimitation, the general term
SFME will be used throughout this work, since the common features of, and differences
between surfactant aggregates and surfactant-free aggregates are a thematic focus.

A core theme of the present thesis is a detailed characterization of ternary mixtures
with ouzo-type instabilities by means of the model system water/ethanol/octanol. It is the
continuation of an earlier work that was prepared in 2013'!¢ and published in Ref. 114. So

*Cf. infobox at the end of this section.
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far, investigations were restricted to compositions for which oil-in-water aggregates form.
In order to establish further parallels between this type of SFME and microemulsions relying
on surfactants, it is vital to extend research to other regions of the phase diagram. Apart
from helping to achieve a comprehensive phenomenological description it is also desirable
from an application-oriented standpoint to determine whether further morphologies, like
bicontinuous structures or reverse water-in-oil micelles, emerge. Besides, little is known
about the dynamic properties of the pre-Ouzo aggregates and the response of the system
to additives. The structural properties of octanol micelles have been addressed in Ref. 114,
but the polydispersity of aggregates moreover necessitates a differentiating examination
and the shape is not yet quantitatively delineated. This is certainly no complete account
of unresolved issues, which further substantiates the motivation to continue this line of
investigation.

A sensible point of reference for such considerations are structures formed by surfactant
molecules. However, as the preceding explanations highlight, surfactant micelles are
themselves far from being completely understood. Extensive studies involving computer
simulations were long believed to be of great value,'!” but have only incrementally been
made possible during the last two decades by continuous progress in CPU (and more
recently relevant GPU) development. Around 1990, MD simulations still struggled with
surpassing the 1 ns mark in meager model systems.!'® Usually, preconstructed micelles
were introduced in the simulation boxes that remained stable over the course of the brief
simulations.'¢- Nevertheless, support from this branch of research was greatly appreciated
at the time, not least due to the multiplicity of uncertainties still governing the field.”- The
processing capacity of modern computer systems, even more so in combined arrays, enables
monitoring of the evolution of aggregates from molecular solutions without additional bias.
This offers the opportunity to not only conveniently create a basis for the comparison to
pre-Ouzo aggregates, but to further provide explicit insight into the properties of surfactant
micelles on a molecular level.

With respect to the mutual dependencies of the topics, this thesis is structured as
follows: Chapter 1 elaborates the computational methods, Chapter 2 is devoted to micelles
formed by surfactant molecules above the CMC, and Chapter 3 discusses results from MD
simulations of various ratios of the three constituents of the pre-Ouzo model system with
and without additives.

Hydrotropes

Similar to surfactants, hydrotropic agents have antagonistic properties and are mainly
characterized by enhancing the solubility of hydrophobic compounds in water.'?* An
important area of application is clinical drug development, where employment of
many conventional surfactants needs to be avoided due to health concerns.'*® The
term is often used to denote substances with significantly shorter hydrophobic tail
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sections than classical surfactants that do not self-assemble to micelles.'?! 122 However,
these vague delimitations also comprise electrolytes that promote solubilization via a
“salting-in” effect.!?® In 2016, KUNZ et al. suggested a tighter definition based on ideas
of ABBOT et al.:1?*1?7 “3 hydrotrope is a substance that show[s] property A and/or B
and does not form a microemulsion or lyotropic liquid crystal.”, with

A “a hydrotrope is a substance whose structuring in water is enforced by the presence
of a third, water-immiscible compound.” with regard to an aqueous dispersion
medium and

B “a hydrotrope is [...] a substance, whose structuring in the organic solvent is
enforced by the presence of water.” with regard to an organic solvent.
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Molecular dynamics simulations

1.1.1 Software and parameters

All simulations were carried out using the GROMACS suite of programs in version 4.5.x and
above!?® in single precision. The simulation boxes were created using the tools provided
in the GROMACS package and the PACKMOL configuration generator.'?° In either case,
conformations are constructed with no regard for the force field and physical conditions,
using a crude estimate of atomic radii to avoid particle overlap. This may result in severely
unfavorable conformations once coordinates are interpreted within the chosen framework

conditions. Therefore, the simulation procedure was divided into three phases:
1) minimization of the total force in the initial conformations,
2) equilibration of the system volume, and
3) the production run yielding the MD trajectories on which analyses were performed.

The data generated in 1) and 2) were discarded except for the final coordinates that serve
as input for the next step. In 1), a steepest descent integrator was used for 1000 iterations
for the sole purpose of eliminating excessive forces that would prevent MD sampling of
the system with a reasonable time step. The parameters employed in the production runs
are listed in Table 1.1 in the GROMACS specific syntax. Values in parentheses designate
settings used in case organic hydrogen atoms were represented by virtual interaction
sites.!®® In this scheme, hydrogen atoms are not propagated explicitly, instead their

13
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locations are reconstructed from the positions of three nearby heavy atoms in each step
for the evaluation of forces. This implicit treatment removes hydrogen angle and bond
vibrations and leaves dihedral motions as the highest-frequency degrees of freedom, thus
raising the limit imposed on the time step to 5 fs./¢:

Table 1.1: Prerequisites of the simulations. Settings in parentheses are used
in case where hydrogen atoms are represented by virtual interaction sites.

Keyword Setting Description
general
integrator md a leap frog algorithm
dt 0.002(0.005) time step (ps)
constraints
constraints all-bonds rigid bonds

highest order in the expansion

of the constraint coupling

lincs-order 4(6) matrix in (P-)LINCS
((Parallel) LINear Constraint

Solver)

number of iterations to correct for

lincs-iter 1(2) rotational lengthening in (P-)LINCS

electrostatic interaction

Smooth Particle Mesh Ewald
coulombtype pme

electrostatics'?!
the most efficient
value is determined real space cutoff
rcoulomb by the software for electrostatic
for each simulation interactions

individually

van der Waals interaction

potential is shifted to zero

vdw-modifier Potential-shift-Verlet between rvdw-switch and rvdw

cutoff for van der Waals inter-

rvdw 1.0 )
actions (nm)
rvdw-switch 0.9 see above (nm)
. long range dispersion correc-
dispcorr energy and pressure g rang P
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Keyword Setting Description

tion for energy and pressure

neighbor searching

neighbor list update interval

nstlist 10(40) (steps)

temperature coupling

ref t 300 temperature (K)

velocity rescaling thermostat

tcoupl v-rescale ) )
P with a stochastic term
frequency for coupling the
nsttcouple 10(4) d Y puns
temperature (steps)
time constant for temperature
tau_t 1.0

coupling (ps)

pressure coupling

ref p 1.0 pressure (bar)
Pcoupl Parrinello-Rahman Parrinello-Rahman barostat!*?
nstpcouple 10(4) frequency for coupling the

pressure (steps)

time constant for temperature

tau_p 1.0 coupling (ps)

All simulation boxes are cubic and self-connected by periodic boundary conditions. Un-
less otherwise stated, the TIP4P/2005 water model'*® was used and organic compounds
were described by the OPLS all atom force field.'®* Except for ethanol and propanol, coef-
ficients of the aliphatic torsional potential expansion were interchanged with a parameter
set optimized for long hydrocarbons (L-OPLS).!3°

Settings during equilibration only differ from the production run by the choice of a
smaller time step of At = 1fs and pressure coupling by means of a Berendsen barostat.'3°
System volume usually converged within less than 20 ps, but relaxation was continued for
a total of 150 ps in each case to ensure a plateau in density. The extent of the production
simulations depends on the considered systems and is catalogued in the subsequent section.
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1.1.2 Simulation setup and execution

1.1.2.1 lonic micelles

The systems contain a binary ionic surfactant-water solution. The Lennard-Jones parame-
ters for Na* and Br™ ions were taken from HORINEK et al.'®” For further reference, structure
formulae of the investigated surfactant molecules are depicted in Figure 1.1 alongside
their common labels, abbreviations and atom numbering used throughout this work. Since
only a single composition is examined for each surfactant class, the abbreviations are used
interchangeably to refer to both the whole system and the species itself. The respective
reference is apparent from the context.

System compilations and inherent properties are listed in Table 1.2. In addition, the
experimentally determined critical micelle concentrations (CMC) are annotated for each
surfactant species. These served as guidelines for preliminary trials. Surfactant concentra-
tion was then increased stepwise from that level until persistent aggregation in numerous
simultaneous micelles was observed.

Table 1.2: Key data on the simulated surfactant mixtures. L designates the
box edge length and ¢, the surfactant concentration. The last column lists the
experimentally determined critical micelle concentrations. The superscript
2 denotes measurements at 298 K, ° at 283 K, and ¢ at unspecified room
temperature. Multiple appended superscripts follow the sequence of the
cited literature. The # symbol marks simulations in which explicit organic
hydrogen atoms were replaced by virtual site constructions.

Speci No- Cs CMC exp.
pecies water surfactant

(nm) (molecules) (molI™) (molI™)
OTA 7.3 10* 242 1.0 0.25% 138 (,225% 139
DeTA 10.9 4-10* 240 0.31 ~ 0.67% 140,141
DTA# 13.5 8 104 160 0.11 0.0lsgc',(z)i,l:,]-a;_142—145
CAP?* 86 2-10* 200 0.5 0.38—0.39 G 146,147
DECA*  10.8 4-10* 180 0.24 0.05%18,0.086% 14
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Figure 1.1: Structure formulae of the simulated surfactant salts with the
utilized enumeration of heavy atoms and chosen highlighted abbreviations in
blue.

The time span of simulations was chosen on a per-case basis, aiming for at least 500 ns
of converged trajectory data. The procedure of convergence assessment (which will be
covered in detail in Section 2.2) involved two production runs for each system, one starting
from random distribution of the components and the other from a single agglomerate of
surfactant molecules in water. The total sampling time for each simulation is given in
Table 1.3.

Table 1.3: Time spans of simulations of surfactant systems. Path H starts
from molecular solution and path S from a phase separated state.

Species
OTA DeTA DTA CAP DEC

Path

H (us) 0.745 1.00 7.47 3.57 11.1
S (us) 0.571 1.00 6.43 3.57 15.8
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1.1.2.2 Ouzo systems

The system properties of the sampled water/ethanol/octanol mixtures are listed in Table
1.4. Ethanol and octanol hydrogen atoms were always modeled by virtual interaction sites.

Table 1.4: Key data on the simulated water/ethanol/octanol systems. The
quantity L designates the box edge length. The abbreviations wat., eth., and
oct. stand for water, ethanol, and octanol, respectively.

No.

Label L mole ratios mass ratios
water ethanol octanol
(nm) (molecules) [wat. : eth. : oct.]
I 10.6 28632 3179 224 0.89:0.10: 0.01 0.75:0.21:0.04
a (II) 11.7 25380 6366 224 0.79:0.20: 0.01 0.58:0.38:0.04
111 11.2 22176 9600 224 0.69:0.30: 0.01 0.46:0.51:0.03
[§; 11.0 8303 5608 2088 0.52:0.35:0.13 0.22:0.38:0.40
Y 10.9 5400 3600 3000 0.45:0.30: 0.25 0.15:0.25: 0.60

The approximately 1 mol1™! pre-Ouzo salt solutions were generated by addition of
836 ion pairs to composition a. The Lennard-Jones parameters for Li*, Na*, CI~, and I~
were taken from Dang.!*!°? Since these parameters are designed for Lorentz-Berthelot
combination rules, those are evaluated for ion-ion interactions, whereas the OPLS/AA
inherent geometric mean is used for ion — water/ethanol/octanol interactions.

For the same reason as stated in the previous section, two separate simulations were
conducted for compositions I — III, one starting from molecular solution and the other from
a single droplet of octanol in a homogeneous mixture of water and ethanol. Given the
time scale of convergence discussed in Section 3.2.1, this procedure was neither repeated
for 8 and y, nor for the ouzo systems containing additives. The total simulation times of
all water/ethanol/octanol systems are given in Table 1.5.

Table 1.5: Time spans of simulations of ouzo systems. Path H starts from
molecular solution and path S from a droplet of octanol in a homogeneous
mixture of water and ethanol.

System
Path
I a() W By @ @+ @+
Nal/LiCl propane squalene
H (us) 0.70 3.8 040 0.20 0.20 1.8 1.9 1.0

S(us) 0.68 2.5 0.30 - - - - -
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1.1.2.3 Miscellaneous

Water / propan-1-ol (propanol) / octanol The simulation box was filled with 28549
water molecules, 3197 propanol molecules, and 224 octanol molecules at random positions.
This configuration corresponds to molar ratios of 0.89 : 0.10 : 0.01 or mass ratios of
0.70 : 0.26 : 0.04 (water : propanol : octanol) and resulted in an equilibrated box edge
length of L = 10.9 nm. Hydrogen atoms were propagated explicitly. The total simulation
time of this system amounts to 1 ps.

Water / 2-methyl-propan-2-ol (f-butanol) A molecular solution of 120 t-butanol molecules
and 2880 water molecules was generated. This ratio denotes a molar fraction of 4.0 % or
weight fraction of 15 % of the alcohol. A force field specially designed for atomistic simula-
tions of aqueous tertiary butanol solutions by LEE and VAN DER VEGT'>® was employed for
the organic compound in conjunction with the SPC/E water model.”>* Box edge lengths
relaxed to 4.7 nm and the system was simulated for 200 ns.

Water/octanol slab system Two separate boxes of square cuboid shape were generated.
One was filled with 6469 water molecules and the other with 1351 octanol molecules. The
two boxes were joined at the smallest faces, assuring a minimum distance between adjacent
octanol and water atoms of 1 nm. The resulting gap quickly vanished during equilibration
with semi-isotropic coupling to a Berendsen barostat during a 150 ps simulation. In
this scheme, only the shortest box vectors are scaled, while the longest axes, which are
parallel to the macroscopic symmetry axis of the system, are held constant. This way,
the longitudinal extents of octanol and water phases are maintained. The average box
dimensions during the production run were 6.4 nm x 6.4nm x 13.7 nm. The system was
simulated for 260 ns with explicit hydrogen treatment.

Frozen octanol and octane micelle The position restraints of octanol and octane
molecules were realized by applying harmonic potentials of the form

1
V(ri):§k|ri_Ri|2 (1.1)

to each octanol or octane atom, where r; is the position of particle i, R; its reference
position, and k a force constant. The reference positions are merely the initial position
vectors resulting from arbitrary positioning of an aggregate in the simulation box. The
configuration of the octanol aggregate was chosen by sorting all aggregates containing
22 £ 3 molecules in the composition a plus salt trajectories by means of their radii of
gyration and identifying the structure closest to the average. This procedure yielded an
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octanol micelle containing 20 molecules. The octane aggregate was specifically generated
to be of similar dimensions and shape.
The simulation boxes were subsequently randomly filled with

a) 142 ion pairs, 954 ethanol, and 3816 water molecules or

b) 129 ion pairs, and 7155 water molecules.

In both cases, electrolyte concentration is close to 1 mol 1™ with equilibrated box edge
lengths of 6.0 nm and 6.1 nm, respectively. Octanol and octane hydrogen atoms were
represented by virtual interaction sites and the total simulation time was 1 us in each case.

20
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The major part of analyses relies on the identification and isolation of individual aggregates.
This functionality is adopted from the GROMACS tool g_clust size provided in version
4.5.4. The method scans for the overlap of spheres with specified radius centered on
every atom of a selected set with any other sphere in the same set that belongs to a
different molecule. In case of success, molecules are allocated to the same cluster. For all
compounds, the reference group consisted of the heavy atoms and the hydroxyl group if
present. An exception to this rule applies to t-butanol, where only the quaternary carbon
was selected.

The geometric classification used by the algorithm requires an adequate cutoff reflecting
characteristic distances between the solute molecules. Meaningful values for this parameter
are obtained as the first distinct minima in the radial distribution functions (RDFs) of the
respective group in systems with sufficient solute-solute contacts in a similar environment.
For octanol, this value has been determined to 0.478 nm by means of a simulation of a single
stable octanol droplet in water in a previous work.!!® It has further been demonstrated in
this context that the results are robust towards changes of the cutoff within reasonable
limits. A shift to 0.78 nm (the subsequent minimum in the octanol RDF), for instance,
naturally led to detection of larger aggregates but had no qualitative impact on the outcome.
The cutoff radii for the remaining solutes were established by means of simulations of
significantly more saturated mixtures than represented by the analyzed systems or phase
separated compositions. Details on the process are found in the supplementary section
1.A. The determined values are listed in Table 1.6.
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Table 1.6: Distance cutoff values r., set in the clustering algorithm for the
investigated solutes.

Compound

Path
OTA DeTA DTA CAP DEC t-butanol squalene

r. (nm) 0.476 0.478 0.480 0.486 0.487 0.799 0.464

A range of programs was developed to compute the data presented in this work, using
the data arrays returned by the central g_clustsize function where required. The
cumulative source code is too extensive to be displayed here and in most cases strategies are
straightforward from an informatics perspective. Basic descriptions of the most important
procedures, if not part of the discussion or self-evident, as well as snippets of more complex
routines are given in the following paragraphs. Peculiarities of the respective results are
outlined during the discussion.

Cluster size histogram
First appearance: Section 2.2

The absolute frequency of aggregation numbers is a direct output of the g_clustsize
tool.

Eccentricity of aggregates
First appearance: Section 2.3

Aggregates are identified by means of the g_clustsize routine. The principal mo-
ments of inertia of the assortment of atoms constituting the aggregate are calculated by
diagonalizing the inertia tensor using the jacobi (...) routine from Ref. 155.

Smallest bounding sphere of aggregates
First appearance: Section 2.3

Aggregates are identified by means of the g_clust size routine. The smallest bounding
sphere encompassing all atoms constituting the aggregate is determined by means of
GAERTNER’s algorithm.!>®

22



Analysis 1.2

Convex hull of aggregates
First appearance: Section 2.3

The SciPy 1.0 toolbox for python'*” includes a dedicated method for the computation of
the convex hull of n-dimensional point clouds. The primary output includes simplical
facets, hull area, and hull volume.

For the determination of the convex hull of micellar structures, the aggregates are first
identified by means of the g_clust size routine. Subsequently, the convex hull of the
3D point cloud represented by all atoms constituting the aggregate is computed.

Distribution of specific atom groups around the center of geometry of aggregates
First appearance: Section 2.4

Aggregates are identified by means of the g_ clust size routine. The center of geometry
(COG) of all atoms of the subset is computed and the number of atoms of the selected
components in progressively larger concentrical spherical shells around this coordinate is
evaluated. The count in each shell is normalized to the shell volume. After the trajectory
has been processed, the individual particle densities are normalized to their respective bulk
values. No bulk is present for the aggregating species, therefore the curve is normalized to
the peak value that naturally occurs close to the COG.

Radius of the hydrophobic core
First appearance: Section 2.4

Aggregates are identified by means of the g_clust size routine. The largest spherical
volume inside this aggregate that does not overlap with any atom belonging to a water
molecule is iteratively determined.

Relative hydration
First appearance: Section 2.4

Pair distribution functions between each surfactant chain unit and water are calculated
in a system containing a single surfactant molecule in water using the GROMACS tool
g_rdf. The absolute number of water molecules up to the first distinct minimum in
the respective distribution is counted. The same procedure is repeated for the micellar
solutions and the count of water molecules in the first solvation shell of each group is
normalized to the value obtained for the system containing a single surfactant molecule.
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In a separate analysis, only the surfactant molecules inside a specific aggregate identified
by means of the g_clustsize routine are considered. The respective pair distribution
functions are then computed for this subset by a self-written algorithm.

Probability of trans dihedral alignment
First appearance: Section 2.4

Dihedral angles are computed by the GROMACS tool g_angle. The position trans is
defined by 120° < ¢ < 240°, where ¢ is the angle between the (i, j, k)- and the (j, k, 1)-
plane of a consecutively bonded (i, j, k, [)-quadruplet of atoms. Analysis encompasses the
aliphatic tail sections excluding the carbon atom connected to the functional group.

In case of aggregate-specific analysis, clusters are identified by means of the g_clust -
size routine and the relevant atom indices are passed to g_angle.

Solvent accessible surface area
First appearance: Section 2.4

Aggregates are identified by means of the g_clustsize routine. The subset is passed
to the GROMACS tool g__sas, which directly calculates the desired quantity.

Proximal distribution of specific atom groups with regard to the surface of aggre-
gates

First appearance: Section 2.4

Aggregates are identified by means of the g_clustsize routine. The contact distance
between two atom species is set to the point where the mutual Lennard-Jones potential,
derived using the according force field parameters and combination rules, is equal to kT,
with the Boltzmann constant k; and simulation temperature T. An atom coming this close
to an atom of the reference group is considered to be “on the surface”. For each particle,
the shortest distance from this implicitly defined surface is evaluated. The number of
atoms belonging to a chemical species found within a certain interval is normalized to the
total number of atoms matching any of the selected groups that are detected within this
distance range (if the count is not zero). The resulting quantity for each segment is the
conditional probability P, (B;), where event A designates the detection of any particle of
the analyzed groups within this region and event B; the detection of an atom of category i.

This approach offers the advantage of giving a clear representation of the system
composition at each point, even in regions where particle density is naturally low. For
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great distances, equal count of atoms per molecule, and homogeneous distribution of the
selected components, it reflects the bulk ratio of the species.

Water-water hydrogen bonds
First appearance: Section 2.4

All hydrogen bond analyses use the common combination of a 0.35 nm donor-acceptor
distance and 30° hydrogen-donor-acceptor angle cutoff. In case examinations relate to
individual aggregation numbers, clusters are preliminarily identified by means of the
g_clustsize routine. Proximal distributions are computed according to the scheme
described in the previous paragraph.

Fraction of black balls remaining in an urn, from which a random ball is drawn and
that is refilled with a white ball; evaluated after N repetitions for an originally fully
black urn

First appearance: Section 2.5

Listing 1 contains the relevant section of code used to compute ssV)/s. This procedure is
based on a probabilistic model of monomer exchange events in micelles that is described
in Section 2.5. In combination with a second analysis, which monitors the decay behavior
of labeled monomers in the micelles, the dissociation rate constant can be calculated.

Listing 1: Outline of the C code used to compute the fraction of black balls
remaining in an urn originally filled with black balls exclusively, that is refilled
with a white ball upon each draw; evaluated after N repetitions.

double pmass (int *vector, int S, int size)

{

int i, subsum;
subsum = 0;

if (size == 1)
10 {
1 return 1.0;
12 }

14 if (size > 1)
15 {

16 if (vector[size-1]

Il
Il
—
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17
18

20
21
22
23
24
25
26

28
29
30
31
32
33
34
35
36
37

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

{ for (1 = 0; 1 < size-1; ++1i)
{ subsum += vector[i];
ieturn ((S — subsum) / (double)S * pmass (vector,S,size-1));
}
if (vector[size-1] == 0)
{ for (i = 0; 1 < size-1; ++1)
{ subsum += vector[i];
}

return (subsum / (double)S x pmass (vector,S,size-1));

void permute (int xvector, int curpos, int nrones, int size, int S
, double *sum)
{
int i, j,xn;
int *subvec;

if (nrones == 0)
{
xn = 0;
for (i = 0; 1 < size; ++1i)
{
xn += vector[i];
}

*sum += pmass (vector,S,size) * xn;

}
if (nrones > 0)

{
for (i = curpos; i < size; ++1i)
{

snew (subvec, size);

for (7 = 0; J < size; ++3)
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subvec[j] = vector[]];

}

subvec[1]=1;

permute (subvec, i+l,nrones-1,size, S, sum);

sfree (subvec) ;

int main(

)

int i, j,size;
int *vector;
double sum;

FILE x*out;

out = fopen(opt2fn("-o",NFILE, fnm),"w");

fprintf (out, "0 1.0\n");
for (int 1 = 1; i <= N;
{

sum=0;

size = 1i;

snew (vector, size);

for (7 = 0; j < size;
{

vector[j]=0;
}

vector[0]=1;

++1)

++3)

for (7 = 0; J < i; ++73)

{

permute (vector, 1, j,size, S, &sum) ;

}

fprintf (out, "%d %$f\n", i,

( (double) S—sum) / (double) S) ;
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109 }

110

111 return 0O;
112}

Reconstruction of a non-continuous object with dimension exceeding that of half
the simulation box

First appearance: Section 3.2.5

Aggregates are identified by means of the g_clustsize routine. In the scheme of
periodic continuity, penetration of the simulation box boundary results in fragmentation
of the object with regard to a single image of the system. In a first step, all fragments of
the structure are identified by means of the subroutine in Listing 2.

Listing 2: A function in C that seeks a non-periodic connection between two
particles “anfang” and “ende” by means of a catenation of atoms in the same
aggregate that are closer to each other than the specified cutoff distance
and returns the boolean value TRUE if such a path exists.

O N oy »

10

17 gmx_bool connected(real cut2,int xnindex, int xclust_index,

18 int thisclustindex, rvec xx, atom_id #*+*index,
19 int anfang, int ende, gmx_bool xprocessed,

20 gmx_bool bErase)

21 {

22 rvec posanfang, posi, nopbcdx;
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42
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53
54
55
56
57

int i,3;
real nopbcdx2;

if (bErase)
{
for (1 = 0; i < nindex[1l]; ++1)
{
processed[1]=FALSE;
}

copy_rvec (x[index[1l] [anfang] ], posanfang);

for (i = 0; 1 < nindex[1l]; ++1)

{
if (clust_index[1i] == thisclustindex)
{

copy_rvec (x[index[1][i]],posi);

rvec_sub (posanfang, posi, nopbcdx) ;

nopbcdx2 = iprod (nopbcdx, nopbcdx) ;
if (nopbcdx2 < cut2)
{ if (i==ende)

{ return TRUE;

if (!processed[i])

{ processed[i]=TRUE;

if (connected(cut2, nindex, clust_index, thisclustindex

, X, index, i, ende, processed, FALSE))

return TRUE;

}

}
return FALSE;
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The connected (...) method is successively called for all atom pairs. Upon each
execution it searches for a path from one particle to the other, with each step comprising
two particles from the same aggregate that are within the mutual cutoff range. If such a
path exists, the two sites are allocated to the same fragment*. Subsequently, the fragments
are reassembled to a self-contained structure via the shift (...) procedure shown in
Listing 3.

Listing 3: A function in C that computes the vector increment necessary in
order to resolve the periodicity of a structure: translation of an atom “particle”
by this vector results in its correct non-periodic location with regard to a
reference atom.

O N oy »

20 gmx_bool shift (real cut,int xnindex, rvec *x, atom_id xxindex,

21 int ref, int particle, t_pbc pbc, real x_size,
22 int *xpbc_index, gmx_bool xfragprocessed,
23 gmx_bool bErase, rvec corrvec)

25 gmx_bool connection;

26 rvec posi, posj,dx,convec, nopbcdx;
27 int i,3;
28 real dx2,nopbcdx2, cut2;

*It should be noted that this routine was originally developed for the identification of the infinite aggre-
gate, where the actual path is of no concern. Performance would benefit from an optimized implementation
that further returns the indices of all atoms that constitute a successful path.
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cut2=cut*cut;

if (bErase)
{
clear_rvec (corrvec) ;
for (1 = 0; 1 < nindex[0]; ++1)
{
fragprocessed[1i]=FALSE;

}
}

fragprocessed[pbc_index[particle] ]=TRUE;
connection=FALSE;

for (1 = 0; 1 < nindex[0]; ++1)

{

if (pbc_index[i]==pbc_index[particle])
{

copy_rvec (x[index[0] [1i]],posi);

for (j = 0; Jj < nindex[0]; ++73)
{

if (!fragprocessed[pbc_index[]j]] && pbc_index[]j]!=-1)
{
copy_rvec (x[index[0] []j]]1,p0s]);

rvec_sub (posi, posj, nopbcdx) ;

pbc_dx (&pbc, posi, posi,dx);

dx2 = iprod (dx,dx);

nopbcdx?2 = iprod(nopbcdx, nopbcdx) ;

if (nopbcdx2 > (x_size—-cut)*(x_size—-cut) && dx2 < cut2)

{
if (pbc_index[j]l==pbc_index[ref])
{
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rvec_sub (posi, posj, convec) ;
connection=TRUE;
break;

}

else

{

if (shift(cut, nindex, x, index, ref, j, pbc,

xX_size, pbc_index, fragprocessed, FALSE,

))

connection=TRUE;
rvec_sub (posi, posj, convec) ;
break;

if (connection)

break;

if (connection)
{
for (1 = 0; i < 3; ++1)
{
if (fabs(convec[i]) > x_size/2)
{
if (convec[i] < 0)
{
corrvec[i]+=x_size;
}
else

{

corrvec[i]—-=x_size;

}

return TRUE;
}
else

return FALSE;

corrvec
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Allocation of octanol clusters to squalene molecules
First appearance: Section 3.2.6.1

Aggregates are identified by means of the g_clustsize routine. A second distance
cutoff is applied to identify contacts between any atom that is part of the detected ag-
gregates and any atom belonging to a squalene molecule. This value was set to 0.66 nm,
which corresponds to the position of the first distinct minimum in the radial distribution
function of octanol and squalene atoms obtained for a binary octanol/squalene system (cf.
supplementary section 1.A).

Solvation free energy
First appearance: Section 3.2.6.2

Aggregates are identified by means of the g_clustsize routine. The trajectory is
reduced to data frames in which an aggregate of specified size is present. Simultaneously,
a list of the respective timestamps and coordinates of the geometric centers of the clusters
is maintained. The two data streams serve as input for a version of the ERmod 0.3.5
program’® specifically modified by the developers for this application.

This software calculates the approximate free energy of solvation based on the energy

representation method.!>*1!

The infinite aggregate
First appearance: Section 3.3

Aggregates are identified by means of the g_clust size routine. Next, an algorithm
probes each aggregate for two atoms that are connected through the periodic boundary
by means of the chosen cutoff distance. These particles need to be separated by at most
the cutoff distance in the periodic scheme and by a minimum of [edge length ]—[ cutoff ]
within one image of the box, which is evident from simple geometric considerations. The
subroutine connected (.. .) (cf. Listing 2) is then called to search for a path within
one image of the box from one of these atoms to the other along particles from the same
aggregate that are within mutual cutoff range. If such a path exists, the object is continuous
and represents an infinite aggregate.
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Small and wide angle X-ray scattering (SWAXS)
First appearance: Section 3.4

Scattering spectra were calculated from the MD trajectories using the dedicated software
nMOLDYN 3.162 The built-in database of coherent and incoherent scattering lengths allows
for direct derivation of small and wide angle neutron scattering (SWANS) data. Conversely,
no weights reflecting the local charge distribution around the nuclei, which are needed to
compute the X-ray contrast, are implemented. For this reason, the following multilevel
procedure was pursued to obtain the SWAXS intensities:

1) computation of the partial coherent static structure factors s; (q¢) with nMOLDYN,

2) calculation of partial (theoretical) intensities according to the relation

i, (q) = VNN, - 5,(Q) - £ (@) fo (@), (1.2)

where N; is the count and f; (¢q) the atomic form factor of species j.'*>'%* The latter
are approximated by a sum of Gaussians of the form

4 2
fj (q) :Z aj’ne(_bj,n(%n) )+C, 1.3
n=1
with tabulated values a; ,, b; ,, and ¢.'®

3) The total intensity is given by the sum over the partial intensities,

f(q) = ﬁZii @. (1.4)

The first factor in Equation (1.2) reverses the normalization introduced by nMOLDYN
during the calculation of the partial structure factors,'® so that the partial intensities in
Equation (1.4) obey the same scale. The real intensity I (q) depends on several factors
not taken into account by this approach, including specific properties of the measurement
apparatus and the transmittivity of the probe.!®” Therefore, calculated intensities are
declared as arbitrary units that serve only for quantitative matching of structural properties
to the experiment, which renders further normalization unnecessary.

34



Data visualization

Data resolution Prevalently, diagrams of analysis outcomes are displayed in continuous
line representation. To give a clear account of the actual resolution, each data point is
accentuated by a circle of the same color as the respective graph if the width of intervals
is not simply evident. Markers may be omitted for individual graphs in a compilation of
equally spaced data sets for optical reasons.

Box plots On occasion, diagrams containing histograms are complemented by box plot
representations of the data to provide insight into statistical characteristics. Since the
construction of this type of illustration is not unambiguously defined, a sample of the
practice and visualization rules used in this work is depicted in Figure 1.2.

lower upper
whisker = whisker
X x IOOOOK KK KKK |7 ® 4'
median
I I | I I
n

Figure 1.2: Example of a box plot for an arbitrary quantity n with descriptions
in a lighter shade of the respective color.
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The box meets the generally recognized standard of being subdivided at the location
of the median and encompassing the interquartile range (IQR), which is defined as the
difference between the 75th and 25th percentile, IQR = Q3 — Q1, and therefore contains
the central 50 % of the distribution.'®®1%° The datums of these items were estimated to
lie between the histogram bin where the required value (e.g. 50 % of the data for the
median) is exceeded for the first time and the preceding bin, if no exact match was found.
The positions of the upper and lower whiskers and classification of outliers was chosen
according to TUKEY’s suggestion:'’® whiskers are positioned at the outermost data points
that fall within 1.5-fold interquartile range measured from the median. Contributions
between 1.5-fold and 3-fold interquartile range are labeled as outliers and those outside
3-fold interquartile range as extreme outliers. At all times, the (arithmetic) mean, too, is
provided in the fashion depicted in the sample.
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1.A Radial distribution functions

Distance cutoff for cluster determination Figure 1.3 shows the radial distribution
functions that were consulted for the determination of the substance specific cutoff value
to be used by the cluster search algorithm (cf. Section 1.2).

The water/octanol system was randomly filled with 56 octanol and 7944 water molecules.
The box edge length equilibrated to 6.3nm and hydrogen atoms were propagated explicitly
in this simulation. The system was sampled for a total of 200 ns.

The water/squalene system was randomly filled with four squalene and 57113 water
molecules. The box edge length converged to 12.0 nm during equilibration and hydrogen
atoms were propagated explicitly in this simulation. The system was sampled for a total
of 120 ns.

The water/t-butanol system was randomly filled with 300 t-butanol and 2700 water
molecules. The box edge length equilibrated to 5.0 nm. The dedicated force field by LEE
and VAN DER VEGT!*3 was employed for the organic compound in conjunction with the
SPC/E water model.’>* The system was sampled for a total of 20 ns.

The properties of systems involving surfactant molecules are listed in Table 1.7. The initial
conformations were randomly generated.

Contact between octanol clusters and squalene molecules Figure 1.4 shows the
radial distribution function of octanol and squalene molecules in a system containing
one squalene molecule and 145 octanol molecules. The system was sampled for a total
of 500 ns. The average box edge length amounted to 3.4 nm and hydrogen atoms were
propagated explicitly in this simulation.
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Figure 1.3: Radial distribution functions g (r) of surfactant heavy atoms in
concentrated water / OTA, DeTA, DTA, CAP, and DEC mixtures, octanol
heavy atoms plus hydroxyl hydrogen in a phase separated water/octanol
mixture, squalene heavy atoms in a phase separated squalene/water mixture,
and f-butanol quaternary carbon atoms in a phase separated water/t-butanol
mixture. The respective systems are marked in the diagram.

Figure 1.4: Radial distribution function of
octanol and squalene atoms in a binary
mixture of octanol and squalene.
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Appendix

Table 1.7: Properties of the binary water/surfactant systems processed to
obtain characteristic radial distribution functions of the respective heavy
atoms. L designates the box edge length and the # symbol marks simula-
tions in which explicit organic hydrogen atoms were replaced by virtual site
constructions.

No. Total Simu-

Species water surfactant lation time
(nm) (molecules) (ns)
OTA 7.3 10* 720 70
DeTA 7.1 1.-10% 120 180
DTA* 8.8 2-10* 160 100
CAP? 58 5-10° 200 100
DECA” 7.1 1-10% 200 100
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Overview

This chapter deals with micelles formed by ionic surfactant molecules above the CMC.
To this end, aqueous solutions of the bromide salts of octyltrimethylamine (“OTA”), de-
cyltrimethylamine (“DeTA”), and dodecyltrimethylamine (“DTA”), as well as the sodium
salts of octanoic acid (“CAP”), and decanoic acid (“DEC”) are examined. Thereby, spon-
taneous formation of aggregates distributed around a preferred aggregation number is
sampled in MD simulations.

The often lengthy process of system convergence contributing to the high demands
on computer hardware is described in Section 2.2. Further, the preferred number of
aggregation is determined and the degree of polydispersity is evaluated.

Structural considerations are divided between Sections 2.3 and 2.4. In the first, the
micelle geometry is delimitated and the degree of shape fluctuations is estimated. Against
this background, Section 2.4 then focuses on the characteristic assembly and controversial
subject of water penetration.

In conclusion, Section 2.5 imparts an insight into the dynamic properties of the aggre-
gates. Typical fluctuation behavior is briefly outlined and the rate constants of monomeric
exchange are evaluated based on a statistical analogy.
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System relaxation

The suitability of atomistic MD simulations highly depends on the time scale of processes
in a particular system. While computer hardware limits system size but not achievable
simulation time, practicability does. For the systems at hand (cf. Section 1.1.2.1), a
performance of 47 to 156 ns per day was attainable on state-of-the-art hardware with
reasonable parallel scaling. In the scope of this work, this efficiency range confines the
accessible realm of total simulation time to several microseconds.

The expected process in these binary systems is the assembly of the ionic surfactant
molecules to micellar objects. This equilibration is quantitatively monitored for all investi-
gated amphiphiles based on the temporal evolution of cluster size distributions in Figure
2.1.

To ensure that the structures represent a global minimum in free energy, two pathways
are evaluated in each case: a system starting from random distribution of the components
and another starting from a phase separated state. As the curves show, the time spans of
convergence differ widely. In case of the smallest cationic surfactant, equal distributions
attune within less than 100ns, whereas a DECA droplet does not break down into the small
aggregates emerging from homogeneous dispersion until the simulation is terminated after
more than 15 us sampling time. Assimilation of the DTA systems progresses significantly
faster, but is evidently still in the course of leveling out towards the end of the trajectories.
The decanoate micelles will be included in the analysis, but since no tendency in either
system is evident, the results have to be regarded as prototypal. In all incidents, the mixing
process is the more tedious to converge and results in comparatively short converged
passages. For this reason, analyses are performed on the converged segments of the
simulations starting from random distribution.
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Figure 2.1: Cluster size evolution of A OTA, B DeTA, C DTA, D CAP, and E
DEC micelles in systems starting from homogeneous solution (left column)
or a phase separated state (right column) in colormap representation. The
color grading denotes the probability for a surfactant molecule to be part of
an aggregate of size N,gq P’ (Nagg), With respect to the provided color bars.
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Figure 2.2: Size distributions of A OTA, B DeTA, C DTA, D CAP, and E DEC
micelles. Circles represent the probability for a surfactant molecule to be part
of an aggregate of size Nagg P’ (Nagg) and lines the running total > P’ (Nagg).

The plots further expose strong size fluctuations of the aggregates, that will be discussed
in more detail in Section 2.5. For the present consideration it is sufficient to note that
all degrees of fluctuations are captured on several occasions and that their period is
substantially shorter than overall propagation time. A border case of this statement is the
DTA system, where the cycle of fluctuations is in the range of half the simulation time.
To quantify distinctive micellization behavior, characteristic histograms of aggregation
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numbers are obtained for each system by averaging over the structurally converged
sections of the two respective trajectories™ in Figure 2.2. Solitary, pronounced maxima in
the distributions indicate preferred aggregation numbers close to 16 (OTA), 20 (DeTA),
28 (DTA), 37 (CAP), and 44 (DECA).

However, probabilities decay slowly towards smaller and larger aggregates, covering
deviations of up to ~ 20 % within the full width at half maximum in case of CAP. Analyses
performed on specific aggregation numbers will therefore focus on the most probable
micelle Nfgg with a tolerance of 15 %, so contributions from slightly larger and smaller
micelles enter the statistics. In particular cases, a narrower tolerance may be used and
will explicitly be declared.

Figure 2.4: Cross-section through an
ideal spherical micelle with all hy-

drophilic head groups ( ) forming
a sharp, gapless interface and polar tails
( ) confined to a water-free core
region’.

To provide a qualitative impression of the structures to be discussed, snapshots of the
average (with regard to their radius of gyration) micelles of N fg , are shown in Figure 2.3.
These renderings are noticeably different from idealized representations often encountered,
such as Figure 2.4. Although of approximately spherical shape, no smooth surface is formed
by tightly packed polar head groups. To the contrary, the interfacial region appears rugged
with a considerable portion of the hydrophobic carbon tails exposed to the surrounding
medium. This raises the question to what extent the frequently advocated image of a
closely confined interfacial region and a strictly hydrophobic core®!:3%171:172 g actually
accurate.

*precluding the demixed configuration of DECA as reasoned in the previous paragraph

TOriginal illustration by MARIANA Ruiz VILLARREAL, taken from
URL: https://en.wikipedia.org/wiki/File:Phospholipids_aqueous_solution_structures.svg. Work re-
leased into public domain.
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Figure 2.3: Rendering of an average (by means of its radius of gyration)
A OTA, B DeTA, C DTA, E CAP, and D DEC micelle in van der Waals
representation. Polar headgroups are encompassed by translucent orange
spheres.
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Sphericity

Prior to a closer examination of the aggregates, it is useful to assess the degree of symmetry
of the formed objects. The shape is expected to be spherical and this assumption is initially
confirmed by the snapshots presented in the previous section, but a quantification of this
aspect will prove valuable for later considerations. A frequently brought up measure of
the sphericity of particles dates back to 1932. It was defined by geologist HAKON WADELL
as the ratio of the surface of a sphere having the same volume as the particle to the actual

surface of the particle:'”?

Wl

1
0k (6v,) ,
Ap
where V}, is the volume and A, the surface. To illustrate the scaling of this quantity, values
of ¥ for some common geometrical shapes are listed in Table 2.1. In case of platonic solids,
W approaches unity with growing number of vertices, as would be expected.
Transferring this model to the aggregates formed by surfactant molecules requires an
appropriate geometrical envelope for the respective coordinates in the MD trajectory. A
prominent example of such a construct is the convex hull, which represents the smallest
convex shape that contains all points in a set. This envelope is displayed in Figure 2.5 for
two point clouds in 2D.

2.1
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Table 2.1: Sphericity ¥ of various geometrical shapes.

Object v

3
tetrahedron (6_‘/5)1 ~ 0.671
octahedron (%) %1 0.846
. (3+1/§)27'c 3 ~
icosahedron (W ~ 0.939
ellipsoid with
a=b=rand ~ 0.930
c=2r*

ellipsoid with
a=r/2,b=r, ~ 0.791
and ¢ = 2r*

With respect to the shapes suggested by the finite size representation of points pro-
portional to their mutual distances, the convex hull reproduces the degree of spherical
symmetry of set A well, but by definition skips the concave regions that may be discerned
in the outline of set B. Surface and volume determined based on this envelope would
drastically overestimate the sphericity of not strictly convex micellar structures. Methods
exist that overcome this limitation, like a-shapes'”* and extensions of the convex hull con-
cept to yield what is sometimes called the concave hull.}”>17% Both shall not be discussed
in detail here. In grossly simplified terms, surface generation is controlled by a critical
geometric parameter based on which a point is either allocated to the surface or to the

Figure 2.5: Convex hulls of two point clouds in two dimensions traced by solid
black lines.

*Where, a, b, and c are the principal semi-axes of the ellipsoid.
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enclosed volume. Exemplary outcomes of such an approach are sketched in Figure 2.6 for
a two-dimensional set of points.

The resolution of facets depends strongly on the choice of this parameter, so these
procedures yield no universal representation. In the present case, it seems reasonable to
relate this reference value to a description of the extent of the involved particles. Such
mappings are given for instance by the van der Waals volume or the inverse of the solvent
accessible volume*. Implementation of these definitions would then result in the van der
Waals surface or the solvent accessible surface and lead to representations comparable to
those shown in Figure 2.7.

Figure 2.6: Two-dimensional set of points with marked convex hull repre-
sented by solid black lines and areas enclosed by concave hulls resulting
from different threshold parameters colored in . Here, a simple
distance cutoff is used to decide whether points are part of the volume or
desingate vertices. The ratio of cutoff values is 1:2: 4 in the order of images
A-C.

While these are consistent surface construction schemes, they fail to give a meaningful
measure of the “effective” sphericity: both DeTA and CAP micelles give rise to signatures
tied to spherical shape in scattering experiments.!*>17® However, it is clear from the
renderings that the surface to volume ratio is substantially different for the two objects
and would result in severely different values of ¥. Moreover, the calculated sphericity for
neither of the micelles would necessarily give a relevant account of the shape detected by
measuring instruments or that responsible for the behavior of the aggregates in solution.
In general (and slightly vague) terms, this sought-after representation may be denoted as
the “perceived” or “effective” shape. In order to capture this mesoscale outline, the control
parameter would need to be reversed towards larger characteristic distances to yield a more
convex reconstruction. The reason why it is problematic to achieve consistency with this
procedure is also evident from the snapshots: figuratively speaking, the DeTA aggregate

*This volume is implicitly defined by the solvent accessible surface, which will be introduced in Section
2.4.

"Mlustrations were generated by making minor adjustments to the open-source JavaScript implementation
d3.geom.concaveHull.'”’
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has a sea urchin-like shape with spines extending radially outward from a compact core.
By comparison, the profile of the CAP micelle is relatively even, featuring only moderate
protrusions. It is overt that a threshold parameter only just outlining the rough surface
of the DeTA micelle within a convex boundary may well ignore true concavities in a CAP
micelle surface. The criterion would need to be adjusted individually to the particular
packing characteristics of each surfactant to cover distinct variations in interfacial texture.

®

Figure 2.7: Surface representations with equal reconstruction parameters of
A a DeTA and B a CAP micelle.

However, this is hardly possible without prior knowledge regarding which surface
features (in e.g. van der Waals representation) are to be considered typical and which
represent deformations. This assessment would require rigorous geometrical models of
the respective molecular arrangements.

Still, a comprehensive classification of the shape and its fluctuations can be achieved
by quantifying deviations from ideal sphericity. It is, however, important to keep in mind,
that such information can only be sensibly interpreted by presupposing a certain geometry.

Eccentricity Deviations from spherical shape can be quantified by means of the often
used measure of eccentricity:

min

I b

avg

n=1— (2.2)
with I, being the smallest and I,,, the average moment of inertia calculated relative to
the three principal coordinate axes. Figure 2.8 depicts histograms and corresponding box
plots of 1) for all micelles of N:gg with a three molecule tolerance. To put this quantity
into perspective, it is helpful to translate the principal moments of inertia to the common
shape of a homogeneous ellipsoid with the relations:*”?
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50,,+1,,—1I,,
a = |22 = 2.3
\ 2 m (2.3)
SIzz+Ixx_Iyy
b = ——— = and 2.4
\ 2 m (2.4
5L,+1,,—1,
c = - 2.5
\ 2 m (2.5)

Here, a, b, and c are the principal semi-axes of the ellipsoid, m the mass of the micelle,
and I;; the principal moments of inertia ordered by magnitude such that I,, <1I,, <I,,.
Important statistical properties of the distributions, as well as the calculated respective
semi-axes are listed in Table 2.2. The calculated distributions of the principal moments of

inertia are found in the supplementary section 2.A.

Figure 2.8: Histograms of the eccentricity n of OTA (black), DeTA (red), DTA
( ), CAP (blue), and DEC ( ) micelles.

The range of eccentricities is in good agreement with results for comparable micellar
structures.'® Most micelles can be mapped to slightly ellipsoid objects. The greatest
difference between the principal semi-axes is detected for OTA aggregates, that accordingly
exhibit the highest eccentricity. For both anionic and cationic surfactants, a trend towards
higher sphericities is observed with increasing alkyl chain length. The same is true for the
fluctuations that are strongest for OTA/CAP and lowest for DTA/DEC. To further give an
impression of the scaling of 7, the eccentricity of a homogeneous ellipsoid with principal
semi-axes proportions 1 : 1/2 : 2 is n = 0.65, that of a prolate ellipsoid with 1 : 1 : 2 is
1 =0.5.
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Table 2.2: Mean values of eccentricity 77 and interquartile ranges IQR of the
distributions by species. In addition, the principal semi-axes a, b, and c of
homogeneous ellipsoids with principal moments of inertia identical to those
of the micelles are given, as well as the proportions of these.

Species 17 IQR a b ¢ a:b:c
(nm)

OTA 0.28 0.17 1.72 1.27 1.06 1.35:1:0.83

DeTA 0.19 0.11 1.71 140 1.20 1.22:1:0.86

DTA 0.16 0.08 1.86 159 140 1.17:1:0.88

CAP 0.22 0.12 1.81 1.44 1.21 1.26:1:0.84

DEC 0.16 0.09 187 157 1.38 1.19:1:0.88

Juxtapositions by aggregation number are shown in Figure 2.9 for DeTA, DTA, CAB
and DEC. For this purpose additional analyses were performed for smaller and larger
aggregates that occur with similar probabilities. For the cationic species, eccentricities
follow the order 7_ > 7, > 7, with subscript ‘_’ denoting the lower, ‘,’ the intermediate,
and ‘,’ the higher aggregation number. For the anionic micelles, the opposite trend is
observed, albeit only weakly in case of DEC. Just as the disparity in surface complexion
mentioned earlier, this points to fundamental differences in molecular organization, that

will be elucidated further throughout this chapter.

Figure 2.9: Box plots of the eccentricies 7 of /vggg (‘0’), slightly smaller (*-'), and
slightly larger (‘+’) micelles for DeTA, DTA, CAP, and DEC. The concerned

species is marked in the respective compartment of the diagram.
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The ideal aggregate As reasoned above, the convex hull is an impractical envelope
definition if it cannot be ascertained that the set of points never describes a (effectively)
concave surface. However, in individual cases the accuracy of that approach can very
well be estimated. To this end, a search for the most compact micelle is performed by
means of the aggregate that minimizes the smallest sphere encompassing all involved
molecules (smallest bounding sphere, SBS). Examining the identified structures in Figure
2.10, the assumption that these objects can sensibly be treated in a scheme of positive
curvature is certainly justified. Along these lines, the maximum sphericity ¥, ,, of each
micelle species, that is dictated by the surfactant specific ordering, can be determined
according to Equation (2.1) and is summarized in Table 2.3.

Table 2.3: Sphericities ¥ of the /vggg micelle producing the smallest bounding
sphere by species.

Species V..

OTA 0.95
DeTA 0.96
DTA 0.94
CAP 0.94
DEC 0.95

The outcomes uniformly show that the investigated surfactant molecules can indeed
assemble to objects of high spherical symmetry. It is important to note that the upper
limit of ¥ in this approach is necessarily smaller than unity due to the polyhedral shape
reconstruction with a finite number of vertices. For this reason, and the manual confirma-
tion of convexity, the presented values are to be taken as a general guideline rather than
quantitative results. It should also be emphasized that this reflects a conservative estimate,
the convergence of which depends on the extent of the simulation. The most compact
micelle that can emerge in the ensemble represents a distinct (unknown) configuration
that can only be adequately approximated by sufficient sampling.

Estimation of concavity While eccentricity quantifies deviations from sphericity, it does
not provide insight on the type of deformations, for this information cannot be recovered
from the inertia tensor. However, transitions to concave shape or the formation of cavities
can be accessed from the convex hull volume. As stated earlier, the volume is overestimated
in these cases. For this reason, changes in sign of local curvature show up as density
fluctuations in the convex hull volume. Figure 2.11 shows histograms and box plots of
the particle density inside the convex hull relative to the density determined for the ideal
micelle, n}, (cf. penultimate paragraph).

Notably, the graphs do not terminate exactly at n}, = 1, since there are rare cases where,
due to particular atom configurations, a tighter envelope is calculated than for the most
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Figure 2.10: Renderings of the most compact A OTA, B DeTA, C DTA, D CAP,
and E DEC micelle. A representation of the convex hull surface is shown
around the clusters in translucent grey. Although all coordinates lie inside
the convex hull, the van der Waals representation chosen for better visibility
does not.
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Species 1), IQR

OTA 1.26 0.20
DeTA 1.23 0.13
DTA 1.13 0.07
CAP 1.16 0.10
DEC 1.11 0.05

Figure 2.11: Histograms of the deviation of the particle den- Table 2.4: Mean values of
sity inside the convex hull of OTA (black), DeTA (red), DTA n}, and interquartile ranges
( ), CAP (blue), and DEC ( ) aggregates from IQR of the distributions by
that of the respective ideal micelle n},. species.

spherical micelle. Yet this merely introduces a minor offset that is not relevant in the
comparison of graphs, especially since the error is of equal magnitude in all incidents.
The data collected in Table 2.4 shows that the least concave structures are detected for
the long-chained surfactants DTA and DEC, closely followed by CAB while DeTA and OTA
micelles on average deviate more from convex shape. Again, fluctuations obey the same
trend. A comparison of the averages of n and n}, in Figure 2.12 gives a clear picture of
the differences in grading resulting from the two criteria. Choosing the DeTA and DTA
positions as anchor points for CAP and DEC, respectively, the anionic surfactant molecules
form objects of higher eccentricity as well as higher convexity, which points to an overall
more elliptical shape. This reflects the dependency of micelle geometry on the dimensions
of head groups as well as the polar tail.'!

In order to assess the scale of correlation between eccentricity and concavity, a scatter
plot of 1 versus n?, for DeTA is shown in Figure 2.13. The omnidirectional distribution
indeed confirms that the two criteria capture mostly independent forms of distortion.
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Figure 2.12: Mean eccentricity 7 of OTA
(black), DeTA (red), DTA ( ), CAP
(blue), and DEC ( ) micelles versus
average particle density inside their convex
hull relative to that of the respective ideal
micelles ny,.
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Figure 2.13: Scatter plot of eccentricities n
of DeTA micelles of size N, and particle
densities inside the convex hull, normalized
to that in the ideal micelle ny,.



Structure of the micelles

A first measure of the micellar structure is obtained by the radial distributions of system
components around the geometric centers of the aggregates shown in Figure 2.14. As-
suming on average spherical shape, the local densities of alkyl chains, polar headgroups,
the monatomic counterions, and water are obtained as one-dimensional functions of the
distance. A clear hierarchy is discernible, with the apolar hydrocarbon tails forming the
central region followed by a bell-shaped maximum of the polar head groups and in short
distance a layer of counterions. The density of alkyl chains decays swiftly with increasing
distance, but extends far into the interfacial region. Conversely, water penetrates as close
to the core as the interfacial peak. This draws the picture of a diffuse, “soft” interface
as opposed to the prospect of a strictly hydrophobic micelle interior separated from the
solvent by a gapless layer of polar head groups.

Nevertheless, a dry region still exists inside the aggregates that can be quantified by
determining the smallest sphere in its interior that does not overlap with any water
molecule. Histograms of the hydrophobic core radii r4 are depicted in Figure 2.15 for the
investigated micelles. In all cases, the core size has a distinct maximum and fluctuates with
an amplitude of 0.07 nm around the central value. Table 2.5 lists the average hydrophobic
core radius, width of the respective distribution, and an estimate of the micelle radius
obtained using the most probable head group position as a general measure for the location
of the interfacial plane.
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Figure 2.14: Radial distribution of the system components around the geo-
metric center of A OTA, B DeTA, C DTA, D CAP, and E DEC micelles. The
surfactant density is colored , counterion density , and water
density blue. In addition, the density of surfactant molecules constituting
the aggregate is decomposed into contributions from the alkyl tail and head
groups, which are traced by dashed lines of black and red color, respectively.
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Structure of the micelles 2.4

Figure 2.15: Histograms of hydrophobic core radius rqy and corresponding
box plots for OTA (black), DeTA (red), DTA (

( ) micelles.

), CAP (blue), and DEC

Table 2.5: Mean values of the hydrophobic core radius ry and interquartile
ranges of the distributions IQR by species. In addition, the two rightmost
columns list the radii of the micelles determined by means of the radial
position of the maximum of polar head group density r,y and the difference
between this measure and the mean radius of the water-free core.

. rq IQR [ — I
Species (nm)g &
OTA 0.72 0.07 1.1 0.4
DeTA 0.85 0.07 1.3 0.5
DTA 1.00 0.07 1.6 0.6
CAP 0.95 0.07 1.3 0.4
DEC 1.10 0.07 1.5 0.4

It is noteworthy that the water-free volume in CAP micelles is nearly 40 % larger than
that in DeTA micelles, although both are of virtually identical diameter. Very similar
proportionality is observed in a comparison of DTA and DEC aggregates. Irrespective of
these differences, the hydrophobic domain is in each case significantly smaller than the
aggregate radius. Thus, the notion of the entirety of alkyl chains being isolated from
water greatly overestimates the dimension of the actual water-free core. Not only the
polar sections of surfactant molecules are in contact with water, but hydration extends
at least to some elements of the alkyl chain. Figure 2.16 quantifies this penetration by
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water into DeTA, DTA and CAP micelles by means of the relative residual hydration that is
determined as the number of water molecules in the first solvation shell of each group
normalized to the value obtained for a single surfactant molecule in water.
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Figure 2.16: Relative hydration of atom groups in A DeTA, B DTA, and C CAP.
The respective enumeration follows that specified in the included structural
formulae. Squares designate analysis of micelles of /vggg, circles systemwide
evaluation.

A distinct classification of methylene and ethylene residues is discernible for both cationic
and anionic micelles, with the C1 constituents being the least hydrated and the number
of water contacts gradually increasing along the chain towards the polar head groups.
The lowest hydration of these units is observed for DTA, but even here relative hydration
does not subside to less than 18 % for the tail sections and strongly increases towards
the amine group. The slope is substantially steeper for the cationic residues, leading to
a hydration level of 76 % for the C10 and C12 moieties in DeTA and DTA, whereas the
CAP C7 residue reaches merely 47 %. This difference can be ascribed to the surfactant
specific ordering qualitatively described in the previous section and also observed in the
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Figure 2.17: Distribution of
surfactant heavy atoms
around the aggregate COG
in A DeTA and B CAP. Car-
bon atoms are alternatingly
colored black and

and are enumerated above
the graphs, nitrogen and
oxygen are red and the
—N(CHs); methyl groups
are . In addition,
water density is depicted as
a dashed blue line.

snapshots in Section 2.3: the amine head groups are uniformly oriented towards the
solvent, thereby creating a radial array of roughly cylindrical hydrocarbon annexes with
interstices exposing the outermost portions of alkyl tails to the solvent. By comparison,
the surface of CAP aggregates is relatively smooth. Here, too, apolar tails partially lie bare,
but in a first assessment this is rather due to peripherally attached molecules than the
formation of pores in the surface. This geometric distinction also explains the difference in
hydrophobic core size between the similarly dimensioned cationic and anionic aggregates
and can further be quantified by a plot of the radial distributions of alkyl units in Figure
2.17.

In both cases, the peaks describe a categorical sequence with the C1 carbon atoms
accumulated in the core and the consecutive units along the alkyl chain iteratively staggered
to larger radii. It should be stressed, however, that methyl groups have a finite probability
to be located anywhere inside the micelle, even close to the interfacial region, which is
in agreement with neutron scattering and NMR results.'8!8% The decay of C1 and C2
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densities is much slower in case of the anionic surfactant and both curves extend far across
the oxygen peak. At r = 0.5 nm, the relative C1 density of CAP is still greater than 80 %,
whereas for DeTA it has already dropped to ~ 65 %. In parts this can be attributed to
the higher ellipticity of CAP aggregates. However, the deviations (cf. Section 2.3) from
spherical shape are not altogether strong enough to fully explain the extent of methyl
groups present at large distances from the COG in this radial symmetric approach. Severe
ellipsoidal or concave deformations would conversely result in considerable head group
density close to the geometric center, which is not observed in either diagram. More likely,
the behavior can be taken as further confirmation of a less rigid radial hierarchy in the
CAP micelles and a higher fraction of peripherally integrated molecules.

In addition, dissimilarities in curve shape are noticeable between CAP and DeTA for
the carbon atoms constituting the alkyl tail. Initially, the densities of DeTA alkyl residues
subside equally smoothly but, by contrast, feature an inflection point, which in case of C1
is located close to r = 0.5 nm. This suggests a subdivision of geometrical configuration
that can be interpreted with the aid of the snapshot series presented in Figure 2.18.

Figure 2.18: Snapshots of molecules constituting a DeTA micelle with A any
atom or B no atom situated inside a sphere of radius 0.5 nm around the
COG. C shows the whole aggregate assembled from A and B, retaining the
coloring of the separated illustrations.

Molecules in the micelle are split into two classes: one that comes closer than 0.5 nm to
the COG and one that is farther away. The molecules extending to the core section are in
good approximation radially aligned, with amine groups pointing away from the center.
The alkyl tails of the complementary fraction are laterally attached to this framework,
together forming a self-contained nucleus. Only the polar groups directly bend toward
the solvent, necessarily lifting a portion of the alkyl chain from that core. The situation
is very similar for the investigated DTA aggregates and a decomposition can be done on
the same grounds. The corresponding analysis is found in the supplementary section
2.B. These findings agree with a study by AOuUN et al., who also found incidents of
elongated configurations extending to the aggregate center in conjunction with tangentially
incorporated molecules in Cy—trimethylammonium bromide micelles.'®*
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The radial ordering can be quantified by introducing a simple order parameter ¢, which
is defined as the angle between the direct connection of C1 and C9 and the vector from the
COG to the nitrogen atom. Figure 2.19A shows the distributions of ¢ for DeTA molecules
coming closer than 0.5 nm to the geometric center and those beyond this radius. Evidently,
the inner group is aligned more parallel to this radius than the complementary group,
with average angles ¢ = 20° and 37°, respectively. Given the intermediate bending of
tangentially incorporated molecules necessary to achieve outwards directionality of the
head groups, the second angle is naturally underestimated, since the connection vector
from C1 to C9 skips this intermediate region. Indeed, considering only the connection
from C1 to C4 yields an average angle of ¢ = 47° for the outlying subset.

Although no indicator of a subdivision is found in the density distributions of alkyl units
for CAB the same analysis* yields a very similar result, as depicted in Figure 2.19B. An
average angle of ¢ = 20° for the inner group suggests that inside the core region, where
no head groups are present, packing characteristics are indeed comparable. The C1-C7
connection vectors of molecules outside this central zone are on average inclined at an
angle of 47° to the COG-C8 radius. Moreover, the distribution is considerably broader than
in case of DeTA, with an IQR of 32° opposed to 18°, which is in line with the presumed
less geometrically restricted incorporation of monomers in this outer shell. For the sake
of completeness, renderings of the decomposition of a CAP micelle are also found in the
supplementary section 2.B.

This self-organization is an equilibrium controlled result of the interplay between hy-
drophobic interactions and repulsions of the charged head groups, complicated by steric
constraints: on the one hand, high surficial density of polar headgroups is necessary to
optimally shield the apolar alkyl tails from water (or vice versa, considering the origin
of the hydrophobic interaction) that can only be achieved by incorporating a sufficient
number of surfactant molecules. On the other hand, the aggregation number is limited by
long range repulsions between the polar groups.”® Tenacious stacking of linear molecules
does not necessarily lead to a concluded object adopting this molecular count. Rather, its
shape and required particle number (if it is no continuous entity) would be governed by
the dimensions of tail section and head group relative to each other’.'%

The resulting assembly necessarily constitutes a structural compromise, that in the case
of DeTA involves a few nearly linear aliphatic tails filling the innermost core, entwined by
a number of additional molecules that in sum provide a sufficient density of polar groups
to form a stable aggregate. At first glance, this particular arrangement may appear similar
to the configuration predicted by the Dill-Flory model,*® in that order is highest in the
micelle center and progressively dissolves towards the outside of the hydrophobic core. In
the present case, however, this is merely true from a perspective of spatial array. A distinct
partition of molecules into crystal-like and liquid-like populations by means of carbon

*In this case, ¢ is defined as the angle between the C1 and C7 connection and the vector from the COG
to the C8 methylene group.
In a simplified geometric approach, that is, however, sufficient for this line of argument.
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Figure 2.19: Histograms of the angle ¢ between the connection vectors of A
C1 and C9 and the aggregate COG and nitrogen in DeTA micelles and B C1
and C7 and the aggregate COG and C8 in CAP micelles. lines
show the distribution for the subset of molecules coming closer than 0.5 nm
to the geometric center and lines that for the remaining molecules.

chain order is not justifiable. In accord with the visualizations, the tangential surfactant
molecules do not exhibit significantly more gauche defects than the radially aligned ones:
the probability of trans dihedral alignment along the chain is 68 % for the former and
71 % for the latter. Both values are higher than the determined 65 % for a monomer in
aqueous solution but do not differ greatly from each other. A major factor contributing to
this, albeit small, discrepancy is very possibly the aforementioned intermediate bending
necessary to orient the head groups towards the polar medium.

In fact, the structural subdivision is well described by the general notion of HAYTER and
ZEMB, that “a fraction of the chains [is] wrapped onto a rather more ordered skeleton”,
which the authors describe as “exhibiting some degree of radial order”.!”®

The noted overall increase in probability of trans configurations upon micellization has
also been documented in NMR and Raman measurements,'8% 187 as well as early computer
simulations.'® For CAP this increase is of a magnitude similar to DeTA, rising from 56 %
for a free monomer to 63 % in the micelle.

With the structural preconditions established, insight into water exposure can be further
refined by determining the solvent accessible surface area. The SASA characterizes the
outline of a molecular structure as described by the center of a spherical probe of given
radius gliding along its van der Waals surface.!®® The probe in the present analysis is
of typical radius 0.14 nm and the van der Waals radii are taken from Ref. 190. Figure
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2.20 shows SASA histograms and box plots of the most probable micelles of all surfactant
species.

For reasons of clarity, extracted key data is summarized in Table 2.6. As expected, the
rough surface of the DeTA relative to the CAP aggregates at similar diameter gives rise to an
offset of the distribution to higher surface areas. However, quantitative association would
require equal shape that is not given as per the previous section. The SASA increase from
DeTA to DTA is significantly higher than that from CAP to DEC. Since DTA aggregates are in
fact more spherical than DeTA structures, this, too, can be attributed to the gappy surface
of the Cy—trimethylammonium micelles, that accretes very differently with diameter than
the more regular n—carboxylate surface*. This interpretation also explains the fact that
fluctuations are highest for DTA, although it is the micelle species exhibiting the least
variation in shape.

Ags IQR

Species (nm?)

OTA 42.4 4.8
DeTA 49.5 3.7
DTA 67.4 5.5
CAP 43.4 3.5
DEC 55.1 3.0

Figure 2.20: Histograms of the solvent accessible surface Table 2.6: Mean values of
area Asas of OTA (black), DeTA (red), DTA ( ), CAP the SASA Asas and in-
(blue), and DEC ( ). terquartile ranges IQR of

the distributions by species.

The absolute SASA values can be made more conceivable by a coarse sample calculation.
In the previous section, the inertia tensor of DTA micelles was exemplarily mapped to a
homogeneous ellipsoid with principal semi-axes 1.86 : 1.59 : 1.40. Direct comparison
of the surface area of such an ellipsoid with the determined values of the SASA would
be inadequate due to the inherent roughness of the reconstruction. The surface outlined

*“It is useful to explicitly refer to Table 2.5 for this argument, which shows that the approximate diameters
of DeTA and DTA micelles, as well as the difference in diameter match very well with the values obtained for
CAP and DEC.
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by a finite size probe gliding over individual volumes of similar scale is necessarily larger
than that of a smooth ellipsoid. Therefore, an ellipsoid volume with the denoted principal
semi-axes is generated by tight packing of tetramethylammonium ions* for comparison.
The rationale behind introducing this configuration is that it approaches the SASA that
would emerge from gapless arrangement of trimethylammonium head groups. This gives
an estimate of the lower limit of the surface area in this treatment, which amounts to
49.2nm?. The actual value of 67.4 nm? is 37 % larger, which constitutes a quantitative
confirmation that the micelle surface must be interspersed with crevices that enable water
penetration.

In a next step, the solvation shell can be analyzed in terms of the proximal and radial
distribution of water molecules relative to the micelles classified by the number of formed
water-water hydrogen bonds in Figure 2.21.

The proximal distributions give a comprehensive account of the perturbance of hydrogen
bond formation close to the micelle surface. The probability to encounter four fold and
higher coordinated water molecules decreases considerably with the distance. Accordingly,
the relative number of water molecules forming three or less hydrogen bonds is enhanced.
The situation is evidently more pronounced for CAP aggregates, where the carboxyl groups
provide dedicated hydrogen bonding sites. Conversely, the charged nitrogen atom is
shielded by only slightly polar methyl residues that do not constitute favorable partners in
the formation of mutual hydrogen bonds.?

In the radial distribution around CAP micelles, the local alteration of hydrogen bonding
probabilities close to the interface shows up in form of maxima in the densities of three and
less fold coordinated water molecules at radii close to 1.5 nm. This feature coincides with
the peak probability of carboxyl groups. Conversely, no local enhancement of concentration
is visible for either DeTA or DTA. This is a further consequence of the repeatedly pointed
out higher surface roughness. Water molecules enter deeper into the micellar surface than
into the anionic aggregates which leads to radial blurring of the graphs. Neither do the
localized head groups promote visible enhancement of any coordination number due to
the aforementioned lack of a specific bonding site.

*The minimum permitted distance between two mutual atoms is set to 0.2 nm.
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Figure 2.21: Structural properties of the aqueous phase around A DeTA, B
DTA, and C CAP micelles. Primes appended to the specifiers formally sepa-
rate two different visualization schemes. Left column: Probability for a water
molecule to be involved in the formation of a specific number of hydrogen
bonds P(no. H-bonds) as a function of the distance to the accessible surface
of aggregates. Right column: Relative density of water molecules involved in
the formation of a specific number of hydrogen bonds as a function of the
distance to the centers of geometry of aggregates. The following color code
globally applies to the number of hydrogen bonds: 0, 1, 2, 3, 4, 5. Contribu-
tions from higher coordination numbers identified due to the simplicity of the
approach range too close to the baseline to be resolved or are not detected
at all. Dashed and lines show the alkyl tail and head group
densities, respectively.
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Dynamic properties

As noted in Section 2.2, the trajectories are sufficiently extensive to capture ample infor-
mation about size fluctuations of the micelles. By labeling aggregates based on the indices
of molecules it is composed of at a specific starting frame, individual structures can be
traced over time. In the concept developed for this purpose, the micelle is detected in
each step as the object that contains the highest number of molecules that formed the
aggregate in the previous step*. An exemplary tracking of the aggregation number of an
isolated DeTA micelle is shown in Figure 2.22.

The original data exhibits short-term fluctuations of varying intensity superimposed on
a much slower oscillation around the preferred aggregation number. These spikes are, in
a sense, artifacts of the clustering algorithm produced by collisions with other aggregates
that are of no lasting consequence. Nevertheless, this flickering behavior impedes direct
determination of the monomer exchange rate without a further criterion that unequivocally
separates curve features reflecting “true” changes in aggregation number from statistical
events. This difficulty can be evaded by considering the decay of molecules found in
a micelle at the initialization of analysis with time. The data resulting from numerous
runs are depicted in Figure 2.23 alongside an averaged graph and a fitted curve for all
investigated surfactant solutions.

In all cases, the depletion of initial molecules is very well described by an exponential
decay with characteristic exponent. The monomer exchange rate can be accessed from
this degression by combinatorial considerations. To begin with, it is helpful to reformulate
the problem based on the following two assumptions:

*Consequently, at the moment a molecule that was part of the micelle migrates beyond the cutoff range
to the aggregate (cf. Section 1.2), it becomes part of the unregistered pool of particles.

73



Chapter 2

301~ ]

Cluster size

! | ! \ s \
0 0.1 0.2 0.3
Time (us)

Figure 2.22: Temporal evolution of the size of a single DeTA micelle. The
original data is depicted as a dotted line, overlaid by a 100-point
moving average represented by a solid blue line.

1) The aggregate size is quasi-constant, fluctuating around the preferred aggregation
number that represents a minimum in free energy.

2) When an exchange takes place, the probability of release is equal for all monomers
in the micelle. This implies that either the positions in reference to the surrounding
medium are equal for all monomers, i.e. there is no bulk phase but just an interfacial
layer or that the change in positions inside the aggregate is of substantially higher
frequency than the exchange rate.

The rationale behind point 1) is that swelling of aggregates will retard the emission of
initial molecules as opposed to a theoretical aggregate of constant size, by enlarging the
pool of particles, whereas disintegration may accelerate it depending on the mechanism
of breakdown. Fulfillment of the first condition is approximated by averaging over a
number of aggregates. As observed in the cluster evolution diagrams in Section 2.2,
there are incidents of aggregates showing trends of overproportionate swelling or rapid
disintegration, but for the most part the distinct maxima in the size distribution histograms
demand that the aggregation number oscillates around a central value. As reviewed in
Section 2.4, there is a definite ordering of the surfactant molecules, with all polar head
groups and carbon chain links occupying certain radial positions. In other words, there is
no bulk phase inside the micellar objects, so condition 2) is met as close as the dynamics
in the system allow for.

Under this light, the release of a monomer can be reduced to a statistical urn problem.
In the beginning, the urn is filled with black balls. Upon each draw, one white ball is
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Fraction of initial molecules

Fraction of initial molecules
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Figure 2.23: Degression of initial molecules over time in A OTA, B DeTA, C
DTA, D CAP, and E DEC. @&y dots represent the data points obtained from
110 individual runs, blue lines trace a 1000 point moving average, and red
lines show exponential fits of the type [Y] = e~**. The associated decay
constant is annotated in the respective diagram.
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supplemented, so the total number of balls does not change. Here, black balls represent
the initial molecules allocated to an aggregate at the beginning of the analysis. White
balls represent any surfactant molecule that was not originally part of the micelle or has
left it at any point. The statistical event of interest is the drawing of a black ball. In order
to treat the problem mathematically rigorous, it is necessary to introduce concepts from
probability theory.

For this purpose, let S denote the size of the set at the beginning. According to the
premises, S then designates the initial number of black balls, as well as the system
size. Probability spaces (2;,P;) fori € {1,...,N}, N € {1,...,S} are now defined in
the following way (interpretation of the mathematical objects will be given below):

e O, = {1} and the probability mass function is defined as p, (1) = 1, which induces a
probability measure P;.

e IfN > 1,itapplies Qy = {1}x{0,1}" ' and forv = (v,,...,vy)" € Qy the probability
mass function is defined by

py (V) = {S_Z;l ViPN—1 ((Vb cees VN—1)T) if vy =1, (2.6)

Zhv T .
[? “DPn—1 ((V1: cees VN_1) ) if vy =0.

Since by this definition p; (v;,...,v;_1,0) +p; (v1,..., Vi1, 1) =pi_1 (v4,...,v;_;) for
allie{2,...,N} and p, (1) = 1, it follows that ZVEQN py (v) =1 and thus py really
is a probability mass function. This again induces a probability measure Py,.

These definitions should be interpreted in the following manner: For v € Q, an entry 1 in
the i-th component means that a black ball was drawn at the i-th drawing, a 0 means that
a white ball was drawn. Thus every vector in 2, needs to satisfy v; = 1 as there are only
black balls in the beginning.

After i drawings, the probability to draw a black ball is equal to the number of all black
balls left divided by the system size S. The number of remaining black balls is given
by S — Zfl: v;, since the 1-entries in v denote drawings of black balls. Conversely, the

probability of drawing a white ball is 1 — S_Z‘;':_l 1= Zi:; “ In order to formulate the
probability of the whole chain of drawings v, it is necessary to trace a tree diagram up to
level N, leading to py as proposed.

To give an example, let v = (1,0,1)" € Q,. Then

S—1 T S—11 S—1
= 1,0) )=——p, (1) = .
p3(v) S Pz(( ,0) ) S Spl( ) 52

2.7)

The goal is to calculate the expected number of extracted black balls after N total
drawings, where N € {1,...,S}, thereby obtaining the number of attempts it takes to
diminish the number of black balls to a given value. This information enables the relation
of the number of monomer exchanges to the elapsed time by means of the above analysis.
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To this end, a random variable is introduced, which counts how many black balls were
drawn after N steps:

N
XN:QN—>{1,...,N},V'—>Zvi (2.8)
i=1

The quantity of interest is now the expected value of X}, which is defined as

N
E[Xy]:= ZPN Xy =1)i, (2.9)
i=1

where P (Xy =1i):=P({ve QyXy (v) =1i}) fori € {1,...,N}. For practical purposes, it is
convenient to use the equivalent representation

E[Xy]= D, oy (DXy (v). (2.10)

vEQN

Figure 2.24: Fraction of black balls %(V)/s remaining in an urn, from which a
random ball is drawn and that is refilled with a white ball; evaluated after N
repetitions for an originally fully black urn, according to Equations (2.6) and
(2.10). Blue dots represent the computed data points and the red line the
exponential function »(V)/s = 0025318 N

Whether the expression resulting from merging Equations (2.6) and (2.9)/(2.10) can
be further simplified is beyond the scope of this work. In this context it is sufficient to
find that the results of a numerical evaluation are perfectly described by an exponential
decay as shown for S = 40 in Figure 2.24. An implementation of this model is found in
Section 1.2. It should be noted that the restriction of N to {1,...,S} is merely applied to
simplify the formalism. An extension of the model to an unlimited number of draws can
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. . . ~ N . . . .
be achieved by introducing Q = {v € Qy ‘ D VisS } This generalization is also used
in the numerical treatment.

The agreement of this model with the exponential decay of the number of initial
molecules in all ionic micelles over time implies that the monomer exchange rate can be
obtained as
Ae

:E7

where A, is the decay constant in the time domain and Ay is the decay constant in
the exchange step domain of an exponential function of the form f (x) = e™**. More
specifically, this rate constant corresponds to the expulsion constant k_ in the ANIANSSON
and WALL treatment that starts from the assumption that association and dissociation of
aggregates proceed as individual steps

k (2.11)

Ko
Ar+An 1 S A, (2.12)
where A, represents an aggregate consisting of m surfactant molecules.'*?1°> An overview
over the rate constants for the different surfactant species is given in Table 2.7.

Table 2.7: Dissociation constants k derived by means of Equation (2.11)
by species and underlying exponential decay constants \; and Ay derived
from the statistical model and obtained from the fitting curves to the decay
analysis, respectively.

k Ae An
s™ s €Y)

OTA 2.08-10° 1.34-10®° 6.45-1072
DeTA 3.07-10% 1.58-107 5.13-1072
DTA 3.26-107 1.18-10° 3.64-1072
CAP 4.69-10% 1.19-107 2.53-1072
DEC 4.63-107 1.06-10° 2.30-1072

Species

The results indicate that within a particular homologous series, the rate constants
are significantly affected by the aliphatic chain length. From OTA over DeTA to DTA, k
decreases by two orders of magnitude and the same tendency is evident for the anionic
surfactants. Such a shift has also been reported by RASSING et al. for sodium n-alkyl
sulfates and sulfonates in ultrasonic relaxation studies'*® and by HOFFMANN et al. for
n-alkylpyridinium halides using pressure jump and shock tube techniques.'®’

The derived numeric values line up well with rate constants obtained from experiments
involving surfactant molecules of similar dimensions. Application of ANIANSSON and
WALL’s theory to kinetic measurements yields rate constants of k_ = 1.0-10%s™! for sodium
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octyl sulfate’®® and 2.7-107s7! for dodecyltrimethylammonium iodide'®® at a temperature

of 298 K. The first value is close to that determined for the anionic CAP and the second
matches well that for DTA.
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Summary

At the beginning of this chapter it was shown that the spontaneous formation of micelles
from simple surfactant molecules can be thoroughly sampled in atomistic MD simulations,
deploying latest technological standards. The most challenging input configurations to
converge are systems initiating from a macroscopically phase separated state. This fact only
became momentous in case of the longest-chained cationic surfactant sodium decanoate,
were system relaxation of this simulation path was not achieved even after more than 15 ps
of simulation time. Nevertheless, along the path starting from homogeneous dispersion of
surfactant molecules in water, a state of constant distribution of aggregation numbers over
numerous simultaneous micelles could be attained. The observed polydispersity is not in
contradiction to general belief. Conviction of strict monodispersity at best circulated during
the early years of micelle research, when instrumental precision could not resolve small
differences in particle dimension,”* but it was soon clear that the term rather signified a
narrow distribution and the lack of multiple preferred aggregation numbers.!”:2%° The
same is true when discussing the shape, which is subject to sometimes severe fluctuations.??

This subject was elaborated in Section 2.3 and it was concluded none of the aggregates
perfectly resembles a sphere. Deformations are, however, distributed within narrow
margins around average values of fairly high sphericity. A gradation by species is evident,
albeit weakly, in that aggregates of similar size are more eccentric when formed by the
anionic surfactants than their cationic counterparts. Likewise, a shorter aliphatic chain is
accompanied by higher eccentricity than a longer tail section. An additional analysis based
on the convex hulls of the aggregates was presented in an attempt to further decompose
shape deviations into contributions from ellipsoidal and concave deformations. Indeed,
these were shown to occur to a certain extent independently and characterize deformations
of the cationic micelles as more concave than those of the anionic aggregates.
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A detailed study of the structure in Section 2.4 revealed significant water penetration
into a diffuse interfacial region. Beyond that layer, a completely water-free core exists
inside all investigated micelles, that occupies between 24 % and 40 % of the total volume*
when locating the interface at the most probable position of polar head groups. This result
was confirmed by an evaluation of the residual hydration which shows significant water
contact for all sections of the hydrophobic tail. This is not entirely due to water penetration
but partly originates from peculiarities in spatial assembly. At the examples of CAP and
DeTA micelles it was deduced that tangential positioning of monomers is common, which
exposes a significant fraction of the terminal alkyl units to the wet interfacial region. In
case of DeTA micelles, this effect is more pronounced, since the surface is considerably
rougher and features deep crevices between the radially outwards oriented head groups.
An evaluation of the solvent accessible surface area of the aggregates further supports this
notion. With restrictions in respect to the profoundly chaotic interior, both anionic and
cationic aggregates share similarities with the “Menger” micelle,?® that features an uneven
surface with water-filled pockets and a hydrophobic core encompassing only a fraction
of the micelle volume. Those water molecules close to this surface are characterized by
the formation of significantly less water-water hydrogen bonds than in the bulk. This
effect is more pronounced for the anionic surfactant species that possess a dedicated
hydrogen-bonding site, but still significant for the cationic species.

Ultimately, the monomer exchange frequency was determined from the decrease of
labeled molecules in micelles in conjunction with a probabilistic description of the process.
The determined values for the rate constant are on the order of 10”7 —10° s™!, which agrees
well with documented results.

*“It should be clarified that this is a very conservative estimate since only spherical hydrophobic volumes
were considered.
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2.A Principal moments of inertia

Figure 2.25 shows distributions of the principal moments of inertia for N;’gg of all investi-
gated micelles.

_

Pl
o
<)
&

T
|
T
I

P(k)
o
=)
R

T
|

0.5 ‘ 1 ' 15
fj (o)

Figure 2.25: Histograms of the mass independent principal moments of inertia
I, (black), /7 (red), and [}, (blue) for A OTA, B DeTA, C DTA, D CAP, and
E DEC. Due to the set size tolerance, the micelle mass can vary. Therefore,
the actual moments of inertia /;; are divided by the current mass in each
analysis step to yield the mass independent quantity /.
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2.B Decomposition of DTA and CAP mi-
celles

Decomposition of a DTA micelle Figure 2.26 shows the distributions of methyl, methy-
lene and head groups around the geometric center of DTA aggregates. Comparable to DeTA
micelles (cf. Section 2.4), an inflection point is observed in the graphs for sites C1, C2,
and C3. This suggests a geometrical subdivision that can be resolved by isolating the set of
molecules that comes closer than a certain cutoff distance to the COG and the respective
complement. Renderings of the complete micelle and the two separated fractions are
depicted in Figure 2.27.

Figure 2.26: Radial distributions
of alkyl tail units and head
groups around the geometric
center of DTA micelles. The 1
first five carbon chain links (C1—

-

C5) are shown in alternating = | M

black and . Forreasonsof @ 4

clarity, the succeeding aliphatic 8

units are merely hinted as dot- £ o5 i
ted lines. The head group §

density is split into nitrogen (red)

and methyl ( ) contribu- i

tions. For reference, the rela-
tive water concentration is sup-
plemented in form of a dashed
blue line.

.‘T Fd
00 - 1 )
Distance from cluster COG (nm)
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Appendix

Figure 2.27: Snapshots of molecules constituting a DTA micelle with A any
atom or B no atom situated inside a sphere of radius 0.7 nm around the
COG. C shows the whole aggregate assembled from A and B, retaining the
coloring of the separated illustrations.

Decomposition of a CAP micelle In contrast to DTA and DeTA aggregates, no inflection
point occurs in the density distributions of methyl and methylene groups in CAP micelles.
However, two distinct groups of surfactant molecules can be identified by means of radial
alignment as demonstrated in Section 2.4. For lack of a meaningful radial cutoff, the value
of 0.5 nm is adopted from the DeTA analysis. The resulting decomposition is visualized in
Figure 2.28.

Figure 2.28: Snapshots of molecules constituting a CAP micelle with A any
atom or B no atom situated inside a sphere of radius 0.5 nm around the
COG. C shows the whole aggregate assembled from A and B, retaining the
coloring of the separated illustrations.
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chapter three

Surfactant-free microemulsion in
water/ethanol/octanol
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Overview

This chapter covers the topic of surfactant free microemulsions in the ternary system
water/ethanol/octanol.

The first segment gives an account of the oil-in-water micelles emerging in water-rich
mixtures. The choice of composition is rationalized in Section 3.2.1 and the relaxation
process is followed. In Section 3.2.2, the radial structure is disclosed and the role of the
hydrotrope ethanol in stabilizing the micellar aggregates is studied. Subsequently, several
consistent definitions of the aggregate interface are determined in Section 3.2.3. Analogous
to the procedure pursued for classical surfactant micelles, the degree of size fluctuations
is estimated and the dynamic properties are portrayed in Section 3.2.4. Moreover, a
classification of the octanol micelles by means of their lifetimes is delineated. Section
3.2.5 deals with the sphericity of the aggregates and contextualizes the results with the
priorly assessed interplay of octanol and hydrotrope in the assembly, as well as longevity
of the structures.

The solubilization properties of the SFME are addressed in Section 3.2.6 by means of
two model solutes: a large organic compound that is of similar dimensions as the micelles,
and a single propane molecule. Moderate quantities of the former allow for a detailed
examination of rearrangements in the nano-ordering. Conversely, the small hydrocarbon
is expected to generate little perturbance in the system, which enables the computation of
the location dependent solvation free energy in and around the octanol domains.

In the last subpoint, Section 3.2.7, the effects of added electrolytes are discussed and
itemized into individual responses of the system components.

Section 3.3 describes the transition to other distinct morphologies occurring in the
one-phase region close to the decomposition line upon advancing towards compositions
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of excess octanol. This comprehensive record is then aligned with experimental results by
means of measured and calculated small and wide angle X-ray intensities.

In a brief outlook, the ternary system water/propanol/octanol is discussed. The mutual
miscibility of these three components predicts ouzo-like behavior, that is directly compared
to the pre-Ouzo model system.
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Direct oil-in-water microemulsion: the
pre-Ouzo effect

3.2.1 Incidence

Introductory remark: This section is part of a brief recapitulation of Ref. 116 and the related
publication in Ref. 114. All discussions in this chapter build upon the to date not generally
known pre-Ouzo effect. In the author’s view, this preliminary summary is mandatory to embed
the subsequent studies into a comprehensible framework. Moreover, many considerations in
later sections are interwoven with the results presented here. Those would otherwise need to
be introduced out of context and clarified in retrospect, which would severely compromise
coherency. For the same reason, the original analyses were revised and /or extended.

Numerous compositions in the water-rich region of the phase diagram were sampled
along a dilution line of constant octanol mole fraction. The results are discussed here by
means of the three model compositions marked in the ternary phase diagram in Figure
3.1. Since one composition is situated in the (experimental) two-phase region and another
deep within the monophasic section of the phase diagram, microemulsion-like ordering of
octanol molecules is not apriori expected for all systems. Rather, the extreme cases serve
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as reference to a) put in perspective the peculiarities observed for composition II and b)
validate the operational capacity of the methodology for this application.

0.0,1.0

one-phase
region

1'0 f T T T T T T T T T Y O'O
0.0 0.2 0.4 0.6 0.8 1.0
Octanol
Figure 3.1: Ternary phase diagram of water/ethanol/octanol with star
shapes signifying the investigated compositions. Values are given in weight

fraction.*

In analogy to Chapter 2, the starting point is the quantification of aggregate formation.
To this end, Figure 3.2 shows the probability for an octanol molecule to be part of a
cluster of size Nige> P’ (Nagg), in compositions I, II, and III. The histogram for I exhibits a
pronounced peak at around 220 molecules, which is almost equal to the total number of
molecules in the system. Only few monomers are present and no intermediate clusters
are detected. The formation of a single cluster comprising almost all octanol molecules
is equivalent to macroscopic phase separation, which is unsurprising given the system is
well within the two-phase region. Conversely, the distribution for III indicates numerous
monomers and small clusters, but none bigger than 20 molecules. A logarithmic plot of
the probability to find a cluster of size N,g,, P (Nagg), (inset) reveals that the distribution is
well described by an exponential decay with decay constant —0.8. It is the consequence
of subsequent size independent association equilibria occurring in molecular solution of
octanol.

The results for composition II show a different picture. Although the mixture is also
in the one-phase region of the phase diagram, the graph declines much slower than
III and even large aggregates of around 100 molecules occur frequently. As the run-
ning total shows, more than half the octanol molecules in the system are part of clus-

*Shape and location of the one- and two-phase region reconstructed from Figure 1. a) in Ref. 101.
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Figure 3.2: Probabilities of an
octanol molecule to be part
of an aggregate of size Ny
P’ (Nagg) in composition |, 11,
and Il shown as dots. Lines
represent the running total
of the respective probability
> P (Nagg). Insets show the
size distributions P (N,gg) of
octanol clusters. The dashed
line in the inset diagram in
Il traces the power-law func-
tion P (Nagg) = 0.6 - N&é-l,
that in the inset of lll the ex-
ponential function P (Nagg) =
0.5 @ 08Nagg
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ters with aggregation numbers greater than 16. The highest determined aggregation
number in rare instances of ~ 160 is still far from the overall number of 224 molecules,
so the characteristics are not an artifact of the finite system size. Furthermore, a log-log
plot of P (Nagg) (inset) clarifies that the distribution exhibits a broad maximum between
aggregation numbers 10 and 110. This feature is augmented on a power-law distribution
with exponent —2.1 and therefore is not the result of fluctuations close to a critical point.2°!

To give a visual impression of the structures, a snapshot of the octanol pseudo-phase
in composition II is displayed in Figure 3.3 next to the cases of phase separation in I
and molecular solution in III. Slices through the supplemented surface representations of
individual components show equally hard transitions from aqueous to polar domains in II
and I, indicating two separate pseudo-phases within the monophasic region. To a much
lesser degree, pockets of high octanol density also show up in the ethanol phase as blurry
outlines of gradually decreasing ethanol concentration towards the centers.

The polydispersity observed in the histogram of II raises the question as to whether
full convergence of the system has been achieved, particularly since typical aggregation
numbers and the time scale of equilibration are not known for this mixture. A measure
of the convergence is given by the type of colormap plot already discussed in Section 2.2
(cf. Figure 3.4). For the sake of completeness, plots for all three considered systems are
depicted. The graphs for I and III converge instantly on this time scale to uniformly reflect
the situation depicted in the histograms in Figure 3.2. The graph for II, which will be
referred to as composition a from this point on, however, features strong fluctuations
that represent swelling and depletion of aggregates. These processes occur repeatedly
for varying cluster sizes and no singular features are visible, nor is an overall trend. On
occasion, individual events can be traced for intervals of approximately 10% ns, but in the
scope of a total simulation time of several microseconds are well averaged out during
analysis.

Due to the broad distribution of preferred aggregation numbers, the analyses in this
chapter are performed for several distinct cluster sizes. Unless otherwise noted, a 15 %
size tolerance is set.
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Figure 3.3: Snapshots of oc-
tanol in compositions -1l in
van der Waals representa-
tion. To the right of each
rendering, separate surface
representations of 2 nm deep
slices through the simula-
tion box are depicted for ev-
ery component in the follow-
ing color coding: octanol,
ethanol, water.
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96

Figure 3.4: Colormap plots of the temporal evolution of octanol cluster size
distributions in compositions |, I, and Il starting from homogeneous distribu-
tion of the system components (left column) and a single droplet of octanol
in molecular mixture of water and ethanol (right column). The color grading
denotes the probability for an octanol molecule to be part of an aggregate of
size Nagg P’ (Nagg) With respect to the provided color bars.
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3.2.2 Structure of the aggregates

Introductory remark: This section is part of a brief recapitulation of Ref. 116 and the related
publication in Ref. 114. All discussions in this chapter build upon the to date not generally
known pre-Ouzo effect. In the author’s view, this preliminary summary is mandatory to embed
the subsequent studies into a comprehensible framework. Moreover, many considerations in
later sections are interwoven with the results presented here. Those would otherwise need to
be introduced out of context and clarified in retrospect, which would severely compromise
coherency. For the same reason, the original analyses were revised and /or extended.

In the previous section, the existence of octanol aggregates in the pre-Ouzo region of wa-
ter/ethanol/octanol has been established, but in order to draw more detailed conclusions
about this phenomenon and parallels to classical micelles, it is necessary to determine
the structure of these objects. Like in the case of ionic micelles in Chapter 2, analyses are
performed assuming on average spherical shape of the octanol aggregates. Along these
lines, the local densities of the system components relative to the center of geometry of the
clusters are obtained as one-dimensional functions. The results are presented in Figure
3.5 for aggregation numbers 22, 40, and 55. Clusters of larger size are excluded from the
analysis for reasons addressed in Section 3.2.5.

Naturally, octanol concentration is highest close to the centers of the aggregates and
decays with increasing distance. Similar to the surfactant micelles, there is a mild interme-
diate dip in density that signifies a depletion zone around the aggregates due to natural
characteristic spacing. The principal peak equates to ¢, = 5.3 mol 1" and 4.3 mol 1™
for clusters of size 22 and 55, respectively. Inverse behavior is observed for the water
density, rising from almost zero to its bulk value (cy water = 40.8 mol 1"1). With increas-
ing cluster size, more and more water is detected in the aggregate center, rising from
Co.water = 0.9 mol 17! for N4, =22 to 5.2 mol 17! for the largest considered structure. The
solubility of water in pure octanol is 2.4 mol17!,2°2 which is more than twice the amount
inside the smallest aggregates, suggesting a prevailingly apolar environment in the micelle
core. This argument is strengthened by the presence of considerable amounts of ethanol
close to the center that should actually facilitate penetration by water. With increasing
aggregation number, the concentration of core ethanol increases from c; ., = 1.6 mol I
to 3.9 mol 1",

A striking feature of the ethanol graph is the maximum close to the supposed aggregate
surface. It is most pronounced for small aggregation numbers, where in case of N,g, = 22
it exceeds the bulk density ¢,y e, = 7.6 mol 1" by 8 %. This accumulation is best studied
by an initial examination of the interaction of ethanol with octanol. Histograms of the van
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Figure 3.5: Radial distribution of the system components around the COG
of aggregates of size A 22, B 40, and C 55 molecules. The black line
corresponds to octanol, blue to water, and red to ethanol.

der Waals and Coulomb interaction energies of ethanol with octanol are shown in Figure
3.6.

The maxima at higher interaction energies indicate that, in addition to a non-interacting
majority responsible for the large peaks at zero, a second population of “bound” ethanol
can be identified in each case and isolated via a cutoff criterion. This separation reveals
that in total 18.9 % of ethanol molecules are involved in van der Waals interaction with
octanol and energies stronger than —1.6 kJ mol™* and 1.3 % in Coulomb interaction with
energies stronger than —11.0 kJ mol™'. Of the latter, 73.1 % also belong to the van der
Waals group. This decisively exposes van der Waals interaction as the primary type of
interaction between ethanol and octanol. If the concentration of ethanol around the
aggregate COG is split into two contributions by means of this interaction criterion, the
graphs in Figure 3.7 are obtained.
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Figure 3.6: Histogram of A van der Waals interactions E,qw and B Coulomb
interactions Ec,y. of ethanol molecules with octanol.

Figure 3.8: Rendering of an octanol aggregate of N,yq = 22, displayed in
grey. Ethanol molecules bound to the aggregate in terms of van der Waals
interaction stronger than E,qgw = —1.6 kJ mol™! are colored , those
with Coulomb interaction Ecoy < —11.0 kd mol~! are colored red. The pane
to the right contains separate surface representations of the polar and apolar
pseudo-phases as classified by this interaction energy criterion by means
of 2 nm deep slices through the simulation box in the following color coding:
octanol, , water.

All ethanol found inside the aggregates is part of the bound fraction, while noninteracting
ethanol is present only in the water pseudo-phase. It can therefore complementarily be
referred to as “unbound”. The peak in ethanol concentration observed earlier is clearly the
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Figure 3.7: Radial distribution of the system components around the COG of
aggregates of size A 22, B 40, and C 55 molecules with separated curves
for interacting and noninteracting ethanol. The black line corresponds to
octanol and the blue line to water. The solid line represents
bound ethanol, the dotted line unbound ethanol.

consequence of an accumulation of bound ethanol forming an interfacial layer analogous to
the ordering of surfactants in classical micelles. These micellar structures are consequently
well characterized as “ethanol swollen micelles”. A visualization of the partitioning into
polar and apolar pseudo-phases is presented in Figure 3.8.

Isolated octanol aggregates are coated in and partially penetrated by strongly interacting
ethanol molecules. A homogeneous mixture of water and unbound ethanol constitutes
the apolar pseudo-phase that encloses these structures. The micellar aggregates show up
as sharply outlined pockets in the aqueous pseudo-phase, indicating a distinct separation
of the two domains.
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Figure 3.9: Densities of octanol hydroxyl and individual hydrocarbon carbon
groups that constitute the aggregates around the geometric centers of clus-
ters of size A 22, B 40, and C 55. The dashed black line traces the density
of the entire aliphatic tail section. The enclosed area is partitioned into
contributions from methyl and methylene units in terms of the color legend
overlaid on the structure formula supplied in A. Hydroxyl group density is
represented by a solid line.

The internal structure of the octanol droplets is illustrated by means of an evaluation of
octanol hydroxyl group and carbon chain unit densities around the cluster centers in Figure
3.9. Overall, the distributions resemble those of the ionic micelles discussed in Section
2.4, albeit significantly more blurred. In any case, the head groups are predominantly
oriented towards the polar phase, yet a significant number is present in the center, too.
The sharpness of the hydroxyl peak lessens with increasing aggregation number and more
and more head groups are found in the center. In the same manner, preferred radial
positions of the individual carbon sites, that can be discerned in the spectrum for N,,, = 22
in terms of staggered density maxima, are successively dissolved. In case of N,,, = 55, at
least the first four methyl and methylene groups provide almost equal contributions at all
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radial positions. A plausible explanation for this apparent loss of order is a decreasingly
spherical shape of larger aggregates — and thus an ineptitude of this type of analysis for
these structures — that will be closer studied in Section 3.2.5. This rationale also agrees
with the noted amplification of ethanol and water signals inside the larger micelles.
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3.2.3 Definitions of the interface

Introductory remark: This topic is part of the publication in Ref. 203.

The precise definition of an interface is essential for thermodynamic characterization of
systems with a phase boundary.?** Surface excess and derived properties like quantitative
adsorption are sensible to the location of the interface,? as is the equation of state needed
to predict phase diagrams.?’® However, a universal criterion to assess its location is absent.
A common consensus for vapor/liquid interfaces is the Gibbs dividing surface (GDS), which
constitutes the interfacial plane with zero liquid surface excess.?” Alternative definitions
like the inflection point of the density profile or the location where density is equivalent to
half the bulk value usually correspond to the GDS in this field of application, where the
density profiles are symmetrical. These can also be applied to liquid/liquid interfaces, in
which case partial densities of the two phases are considered.?%®

Another approach is to define the interface as the point where the normalized partial
densities are equal. Consistency is only given, though, if the density profiles are symmet-
rical, which is not necessarily true. Further, a criterion based on density profiles need
not coincide with the neutral plane of bending, which leads to diverging definitions.?*
Therefore, the suitability of a definition depends strongly on the structures present. Unam-
biguous definitions of the interface have been proposed for micellar solutions of ionic,?!°
nonionic,?!! as well as oil soluble surfactants.?!2

The structural analyses of pre-Ouzo aggregates in Section 3.2.2 set the cornerstone for
a variety of criteria to locate the nonpolar/polar interface. Three commonly employed
criteria can directly be applied to the radial distributions of the system components around
the aggregate center (cf. Figure 3.5): the point where octanol and water densities cross,
the radius at which octanol density decays to 0.5, and the inflection point of solvent
concentration. Similarly to a plane of fixed charge, that is used for systems containing
charged surfactants®'® whose location is naturally close to the interface, the maximum
in the distribution of bound ethanol (cf. Figure 3.7) can be determined as the interface.
Likewise, the peak in the polar octanol head group density (cf. Figure 3.9) can be regarded
as the boundary. Table 3.1 summarizes the determined aggregate radii based on the listed
definitions.

By comparison, only the last two criteria yield discordant results. Both occur at approxi-
mately equal distances from the cluster COG, that do not systematically correlate with
aggregation number. According to these criteria, aggregates of size 40 are of virtually the
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Table 3.1: Radii of clusters with aggregation numbers 22, 40, and 55 as
obtained by different estimates of the interface: the point r, where the
normalized water and octanol densities cross, the point ry where octanol
density decays to 0.5, the inflection point r; of water density, the maximum in
the radial distribution of octanol hydroxyl groups rox, and the most probable
location ryeung Of bound ethanol.

Aggregation number
Criterion 29 40 55

(molecules)
r. (nm) 1.10 1.27 1.36
rq (nm) 1.06 1.23 1.40
r; (nm) 1.15 137 1.43

rox (nm) 095 1.01 0.89
Fooung (nM) 096 1.00  0.85

same dimensions as size 22 aggregates. For the largest aggregate, even a backwards shift
to smaller radii is observed. This behavior is not surprising, considering that increasing
amounts of both hydroxyl groups and ethanol are present close to the micelle center, as
assessed in Section 3.2.2, relocating the respective maxima to smaller radii. Therefore,
. as well as r,,,,q do not represent meaningful distances with respect to the aggregate
dimension.

The first three criteria, however, give a consistent definition of the interfacial plane.
The determined values agree well for all aggregation numbers and show a coherent shift
towards larger radii with growing cluster size, which reflects the increase in volume needed
to accommodate more particles.
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3.2.4 Dynamic properties

In Section 2.5, the monomer exchange frequency in micelles formed by ionic surfactants
was derived based on the decline of molecules that were part of the aggregates at onset of
the analysis over time. As was shown, the decrease obeyed an exponential decay law.

The same procedure is applicable in the pre-Ouzo case, but as the exponential curve fits
to the average decay graphs for aggregates of size 22, 40,and 50 in Figure 3.10 indicate,
the behavior is less ideal. An important factor contributing to these deviations is the lack of
an unequivocal preferred aggregation number. This is accompanied by severe fluctuations
of cluster sizes as shown in Figure 3.11. To stress this point, the diagram is supplemented
by an analogous plot for CAP micelles.
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Figure 3.11: Size fluctuations in A octanol aggregates comprising 22
molecules and B CAP micelles of size Ng,,. Solid lines represent mov-
ing averages over 20 points, dotted lines the actual trace of the micelles. The
green graph shows the most severe, the blue graph the average, and the
red graph the smallest fluctuations captured as evaluated by the total sum of
stepwise differences of the moving average. In order to resolve characteristic
fluctuation properties of the systems, substantially different time scales were
chosen for A and B. Since this may create the false impression, that the
curve shape of the graph of least fluctuations is more uniform in the pre-Ouzo
case than in the case of CAP, an inset in the last graph in B shows a curve
segment on the same time scale as used in A.
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The three graphs represent the minimum, average and maximum intensity of size
fluctuations of aggregates of initial size N,,, = 22 as measured by the total sum of stepwise
differences. This evaluation was performed on the moving average of length five rather
than the actual data to smoothen out artifacts introduced by isolated short-term collisions

of clusters.
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Figure 3.10: Decline of initial molecules in clusters of aggregation number A
22, B 40, and C 55. @ge}y dots represent the individual data points obtained
from the analyses of 440 micelles. Connecting lines are omitted for reasons
of clarity. A 10000-point moving average is shown in blue in addition to an
exponential function of the type [Y] = e+t in red. The associated decay
constant is annotated in the respective diagram.

The graph reflecting the lowest sum demonstrates that indeed, pre-Ouzo aggregates
exist that show negligible fluctuations comparable to the surfactant micelles. Yet whilst
differences between the three graphs for CAP micelles are altogether minor and each of
those aggregates would be suited for a decay analysis using the method proposed here,
the behavior of octanol micelles is decidedly diverse. In case of maximum fluctuation
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intensity, a reference aggregation number does not exist. Over periods of hundreds of
pico seconds, the cluster size flickers between values close to N,,, = 30 and N,,, = 80 or
greater. The longest time span of quasi-constant size is less than 150 ps, a value that is over
an order of magnitude smaller than the time scale on which the decay of initial molecules
occurs. Even the graph representing the mean severity of fluctuations exhibits several
jumps corresponding to almost a doubling of aggregation number. These fluctuations occur
abruptly, suggesting that the processes of coalescence with other micelles and spontaneous
disintegration into smaller objects play a major role in the dynamics of this SFME.

As reasoned in Section 2.5, processes of swelling and disintegration distort the degression
rate of initial molecules profoundly for plain combinatorial reasons. Incorporation of
another aggregate will lead to a slower decay, as more monomers are available to be
randomly exchanged with the surrounding medium. By contrast, breakdown into two or
more smaller aggregates will cause the algorithm to further follow one of these, containing
a fraction of initial molecules not necessarily related to its size. This is recorded as a
primary drop in initial molecules followed by a decay dictated by the ratio of initial
molecules to the total number of particles in the “new” micelle. The latter process becomes
more and more important, the larger the examined aggregates are, as disintegration into
smaller clusters of preferred aggregation numbers becomes possible. This explains why the
first value in the running average for N, , = 55 is well below 80 %, whereas it is roughly
85 % for N,g, = 22.

In awareness of these errors, following the statistical model described in Section 2.5
yields a monomer exchange frequency of approximately 10'° s~ (cf. Table 3.2 for details)
for N, = 22, 40, and 50, which is at least one order of magnitude higher than was
determined for the classical micelles.

88

Table 3.2: Dissociation constants k derived by means of Equation (2.11) by
species and underlying exponential decay constants \; and \y derived from
the statistical model presented in Section 2.5 and obtained from the fitting
curves to the decay analysis, respectively.

Aggregation number k Ae Ay
(molecules) ™ ™) (1)
22 0.99-10'° 5.10-10% 5.13-1072
40 1.57-10° 3.98-10% 2.53-1072
55 2.07-10 3.80-10® 1.83-107?

The high rate of fluctuations raises the question of average stability of the aggregates.
The size distribution histogram reviewed in Section 3.2.1 sheds light on the frequency at
which certain aggregation numbers are detected, but does not contain any information on
how long-lived these structures are. The green graph displaying maximum amplitude in
fluctuation, for example, would translate into a cluster size histogram with two peaks at
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N, ~ 25 and 80, but, as mentioned before, none of these detected aggregates remains

stable for longer than 150 ps.

Figure 3.12: Lifetime t of pre-Ouzo aggregates by aggregation number. Red
bars represent nonvanishing probabilities P (. ) by color shading with respect
to the color bar scale to the right. The blue line traces the average, magnified
by a factor of 10 for improved visibility. For reference, a histogram of the
cluster sizes is shown in the inset.

To address this topic, instead of the probability to find an aggregate of size N,,, (or a
molecule inside an aggregate that size), the probability for these aggregates to exist for a
given time period before deviating by more than 5 % from their initial size is plotted in
Figure 3.12. To give a more lucid impression of the contributing probabilities, a colormap
representation is shown in addition to the distribution of averages. The longest average
lifetime is measured for monomers followed by an instantaneous drop for N,,, = 2 and
a subsequent linear decay up to aggregation number ~ 20. At this point, the stability of
aggregates steeply increases by a factor of approximately 2.5. Going to larger aggregation
numbers, several further local minima and maxima are observed, with the most distinct
dips at around N,,, = 35 and 80, and a pronounced peak at ~ 65, followed by a broad
maximum between 90 and 115.

The colormap representation complements this information by showing the probability
for the individual events, which give a measure of the tendency of longevity. In narrow
zones around particular aggregation numbers, nonvanishing probability for lifetimes
significantly longer than the respective average is determined, e.g. N,,, ~ 23 and 65.
By comparison, aggregates containing ~ 35, 80, or more than 120 molecules display a
distinctly limited range of lifespans. In general, these characteristics correlate with the
distribution of average lifetimes, yet not necessarily in proportion. A plausible explanation
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would be that in principle, micelles of certain size would be stable over even longer periods,
but limits are imposed by statistical collisions with other clusters. For an evaluation of the
convergence of the presented data, it is referred to the supplementary section 3.A.

This consideration shows that mere knowledge of the size distribution is not sufficient
for characterizing the kinetic stability of micelles in this polydisperse system. The relative
frequency of aggregation numbers between 10 and 110 forms a single broad maximum
(cf. Section 3.2.1), but some contributions originate from regularly detected, but short-
lived transitory cluster sizes, while others are due to long-living, comparatively stable
aggregates.

To emphasize this point, the size histogram of t-butanol clusters in binary aqueous
solution (¢, = 1.9 mol1™") is depicted in Figure 3.13 alongside a lifetime diagram. The
distribution strictly follows a power-law with an exponent of approximately —2 with an
augmented peak at N, ~ 88, signifying incipient phase separation. Although probabilities
are generally slightly increased over the pre-Ouzo distribution, the lifetime diagram exhibits
a uniformly flat signal with only a negligible ascent towards the largest aggregates. This
picture is not the result of too low a colormap sensibility to capture the probabilities
of events in this particular system, as the contrast is magnified to display any nonzero
probability in red. Albeit a trivial fact, it is worth emphasizing that although information
about the kinetic stability of aggregates is inevitably encoded in the relative frequency, it
cannot be deduced in reverse.

Figure 3.13: Lifetime ¢ of t-butanol aggregates in a binary mixture with water
by aggregation number. The red bars represent the maximum lifetime. The
inset shows the associated size distribution of clusters. The y-axis scaling
is chosen to match that of the pre-Ouzo evaluation to facilitate a direct
comparison.
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3.2.5 Sphericity

So far, the aggregates were treated as spherical objects. This assumption is reasonable for
the extraction of averaged data over the considered time spans given the quick rearrange-
ments described in the previous section. In a further step to characterize the structures
emerging in water/ethanol/octanol, their eccentricity is determined analogously to Section
2.3. Figure 3.14 depicts histograms of 1 and corresponding box plots for octanol clusters
with aggregation numbers 22, 40, 55, and 100. Table 3.3 contains extracted key data of
the surfactant-free micelles and juxtapositions of these quantities to those obtained for the
least spherical ionic micelles that are formed by OTA.
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Figure 3.14: Histograms of eccentricity n and corresponding box plots for
pre-Ouzo aggregates of size 22 (black), 40 (red), 55 ( ), and 100 (blue)
molecules.
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Table 3.3: Mean values of eccentricity 77 and interquartile ranges IQR of the
distributions by aggregation number. The two rightmost columns show the
deviations from the values obtained for OTA micelles.

N i) IQR A7 AIQR

agg

22 041 0.23 0.13 0.06
40 045 0.23 0.17 0.06
50 0.47 0.23 0.19 0.06
100 0.51 0.23 0.23 0.06

XXXX XXXXX XXX

= %k
Nagg 13

22 1.58 0.40
40 1.97 0.56
55 2.28 0.56
- - 100 2.98 0.67
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Figure 3.15: Relative deviation of the particle density inside Table 3.4: Mean values of
the convex hull of aggregates of size 22 (black), 40 (red), nZ, and interquartile ranges
55 ( ), and 100 (blue) from that of an ideal N,gq =22 IQR of the distributions by
micelle n%,. For the largest aggregates, the distribution was aggregation number.
obtained using corrected distance evaluation. The dashed

(blue) line shows the uncorrected results.

The pre-Ouzo aggregates uniformly appear at higher eccentricities and generate more
widespread distributions, due to stronger fluctuations in shape. Going to larger aggregation
numbers, there is a noticeable trend towards higher eccentricity, reaching a maximum of
7 = 0.51 for cluster sizes of 100. Furthermore, superimpositions appear in the distribution
for N,,, = 100, that significantly contribute to the relatively high average. These features
are artifacts produced by aggregates that span more than half the box length. Using
periodic boundary conditions, the distance between two points is usually the minimum

of the direct distance and the distance from one point to the closest periodic image of
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the other. If the dimension of an object exceeds that of half the simulation box, this
criterion produces incorrect connection vectors and a more complex (and much more
expensive) approach is necessary. Here, however, the contribution of the false results is
not critical, but merely leads to underestimation of the already high eccentricity. At most,
this deficiency causes clipping of the right-hand side of the distribution for N,,, = 100 as
those less symmetrical aggregates are captured as artifacts in the superimposed modes.
In the previously introduced radially symmetric analyses, however, incorrect distance
computations would affect the outcome inextricably and, given their frequency for N,
100, yield misleading results.

A chart of the particle density inside the convex hull of the surfactant-free micelles
normalized to an ideal N,ge = 22 micelle (cf. Section 2.3) in Figure 3.15 in conjunction
with the abstracted data in Table 3.4 clarifies that profoundly less convex structures emerge
than is the case for the investigated surfactant micelles. Moreover, the distributions for
larger aggregates are offset towards higher n,. This is confirmed by the snapshots of
the most compact aggregates in Figure 3.16, which illustrate that even the most compact
micelle is a concave structure for aggregation numbers N,,, > 40. Micelles of size 100
are conclusively characterized by both, the outline of the most compact micelle, and the
secluded location of the distribution with onset close to n}, = 2, as loose agglomerates of
nondescript shape. In this case, a separate run of the analysis using corrected distance
vectors was performed for the largest aggregates, since fragmentation of the structure
resulting from incorrect distance evaluation can result in a widely underestimated particle
density. However, this merely entails a minor decline of the mean from 7}, = 3.16 to 2.98.
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Figure 3.17: Histogram and box plot of the eccentricity 1 of N,,, = 22 octanol
aggregates under inclusion of bound ethanol (red) next to the distribution
and box plot for octanol only (black).
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Figure 3.16: Snapshots of the most compact pre-Ouzo aggregates of aggre-
gation number A 22, B 40, C 55, and D 100. A representation of the convex
hull surface is shown around the clusters in translucent grey. Although all
coordinates lie inside the convex hull, the envelope is permeated by the van
der Waals representation chosen for better visibility.
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If in addition to octanol molecules, all bound ethanol (cf. Section 3.2.2) is considered
to be part of the aggregate, a substantial shift in eccentricity is observed, as displayed
in Figure 3.17. Owing to the costly procedure of allocating ethanol molecules to an
aggregate, this analysis was performed on a comparatively small data set only, which
entails a significant amount of noise in the graph. The general consequence, however, is
evidently the detection of objects of significantly increased sphericity with an average of
7 = 0.34. This value is close to the mean eccentricity of 7 = 0.28 computed for the OTA
micelles.

With the results of Section 3.2.4 in mind, it is reasonable to examine the correlation
between sphericity and temporal stability of the aggregates. This is realized in Figure 3.18
by determining the average sphericity tied to the lifetime of a N,,, = 22 octanol micelle as
defined by the timespan during which it does not deviate by more than 14 % from its initial
size. Shown is a probability colormap overlaid with the curve of average lifetime. A plain
peak at n &~ 0.23 clearly proves that higher stability is, at least on average, accompanied
by higher spherical symmetry. In other words, the high 1 contributions in the frequency
domain are due to short-lived aggregates, that are, in a sense, momentary manifestations
of the size fluctuations in the system.

Figure 3.18: Lifetime t, of size 22 aggregates as a function of eccentricity.
Red areas indicate nonvanishing probabilities P (t_) by color shading with
respect to the color scale to the right. The blue line traces the average,
magnified by a factor of 10 for improved visibility.

Taken together, the results further solidify the picture of micelle-like structures in the
pre-Ouzo region, provided that the concept of aggregation is extended to include the
bound hydrotrope molecules. The average sphericity is further diminished by the strong
size fluctuations that characterize this system. Those entail contributions in the high-n
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regime of significant overall weight affiliated to comparatively short-lived aggregates. The
geometric similarities between surfactant free and classical micelles diminish with growing
aggregation number as octanol molecules form progressively less spherical structures.
Deviation from ideal spherical shape is known to occur in classical surfactant micelles
beyond a critical aggregation number.”® The length of the hydrophobic tail dictates the
maximum diameter of a micellar aggregate before a cavity would be formed in the center.
This constraint can be circumvented by a change of geometry.
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3.2.6 Solubilizing properties

The targeted utilization of ouzo-like systems in any scope of application, whether as a
reaction or extraction medium, or as a solvent, puts demands on the solubilization capability
of the microemulsion. In order to assess this property, two experiments are conducted.
Firstly, small amounts of the apolar compound squalene are added to composition a. This
30-carbon organic compound is virtually insoluble in water and is large enough to induce
sufficient changes in the nano-ordering to allow for a phenomenological study. Secondly,
the solvation free energy of one propane molecule is evaluated as a function of the distance
to an aggregate.

3.2.6.1 Solubilization of squalene

Squalene is an organic unsaturated compound of the triterpene class (cf. Figure 3.19)
with sum formula C;,Hs, and systematic IUPAC name (6E,10E,14E,18E)-2,6,10,15,19,23-
Hexamethyltetracosa-2,6,10,14,18,22-hexaene.

Figure 3.19: Structure formula of a squalene molecule.

It occurs naturally, among others, in humans as an essential component of epidermal
surface lipids and is present in the blood serum.?'*21> It is further a biochemical precursor
to all plant and animal sterols.?!® It’s insolubility in water and only marginal solubility in
alcohol?'7-218 qualify this substance as a well-suited trial case in the determination of the
solubilization capability of an SFME.

In order to make any assertion about the solubilizing properties of pre-Ouzo aggre-
gates it is necessary to examine the situation in an analogous water/ethanol mixture.
For this purpose, size histograms of squalene agglomerates in a 4.9 mmol ™! solution
(corresponding to four molecules) in composition a and in a mixture of ethanol and water
corresponding to that in composition a are compared in Figure 3.20. From those it is plain
that even the small octanol concentration of less than 10 mmol 17" significantly improves
the solubility of squalene. Whereas in the water plus alcohol mixture, squalene molecules
invariably consolidate into one single cluster, the presence of octanol entails the formation
of considerable amounts of squalene trimers, dimers and monomers.

116



Direct oil-in-water microemulsion: the pre-Ouzo effect 3.2

Figure 3.20: Size histogram of squalene clusters in A composition o and B a
water and ethanol mixture with ratio corresponding to composition «. Each
system contains four squalene molecules.

Figure 3.21: Ratio of atoms belonging to octanol (black), ethanol (red), or
water molecules (blue) with regard to the accessible surface of squalene (cf.
Section 1.2). Solid lines are drawn for a system containing one squalene
molecule and dashed lines for the 4.9 mmol I™ mixture.

The proximal distribution of system components with regard to squalene in Figure 3.21
shows that, as expected, primary contacts are most likely with octanol molecules. Besides,
a moderate amount of ethanol is present in close vicinity to the surface, that equates to
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roughly 65 % of the bulk value in case of one squalene molecule in the system. By contrast,
only few water molecules enter the near environment and the probability of encountering a
water molecule directly at the surface is almost zero. Snapshots of a squalene agglomerate
in the 4.9 mmol I"! solution and its immediate surroundings are depicted in Figure 3.22.

Figure 3.22: Stick representation of an agglomerate of four squalene
molecules A displayed isolatedly, B in conjunction with a surface repre-
sentation of octanol within 0.66 nm of any squalene atom, C in conjunction
with a surface representation of ethanol within 0.66 nm of any squalene atom,
and D in conjunction with a surface representation of ethanol and octanol
within 0.66 nm of any squalene atom. The surface calculated from octanol
coordinates is colored grey, that from ethanol coordinates red.

Octanol and ethanol molecules unite to a composite intertwined conformation encom-
passing the squalene molecules. Thereby, the closest surface contacts are the hydrophobic
tail sections of the alcohol molecules as disclosed by the proximal distributions in Figure
3.23.

In each case, this initial peak* is followed by a maximum in oxygen probability. In case of
ethanol the two profiles are staggered in terms of several alternating maxima, whereby the
distance between the first oxygen and carbon peak equates to 0.18 nm. This value is very

*The fact that the primary extrema are preceded by converging probabilities is a consequence of
unfavorably close distance. Zero is defined as the distance where the Lennard-Jones potential between
two particles equals kz T, therefore this immediate region is dominated by statistical events rather than
allocation due to beneficial interactions.
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close to the expected difference in distance from the surface for adsorption perpendicular
to the C-C bond, when working with the average C-C-O angle of 109.5°*. Two further
layers repeated on this characteristic length scale are observed at larger distances from
the accessible surface. The respective signals are progressively dampened as correlations
vanish until the curves permanently coincide from a distance of approximately 1.5 nm
onward.

Figure 3.23: Ratio of terminal carbon ( ) to oxygen atoms ( )
belonging to A octanol and B ethanol molecules as a function of the distance
to the accessible surface of a squalene molecule.

The first layer of polar ethanol head groups shows up in the octanol profile in form
of a local minimum of carbon and local maximum of oxygen atoms. A clear reversal of
probabilities, that signifies the boundary of an octanol layer, occurs at a greater separation
of ~ 0.5 nm, after intermittent re-bifurcation of the curves within the apolar section of the
second ethanol layer. The subsequent maximum in the oxygen graph reaches its highest
value close to 0.8 nm and decays slowly towards larger distances, signifying a diffuse
interface. Superimposed on this feature is a shallow minimum that follows the prior local
maximum at a separation of ~ 0.7 nm. At the present level of accuracy, this coincides
with the distance between initial carbon and main oxygen maximum and thus gives a
characteristic measure of the thickness of the octanol layer. A valuation of this result can
be made by means of a phase separated water/octanol slab system. In agreement with
similar studies,?!®?2° octanol molecules assemble to bilayer-like structures at the interface
as shown in Figure 3.24. The typical end-to-end distance in this configuration is 0.9 nm.

*The actual result for this simple model is a difference of 0.21nm, taking into account the small difference
in effective van der Waals radii of on average 0.01 nm. This deviation is within the uncertainty introduced
by the finite interval width of 0.03 nm.
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Figure 3.24: lllustration of a slice
of 1 nm thickness through the
simulation box of a water/oc-
tanol slab system. Octanol alkyl
tails are depicted in
stick representation, the hydroxyl
groups are accentuated as
beads, and water is shown
in a line representation. The
rendering is positioned to give
a visual match to the location-
dependent number density n of
terminal carbon ( ) as
well as octanol oxygen atoms (

). The compartments iden-
tified to correspond to the extent
of one octanol layer by means of
the separation of maxima and the
measured widths are indicated in
the diagram for the first three os-
cillations.

An explanation for this discrepancy is the softening of that otherwise strict arrangement
by interactions with other hydrophobic moieties that are not present in the slab system.

The ordering of organic compounds around the squalene molecules evokes distinct
rearrangements in the characteristic size distribution of octanol aggregates as shown in
Figure 3.25.

Even if only a single squalene molecule is added (tantamount to 1.2 mmol 1), the
formerly broad maximum between N,,, = 10 and 110 is overall depressed except for a
narrow region around N,,, = 80, where the probability is considerably elevated. The
included conditional size distribution clearly correlates this particular feature, as well as
two preceding minor peaks that do not stand out against the original distribution, to octanol
clusters that are in direct contact with the hydrophobic substance. The situation becomes
considerably more marked upon enhancement of squalene concentration to 4.9 mmol 1.
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Figure 3.25: Size histograms of octanol clusters in composition a: upon the
addition of A 1.2mmol |"* and B 4.9 mmol I~* squalene represented by blue
dots. The distribution in the pure system is supplied in and the size
histogram of clusters in direct contact with squalene in red color.

The resulting distribution is decidedly dominated by large aggregates within cutoff distance
to squalene molecules. The relative frequency of smaller aggregates, especially close
to size N,,, = 45, is significantly reduced compared to the original histogram. These
observations are not surprising in a system exhibiting weak aggregation, since it is known
that solutes can in some circumstances strongly affect micellar structure in conventional

microemulsions.??!2%2

Figure 3.26: Lifetime t_ of octanol aggregates by aggregation number in
composition « containing A a single squalene molecule and B four squalene
molecules. Red bars represent nonvanishing probabilities P () by color
shading with respect to the color bar scale to the right. The blue lines trace
the averages, magnified by a factor of 10 for improved visibility.
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The emerging structures are relatively stable over time as displayed in Figure 3.26
by means of the same type of colormap plot already employed in Section 3.2.4. In this
case, the distributions in frequency and life-time domains are very similar. Clusters of
aggregation numbers likely to be found close to squalene molecules exist for significantly
longer time spans than aggregates of the same size in the pure composition. Conversely,
aggregates close to size 45, the minimum in the frequency domain, are never traced for
longer than 250 ps.
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3.2.6.2 Solvation free energy of propane

The goal of this particular study is to quantitatively assess the solubilization power of
pre-Ouzo micelles. To this end, a single propane molecule is added to composition a.
For a single, comparatively small molecule, the induced perturbation is expected to be
negligible.

Propane being a nonpolar hydrocarbon, its solubility in water is rather poor with a
solvation free energy of 13.8 kJ mol .22 In a system partitioned into distinct domains
of prevailingly polar and apolar nature, the solvation free energy should substantially
depend on the location of this molecule. A common approach for free energy calculations
along a space coordinate is umbrella sampling. However, application of this method
is problematic since it would necessitate adequate sampling within different distance
intervals to selected reference points in the respective pseudo-phases. Given the rapid
rearrangements reviewed in Section 3.2.4, configurationally consistent data on a time
scale exceeding a few nanoseconds can only be recorded by applying positional constraints
to the structures. To avoid this additional bias, the approximate solvation free energy is
determined by means of a method based on energetic representation as implemented by
the ERmod project.?>®160:161 The quick convergence of this method renders it a suitable
approach for a conditional analysis in terms of the aggregate-propane distance. In a similar
study, this approach already proved viable in the analysis of solubilization in a sodium
dodecyl sulfate micelle.?**

To establish reference values, solvation free energies for propane are calculated in
pure water, pure ethanol, pure octanol, and the respective compositions of the polar
and apolar domains in composition a. The result for water only is 13.9 kJ mol™*, which
agrees very well with the experimental value mentioned earlier. For ethanol, a moderately
favorable value of —3.6 kJ mol™! is obtained. These isolated outcomes already suggest
that plain addition of ethanol to water is unlikely to produce a good solvent for the alkane
hydrocarbon. By contrast, octanol presents a favorable medium with a predicted solvation
free energy of —10.6 kJ mol™".

Systems representing the aqueous and octanol-rich pseudo-phases are generated with
the water/ethanol and octanol/ethanol ratios appointed by means of the interaction energy
criterion introduced in Section 3.2.2. In the organic mixture, consisting of 16 (mole)%
octanol and 84 % ethanol, the solvation free energy results to —6.7 kJ mol *. Consequently,
this mixture of ethanol and octanol is still a good solvent. Accordingly, the complementary
pseudo-phase consisting of 83 % water and 17 % ethanol is still a poor solvent with a free
energy of solvation of 7.5 kJ mol **,

*The thus far stated values are all within a 0.14kJ mol™* margin in terms of the 95 % error computed by
ERmod.
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Figure 3.27: Solvation free energy of propane in composition « as a function
of the distance from the center of geometry of an aggregate containing 25
octanol molecules, represented by the solid line. The individual
contributions of octanol (black), ethanol (red), and water (blue) are shown
as dashed lines.

In a next step, a simulation of one propane molecule in composition a without additional
bias is analyzed. The solvation free energy is evaluated in concentric regions of 0.5nm width
around the geometric center of a N,,, = 25 octanol micelle. The respective contributions
of the system components as well as the total are radially resolved in Figure 3.27.

Along the lines of the considerations in Section 3.2.3, the interface can be assumed to be
located close to 1 nm. Below this value, and consequently inside the micelle, a favorable
solvation free energy of —5.3 kJ mol ™' is computed, which is only slightly smaller than
the result for the corresponding binary system. In this distance segment, the primary
contributions originate from ethanol and octanol. In proximity to the expected interface, a
change of sign occurs, when the water contribution becomes significant and the solvation
free energy swiftly increases, settling to values in the range 7 -8 kJ mol ™! for large distances.
Outside the aggregate, the hydrophobic effect predominates and leaves the ethanol and
octanol contributions as secondary influential factors.

The distribution of data points suggests most unfavorable conditions at separations
between 1.5 and 3 nm from the core, where consistently sampling is poor. Consequently,
the error in this region is material and margins even overlap with the adjacent data points,
which effectively masks the curve shape. To understand this behavior, it is helpful to
examine the immediate surroundings of a propane molecule as a function of the distance
from the micelle COG. For this purpose, the composition of the first solvation shell of the
hydrocarbon is shown in Figure 3.28.
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Figure 3.28: Composition of the first solvation shell of a propane molecule
in composition « as a function of the distance to the geometric center of an
octanol aggregate containing 25 molecules. Black bars represent the count
of octanol, red bars the count of ethanol, and blue bars the count of water
molecules.

It is obvious that the region of poorest solubility overlaps with the distance intervals
in which the least amount of octanol contacts are counted. This is compensated by a
higher number of ethanol and water molecules and thus explains the comparatively small
number of data frames satisfying this condition. This distance range coincides with the
radial zone in which a depletion of octanol density, that is due to the natural spacing
between aggregates, was ascertained during the discussion of the micellar structure in
Section 3.2.2.

The actual interface that is enriched with polar hydroxyl groups does not produce
any noticeable feature in the solvation free energy profile. The polar shell formed by
the outwardly oriented polar head groups, that is deliberately visualized in Figure 3.29,
is in itself not a favorable environment for a polar compound. However, in this radial
segment, ethanol forms a diffuse interfacial layer which entails local enhancement also of
the hydrotrope concentration. This effectively reduces the overall polar character of the
micelle boundary and rationalizes the smooth slope of the graph.
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Figure 3.29: Rendering of a 1nm thick
slice through an octanol aggregate
comprising 15 molecules. Octanol

is depicted in stick repre-
sentation and the polar head groups
are accentuated as beads.

The remaining system components
are shown in in line representation.
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3.2.7 Influence of salts

Introductory remark: This topic is part of the publication in Ref. 225.

The weakly associated micellar aggregates discussed in this chapter occur only for cer-
tain ratios of water, ethanol and octanol. This nano-ordering is easily perturbed by the
introduction of apolar domains, for example in form of the dedicated solute squalene as
surveyed in Section 3.2.6.1. The sensitivity to changes in system composition naturally
raises the question how this SFME responds to the presence of electrolytes, as they are
common components in countless systems. This issue is pursued by means of the separate
addition of 1 mol1~* Nal and LiCl to composition a.

Figure 3.30: Cluster size histograms in 1 moll~! solutions of A Nal and
B LiCl in color alongside the distribution in the pure system in a shaded
representation.

Subtle changes manifest in the size distributions of aggregates as shown in Figure 3.30.
The addition of Nal slightly diminishes the broad maximum between N,,, = 10 and 110,
while the frequency of aggregates larger than 100 molecules hardly changes. In case
of LiCl, by contrast, an increased probability of large aggregates is observed, while the
broad maximum at intermediate aggregation numbers is retained. These changes can be
attributed to two effects induced by the presence of electrolytes. On the one hand, the

properties of the solvent are altered due to the interaction of water and ethanol with the
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ions. On the other hand, the interaction of ions and octanol directly affects the stability
of the aggregates. The influence of each of these mechanisms can be traced by the local
densities of system components around the micelle centers.

To quantify the impact of the first mechanism, the concentration profiles of ethanol and
water around aggregates of size 22 are presented in Figure 3.31. In comparison to the
pure ternary composition, the accumulation of ethanol in the interfacial region, as well
as its concentration inside the aggregates are significantly augmented in the electrolyte
solutions, regardless of the species. Or considered in reverse, ethanol is displaced from
the aqueous pseudo-phase, a process that is known as “salting out”.22%227 It is simply the
consequence of the limited solubilization power of water that is exhausted by the prioritized
solvation of one component over another. This is an ion-specific effect in accordance with
the Hofmeister series of salts.??®22° A side effect of this local enhancement of ethanol
concentration is the slight decrease of water density detected in this region. Apart from
this weak shift, the water profile remains virtually unchanged.

Figure 3.31: Densities of A ethanol and B water around the COG of octanol
aggregates of size N,qq = 22. Solid black lines correspond to octanol, solid
red lines to the distribution in the Nal solution and blue lines in the LiCl
solution, respectively, and the dashed maroon line to the data obtained from
the pure system.

Ethanol being the component mediating mutual solubility of octanol and water, its
displacement from the aqueous pseudo-phase effectively pushes the system towards phase
separation. An estimate of the relative drop in ethanol concentration can be derived from
the difference of the integrated curves with and without salt up to r = 1.7 nm, the point
where the densities of bound and unbound ethanol cross (cf. Section 3.2.2). This yields
a net decrease of 3.0 % aqueous ethanol upon the addition of LiCl and 2.3 % upon the
addition of NaCl, with an increase of interfacial ethanol of 12.5 % and 9.8 %, respectively.
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The concentration profiles of the ions in Figure 3.32 give information about the influence
of the second mechanism at hand. The graphs for respective anions and cations exhibit
identical behavior but for small distances from the aggregates. In that region, splitting
of the graphs occurs, that is altogether marginal but more pronounced in the case of
LiCl. The deviations indicate charge separation at the interface that results in a mildly
negative surface charge in the presence of NaCl and a somewhat higher positive surface
charge for LiCl. The consequence is an electrostatic repulsion that adds to the stability of
the aggregates.?>° Conversely, a charged interface also limits the maximum aggregation
number.?!

Figure 3.32: Distribution of ions around the COG of N,y = 22 micelles in
composition « containing A Nal and B LiCl. Octanol density is represented
in black, cations in , and anions in

However, the effect is rather weak. Lithium and iodide are both known to exhibit distinct
preferential adsorption to typical hydrophobic surfaces.>*>233 By contrast, sodium and
chloride are attracted to hydroxylated surfaces in a reversal of the Hofmeister classifica-
tion.?** Under this premise, the minor surface charge of the pre-Ouzo aggregates is in
need of explanation.

In the course of covering this issue, the system is modified step by step towards featuring
an entirely hydrophobic surface. Foremost, however, ranks the elimination of possible
systematic errors inherent to the analysis method. Averaging over a large number of
aggregates that deviate to a greater or lesser degree from ideal spherical shape (cf. Section
3.2.5) may introduce blurring of the graphs, thereby diminishing local differences in anion
and cation distributions. This is prevented by performing a separate MD simulation of an
isolated average (by means of its radius of gyration) octanol micelle of the considered
aggregation number with frozen atom positions in an equivalent composition of water,
ethanol, and salt.
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Figure 3.33: Distribution of ions around the COG of a frozen octanol aggre-
gate of size 20 in a water/ethanol mixture of identical ratio as composition
«, containing A Nal and B LiCl. Octanol density is represented in black,
cations in , and anions in

As the resulting graphs in Figure 3.33 prove, averaging over different aggregate geome-
tries has little impact on the distributions of ions and is not the cause for the observed weak
charge separation. Due to the immobile octanol atoms, the curve shapes are considerably
more jagged than in the previous diagrams, while simulation time is the same. Naturally,
the impact is most severe in case of octanol itself, where stationary atom positions cause

large spikes.

Figure 3.34: Distribution of ions around the COG of a frozen octanol aggre-
gate of size 20 in aqueous solution of A Nal and B LiCl. Octanol density is
represented in black, cations in , and anions in
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With the octanol atoms still fixed, the aggregate surface is next exposed to the aqueous
pseudo-phase by removal of ethanol from the system, while maintaining the electrolyte
concentrations. As the obtained graphs in Figure 3.34 indicate, the absence of interfacial
ethanol leads to a significantly increased adsorption of I~ and Li" at the interface, as the
apparent surface becomes less polar.

Ultimately, the hydrophobic character of the micelle is maximized by exchanging the
octanol hydroxyl groups for hydrogen atoms, thus creating an octane aggregate of similar
shape. The purely hydrophobic surface promotes the even more pronounced separation of
ions displayed in Figure 3.35. The graphs reflect the distinct charging of the generated
apolar aggregate via preferential adsorption of iodide and lithium that in the DIVO clas-
sification®*® form the Stern layer, whereas Na*™ and CI~ merely act as counterions in the
diffuse layer.

Figure 3.35: Distribution of ions around the COG of a frozen octane aggregate
of size 20 in aqueous solution of A Nal and B LiCl. Octane density is
represented in black, cations in , and anions in

The results can be discussed comprehensibly with the help of snapshots of the analyzed
aggregates shown in Figure 3.36. Aside from the micelles, ions within 0.7 nm of the
surface are displayed and, in the case of the unbiased system, also the bound ethanol
molecules. The difference between the ethanol-free micelle and the octane aggregate is
hardly discerned in this static picture, but the latter is added for the sake of completeness.
It is, however, obvious that the total number of ions close to the micelle is magnified upon
the elimination of ethanol from the system. Moreover, the distribution of ions around
the pre-Ouzo aggregate is nonuniform by comparison, with ions only captured in close
proximity when next to hydrophobic surface patches free of ethanol. Essentially, interfacial
ethanol is screening the greater part of the apolar portion of the aggregate, but as a
short-chained alcohol does not itself create sufficient continuous hydrophobic expanse to
induce preferential adsorption.
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Figure 3.36: Van der Waals representation of A an unconstrained octanol
micelle in composition a containing Nal, B an octanol aggregate with fixed
atom positions in aqueous solution of Nal, and C a frozen octane aggregate
in aqueous solution of Nal. Na™ and I~ ions within a distance of 0.7 nm
from the micelle are displayed as green and spheres, respectively.
Octanol and octane are colored grey and bound ethanol is depicted in blue.

In conclusion, the predominant salt-induced effect is the stabilization of aggregates via
the salting out of ethanol from the aqueous phase. Considering how this leads to an even
higher interfacial excess of ethanol than already registered in the pure system, the salting
out at least partially negates the effects of charge separation. It is further diminished by
the patchy surface of octanol micelles, that inherently consist of apolar and polar regions.
The observed effects are in line with results from MARCUS et al.'®* who studied pre-Ouzo
systems in the presence of Na* and CI™ and reported an increase in correlation lengths for
water and octanol against a decrease for ethanol in SAXS measurements.
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Further morphologies

Introductory remark: This topic is part of the publication in Ref. 236.

Bicontinuous region Moving along the line separating homogeneous solution and phase
separation in the ternary phase diagram to higher octanol concentrations, as illustrated
schematically as path A in Figure 3.37, the micellar structures described in Section 3.2
vanish. Instead, larger-scale octanol agglomerates of low symmetry form that eventually
coalesce to a sponge-like network in composition 3, as depicted in Figure 3.38.

This occurrence in itself is not an exclusive property of the investigated system. Even in
disregard of any interactions between the components, it is a spatial necessity that continu-
ous, interconnected structures of one constituent emerge when its volume fraction exceeds
a certain threshold. This so-called percolation threshold is a well-researched mathematical
concept that has been studied in countless model systems ranging from simple 2D lattice
sites?®” to interpenetrable hypergeometries in continuous higher-dimensional space.?%”-238
However, the percolation problem can only analytically be solved in dimensions d = 1
and d = oo on the Bethe lattice**® and becomes more complicated when correlations are
present in the system.?** Usually, a numerical approach using Monte Carlo simulations is
pursued.

In a crude approximation, the critical volume fraction of particles in a colloidal liquid
mixture could be assumed to fall somewhere between that for hard spheres and overlapping
spheres in a continuum 3D model. These have been calculated to ¢, &~ 0.18-0.192%:242
and 0.29,%* respectively. It has, however, been shown that the value of ¢. depends heavily
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on the strength of inter-particle interactions in a soft-sphere model with a square-well
potential, which drastically increases this range with respect to real systems.>#*

Figure 3.37: Ternary phase diagram of water/ethanol/octanol with marked
compositions «, [, and v. The two-phase region is shaded and the
monophasic region is blank. Values are given in weight fraction.*

The multitude of correlations in water/ethanol/octanol put a theoretical ascertainment
of the percolation threshold well beyond the scope of this work. Nonetheless, principles
derived from percolation theory permit reasoning regarding the continuity of the pseudo-
phases in the system. Commonly used criteria for the percolation threshold in liquid
mixtures are;201,245.246

1) the probability of an infinite cluster P, is greater than 50 %,
2) this formation is a fractal object with dimension d = 2.53, and
3) the size distribution of aggregates follows a power-law with exponent —2.19.

Within the confines of a finite, although periodically repeated, simulation box, every cluster
connected to its periodic image is considered an infinite cluster. In light of this definition,
a calculated value of P, =1 in f3 for octanol clearly signifies the apolar pseudo-phase is
well beyond percolation. It further is continuous since this infinite structure is evidently
not the result of a macroscopic phase separation, which would manifest as the formation
of one single droplet (cf. Section 3.2.1) in the simulation box or a slab-like symmetry,
depending on the volume fraction.

*Shape and location of the one- and two-phase region reconstructed from Figure 1. a) in Ref. 101.
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Figure 3.38: Slices of 2 nm thickness through surface representations of
the octanol phases in composition a (bottom left), 5 (bottom right), and an
intermediate composition (top).

Figure 3.39 shows equivalent snapshots of ethanol and water in this system. Similar to
composition a (cf. Section 3.2.1 / Figure 3.2), ethanol is distributed quite evenly over
the polar and apolar pseudo-phases with only marginally decreased density at the very
center of the octanol domain. Water constitutes the complement to octanol, filling in the
white regions in the snapshot of the organic pseudo-phase and thus, to an extent, a similar
network is discernible, yet not nearly as consolidated.

Evaluation of the criteria listed above yields 1) a probability for the infinite water
aggregate of close to 90 %, that 2) is of dimensionality d = 2.78, and 3) a cluster size
distribution obeying a power law with exponent —2.09. Details on the acquisition of
2) and 3) are summarized in Figure 3.40. The dimensionality of the infinite structure
is determined by means of the number of molecules inside spherical volumes of radius
r centered around an arbitrary point inside the aggregate. In case of a homogeneous
distribution of particles, an r¢ dependency with dimensionality d = 3 would be expected
as soon as the volume segments become significantly larger than intermolecular distances.
The observed d = 2.78 dependency characterizes a porous object well above the theoretical
percolation limit.

The power-law fit curve P(N,,,) = 0.67 - N, 2® overlaid on the cluster size histogram

agg
describes the distribution very well up to sizes of ~ 100. From that point on, the probability
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Figure 3.39: Slices of 2 nm thickness through the simulation box of compo-
sition 3 displaying ethanol ( ) and water (blue) in separate surface
representations.

decays faster than the fit and ultimately terminates in a maximum at Ny, ~ 6600. The
strict power-law in the first section indicates that the aqueous pseudo-phase is close to a
critical point and shows percolation behavior, while the subsequent decline and concluding
maximum designate the tendency towards a continuous phase. However, this region is
problematic to interpret and exposes a weakness of finite-size, albeit periodic, methods
when dealing with spacious structures: both large (technically) finite aggregates surpassing
the box dimensions and the true infinite cluster contribute to a condensed probability at
the high-N,,, limit of the histogram, which is dictated by the box size. For this reason, the
high-N,,, section of the distribution is disregarded in the fitting process. A second curve
with ideal exponent —2.19 is further shown to clarify that in this scheme, the deviation
from the determined fit is small enough that with regard to the variance of the data points,
it is equally plausible.

Results 1) — 3) uniformly point to an aqueous phase beyond the percolation threshold,
characterizing composition 3 as continuous in octanol as well as water. For the sake of
coherency, it should be noted that the stated finite-size limitations are, of course, also
true for the algorithm determining the frequency of the “infinite” aggregate to satisfy 1).
However, regarding the exceedingly high probability of 90 % alongside the affirmative
results for 2) and 3) it is justified to consider this criterion fulfilled.

Reverse aggregation Following the coexistence line into the region of octanol excess
(cf. Figure 3.37, path B), continuity in the aqueous pseudo-phase eventually breaks into
isolated pools of water molecules as depicted in Figure 3.41 alongside snapshots of the
octanol pseudo-phase and ethanol. Since the solubility of water in octanol is substantially
higher than vice versa and is further increased by ethanol, water is not confined to
aggregates as compact as in the pre-Ouzo region. Instead, amorphous agglomerates of
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Figure 3.40: A Black dots represent the number of water molecules belonging
to the infinite aggregate inside concentrical spherical volumes with radius
r. The red line traces the power-law function [Y] = 31.7 - r=278. B Blue
dots represent the probability to find a water cluster of size N,yq. The
red line shows the potential fit P (Nagq) = 0.67 - N 2%, the line

2.19 2%
P (Nagg) = 0.93 - N;21°.

varying size are formed amongst numerous monomers. These aggregates show up as
cavities in the octanol phase and the uneven distribution of ethanol molecules leads to
assume that the hydrotrope is located at the interface.

Indeed, a cumulative depiction of water and all alcohol oxygen atoms in the system in
Figure 3.42 clearly shows that water patches are encompassed by ethanol and octanol
hydroxyl groups. Moreover, they are connected among themselves through a hydrogen-
bond network of ethanol and octanol hydroxyl groups interspersed with polar regions
completely free of oxygen. This picture is an extension of the ordering of hydroxyl groups
around and between small pockets of water reported by CHEN and SIEPMANN in wet
octanol.?*” Ethanol expands the pool of available hydrogen groups proportional to overall
polar volume and thus enables the stability of larger water domains, which therefore are
well described as “ethanol swollen” aggregates.
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Figure 3.41: Slices of 2 nm thickness through the simulation box of compo-
sition v displaying octanol in grey, ethanol in , and water in blue
surface representation.

Figure 3.42: A Slice of 2 nm thickness through the simulation box of com-
position ~ displaying water in blue surface representation, octanol hydroxyl
groups as Yelllew, and ethanol hydroxyl groups as red spheres. B A version
of A summarizing all organic hydroxyl groups not connected by at least one
mutual hydrogen bond as green and the complement as spheres in
a symmetrically subdivided illustration.

These findings conclude the distinct morphologies observed in the monophasic region
of water/ethanol/octanol and give rise to the mapping of regimes depicted in Figure 3.43.
On the water-rich side, micelle-like octanol aggregates are formed, whereas in excess of
octanol secluded water domains emerge. The gap in between is closed by a bicontinuous
region, which leads to the same sequence of phases found in classical water/oil /surfactant
microemulsions.?*® Structurization is most pronounced in close proximity to the phase
boundary and progressively gives way to molecular solution upon dilution with ethanol as
signified by color gradients.
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Figure 3.43: Ternary phase diagram of water/ethanol/octanol. The identified
morphologies are marked in the graphic, where A stands for molecular
solution, B for oil-in-water microemulsion, C for bicontinuous microemulsion,
D for water-in-oil microemulsion, and E for phase separation. The color
gradients for the mappings B, C, and D (and therefore implicitly A) indicate
smooth transitions between regimes.*

*Shape and location of the one- and two-phase region reconstructed from Figure 1. a) in Ref. 101.
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Comparison of experimental and
calculated X-ray scattering spectra

Introductory remark: This topic is part of the publication in Ref. 236.

Since the various forms of nano-ordering in water/ethanol/octanol cannot directly be
observed in experiments, MD data is translated into SWAXS spectra (cf. Section 1.2) to
establish a common basis. A juxtaposition of the obtained intensities is shown in Figure
3.44 for compositions a, 3, and y. In addition, the graphs of the pure components are
hinted at in the MD chart for reference.

The morphologies emerging in these systems entail distinctive features in the scattering
signals that blend with entangled signatures originating from characteristic packing of
the mixture components. The latter appear as prominent peaks situated in the high-q
region of the diagrams. For the system with the highest water content (a), this profile
is dominated by a water-specific double-peak discernible between ¢ = 17 nm™' and
q = 28 nm™1.2%2%% n the high-octanol regime (y), by contrast, a single principal peak
emerges around ¢ = 14nm™! accompanied by a distinct side maximum close to ¢ = 3nm ™.
These aspects are typical for aliphatic alcohols as can be seen in the curves for pure
ethanol and octanol.?*>2>2 The low-q part has been mapped to hydroxyl contacts between
alcohol groups,®*2>* whereas the larger peak corresponds to the molecular packing of
the aliphatic chains.?>>2% Opposed to pure octanol, the hydroxyl peak is amplified and
shifted to higher wavelengths. Similar observations have been reported in wet octanol and
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were linked to the entrapment of water agglomerates in the hydroxyl network pervading
the organic phase.?*

The curve shape for very small wave vectors below 0.6nm™! is implied by the calculated
spectra but cannot be resolved due to the restricted box size. Up to that point, however,
experimental and theoretic intensities match very well and the practically measured graphs
continue to much smaller values of g. In this section, the data of composition 3 enters
a plateau, showing no clear correlation. Resembling profiles have been obtained in the

bicontinuous region of systems called “flexible microemulsions”.2’

g 10 / ]
Figure 3.44: X-ray scattering in- & [ p ik / ]
tensities obtained from A MD 3 | P », ]
simulations and B experimental - '\/ ]
data*. dots corre- L 1
spond to composition «, violet
dots to composition 3, and ] P — A
dots to composition «. In
addition, the SWAXS spectra of I 1
the pure components are indi-
cated by means of solid lines I \ |
in the background of A in the ~
following color coding: octanol, £
ethanol, water. a1 | ‘\ .
Lol 1 Ll | L
0.1 1 10
q(nm’)

A substantially different trend is described by the intensities obtained from composition
a. Proceeding towards small wave vectors, a steadily increasing signal is recorded, resulting
in a signature that is close to that obtained for micelles formed by sodium octanoate.!”%2°8

Overall, the spectra derived from the simulation output agree very well with the ex-
perimental SWAXS data. Minor differences are to be expected given the simplifications
inherent to classical MD simulations and approximations involved in the computation

*Redrawn from Figure 2. (ii) in Ref. 236.
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of intensities. Nevertheless, accordance of positions as well as patterns of the discussed
features uniformly point to equal characteristics of the model systems and the experi-
mental mixtures: the formation of oil-in-water micelles in composition a, the presence
bicontinuous structures in composition 3, and reverse aggregation in composition y.
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Outlook: water/propanol/octanol SFME

It has been remarked in the introductory part that incidents of nano-ordering have been
reported in a variety of different systems. The next rational step towards a more compre-
hensive understanding of SFMEs is to incrementally modify the composition of the by now
well explored water/ethanol/octanol solutions. In a first variation, to be discussed here,
ethanol is interchanged with the next larger aliphatic alcohol propan-1-ol (propanol). In
line with the proceedings described in Section 3.2.1, several systems composed of different
ratios of the three compounds were tested.

Indeed, at molar fractions of approximately 89 % water and 10 % propanol, signatures
of aggregation are observed in the molecule and size distribution histogram of octanol
aggregates that is shown in Figure 3.45.

Very similar to the pre-Ouzo case, a wide range of aggregation numbers is observed.
Only the first few data points of P (Nagg) obey a power-law before it is surmounted by a
broad maximum that reaches to almost N,,, = 200. Radial analysis around the geometric
centers of clusters containing 28 molecules yields the distribution of system components
depicted in Figure 3.46.

In analogy to water/ethanol/octanol, only a small amount of water enters the aggregates,
but a considerable number of propanol molecules is present inside the structures. The
pronounced maximum in the hydrotrope curve points to a sizeable excess concentration
close to the interface.
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Figure 3.45: Probability to find an octanol molecule in an aggregate of size
Nagg P’ (Nagg) shown as blue dots complemented by a line tracing the running
total > P’ (Nagg). The inset displays the size distribution of octanol clusters
overlaid by a power-law function with exponent —2.1.

Evaluation of the van der Waals interaction of propanol with octanol yields the histogram
shown in Figure 3.47. In parallel to the categorization of ethanol into bound and unbound
populations discussed in Section 3.2.2, propanol molecules can be separated into two
subsets by means of a van der Waals interaction cutoff. The results are supplemented
as dashed and dotted lines in the radial distributions and clearly attribute the enhanced
surficial propanol density to the bound fraction.
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Figure 3.46: Radial distribution of system  Figure 3.47: Histogram of van der Waals
components around the center of geom- interaction energy E,qw Of propanol with oc-
etry of octanol aggregates containing 28  tanol.

molecules. Octanol density is colored

black, propanol density red, and water den-

sity blue. The dashed line corresponds

to bound and the dotted line to unbound

propanol as determined with an interaction

cutoff of -1.8 kd mol ™.
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Summary

The focus of this chapter was to further progress the characterization of the structuriza-
tion in the one-phase region of the ouzo-like system water/ethanol/octanol. The initial
classification of octanol-rich domains in the pre-Ouzo region as micelle resembling ob-
jects was substantiated by numerous considerations. It was shown that the emergence
of these aggregates is confined to a specific region of the phase diagram and reinforced
that it is neither the result of phase separation nor the consequence of critical fluctuations.
The weak aggregation is accompanied by a broad distribution of preferred aggregation
numbers, which hints at rapid transformations. Indeed the system is governed by quick
rearrangements due to inter-particle collisions and decomposition processes. Specific
cluster sizes, however, can be traced over longer time spans than others, that appear
only as transient states. The longest living aggregates also constitute the most spherical
structures in the ensemble. In general, spherical symmetry decreases with increasing
aggregation number up to the point where the formed objects are best described as loose,
amorphous agglomerates. In the smallest aggregates, octanol alignment approximates
that of surfactant molecules in classical micelles, although in a less rigid variant. Each
methyl and methylene group has a preferred radial position in the water-poor interior
with the polar head groups oriented towards the solvent. In the transitional zone between
octanol-rich and water-rich domains, ethanol concentration is significantly enhanced. The
hydrotrope stabilizes the aggregates by forming an interfacial film analogous to surfactant
molecules in classical microemulsions.

This oil-in-water SFME displays excellent solubilizing properties of the organic com-
pounds squalene and propane. The solvation free energy for a single propane molecule
strongly depends on its location and assumes the most favorable value inside an octanol
aggregate. In this region, the solvation free energy agrees well with that determined in a
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binary octanol/ethanol mixture. The large squalene molecules, by contrast, contribute
significantly to the total amount of nonpolar moieties in the system and thereby entail an
interdependent scheme of solvation: the size distribution of clusters is noticeably shifted
towards particular aggregation numbers that are large enough to encompass one or more
of the C3, molecules. This results in the formation of composite structures that do not
necessarily resemble the pre-Ouzo micelles, but substantially increase squalene solubility
over a binary water/ethanol system.

The addition of the salts Nal and LiCl, by contrast, increases the stability of the pre-Ouzo
aggregates through the salting-out of ethanol, which consequently is forced into the oil-rich
domains. An additional influence of charge separation on micellization due to preferential
adsorption at the interface is very weak due to two factors: a) the aggregate surface
is screened by the interfacial ethanol film and is b) not exclusively apolar itself due to
surficial accumulation of octanol hydroxyl groups.

Apart from the direct oil-in-water microemulsion, two additional regimes characterized
by distinct structurization were identified in the one-phase region of water/ethanol/octanol
close to the coexistence line. Elevation of octanol content eventually leads to coalescence
of individual aggregates and bicontinuity in octanol as well as water. Ultimately, in excess
of octanol, the aqueous pseudo-phase decomposes into spatially separated consolidations,
or “reverse aggregates”, that are entangled in a network of ethanol and octanol hydroxyl
groups.
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3.A Convergence of the aggregate life-
time analysis

In order to assess the reliability of the data presented in Section 3.2.4 / Figure 3.12, the
same analysis is performed separately on two equally long and non-overlapping segments
of the trajectory. Together, these segments correspond to the part of the trajectory that the
original analysis was performed on.

Figure 3.48: Lifetimes t_ of
pre-Ouzo aggregates evalu-
ated on two equivalent sec-
tions of the trajectory A and
B, represented by colormap
plots. The blue line traces
the average of the respec-
tive analysis and the dashed
black line the cumulative av-
erage of A and B. Both av-
erages are magnified by a
factor of 10 for improved vis-
ibility.

The results in Figure 3.48 show that characteristic features discussed in the main text

persist in both processed sections: an initial decay of the lifetime between N,,, = 2 and

~ 20, followed by an abrupt increase, and a subsequent minimum close to N,,, = 35. A
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strong signal is again observed in the region of N,,, = 65, that is delimitated from maxima

occurring for N,,, = 90 by an intermediate minimum close to N,,, = 80.
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In this work, a combined study of micellar structures formed in two conceptually different
systems was presented. It became evident, that the octanol-rich domains in a surfactant-
free ternary mixture of water, ethanol, and octanol share many similarities with the micelles
formed by classical ionic surfactant molecules. Need for research remains in both instances,
SFMEs and conventional surfactant solutions.

Some of the results hint that not even the particles assembled by the structurally similar
cationic and anionic surfactant molecules investigated here are fully comparable. Albeit
not gravely, they differ distinctly in internal structure and characteristic contact to the
surrounding aqueous medium. In this light it is not unreasonable to suspect that some
controversies are owed to the attempt of establishing a general model that unifies this
diversified class under one comprehensive description. At this stage, where computer
processing power allows for increasingly detailed case studies, some enlightenment can
certainly be expected. Not least because classical surfactants represent a lucrative business
and are essential in numerous industrial processes and everyday products. An in-depth
understanding of the molecular mechanisms allows not only application-specific fine
tuning, but also facilitates the targeted identification of alternative compounds in case
the employed substances become intolerable under the ever more relevant paradigm of
“green chemistry”.

A possible principally different alternative may be given by surfactant-free microemul-
sions formulated from substances that are free from the stigma of environmental or health
concerns. Although it is evident that micro-heterogeneities are already common in many
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types of surfactant-free solutions, SFMEs are just at the verge of being understood and
systematic research is still restricted to a narrow range of model systems. Further research
is required to grant a general comprehension of the influence of hydrotrope type and “oil”
on the nano-ordering. In addition, solubilization characteristics and simultaneously the
sensibility to the added substances must be trialed, since the solute-induced reorganization
may not be straightforward to predict in this scheme of weak aggregation.
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