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Abstract

Mortara, L. Structure and stability of synthetic surfactant aggregates: lon association
selectivity to interfaces and vesicle formation. 2023. (141p.) Ph.D. Thesis — Graduate

Program in Chemistry. Instituto de Quimica, Universidade de Sao Paulo, Sdo Paulo.

Specific ion effect defines a variety of phenomena in physical chemistry and biology,
from the stability of colloidal suspensions to enzymatic activity and ligand-receptor binding.
Establishing a rigorous scientific interpretation of these effects has kept scientists busy for
over a century. Nevertheless, a complete description of the specificities of ion interactions
with the solute surface still needs to be completed.

In the spontaneous aggregation of amphiphiles, the hydrophobic effect depends,
almost exclusively, on the difference of free energy between the exposed areas of the
hydrocarbon chains of the natural lipid or synthetic surfactant in solution or in the aggregate.
The detailed structure of the aggregate, the chain order, and the viscosity depend critically on
the surfactant's molecular structure and the medium composition.

We showed that, for zwitterionic micelles, there is no specific anion effect on the
overall micelle hydration, but there is a specific anion effect on the thermodynamics of micelle
formation. We also showed that the degree of counterion partitioning in these zwitterionic
micelles could be directly correlated to the dehydration of apolar moieties of hydrotropic
anions upon interface interaction. Still, on ion effects, the competition between chloride and
bromide interaction in cationic surfactant monolayers was directly quantified and modeled.
Lastly, we showed the formation of vesicular aggregates by a novel imidazolium-based

surfactant. Thermal phase behavior of this surfactant was characterized and the phase



transition temperature significantly differed from a similar commercially available surfactant
with the same alkyl tail length.

The work developed in this thesis, using two different systems, i.e., zwitterionic and
cationic surfactants, has clarified aspects related to specific ion effects and the formation of

micellar and vesicular aggregates.

Keywords: micelles, salt effect, hydrophobic effect, hydrotropic anion, molecular dynamics,

vesicles



Resumo

Mortara, L. Estrutura e Estabilidade de Agregados de Surfactantes Sintéticos:
Seletividade na Associacdo de fons a Interfaces e Formacdo de Vesiculas. 2023.
(141p.). Tese — Programa de Pés-Graduacdo em Quimica. Instituto de Quimica,

Universidade de Sao Paulo, Sao Paulo.

O efeito especifico de ions define uma variedade de fenbmenos em fisico-quimica e
biologia, desde a estabilidade de suspensdes coloidais até atividade enzimética e ligacao
ligante-receptor. Estabelecer uma interpretacdo cientifica rigorosa desses efeitos mantém os
cientistas ocupados por mais de um século. No entanto, uma descricdo completa das
especificidades das interacdes ibnicas com as superficies dos solutos ainda precisa ser
concluida.

Na agregacdo espontanea de anfifilicos, o efeito hidrofébico depende, quase
exclusivamente, da diferenca de energia livre entre as areas expostas das cadeias de
hidrocarbonos do lipidio natural ou do surfactante sintético em solucéo, ou nos agregados. A
estrutura detalhada do agregado, a ordem das cadeias e a viscosidade dependem
criticamente da estrutura molecular do surfactante e da composicdo do meio.

Nesta Tese mostramos que, para micelas zwitteribnicas, ndo ha efeito especifico de
anions na hidratacdo da micela, mas ha um efeito de especifico do anion na termodinamica
de formacdo dos agregados. Também evidenciamos que o grau de particdo de contraions
nessas micelas zwitteribnicas pode estar diretamente correlacionado com a desidratacdo de
porcdes apolares dos anions hidrotrépicos na interacdo com a interface. Ainda sobre os

efeitos dos ions, a competicdo entre a interacdo cloreto e brometo em monocamadas de



surfactantes catidnicos foi experimentalmente quantificada e modelada usando dinamica
molecular. Por fim, mostramos a formacdo de agregados vesiculares por um novo
surfactante a base de imidazol. O comportamento deste surfactante com a temperatura foi
caracterizado, e a temperatura de transicdo de fase diferiu significativamente de um
surfactante similar disponivel comercialmente com o mesmo comprimento de cauda de
alquilica.

O trabalho desenvolvido nesta tese, utilizando dois sistemas diferentes, ou seja, tensoativos
zwitteribnicos e catibnicos, esclareceu aspectos relacionados aos efeitos de ions especificos

e a formacéo de agregados micelares e vesiculares.

Palavras-chave: micelas, efeito de sal, anion hidrotrépico, dindmica molecular, vesiculas
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1 Introduction

This thesis focuses on the aggregation of surfactants into micelles or vesicles and the
specific anion interactions with the interfaces formed by these surfactants. In the introduction
section, we present some concepts underlying this work, and each chapter contains an
appropriate introduction for the specific topic. Published papers and unpublished results
prepared for publication comprise the structure of this thesis.

Surfactants are amphiphilic molecules consisting of a non-polar, hydrophobic portion
and a polar, hydrophilic portion that can be ionic, non-ionic, or zwitterionic. In agqueous solu-
tions, surfactants can form aggregates spontaneously. Several factors, such as the balance
between the hydrophobic and the hydrophilic moieties, the geometry of the monomer, temper-
ature, salt nature, and concentration, determine the size and shape of the surfactant aggre-
gate.

These aggregates find a wide range of applications, such as cosmetics, cleaning, and
drug delivery, depending on the specific type of aggregate formed. Micelles have a hydropho-
bic core that can solubilize hydrophobic molecules, while the hydrophilic outer shell allows
this aggregate to remain soluble in water and even adsorb hydrophilic compounds. Con-
versely, vesicles have an aqueous core that can encapsulate hydrophilic molecules, and their
bilayer can hold hydrophobic substances. Vesicles are commonly used in drug delivery sys-

tems (Herrmann, 1966).

The main driving force for micelle formation is the hydrophobic effect. This term, first
proposed by Kauzmann (Kauzmann, 1959) describes the tendency of non-polar groups to ad-
here to one another and remove themselves from the aqueous environments. At first, the

term drew some criticism (Hildebrand, 1979), with some authors arguing that the adhesion
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energy measures a favorable interaction energy between water and other alkane liquids. Al-
though (depending on the temperature) the enthalpy of interaction between water and hydro-
carbons is favorable, the overall free energy of the mixture is not due to the losses of entropy
caused by dissolving neutral molecules in this already highly structured solvent that is water.

(Southall et al., 2002)

The hydration entropy and enthalpy of small non-polar molecules are highly tempera-
ture-dependent, resulting in a characteristic large positive heat capacity, ACp, while the overall
free energy is not and shows a non-monotonic behavior (Chandler, 2005).

These thermodynamics characteristics, namely, the large contribution and the temper-
ature dependence of the entropy for the hydrophobic effect, were interpreted by Frank and
Evans in terms of the ordering effect of water around the non-polar solute. These authors pro-
posed that the first water shell around the solute forms a more crystalline structure, with
frozen patches or microscopic icebergs. The “freezing” of water causes the entropy to be lost,
and with increasing temperatures the structure of water is broken down, diminishing the en-
tropic contribution (Frank and Evans, 1945).

Based on the heat capacity of hydrophobic solvation, Gill and coworkers proposed a
two-state model, where water molecules in the first hydration shell of hydrophobic solutes be-
have in a "non-cooperative mode", different from the bulk water. The heat capacity properties
of the solvation shell was quantitatively described due to this difference in behavior (Gill et al.,
1985). Supported on Gill's two-states model, Muller suggested that the hydrogen bonds of
water are different in bulk and the hydration shell, and the breaking of H-bonds has different
enthalpy, entropy, and free energy for both molecule types (Muller, 1990).

These approaches lead to the conclusion that the surface area of hydrophobic com-

pounds in water is sufficient to explain the hydrophobic effect, but experiments have shown
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this is not true. The free energy of transfer of small oil molecules from liquid hydrocarbon to
water is about 25 cal mol™ per A2 of surface. In contrast, the free energy cost to eliminate the
hydrocarbon/water interface is about 75 cal mol* per A2 of surface (Tanford, 1979). If the
transfer of oil molecules were to be proportional only to the surface area of the hydrocarbon
molecule, these values should be the same.

The explanation for this difference in both experiments is that distinct mechanisms are
involved in each system: for small molecules, the solute provokes an ordering of water mole-
cules that scales with the occupied volume, where there is no need to break hydrogen bonds,
whereas, for large solutes, the free energy cost scales with the area because of the water hy-
drogen bonds are broken. The crossover from one regime to another is at approximately 1
nmz2 solute volume (Chandler, 2005), indicating that hydrophobicity depends not only on the
surface area of a solute but also on its shape and curvature (Southall and Dill, 2000).

This difference between both regimens is precisely what explains the aggregation of oil
molecules in water. The free energy gain associated with the aggregate formation comes
from the difference between the free energy of solvation of small oil species that are well sep-
arated in water, i.e., entropically dominated solvation free energy, and the free energy of sol-
vation of a large cluster of these same species, i.e., the enthalpically dominated solvation free
energy of large surfaces (Maibaum et al., 2004).

Southall and Dill explained the difference between hydrating small or large solutes us-
ing a two-dimensional water model (Ben-Naim, 1971), reaching similar conclusions to the
above (Southall and Dill, 2000). In this model, each water molecule is represented by a 2-di-
mensional circular disk that can interact through three hydrogen bonds with other molecules,
arranged similarly to the Mercedez-Benz logo, hence the name. The authors showed that the

free energy of hydrating a small spherical solute increases with the solvent's radius by ex-
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panding the cage's structure and lowering enthalpy and entropy. In contrast, for a large
solute, free energy increases due to the breakage of hydrogen bonds in the cage.
Because of the amphiphilic nature of surfactants, the hydrophobic effect is crucial to
explain the formation of micelles. However, an opposing force to aggregation arises from
electrostatic or volume repulsion between the polar head groups (Equation 1.1 (Tanford,

1974)).

AGL=AU’+W,, (1.1)

,where AUmM° is the free energy associated with the alkyl chain transfer (negative —
hydrophobic effect), and Wm is the free energy associated with the head group repulsion
(positive).

The free energy can be further divided into several contributions for a more realistic
picture. Nagarajan and Ruckenstein split the contributions for the free energy of micelle
formation into four components: 1. The transfer of the surfactant tail from water into
hydrophobic micelle core (uy); 2. The conformational free energy of the tails arising due to the
positional constraints (ler); 3. The free energy of formation of aggregate-water interface (Min);
4. The head group interactions, as stated by Tanford, are repulsive steric contributions (Usteric).
In the case of a zwitterionic micelle, the head groups' dipole interaction must also be
considered (Mdpoe). FOr an ionic micelle, another term related to the charged head group at the
micelle interface and the ions (Uionic) is introduced (Nagarajan and Ruckenstein, 1991).

Similarly, Maibaum and coworkers separate the thermodynamics of micellization into
three contributions (Figure 1.1): 1. The creation of a cavity in the solvent (Figure 1b); 2.
Transferring the hydrophobic chains from the aqueous solution into the cavity (Figure 1c) and

3. Distributing the polar units over the surface of the cavity and reconnecting them to the
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hydrophobic groups (Figure 1.1d) (Maibaum et al., 2004). These models help understand the

thermodynamics, temperature, and salt effects on the aggregation of surfactants.
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Figure 1.1: Thermodynamic cycle of micelle formation. Reprinted with permission from (Maibaum et
al., 2004). Copyright 2004 American Chemical Society.

A micelle can be regarded as a distinct chemical species and treated using a mass
action model or a separate phase with a phase separation model. Both models have
advantages and disadvantages. Individual micelles are usually not large enough to be
considered a different phase, but the ensemble of these aggregates shares properties similar
to a separate phase.

The aggregation of a zwitterionic surfactant in water can be described with Equation

1.2
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nS<S§, (1.2)

Where n is the number of monomers in an aggregate S (Nag), and S, represents the
aggregate. In this equilibrium representation, monomers can enter or leave the micelle. Nagg
can be measured experimentally (Alargova et al., 1998). The monomer concentration
threshold for micelle formation is known as the critical micelle concentration (cmc). Cmc is a
well-defined quantity, measurable by determining several properties of the surfactant system
that change abruptly with surfactant concentration (Figure 1.2). These properties include
surface tension, osmotic pressure, turbidity, and conductivity. Cmc depends on the

temperature, ionic strength, pH, and the nature of the ions or other molecules in the solution.

UNITS OF MEASUREMENT OF EAGCH PROPERTY
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Figure 1.2: Physical property curves for sodium dodecyl sulfate. Reprinted with permission from
(Preston, 1948). Copyright 1948 American Chemical Society.

From Equation (1.2), an equilibrium constant (K,,) can be defined as:
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Using the relationship AG°=—RT.InK,, , the free energy for micelle formation is:
AG’=—RT.In([S,]—n.In[S]) (1.4)

where R is the gas constant, and T is the temperature. Considering the [S] = cmc and dividing

both sides by n, one obtains the free energy per monomer:

AG...=(—RT.In[S,])/n+RT.In(cmc) (1.5)

As n is typically large (n > 50), the first term of Equation 1.5 is much smaller than the second

one (Nagarajan and Ruckenstein, 1991). Thus, Equation 1.5 can be simplified:

AG°~RT.InK (cmc) (1.6)

For ionic surfactants, the counterions need to be considered:

AG’~(1+a)RT.In K (cmc) (1.7)

where a is the degree of counterion ionization, a = p/n, with p = free counterion in solution.

The size of ionic micelles is affected by the presence of salts and the nature of the
counterion. As stated above, one of the opposing forces to aggregation is the repulsion of the
polar head groups, which can be screened by the presence of ions with opposed charges. For
ionic micelles, the counterion condensation at the micelle interface influences both the CMC

and the aggregation number (Mukerjee et al., 1966). The effect of counterion depends not
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only on the charge but also varies with the nature of the ion, known as the specific ion effect

(SIE), which will be discussed later.

The shape of the aggregate formed by the surfactant monomers is also dependent on
the monomer structure. Israelachvili, Mitchell, and Ninham introduced geometrical
considerations of the monomer that allow for predicting the shape of surfactants aggregates
(Israelachvili et al., 1977, 1976). The molecular packing parameter or critical packing

parameter (CPP) can be written as (Equation 1.8)

ccp=—Y

(1.8)

where v = volume of hydrocarbon core, a, = effective head group area, and I = hydrocarbon
chain length. A representation for surfactant CPP is in Figure 3, together with the predicted
shape according to CPP value.

Spherical micelles are expected for surfactants with a CPP of < 1/3, whereas closed

bilayers are expected with a CPP between %2 and 1.
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Figure 1.3: Molecular shapes, critical packing parameter (CPP) of surfactants and |IpIdS, and the
structures formed. Reproduced from (Dutt et al., 2017) with permission from the Royal Society of

Chemistry.

Surfactants with two long-chain hydrophobic tails (usually larger than (CH2):2) have a
high CPP because the volume of hydrocarbon chains is large. Above a critical aggregate

concentration (CAC) (ca. 1071 M), bilayers are formed, and if allowed by the CCP, the

bilayers can close into spherical vesicles.

Vesicles of different sizes can be formed, with one (unilamellar) or more (multilamellar)
bilayers. Vesicles containing only one bilayer can be classified according to their size as small
unilamellar vesicles (SUV) with 15-30 nm in diameter, large unilamellar vesicles (LUV) with
100-200 nm diameter, or giant unilamellar vesicles (GUV), for diameters above 10000 nm.
Multilamellar vesicles (MLV) with concentric shells of closed bilayers are commonly observed

and form spontaneously upon adding an aqueous solution to dry double-tailed surfactants (

Figure 1.4).

23
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Figure 1.4: Representation of different vesicular aggregates. Modified and reprinted with permission
from (Van Swaay and deMello, 2013). Copyright 2013 American Chemical Society.

The formation of aggregates also depends on temperature. Aggregates can be formed
in solution above the temperature where the solubility curve intersects with the CMC curve
(Figure 1.5). The Krafft point can be interpreted as the temperature at which the solubility of
surfactants as monomers becomes high enough for the monomers to start aggregation or
micellization (Moroi and Matuura, 1988).

Some authors refer to the Krafft point as the melting point for hydrated solid surfactants
(Shinoda, 1987). This interpretation comes from the viewpoint of aggregates being in a
different phase than water, i.e., the phase separation model.

At high surfactant concentration (>> cmc) and above the solubilization temperature,
aggregates such as micelles or vesicles begin to interact, and surfactant molecules start to
align and orient, forming liquid crystals (Figure 1.5). The most common liquid crystals are: 1.
lamellar phase, where a water layers separate bilayers, and the bilayers can extend for
microns; 2. hexagonal phase, with rod-shaped micelles of undefined length, packed as

hexagonal arrays and separated by a continuous water region; and 3. cubic phase formed by
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packing micelles into body-centered cubic or face-centered cubic arrays. Liquid crystal

phases can also be considered an intermediate stage between the solid and melt/liquid

phases (Tiddy, 1980).

Liquid-Liquid Phase Separation
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Figure 1.5: Figure 5. Representation of a phase diagram of a mixture of an amphiphile and water. The

amphiphile concentration is represented in the horizontal axis, and in the vertical axis, the
temperature. Reprinted with permission from (Nakama, 2017). Copyright 2017 Elsevier

One important transition that is observed upon temperature increase of the lamellar
phase, is the gel to liquid-crystalline phase. This transition is related to the melting of the
hydrocarbon chains, that undergo a shift from an ordered state (referred to as gel) to a more
liquid-like conformation (known as liquid-crystalline) as temperature changes (Tardieu et al.,
1973). The temperature where this transition occurs can be called melting temperature (Tm),
critical temperature (Tc), or main transition temperature. Due to packing constrains of the
bilayer, there is a reduced the amount of disordering at the phase transition compared to the
isotropic melting of alkanes. This transition is also observed at lower surfactant

concentrations, for example, in vesicles bilayers (Taylor and Morris, 1995).
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The transition temperature depends on the nature of the polar head group and the
length and degree of unsaturation of the hydrocarbon chains. For example, the small
difference in the headgroups between phosphatidylcholines and phospatidylethanolamines
leads to a difference of almost 30 °C in the Tm (Chapman et al., 1974). This phase transition
holds significant biological importance as the fluidity of biological membranes plays a crucial
role in various phenomena (Heimburg, 2019).

Other ordered phases are also observed for lipid systems, like the ripple and the
subgel phases (Nagle and Tristram-nagle, 2000). Some authors also report the existence of a
coagel phase, below Tc. In the coagel phase, the surfactants are in a hydrated-crystalline
state separated from the water solution phase (Kodama and Seki, 1991). Krog and Larsson
suggest that the gel phase is metastable and may evolve into the crystal and water state
(Krog and Larsson, 1968).

As discussed above, ions generally influence colloids' aggregation and stability.
Specific lon Effects (SIE) have been known since the XIX century (Hofmeister, 1888).
Hofmeister observed that anions with the same charge have different effects in several
systems: precipitation of blood serum proteins, egg white proteins, colloidal ferric oxide, etc.
In his work, he postulated that a salt's colloid precipitating effect depends on its "water
withdrawing effect" (Kunz et al., 2004). Salts could absorb the water and “steal” it from the
solute, promote the precipitation (Okur et al., 2017). Although Hofmeister studied salts, the
ordering known today as the Hofmeister series consists of both anions and cations
separately. It is also known as the lyotropic series (Voet, 1937). A typical ordering for the
Hofmeister series is in Figure 1.6.

As Kunz and Neueder noted, specific ion effects were first observed by Poiseuille and
coworkers and Cox and Wolfenden earlier. These authors observed that some salts increase

water viscosity, whereas others decrease it (Kunz and Neueder, 2009) and proposed that the
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ions can influence the water structure, thus changing the viscosity. Later, using the
relationship between viscosity and entropy of dilution, Frank and Evan proposed that some
ions are "water structure-breaker" or "water structure-maker" (Frank and Evans, 1945).
Structure breaker anions can also be called chaotropic, whereas structure breakers are
kosmotropic.

HOFMEISTER SERIES

Cations

N(CHyt NHP ot R KON Lt Mgt ca?t

SO;” HPOJ  OAC” cit” OH™ CI” Br” NOj CIO; BE; 17 CIO; SCN” PF;

Anions
kosmotropic chaotropic
A surface tension J surface tension
harder to make cavity easier to make cavity
¥ solubility hydrocarbons 4 solubility hydrocarbons
salt out (aggregate) salt in (solubilize)
Jprotein denaturation 4 protein denaturation
pprotein stability J protein stability
weakly hydrated soft strongly hydrated hard
cations of low cations of high
charge density charge density
strongly hydrated hard weakly hydrated soft
anions of high anions of low
charge density charge density

Figure 1.6: Typical ordering of cations and anions, from (Kunz and Neueder, 2009).

Salts dissociate in water into solvated ions. Due to the large electric field generated by
the ions, especially smaller ones, it is expected that the dipolar water molecules will rearrange
in the hydration shells with a structure different from that in bulk water (Marcus, 2009), and as

was pointed earlier in this introduction, the insertion of a solute in water will cause an
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interfacial water rearrangement. But after analyzing the existing experimental data, Marcus
found evidence suggesting that water structure can be modified by the presence of ions
beyond their hydration shells. His excellent review also points out that the present data does
not prove that this modification is responsible for the specific ion effect.

The ability of an ion to modify the structure and properties of water is a well-accepted
mechanism to account partly for SIE. Still, water modification cannot predict many of the
observed SIE phenomena. Note that, in the lyotropic series, ions can change order
depending, among other factors, on the surface charge of a solute, solvent polarity,
temperature, and salt content (Schwierz et al., 2016).

After reviewing specific ion effects theories, Lo Nostro and Ninham suggested that the
quantum dispersion forces are ultimately responsible for the specificity and should, therefore,
be considered (Lo Nostro and Ninham, 2012). In another fascinating review, Leontidis
suggests that "ionic hydrophobicity and complexation capacity” can also be essential to
determine ionic behavior (Leontidis, 2017) Thus, it is crucial to consider the specific
interaction of the ion with the surface when predicting the ion effect. Here, | will focus the
discussion on anion effects on surfactant aggregates. These aggregates have an interesting
interface, with the polar head group exposed to the water interface and the hydrophobic
portion that is (partially) hidden within the aggregates (Stephenson et al., 2007). It is also
important to notice that different geometries of aggregates, like micelles, vesicles, or even
monolayers, can play important roles in the specificity due to the difference in packing and

hydration (Aroti et al., 2007).

Hydrophobicity is an essential factor for chaotropic ions. The limiting ions of the
Hofmeister series are usually SCN- and CIO4, or guanidinium cation. Although there are

studies on more hydrophobic ions, the literature is scattered, and these ions have not been
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studied systematically (Leontidis, 2016). It is clear, however, that hydrophobic and hydrotropic
(see below) ions cause very strong ion-specific effects in surfactant aggregates (Benrraou et
al., 2003; Geng et al., 2006; Lima et al., 2013a)

Mehringer, Kunz, and Neuberg introduced the term hydrotrope to describe molecules
that increase the water solubility of organic molecules (Mehringer and Kunz, 2021; Neuberg,
1916). Hydrotropes are amphiphilic molecules with small polar and bulky non-polar moieties
(Matero, 2002) but the proportion between polar and non-polar portions is much higher than
regular surfactants (Hopkins Hatzopoulos et al., 2011). Because of the amphiphilic character
of hydrotropes, some can self-aggregate but at much higher concentrations than surfactants
(Hopkins Hatzopoulos et al., 2011). The mechanism behind the solubilization of hydrophobic
compounds by hydrotropes is unclear, but the accumulation of hydrotropes around the
hydrophobic solute may lead to the observed solubilization increase (Shimizu et al., 2013).

Because of the amphiphilic character, hydrotropes bind to the micellar interface and
cause shape transitions and even phase separation, as observed in cationic micelles upon
trifluoromethanesulfonate (triflate, Tf) addition (Lima et al., 2015). Hydrotropes with aromatic
portions can penetrate the surfactant headgroups region, reduce the charge, and change the
packing parameter due to the large size of the ion and induce micellar elongation (Magid et
al., 1997). Hydrotropic counterions can also affect the hydration of the micellar surface in
cationic micelles, thus leading to phase transition (Geng et al., 2005; Lima et al., 2015)
According to Leontidis (Leontidis, 2016), "the hydrophobicity of the aromatic counterions
determines the way that they anchor themselves on the micellar interfaces." Still, we do not
have enough information to create hydrotropic power sequences or place hydrotropic anions
on the anionic Hofmeister series.

All the topics explored above are essential to evaluate the data presented in the thesis.

Here, the physical chemistry properties of different surfactant aggregates and specific ion
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effects were assessed. In the first chapters, the specific anion effect of chosen hydrotropes on
zwitterionic micelles was evaluated on the aggregates and micellization thermodynamics.
Cationic surfactants containing two alkyl chains were studied in the following chapters, by

characterizing the formed vesicles and specific ion effects in monolayer and vesicles.
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2 Objectives

The primary objective of this thesis is to investigate the formation of amphiphilic
aggregates and the partitioning of ions in their interfaces. To achieve this, we have outlined

three specific objectives:

1. Elucidate the specific ion interaction of hydrotropic anions in zwitterionic interfaces: In
the introduction, it is mentioned that the addition of hydrotropic anions to cationic
micelle solutions can lead to changes in aggregate size, shape, and even phase
separation. However, this effect has not been explored in zwitterionic micelles, except
for studies involving perchlorate addition. To gain insights into these specific ion effects,

we employed various experimental and theoretical techniques.

2. Quantify and describe the competition between chloride and bromide anions at cationic
interfaces using Total-Reflection X-Ray Fluorescence and Molecular Dynamics
Simulations: As highlighted in the introduction, it is intriguing to investigate specific ion
effects in different aggregate geometries, as the packing and curvature may play
crucial roles. Monolayers serve as compelling systems because the area per monomer
can be extensively varied, enabling exploration of the ion effect on different lipid
phases. Moreover, Total Reflection X-Ray Fluorescence (TRXF) allows for direct
guantification of ions at the monolayer interface, a capability not feasible with other

techniques.

3. Characterize an imidazolium-based cationic surfactant and compare its properties to a
commercially available one: This objective involves describing a novel imidazolium-
based surfactant synthesized in our laboratory. The focus of this work was the

theoretical exploration of the properties of vesicles based on the headgroup chemistry,
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aiming to provide insights into the surfactant's unique characteristics in comparison to

a commercially available surfactant.
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3 Material and Methods

This thesis comprises articles and manuscripts, with the materials and methods being
described in each subsection in results chapter. In this context, | use the material section to

present the chemical structures for the surfactant and salts utilized.

In the first 3 subsections, zwitterionic surfactant N-Dodecyl-N,N-dimethyl-3-ammonio-
1-propane-sulfonate (DPS) was used, structure is in Figure 3.1. and the hydrotropic salts

evaluated are in Figure 3.2.
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Figure 3.1: Chemical Struture of N-Dodecyl-N,N-dimethyl-3-ammonio-1-propane-sulfonate (DPS)

The hydrotropic salts evaluated here are constituted of two different hydrophilic
moieties (Carboxylate or Sulfonate) and three different hydrophobic moieties (Methane,

Fluoromethane or Benzene). They are in Figure 3.2.
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Figure 3.2. Chemical Structures of hydrotropic anions: a) Methanessulfonate (Ms), b) Triflate (Tf), c)
Benzenesulfonate (BZS), d) Trifluoroacetate (TFA), e) Acetate (Ac), and f) Benzoate (BZC).

Beside the hydrotropic salts, Bromide (Br’), Chloride (CI') and Perchlorate (CIO4) were

also used.

The cationic surfactants used were Dimethyldioctadecylammonium bromide (DODAB),
Dimethylhexadecylammonium chloride (DHDAC) and 1,3-Di-hexadecyl-imidazolium chloride

(DHIMC). The chemical structures are in the results section of chapter 4.4.
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4 Results

4.1 Specific lon Effects on Zwitterionic Micelles Are Independent
of Interfacial Hydration Change

This chapter is a published paper, and was reproduced with permission from Langmuir
2018, 34, 37, 11049-11057. Copyright 2018 American Chemical Society.

Abstract

Zwitterionic micelles adsorb anions and several techniques were used to determine the
specificity of this interaction. Although at a lower intensity, this adsorption can be compared to
those observed in cationic micelles, which showed that interfacial dehydration is a
fundamental propertyfor the geometry and size of micelles. Because there is no information
on the interfacial hydration of zwitterionic micelles, we used dielectric relaxation spectroscopy
(DRS) together with molecular dynamics (MD) simulations to evaluate the importance of
surface dehydration promoted by the binding of anions at the micellar interface (sodium
bromide, sodium methanesulfonate, sodium trifluoroacetate, and sodium triflate) in N-dodecyl-
N,N-dimethyl-3-ammonio-1-propanesulfonate (DPS) micelles. Our results, showing good
agreement between DRS and MD simulations, strongly suggest that specificion effects on
zwitterionic micelles are unrelated to global changes in the interfacial hydration and depend

on specific interactions of the headgroups with selected anions.
1.1 Introduction
Micelles formed by self-association of zwitterionic surfactants adsorb anions

preferentially (Baptista et al., 1992; Gerola et al., 2017b). Selective anion binding to the

formally neutral interface of N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (DPS)
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micelles is well-known (Beber et al., 2004; Cuccovia et al., 1990; Okada and Patil, 1998;
Priebe et al., 2012; Rodriguez et al., 2001; Santos and Longo, 2016). DPS micelles display
negative zeta potentials upon salt addition (Priebe et al., 2012, 2008) with local anion
concentrations higher than in bulk (Cuccovia et al., 1990). The interaction of anions with the
nitrogen from the polar head of the DPS was determined by measuring the symmetry
changes about 14N in NMR measurements (Beber et al., 2004). Anions show specific
interaction with sulfobetaine stationary phase (Okada and Patil, 1998) and several reactions
using micelle as reaction media display sharp and specificion effects (Priebe et al., 2008;
Rodriguez et al., 2001). Molecular dynamics of sulfobetaine micelles also show increased
concentration of anions at the interface (Santos and Longo, 2016).

Increase of external salt concentration or binding of hydrotropic anions to positively
charged micelles of N-hexadecyltrimethylammonium (CTAX, where X is the anion), a
surfactant that has the same positively charged group as DPS monomers, produces severe
interfacial dehydration and changes in shape of the micelle (Geng et al., 2005). An extreme
case is exemplified by trifluoromethyl sulfonate (triflate, Tfl), a counterion that binds strongly
to cationic micelles of N-dodecyltrimethylammonium (DTAX), produces significant dehydration
of the interface, and can induce phase separation (Lima et al.,, 2015, 2011). It is clear,
therefore, that for cationic micelles a correlation between specific ion effects in micelles an
dmicellar interfacial hydration is established and even to ion (de)hydration upon adsorption at
the micellar interface (Lima et al., 2017).

When comparing the selectivity of anion binding to zwitterionic DPS and cationic
ammonium quaternary micelles one would tend to think that as both micelles seem to select
anions to a similar degree, changes of interfacial hydration could be equivalent. Despite the
amount of information concerning selective ion binding to zwitterionic micelles, the interfacial

hydration of these aggregates with salt has been less explored.



37

Here, we used dielectric relaxation spectroscopy (DRS) as a technique (Rahman et al.,
2012; Sonnleitner et al., 2014) to analyze dipole relaxations in systems composed of DPS
zwitterionic micelles with or without added salts. We obtained DR spectra of aqueous DPS
solutions and of solutions containing NaBr, sodium methanesulfonate (NaMs), sodium
trifluoroacetate (NaTfa), and sodium triflate (NaTfl) to investigate the effects of salts on
micellar hydration. We also analyzed, using moleculardynamics (MD) simulations, interfacial
hydration of the same systems. Our results demonstrated a relative lack of specific salt
effects on the various states of bound water and strongly suggest that specific ion effects on
zwitterionic micelles are unrelated to overall changes in the interfacial hydration but are

dependent on specific interactions of the headgroups with selected anions.

1.2 Material and Methods
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1.2.1 Materials. N-Dodecyl-N,N-dimethyl-3-ammonio-1-propane-sulfonate, DPS, (Sigma-
Aldrich) was recrystallized twice from methanol/acetone. NaBr (LabSynth, analytical grade)
was used as received. Sodium trifluoromethanesulfonate (NaTfl) was prepared by
stoichiometric titration of aqueous triflic acid (Sigma-Aldrich) with NaOH (Sigma-Aldrich) and
the salt solution was lyophilized. Sodiummethanesulfonate (NaMs) (Aldrich) was
recrystallized from water/methanol. Sodium trifluoroacetate (NaTfa) was prepared by the
stoichiometric titration of aqueous trifluoroacetic acid (Aldrich) with NaOH (Sigma-Aldrich) and
the salt solution was lyophilized. Solutions were prepared with dried salts kept under vacuum.
Pyrene (Sigma-Aldrich) was recrystallized from ethanol/water and N-dodecylpiridinium
chloride (Aldrich) from methanol/acetone. Salt containing solutions were prepared with dried

salt and dried surfactant using Millipore water.

1.2.2 Dielectric Relaxation Spectroscopy. Dielectric spectra were obtained by combining a
waveguide interferometer (60 < v/GHz < 89) and an Agilent E8364B vector network analyzer
(VNA) operated with an electronic calibration module (Ecal, AgilentN4693A), two commercial
open-ended coaxial reflection probes (0.2 < vV/GH z< 20 and 1< v/GHz < 50), and a coaxial-
line cutoff reflection cell (0.02 < v/IGHz < 0.5). The reflection measurements were taken at
least two times with independent calibrations, using air, water, and mercury as open, load,
and short standards (Sonnleitner et al., 2014). The response of the DRS instrument to the

sample submitted to the field of frequency (v) was recorded as the total complex permittivity,

nv)

flv)=¢&lv|- (4.1.1)
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and the complex permittivity can be described as €{(v) = €'(v) — i€"(v), were €, is the permittivity
of vacuum, €' is the relative permittivity, and €" is the dielectric loss. The complex permittivity

spectrum can be described as a sum of | individual relaxation process (modes)

é(u);i S, Flv|+e, (4.1.2)

where S; being the amplitude of the mode i, €. is the “infinite frequency”, and Fi is the band

shape function that can be described by the general eq 4.1.3

F(v)=[1—(i2zvTt) “" (4.1.3)

fO<ai>1andBi=1, eq3is called Cole-Cole (CC) equationand ifai=0and Bi=1,eq 3 is
called Debye (D) equation. The analysis of the spectra was carried out by simultaneously
fitting €'(v) and €"(v) with several models using the selection criteria described in (Rahman et
al., 2012).

1.2.3 Conductivity.

Conductivity, kK, was measured for two different samples at 25 + 0.005 °C using a computer-
controlled setup and two-electrode capillary cell, calibrated with aqueous KCI (Nazet et al.,

2015). Conductivity values were used in eq 4.1.1.

1.2.4 Density. The densities for two independent solutions for all the samples were
measured at 25°C using a vibrating-tube densitometer (Anton PAr DMA 5000 M) with + 0.05
kg/m® uncertainty. Densities of the samples were used to calculate water concentration

following eq 4.

MM
c =P DPS( DPS) (4.1.4)

T MM, MM,
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where c, and MM,, are the total water concentration and water molecular mass, respectively;
p is the sample density, and cpps and MMpps are the surfactant concentration and molecular

mass, respectively.

1.2.5 Critical Micelle Concentration (cmc). The cmc were determined by measuring
surface tension with a Lauda TD3 tensiometer, using a du Nouy ring. Aliquots of a stock
surfactant solution were added to 10 mL of water with or without salt, and the cmc was
calculated as described previously (Mukerjee and Mysels, 1971). Two independent measures
were taken for each salt concentration. Temperature was maintained at 25.00 £ 0.01°C using

a Lauda thermostat.

1.2.6 Aggregation Number (N.g). Micellar N,,'s were measured by time-resolved
fluorescence quenching (TRFQ) method as described previously (Lima et al., 2013b). Pyrene,
used as fluorophore, was added to the surfactant and salt mixtures. N-Dodecylpyridinium
chloride, used as quencher, was added (five times additions) until a final concentration of two
guencher molecules per micelle was reached. Fluorescence intensities and decay were
determined using an Edinburgh FLS920 spectrometer system with time correlated single
photon counting (318.0 £+ 0.5 K). Laser pulse was 2 us. At least two independent
measurements for each surfactant and salt mixture were obtained with emission at 383.0 nm
and excitation at 335.6 nm with a window of 1 ps and 2,048 channels. N4y was calculated by

analyzing the characteristic decay of Pyrene fluorescence in micelles (Lima et al., 2013b).
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1.2.7 Molecular Dynamics Simulations. MD simulations were performed for systems
containing a micelle of DPS in water and in four salts (NaBr, NaMs, NaTfa, NaTfl) solutions,
using GROMACS 5.1.4 (Abraham et al., 2015)) with GAFF for the polar head of the surfactant
(Wang et al., 2004), GAFF lipid forcefield was used in the tail of the surfactant (Dickson et al.,
2012), and SPC/E forcefield for water (Berendsen et al., 1987). The dihedral parameters of
the surfactant polar head were obtained using ab initio calculations with Gaussian ((Frisch et
al., 2016) (HF/6-31G*) for dihedral scans accordingly to the standard procedure in GAFF
(Wang et al., 2004). The partial charges of the atoms were also calculated with Gaussian
(HF/6-31G*). Dihedral parameters and atomic charges are in Appendix (Tables S1 and S2).
An initial structure of a spherical micelle containing 55 DPS molecules, the aggregation
number in (Florenzano and Dias, 1997) was built using Packmol (Martinez et al., 2009).
Around 30 000 SPCE waters were added in the cubic box with 9 nm edge. For the salt-
containing simulations, 60 anions and 60 sodium atoms were added in a box with a previously
equilibrated micelle leading to a salt concentration of 0.1 M. Temperature of 298 K was kept
using v-scale thermostat, and latm pressure was kept using Parrinello-Rahman barostat
(Parrinello and Rahman, 1981). Lennard-Jones and Coulomb cut offwere set at 1.4 nm. Water
angles and bonds were constrained using SETTLE (Miyamoto and Kollman, 1992) and for the
other molecules LINCS ((Hess et al., 1997) was used to constrain the bonds. Initially, an
energy minimization was performed. Then, two short equilibration steps were performed: one
NVT simulation (1 ns) followed by an NpT simulation (200 ns). The preequilibrated system
was used as initial configuration for the trajectory production. The equilibrium of the system

was assessed by energy fluctuation.

1.3 Results and Discussion
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1.3.1 Nagg and cmc. The values for Nagg and cmc of DPS, obtained by TRFQ of pyrene
and surface tension, as described in Methods, in the presence of different concentrations of
NaBr, sodium triflate, NaTfl, sodium methanesulfonate, NaMs, and sodium trifluoroacetate,
NaTfa, are summarized in Table 4.1.1

Table 4.1.1: Average Aggregation Number and Critical Micellar Concentration (cmc) for Salt
Containing Solutions of DPS 0.150 M

Salt Concentration

Salt (mol x L™1) Nagg cmc (mmol x L)

- 0 654 3.3+ 0.1
NaBr 0.05 64 +6 29+0.2
NaBr 0.08 61+5 3.1+0.2
NaBr 0.1 60 £5 3.0+0.1
NaBr 0.13 58+4 3.0+0.1
NaTfl 0.05 736 1.5+0.1
NaTfl 0.08 695 1.0+0.1
NaTfl 0.1 67 %3 1.0+0.1
NaTfl 0.13 68 +5 1.0+0.1
NaTfa 0.05 605 24+0.1
NaTfa 0.1 584 21+0.2
NaMs 0.05 61+6 3.1+0.1
NaMs 0.1 58+4 2.7+0.2
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Within the range of concentrations studied (0 — 0.125 M), the effects of salts on the
DPS aggregation number were minor and showed no clear concentration dependence (Table
4.1.1). Salt addition lowers the cmc of DPS, showing ion specific effects on this property

(Florenzano and Dias, 1997).

1.3.2 DR Spectra. The dielectric spectra of agueous DPS solutions showed several unique
features (Figure 4.1.1a and b). In the frequency region around v = 10-20 GHz, corresponding
to the cooperative relaxation of bulk water (mode 4), the relative permittivity, €'(v) (Figure
4.1.1a), and dielectric loss, ¢€"(v) (Figure 4.1.1b), decreased with increasing DPS
concentration. In line with previous investigations (Friesen et al., 2017) a small mode at
around 8 GHz (mode 3) was assigned as slow water mode that increases with increasing

DPS concentration. Simultaneously, a new contribution arose at ~0.4 GHz (mode 2).

On addition of salt the bulk-water relaxation at ~20 GHz continued to decrease,
whereas the DPS-related mode at ~0.4 GHz remained fairly unaffected (Figure 4.1.1c and d).
Additionally, a further contribution at even lower frequencies (~0.05 GHz) emerged (Figure

4.1.1 for all added salts (NaBr, NaTf, NaMs, and NaTfa) (mode 1).
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Figure 4.1.1: Spectra of (a and c) relative permittivity, €'(v), and (b and d) dielectric loss, €"(v), of
agueous solutions of (a and b) DPS at 25 °C at the following concentrations: cDPS (M) = 0 (-, blue
line), 0.075 (A, light green), and 0.150 (e, red). In the inset, cDPS (M) = 0 (-, blue line), 0.025 (»,
petroleum), 0.050 (m, pink), 0.075 (A, light green), 0.100 (m, dark green), and 0.150 (e, red) and (c
and D) DPS 0.150M with NaBr at the following concentrations: cNaBr (M) = 0 (-, black line), and
0.125 (e,dark blue) (additionally shown in inset of (a): cNaBr (M) = 0.050 (e, red). (b) cNaBr (M) =
0.050 (e, red), 0.075 (e, light blue), and 0.100 (e, green). The symbols show the experimental data
and the lines represent fits with a CC + D + D model.

The spectra of all salt-free DPS solutions were best fitted by the superposition of a
lower-frequency Cole—Cole equation (mode 2 of Figure 4.1.2a at ~0.3 GHz) with two Debye
equations centered at ~5 GHz (mode 3) and ~20 GHz (mode 4). For the spectra of the salt-
containing solutions, this CC + D + D model had to be expanded to a D + CC + D + D model
with an additional Debye relaxation (mode 1 in Figure 4.1.2b) centered at ~0.05 GHz. Mode 4
is at the same position as the dominating dispersion step of pure water (relaxation time 14 =
8.3 ps) and thus can be unequivocally assigned to the structural relaxation of (bulk) water

unaffected by the presence of the solutes. On the basis of previous investigations of



45
electrolytes and surfactant systems, (Buchner et al., 2005; Buchner and Hefter, 2009; Lima et
al., 2013a; Rahman et al., 2013) Mode 3 with a relaxation time of 1; = 30 ps can be assigned
to weakly bound (“slow”) water molecules hydrating the DPS headgroup. The evaluation of

the amplitude corroborated this relaxation (see below).
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Figure 4.1.2: Dielectric loss spectra, €"(v), of (a) 0.150 M agueous DPS and (b) 0.150 M aqueous DPS
in a solution of 0.125 M NaBr at 25 °C. The symbols show the experimental data, the lines represent
fits with a CC + D + D model in (a) and a D + CC + D + D model in (b). The shaded areas indicate the
contributions of modes 1-4 (1, yellow; 2, green; 3, dark blue; 4, light blue).

Following Pottel et al., (Pottel et al., 1978) the DPS-related relaxation 2 (1. = 500 ps) is
assigned to the reorientation of the zwitterionic DPS headgroup (George et al., 2016) and the
salt related mode 1 (1. = 3000 ps) is probably due to ion—cloud relaxation (Baar et al., 2001,
Eiberweiser and Buchner, 2012). Although the fast water mode at ~600 GHz (Fukasawa et
al., 2005) could not be resolved for the present spectra, as it is outside the covered frequency
range, its presence is manifested in the large values obtained for the fitted infinite frequency
permittivity of the solutions, €.(c) = 6, compared to the value of €.(0) = 3.52 for pure water
(Eiberweiser et al., 2015), Accordingly, following the previous work (Buchner et al., 2002) the
total amplitude of bulk like water that is not affected by the presence of a solute of

concentration c is calculated as
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S,(c)=S,(c)+e,(c)—e,(0) (4.1.5)

The relaxation times, 1 (i = 2, 3, 4), for the salt-free DPS solutions are practically
independent of DPS concentration (Appendix, Figure S2). The corresponding amplitudes, S-,
Ss, and Sy, are shown in Figure 4.1.3 together with the static permittivity of the solutions, €.
The latter smoothly increased in a nonlinear manner with increasing DPS concentration, Cpps
(Figure 4.1.3a), reflecting the growth of the DPS contribution, S, (Figure 4.1.3b). The power
law equations for S; and the linear correlation of Sy, and S; with surfactant concentration are in

the Appendix.
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Figure 4.1.3: (a) Static permittivity, € (A blue), and bulk-water amplitude (e black), S(Cops) = Sa(Cops) +
€«(Cops) - €«(0), of aqueous DPS solutions at 25 °C. (b) The corresponding amplitudes S; (e blue) and
Sz (A red). Lines are straight-line (Ss, S3) or power-law fits (g, S;) to the data.

The relaxation times for salt-containing solutions are summarized in Figures 4.1.4.
Figure 4.1.5a shows the amplitudes of the lower-frequency modes 1-3 whereas Figure 4.1.5b
displays the values for the amplitude of bulk like water, Sy. As expected for conducting
samples, the fit parameters obtained with the D + CC + D + D model scatter more than those

of the salt-free DPS samples but, as was observed for the salt-free samples, the relaxation

times were practically constant (Figure 4.1.4).
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Figure 4.1.4: Relaxation times, Ti (i = 1 black, 2 red, 3 blue, 4 green), of solutions of NaBr (), NaTfl
(A), NaMs (e), and NaTfa (v) in 0.150 M aqueous DPS at 25 °C as a function of salt concentration,
c. The open symbols are the data for salt-free 0.150 M DPS, except for 1, that is only present in salt-
containing solutions.
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Figure 4.1.5: (a) Amplitudes, S;, of the salt-related mode (i = 1 red), the DPS headgroup rotation (2,
blue) and of slow water (3, green) as a function of salt concentration, ¢, of solutions of NaBr (m), NaTfl
(A), NaMs (e), and NaTfa (v) in 0.150 M DPS at 25 °C. (b) The corresponding bulk-water
amplitudes, Sy(c). Lines are straight-line fits to these data forced through the origin (S,) or through the
values for salt free 0.150 M DPS (S, Ss, Sb).

Regarding the amplitudes, S: increased considerably with increasing salt

concentration, ¢, whereas S, and S; exhibit a weak decrease (Figure 4.1.5a), as did the

amplitude of bulk like water, Sy, (Figure 4.1.5b). It is important to note that, within experimental



48
uncertainty, there is no anion-specific trend in the parameters obtained from the DR spectra,
that is, we cannot distinguish between NaBr, NaTfl, NaMs, and NaTfa. In cationic micelles of
DTAX, there were clear changes in the lower S; mode with different counterions. For NaTfl,
for instance, even the relaxation time was severely altered (Lima et al., 2013a). Accordingly,
all salt data were pooled, and the amplitudes were fit with straight lines either forced through
the origin (S:) or through the value calculated for salt free 0.150 M DPS for S,, Sp, or Ss
(Figure 4.1.5). The linear fitting equations for the amplitude of modes versus salt

concentration are in Appendix.

1.3.2.1 Water Relaxation: Mode 3 and 4. Pure DPS. From the water-related
amplitudes S; and Sy, the corresponding concentrations of slow water, cs, and bulk like water,
Cb, can be calculated with the normalized Cavell equation (Cavell et al., 1971). Both depend

linearly on DPS concentration with

€,=55.361 M —37.34 X C s (0i—0.13) (4.1.6)

and

c.= 15.64 XC pps (oﬁt=0.01) (417)

taking again only the origin and the cs values at (0.100 and 0.150) M DPS.

From cy , the total hydration number, Zi(Cops) = [Cw(Cops) — Cu(Cors)]/Cops (i.€., the amount
of water not behaving as bulk water per equivalent of solute), is available, where cw is the
analytical water concentration, computed from eq 4. On the other hand, cs directly yields the
hydration number of weakly bound water, Zs(Cops) = Cs(Cops)/Cops. The number of irrotationality
bound (“frozen”) H,O is given by Z, = Z; — Zs. The parameters of egs 1.6 and 1.7 were used to
determine the number of irrotational bound water, providing the following effective hydration

numbers for DPS
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7P = 9c,] _ 19¢) =19.5+0.7

[ (aCDPS) (aCDPS)

0
zfps:(—cs):ls.e;io.l
(acnps)

Z7°=3.9+0.8

Thus, 4 H,O molecules were strongly bound (i.e., frozen) by each DPS molecule,
presumably by the DPS headgroup. Additionally, ~15-16 weakly bound hydrating water
molecules were retarded by a factor of ts/1s = 2.9, compared to bulk water. Zwitterionic
micelles without salt are less hydrated than cationic micelles with chloride, a weekly binding
anion, as counterion with the same chain length (El Seoud et al., 1995; Phukon and Sahu,
2017). Our results are in line with those obtained by Phukon and Sahu (Phukon and Sahu,
2017) because DRS of cationic micelles of N-dodecyl-N,N-trimethylammonium chloride,
DTAC, yielded a value of 26 for the Z; of DTAC micelles, compared to a Z; of 19 found here
for DPS. For other counterions in cationic systems of DTAX, where X is (Cl, Br, Ms, or Tfl), Z;
is lower, and this will be discussed in the next session. For an anionic surfactant with the
same tail length and the sulfate group, such as sodium dodecyl sulfate, SDS, a Z; =20 £ 4
was determined (Baar et al., 2001). For the zwitterionic dodecylphosphocholine, DPC, micelle
around 18 waters per surfactant was proposed (Pottel et al., 1978), also by DRS, very similar

to the value for DPS.
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1.3.3 Salt-Containing Solutions. From the water-related amplitudes S; and S, again the
corresponding concentrations of slow water, cs, and bulk like water, c,, were calculated with
the normalized Cavell equation (Buchner et al., 2002) The concentration of irrotationally
bound H-O, ci, = cw — Cy, — Cs, as well as the corresponding fractions of total bound water, f; =
(cw — cv)lcw , of slow water, fs = cs/cw, and ib water, fi, = ciw/Cw, are displayed in Figure 4.1.6.
Within experimental uncertainty linear trends are also observed for f; , fs, and fi, and the linear

equations are in Sl.
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Figure 4.1.6: Fractions of total bound water, f; (red), slow water, fs (blue), and irrotationally bound
water, fi, (green), as a function of salt concentration in NaBr (m), NaTfl (A ), NaMs (e), and NaTfa (V)
in 0.150 M aqueous DPS at 25 °C

These results are very interesting because the total fraction of bound water increased
with salt concentration (Figure 4.1.6). This result may be expected as Na* ions are highly
hydrated (Eiberweiser et al., 2015). However, this increase is entirely due to the strongly
increasing fraction of ib water, because at the same time weakly bound (slow) water was

released.
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For the salt-containing samples, the calculation of the effective hydration numbers Z;,
Zs, and Zj, is not straightforward as we have two solutes, namely DPS and the salt. However,
due to the linear dependence of c, and cs on cpes and (at cops = 0.150 M) on c (salt
concentration), we can assume additivity of the DPS and salt contributions and derive “salt-

related” values for Z&", Z:33" and Z%"in 0.150 M DPS as

oc,)

ZS"“:(—S:—G.Gil.l
* (0c)

Z:"=6.7+0.7

From the linear fit of

co—C=Z P x cpps+ Z:" x ¢ With
and

Z3"=11.9+0.6
from the linear fit of

Ciy=C— Co—C=Z X Cpps+Z3 xc  With

Zp" x cpps=3.9x0.150 M
where ci IS slow water concentration, ¢, is bulk water concentration, c, is total water
concentration, cs is slow water concentration, cpps IS DPS concentration, and c is salt
concentration. In addition to the water bound by DPS (Z:°°° = 19-20) one unit of added salt
additionally binds ~7 further H;O. Interestingly, this occurs through a strong increase of ib
water (Zy*" = 12) whereas simultaneously ~6-7 weakly bound (slow) H,O molecules
“disappear”. Most likely, these are converted to ib water. A part of the additional ib water is
hydrating Na* where we have Z(Na*) = 5.2 £ 0.2 at c- 0 (Baar et al., 2001) (and Zs(Na*) = 0).
This would leave Zp*" — Zi(Na*) = 7 H,O either as anion or salt-induced additional binding by

DPS. For Br~ Zy(Br) = Zs(Br’) = 0 (Buchner and Hefter, 2009) and for Tfa™ Zy(Tfa") = 1, Zs
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(Tfa”) = 20 (among them ~5-6 H,0 hydrating —COO~) (Rahman and Buchner, 2012)For Ms~
(Rahman, 2012) of Z, (Ms”) = 0, Zs(Ms") = 10-11. Although there is no data for Tfl", it is
possible to assume Zj, (TflI") = 0, due to the low effect of Tfl- on hydrating water (Bergstrom
and Lindgren, 1990). Thus, i, through anions, or at least free anions, cannot explain this
result. Therefore, it is possible to conclude that the additional (Zp™" - Zp (Na*)) = 7
irrotationally bound H.O originally were only weakly bound by DPS in the salt-free solutions
and are now frozen because they simultaneously interact with the DPS headgroup and the
added ions. This implies that also DPS head groups and the added cations and anions
interact, as already proposed for DTAX (Lima et al., 2013a) and CTAX micelles (Buchner et
al., 2005). There is a correlation between shape transition of cationic micelles and decrease
in micellar interface hydration (Geng et al., 2005). Cationic micelles of DTAX with triflate as a
counterion have very high aggregation numbers, that is, above 100, and are very dehydrated
as seen by DRS (Lima et al., 2013a) leading to phase separation (Lima et al., 2015) For DPS
with added salts, there is little change in aggregation number and no change in hydration

number as described in the DRS experiments.

1.3.3.1 lon Cloud: Mode 1. Support for electrostatic ion—DPS interactions comes from
the magnitude of the salt-related mode (Figure 4.1.5a). For ion cloud relaxation of the
dissolved salt, values of S; < 2 would be expected (Brandes et al., 2017). However, we have
S;=7.3atc=0.125 M (Figure 4.1.5a). This probably indicates some sort of ion condensation

on the DPS micelles and the associated formation of an ion cloud around these micelles.
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1.3.3.2 DPS Relaxation: Mode 2. Mode 2 at 500 ps can be assigned as the DPS polar
head relaxation, as seen for DPC (George et al., 2016) at 600 ps. As with hydration numbers,
there is also no trend of the amplitude of the mode S, either with salt concentration or with
the nature of the added salt. Molecular dynamics simulations (Santos and Longo, 2016) show
that the polar head angle is only affected by the binding of perchlorate anion and the effect is

still very subtle. This is in line with our result.

1.3.4 Molecular Dynamics Simulation. Molecular dynamics (MD) simulations, were
performed, for a DPS micelle in the presence of the different salts to simulate some

characteristics presented in the DR spectra of the zwitterionic micelles.

1.34.1 Water. The behavior of water molecules around all DPS atoms up to the second
hydration shell was studied. The radial distribution functions, g(r), of water oxygen atoms and
N or S of the surfactant polar head (Appendix, Figure S3) were used to determine the
hydration shell. Only the water molecules that remained for at least 60 ps within the chosen
region were considered for the analysis and those were labeled bound water. A snapshot of
the MD is in Figure 4.1.7 showing a DPS micelle and its bound water molecules. This time
window was chosen since it is long enough for the orientational correlation function of bulk

water to decay to zero.
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Figure 4.1.7: Snapshot of a DPS micelle with bound water molecules. Gold color shows the sulfur and
blue color shows the carbon atoms of DPS.

The orientational autocorrelation functions (C(t)) of bound waters were calculated for
DPS in water and with added salts and compared with that of bulk (free) water (Figure 4.1.8).
The autocorrelation functions were fitted using double exponential decays and the rotational
relaxation times (1) were computed from these functions by integration (Lima et al., 2014). As
the bound water molecules were slower than the bulk water, either due to the presence of
hydrophobic or hydrophilic groups, (Laage et al., 2009; Laage and Hynes, 2006) the rotational
relaxation times of the former (ts0w) Were longer than that of bulk water (Tsee). The Tsiow/Tiee fOr
all the systems (with the different salts and without salt) remained in the range of Ts/Ts
determined in DRS experiments (from 3.2 to 2.6). The average numbers of waters molecules

in the hydration layer of the DPS are shown in the Table 4.1.2.
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Figure 4.1.8: Autocorrelation function of water molecules bound to the micelle or free in the simulation
box

Table 4.1.2: Hydration Number of DPS by Molecular Dynamics Simulation

Salt Waters
- 17
NaBr 20
NaMs 21
NaTFA 21
NaTf 21

In line with the DRS data, even though salt addition increases the number of water
molecules in the vicinity of the micelle, no ion specificity was observed. Upon addition of salt,
some slow water molecules became irrotationality bound in DRS experiments, and we
proposed that these waters were interacting with both DPS headgroups and salt molecules.

To evaluate our proposal we used molecular dynamics to analyze the rotational
correlation function for water molecules that were (a) interacting with both surfactant and ion

(choosing triflate as an example); (b) only in contact with DPS; or (c) only in contact with
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triflate ions that were not interacting with the micelle. The selection of water molecules
followed the same criteria used in the bound water calculation (molecules up to the second
hydration layer with residence times longer than 60 ps in both systems, DPS, or DPS and
salt), except that for water molecules solvating only triflate ions, the residence time was
chosen to be 20 ps as it was the longest time window in which water molecules stayed in the
desired region due to their shorter residence times in the solvation shell of this anion. The
orientational correlation functions of these molecules are shown in Figure 4.1.9. The
orientational correlation function for water molecules bound in DPS and the other salts are in

Appendix (Figure S4).
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Figure 4.1.9: Autocorrelation function of water molecules bound to DPS, DPS + Tfl, Tfl, or free.

The orientational correlation function for waters “bound” to triflate ions was similar to
the free water, agreeing with the assumption that triflate ion has Zs = 0 and Zj, = 0. For DPS
bound water, the total correlation time was 40 ps, very close to the value for slow water mode
(~30 ps). For water molecules bound to both DPS and Tf~, the total fitted correlation time was

209 ps, much longer than the residence time of these water molecules in the hydration layer,
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seven times longer than the correlation time of the slow water, and about 20 times the
correlation time of free water molecules. We further investigate hydration shell of the anions
or cations bound to the micelle during at least 100 ps in MD based in their distance to the
surfactant) (Lima et al., 2014). On average, in our simulations we found that half of the anions
that were bound to the micelle had about 2-3 waters bound to each anion simultaneously
with DPS in the surface of the micelle thus forming water bridges (single solvent-separated
ion-pairs). The other half formed contact ion-pairs since we did not detect any hydration water
sharing. For the cation, we did not find any water bridges (cation and DPS did not share any
hydration water) but rather ion pair formation. lon pair formation was observed for sodium
ions in SDS (Bruce et al., 2002) in MD simulations and in DRS experiments with cationic and
anionic micelles (Buchner et al., 2005). Finally, in X-ray experiments with DTAB and CTAB
the average number of water molecules in the hydration shell of bromide at the micellar

surface (Harada et al., 2007) is about 3—4.

1.3.4.2 DPS Relaxation. The mobility of the headgroup of the DPS was also analyzed
with first-order Legendre polynomial autocorrelation functions of the vector pointing from the
N atom of DPS to the S atom of the surfactant for the pure and salt-containing DPS systems
(Appendix, Figure S5). The first Legendre rotation correlation function of DPS for all the
simulations were fitted with a double-exponential decay. A longer correlation of around 4 ns
was observed for all systems, as described by Lima et al (Lima et al., 2013a) as the very long
component of reorientation because of surfactant confinement in the micelle, and a short
correlation around 500 + 40 ps was observed for all the systems. This value matches those
determined by DRS in this work. Added salts did not alter significantly the DPS mode in MD or

in the DRS determinations.
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1.4 Conclusions

The properties of cationic micelles are severely affected by the nature of the
counterion, for example, its interfacial hydration, a property related to shape transitions.
Despite the structural resemblance between cationic and zwitterionic micelles, and the
specificity of anion effects upon such micelles, our DRS data showed no ion specificity in DPS
micelles with added sodium salts. Salt effects, however, were observed and our results
showed that while the hydration number of the surfactants did not change upon the salt
addition, salt addition slowed the water molecules in the vicinity of the surfactant, by a
simultaneous interaction between water and surfactant/ions. In DR spectra, there was also
the appearance of a salt-related mode (mode 1) suggesting some sort of ion-cloud formation
around the DPS head groups of these micelles. Molecular dynamics simulation, used to
complement the findings from DRS experiments, support our interpretation of the data,
especially the changes in the rotational correlation times of water when interacting with both
ion and surfactant, supporting the proposed changes from slow to irrotationally bound water
upon salt addition.

Our results, obtained both experimentally and from molecular dynamic calculations,
strongly suggest that the specific effects of salts on zwitterionic micelles are related to
detailed interactions between ions and headgroups and do not reflect a specific effect on the
global hydration of the headgroup region. Although no ion specific effect is seen in the
hydration of micelles, our cmc results show that there is anion specificity in the micellization of
this surfactant. We are currently developing experimental and theoretical work to investigate

the relationship between interfacial hydration and thermodynamics of micelle formation.
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4.2 Dehydration Determines Hydrotropic lon Affinity for
Zwitterionic Micelles

This chapter is a published paper, and was reproduced with permission from Journal of
Chemical Information and Modeling, 60 (2), 604-610. Copyright 2020 American Chemical

Society."

Abstract

Specific ion effects in zwitterionic micelles, especially for anions, are evident in reaction
kinetics, zeta potential, and critical micelle concentration measurements. However, anion
binding to zwitterionic micelles does not produce significant changes in shape, aggregation
number, or interfacial hydration. Here we used molecular dynamics simulation of systems
containing sulfobetaine zwitterionic micelles of N-Dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate (DPS) and nine different salts to explore ion binding in terms of group
dehydration. Our results, in line with those obtained for cationic micelles, showed that the
binding degree of anions containing both hydrophobic and hydrophilic portions, i.e.,
hydrotropes, were correlated with the ion dehydration, and were governed mainly by the

hydrophobic portion dehydration upon binding.

2.1 Introduction

Specific ion effects (SIEs) in ionic micelles can determine changes in aggregation
number, shape and in the thermodynamics of aggregation, i.e., critical micelle concentration
(cmc). The origins of SIEs are still unclear, especially for those complex polyatomic ions that

produce greater changes in the aggregation behavior of micelles. lon effects are common in
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cationic or anionic micelles (Bostrom et al., 2002; Evans et al., 1984; Perger and BeSter-
Rogac, 2007; Tapia et al., 2002), being the effects of monoatomic ions less dramatic than
those observed with hydrotropic ions. (Abezgauz et al., 2010; Geng et al., 2005; Lima et al.,
2017, 2014, 2011; Magid et al., 1997; Sarac et al., 2013). Although the magnitudes are
different, for monoatomic or polyatomic ions the higher is the ion adsorption upon the micellar
interface, the larger are the ion effects. We have shown recently that the degrees of
hydrotropic ion binding to cationic micelles is correlated with the dehydration of the
hydrophobic portion of the counterion (Lima et al., 2017)

Zwitterionic micelles are formally neutral but can selectively adsorb ions at the interface
(Baptista et al., 1992; Beber et al., 2004; Gerola et al., 2017b; Iso and Okada, 2001; Souza et
al., 2015; Wu et al., 2019). Several experimental techniques have been used to evaluate
specific anion adsorption at the interface of sulfobetaine micelles, a very studied zwitterionic
model system, and the degree of anion adsorption is usually associated with its hydration free
energy (Drinkel et al., 2013; Wu et al.,, 2019). The studied anions usually belong in the
Hofmeister series and the degree of binding follow this series. Thus, perchlorate anion
adsorbs in the interface a larger degree than bromide, as seen by zeta potential
measurements, but still does not produces changes in aggregation number or micelar shape
(Mortara et al., 2018; Priebe et al., 2012).

Our studies with polyatomic anions in zwitterionic micelles show that there are no specific
changes in micelle interfacial hydration induced by greater ion association (Mortara et al.,
2018)mostly because the anion association in zwitterionic micelles does not produce changes
in shape or aggregation number (Abezgauz et al., 2010; Lima et al., 2017; Magid et al., 1997).
Specific ion effects for polyatomic anions are observed, for example, in the critical micelle
concentration for sulfobetaine micelles, and also in the aggregation behavior of zwitterionic

imidazolium micelles (such as 3-(1-alkyl-3-imidazoliium) propanesulfonate) (Wu et al., 2019).
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Which are the factors that controls polyatomic hydrotropic ion adsorption? Here we used
molecular dynamics simulations to evaluate the adsorption of anions in zwitterionic N-
dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (DPS) micelles and the role of group
dehydration in the ion adsorption of hydrotropic anions. The chosen anions were chloride, CI',
bromide, Br and perchlorate, ClO., from the Hofmeister series and a combination of three
different hydrophobic portions (CHs;, CF; and Ce¢Hs) with two hydrophilic portions (CO. and
S0O3), i.e., acetate, Ac (CH3;COy), trifluoroacetate, TFA (CFs;CO;), benzenecarboxylate, BZC
(CeHsCO7), methanesulfonate, Ms (CHsSOy), triflate, Tf (CF;SOs) and benzenesulfonate,
BZS (CsHsSO3). We used sodium as the counterion in all salts. Our results showed that the
adsorption degree of hydrotropes to zwitterionic micelles was governed mainly by the

dehydration of the hydrophobic portion upon adsorption.

2.2 Methods

A spherical N-dodecyl-N,N-dimethyl-3-ammonio-1-propane-sulfonate (DPS) micelle
composed of 55 monomers was built using Packmol (Martinez et al., 2009) in a cubic box of
10 nm edge. The micelle was hydrated using GROMACS 5.1.4. (Van Der Spoel et al., 2005),
with approximately 30,000 SPCE water molecules and a 200 ns NpT simulation was
performed also using GROMACS, after a short energy minimization and a 1 ns NVT
equilibration simulation. The equilibrated micelle was used as initial configuration in the salt
containing simulations. Nine salt containing simulations were performed, randomly adding to
the box 60 sodium ions and 60 anions (NaBr, NaCl, NaClO., NaAc, NaTFA, NaBZC, NaMs,
NaTf or NaBZS), also using Packmol (Martinez et al., 2009). The system was also hydrated
and after minimization steps, a 200 ns NpT simulation was performed. A temperature of 298

K was kept using v-scale thermostat, and 1 atm pressure was kept using Parrinello-Rahman
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barostat (Parrinello and Rahman, 1981). Lennard-Jones and Coulomb cut off were set at 1.4
nm. Water angles and bonds were constrained using SETTLE (Miyamoto and Kollman, 1992)
and for the other molecules LINCS (Hess et al., 1997) was used to constrain the bonds. The
GAFF force field (Wang et al., 2004) was used for all salts and DPS, with the dihedral
parameters obtained as already described (Mortara et al., 2018). The partial charges of the
atoms were calculated with Gaussian 09 (Frisch et al., 2016)(HF/6-31G*). During the micelle
simulation at most 1 monomer exited the micelle, and only micellized DPS molecules were
considered in the calculations. MD simulations were also performed for a single salt molecule
and a single DPS monomer or a hydrotropic anion in water (c.a. 6,500 water molecules) in a 4
nm-edge cubic box, using a uniform neutralizing background charge when required.

From the MD trajectories, lifetime functions for the sodium and the anions in the
micellar interface were calculated to determine a cutoff distance for “free” and “bound” ions
(Lima et al., 2017, 2014). The lifetimes profile of the ions as a function of the distance from
the micellar interface were computed as follows: a binary residence function of individual ions
inside spherical shells equally spaced from the mCOM was determined for each frame of the
simulation, being 1 if the ion was inside a given shell and O otherwise. The, a normalized
autocorrelation function of the residence function was constructed. For each ions and shell,
the integral of the autocorrelation function (1) was computed, and the profile of T versus the
distance from the micellar interface was averaged over all ions, providing the lifetime profile.
The cutoff distance criteria for labeling an ion “bound” or “free” was defined from the lifetime
profiles. However, as the lifetime profiles were similar among the anions, we used 0.55 nm as
a cutoff for anions and 0.52 nm as a cutoff for sodium, distances at which the lifetime profiles
kept nearly constant.

The fraction of hydration, FH, (Lima et al.,, 2017, 2014) was calculated using the

number of water molecules in the first hydration shell (fhsw),
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determined by the first minimum in the RDF between the group of interest and water oxygen,
in “bound” ions or micellized monomers (bound fhsw) and the fhsw in single ions or monomer
simulations (free thsw), using the single salt and single monomer simulation (number of “free”

water molecules). The FH was computed as FH = bound fhsw/free fhsw.

2.3 Results and Discussion

Zwitterionic micelles, with and without added sodium salts, were modeled with MD
simulations. The number of monomers in the present simulations (55), was the same for all
systems and close to the reported values (Florenzano and Dias, 1997) We note that salt
addition has minimal effects on the aggregation number of micelles of this surfactant (Mortara
et al., 2018). Maintaining the same aggregation number allows direct comparison of specific
ion effects (SIEs) on micelles.

The radial distribution functions (RDF) between the center of mass of the micelle (mMCOM)
and the nitrogen and sulfur atoms of DPS with or without added salts are in Figure 4.2.1. The
peak positions of the RDF between the mCOM and the N atom of DPS were very similar for
all MD simulations, with a maximum at c.a. 1.8 nm (Figure 4.2.1a-c). This value is close to the
expected micellar radius of an aggregate composed of surfactants with 12 carbons in its
hydrophobic chain (Tanford, 1980)and close to the values obtained from MD simulations of
DTA-based micelles (Lima et al., 2017, 2014). Small differences were observed for ClOg,
which shifted the peak towards the mCOM (Fig. 4.2.1a). Compared with the DPS without
added salt, no significant differences were found for the carboxyl (Fig. 4.2.1b) or sulfonated
hydrotropes (Fig. 4.2.1c). The peak position of the RDF between the mCOm and the S atom
also was c.a. 1.8 nm DPS micelles with no added salt. This result was expected on the basis

of the calculated average angle of the hydrophobic tail and the headgroup dipole of a
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micellized surfactant similar to the DPS (Santos and Longo, 2016) Differently from the
mMCOM-N RDF, clear SIEs were observed for the RDF between the mCOM and the S atom.
Compared with the DPS micelle without added salt, no salt effects were detectable for NaCl
and NaBr additions, while the NaClO. increased the distance between the mCOM and the S
atoms (Fig. 4.2.1d). Small salt effects were observed for the carboxylated hydrotropes (Fig.
4.2.1e). TFA increased the mCOm-S distance, although to a lesser extent than the BZC (Fig.
1f). The sulfonated hydrotropes changed the peak position but more significantly than the
carboxylated anions. Tf shifted the RDF peak farther from mCOM, and the addition of BZS,
not only resulted in a RDF displacement to larger distances but also broadened the
distribution peak. Besides the ClO,, the greater effects were induced by the hydrotropic ions,
excluding the Ms and the Ac, similar to the reported MD results for DTA micelles with these

anions as counterions (Lima et al., 2017) .
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Figure 4.2.1: RDF between the center of mass of the DPS micelle (mCOM), N (top) and S (bottom)
atoms of the surfactant. Parts a and d) — no salt, — (red) NaBr, — (green) NaCl, — (blue) NaClO,; b and
e) — no salt, — (red) NaAc, — (green) NaTFA, — (blue) NaBZC; c and f) — no salt, — (red) NaMs, —
(green) NaTf, — (blue) NaBZS.
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The differences in the relative position of the nitrogen and sulfur atoms of DPS upon
addition of added salts were also evident from the values of captured by the probability
distributions of the angle (8), defined by the vector pointing from the CH; terminal in the
hydrophobic chain to the nitrogen atom of DPS and the vector pointing from nitrogen to sulfur
(Fig. 4.2.2). The probability value of 8 was bell-shaped for all systems. The most probable
average angle for the DPS without added salt was 102 degrees, a orientation with the N-S
vector almost perpendicular to the normal of the interface, as previously reported for similar
systems (Santos and Longo, 2016) and close to the orientation of headgroups in membrane
composed of zwitterionic headgroups (Hauser et al., 1981). This result is also consistent with
the dipolar moment determined experimentally (Mortara et al., 2018). Addition of CI, Br and
acetate did not change the distribution, with average angles of 101 and 102 degrees,
respectively. Addition of CIO, displaced the peak position of the 6 angle distribution to a more
streched surfactant, with an average angle of 113 degrees (Fig. 4.2.2a). TFA and BZC ions
also shifted the peak position (Fig. 4.2.2b), with average angles of 109 and 110 degrees,
respectively. No effect on angle distribution was observed upon addition of methanesulfonate
to the DPS micelle (average angle of 103 degrees), whereas benzenesulfonate and Tf also
distended the surfactant (Fig. 4.2.2c), leading to average angles of 113 and 114 degrees,

respectively. Additionally, Tf also showed a narrower angle distribution (Fig. 4.2.2c).

Figure 4.2.2: Probability distribution of the angle 0, formed by the vector pointing from the terminal
CH3 of the hydrophobic tail to the N atom of the DPS (vector v1) and the vector pointing from the N
atom to the S atom of the DPS (vector v2). Inset: representation of the angle 6. a) — no salt, — (red)
NaBr, — (blue) NaCl, — (green) NaClOg; b) — no salt, — (red) NaAc, — (blue) NaTFA, — (green) NaBZC;
c) — no salt, — (red) NaMs, — (blue) NaTf, — (green) NaBZS.
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We also evaluated the ion distribution at the micellar interface by computing the RDF
between the N and S atoms of the micellized DPS and atoms of the ions (Fig. 4.2.3). We
chose the N of DPS, the central atom of the most positively charged group of the surfactant (-
N*(CHs)2-), to be the reference for computing the RDF with the atoms of the added salt. For
Br or CI, the RDF between the N of DPS and the halides showed a small peak, at c.a. 0.45
nm, while a pronounced maximum was observed in the RDF between the N atom and the CI
of ClIO4 ion at a similar distance (Fig. 4.2.3a). The difference between the RDF distributions of
the halides and perchlorate indicates that there is a significant excess of perchlorate ions at
the micellar interface. A significant excess of ions at the interface was also observed for TFA
and BZC (Fig. 4.2.3b) and Tf and BZS (Fig. 4.2.3c), but lower RDF peak values for Ac (Fig.
4.2.3b) and Ms (Fig. 4.2.3c). These results are in line with those reported for simulations of
cationic micelles with these ions as counterions (Lima et al., 2017), even though there is a
negative barrier at the micellar interface, composed of the -SO; group of the DPS, which
prevents the adsorption of the anions at the more buried positively charged layer of the -
N(CHzs).- groups. For the ions with high affinity to the interface, the RDF did not converge at
larger distances (not shown).

Figure 4.2.3: RDF between the N (top) and S (bottom) atoms of the DPS and the counterions (or
groups of atoms of the counterions). a) — (red) N-Br (NaBr), — (blue) N-CI (NaCl), — (green) N-CI
(NaClO.); b) — (red) N-CO: (NaAc), — (blue) N-CO, (NaTFA), — (green) N-CO; (NaBZC); c) — (red) N-
SO; (NaMs), — (blue) N-SO3; (NaTf), — (green) N-SO; (NaBZS); d) — (red) S-Na (NaBr), — (blue) S-Na
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As anions adsorb, the micellar interface acquires a negative net charge and generates
an electrostatic potential at the interface, which is proportional to the amount of adsorbed
anions. Na*, in this case, the counterion of the added salt, interact with the electrostatic field,
adsorbing at the micellar interface estabilishing balance of charges. The increase in the
interfacial anion concentration, therefore, should lead to an increase in the interfacial
concentration of Na*. We also evaluated the adsorption of Na* at the micellar interface. We
chose S, the central atom of the most negatively charged group of the surfactant (-SO3), as
reference for computing the RDF with Na* in the salt-containing systems. As expected, in the
systems in which the anion adsorption was the highest, larger Na* adsorption was also
observed. As CI, Br, Ac’ and Ms™ showed a poor tendency to be concentrated at the micellar
interface (Fig. 4.2.3a-c), the Na" adsorption at the interface was low, (Fig. 4.2.3d-f). In
contradistinction, the local distribution of Na* at the micellar interface with CIO., TFA, BZC, Tf
and BZC was significant (Fig 4.2.3d — f). Cation binding was seen experimentally using zeta

potential measurements (Priebe et al., 2012).
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We analyzed the orientation of the hydrotropic ions at the micellar interface by
computing the angle formed by the vector pointing from the mCOM to the carbon atom bound
to the S atom in the SO; group or the C atom of the CO, group in the anions and the vector
pointing from this carbon atom to the S atom or the C atom of the SO; and CO. groups,
respectively. Only the anions closer to the mCOM than the first minimum in the RDF between
mCOM and the anion were taken into consideration for this computation. The angle
distributions (not shown) were similar to those obtained for cationic aggregates with the
anions analyzed here as counterions (Lima et al., 2017). The average angle for Ac was c.a.
68°, while those for TFA and BZC were 45° and 39°, respectively. These values showed that
the hydrophobic moiety of the anions was inserted in the hydrophobic core of the micelle,
while the hydrophilic group was exposed to the aqueous environment. For the sulfonated
hydrotropes, the average angles obtained were equal to 79°, 42° and 43° for Ms, Tf and BZS,
respectively. Thus, both the -CF; group and the benzene group were effective in localizing the
anions at the interface, by inserting into the micellar core.

In cationic micelles, the adsorption of hydrotropic ions at the micellar interface is also
followed by a sizable reduction in the exposition of the hydrophobic tail of the surfactant to
water (Lima et al., 2017, 2014, 2013b, 2013a; Mortara et al., 2018)The fractional hydration
(FH), i.e., the ratio of water molecules in contact with each (group of) atom(s) of the micellized
and infinitely diluted surfactant, was computed for the present systems and the results are in
Figure 4.2.4. In all cases, the FH was closer to 1 for the atoms at the polar groups of the
surfactant and decayed significantly for the atoms at the hydrophobic chain, a result similar to
those obtained for a zwitterionic surfactant (Stephenson et al., 2007). Although the overall
profiles were similar, differences were evident. Perchlorate induced a more drastic reduction
in chain hydration than the chloride or bromide (Fig. 4.2.4a) and slightly increased the

hydration of the SO; group. Likewise, compared with the DPS with no added salt, the NaAc
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did not change the surfactant hydration, but TFA and BZC induced similar changes to those
observed for perchlorate. Finally, while we observed no effect of Ms, Tf and BZS increased

the SO; group hydration and decreased the hydration of the other groups of the surfactant.
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Figure 4.2.4: Figure 4. FH of DPS with different salts. a) — no added salt, — (red) NaBr, — (green) NacCl,
— (blue) NaClO.; b) — no added salt, — (red) NaAc, — (green) NaTFA, — (blue) NaBZC; c) — no added
salt, — (red) NaMs, — (green) NaTf, — (blue) NaBZS. Inset: group numbering in DPS, light orange
spheres are CH3 groups, yellow spheres are CH2 groups, green spheres are O atoms, the blue
sphere is the N atom and the red sphere is the S atom.

In cationic micelles, the nature of the salt greatly affect the hydration of the aggregates,
and shape transitions are accompanied by micellar interfacial dehydration (Bijma and
Engberts, 1997; Geng et al.,, 2005; Lima et al.,, 2015; Magid et al., 1997). This effect is
partially explained by the anchoring of ions at the micellar interface, promoting packing of the
surfactant chains and lowering the exposure of the micellized surfactant to the neighboring
water. In zwitterionic micelles, however, no interfacial hydration changes are observed with
the addition of salts in DPS aggregates in dielectric relaxation experiments (Mortara et al.,
2018). While our simulations also showed only subtle ion effects upon the interfacial hydration
of the aggregates, more evident effects were observed in the core of the micelles, suggesting
that although the reported values of aggregation number are insensitive to the nature of the
added ions, the ionic adsorption at the micellar interface led to a denser packing of the

surfactants in the aggregates.
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Besides the micellar hydration, ion hydration may also change upon adsorption at the
micellar interface. Lanthanide ions dehydrates on adsorption at the interface of dodecylsulfate
micelles (Tapia et al, 2002). This ion dehydration upon adsorption occurs in
dodecyltrimethylammonium halide micelles (Harada et al., 2007) where halides form contact
ion pairs with the headgroup of the surfactant (Buchner et al., 2005). In cationic micelles with
hydrotropic ions as counterions, ion dehydration occurs, but due to the anchoring of the ions
at the micellar interface, the dehydration of the more hydrophobic regions of the ion is more
severe than those of the hydrophilic regions and that the amount of ion adsorption at the
micellar interface is related to the ion dehydration (Lima et al., 2017). The hydration of the
hydrotropic ions in the present simulations was analyzed, by calculating the FH of the
hydrophobic and hydrophilic groups, using single-ion simulations and defining water as
“bound” to the group of the ion if the distance between the molecules was smaller than the
first minimum in the RDF between them (not show). The cutoff distance (defining the “bound”
and “free” for each group) was based on the probability distribution of the distance between
the ions and the micellar interface (not show). Then, a was computed as the ratio of the
number of “free” ions and the total number of ions at the simulation. The results are presented

in Figure 4.2.5
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Figure 4.2.5: FH of hydrotropic ions as a function of In(a). a) e (red) full ions, e hydrophobic region.
Inset: FH of the hydrophilic region of the ions. Solid lines are linear fits to the data (R = correlation
coefficient): — (red) FH = 0.146*In(a) + 0.533, R=0.97; — FH = 0.154*In(a) + 0.4941, R=0.99; — (green)
FH = 0.099*In(0)+0.458, R=0.6.

As expected from the RDF between ions and the N atom of the DPS, Ac and Ms
showed the lowest affinity to the micellar interface, leading to higher a values than those
observed for the other hydrotropic ions. The ion effect in DPS cmc upon NaMs addition is
very small (Mortara et al., 2018). The a values are consistent with those determined for
perchlorate, showing that the anion coverage is 0.2 at most (Drinkel et al., 2013), considering
the increase of negative charge measured by zeta potential. If we consider the difference
between the anions and cations in the same simulation, close to 0.3 negative charges were
added to the interface.

FH increased linearly with In(a) for both the full ions and their apolar moieties, but the
correlation was very weak for the hydrophilic region of the ions. These results are very similar
to those reported for cationic micelles with these ions, showing the high tendency of benzene
and -CF; groups to insert into the hydrophobic core of the micelles. Also in the present

simulations, the apolar region of the ions rather than the nature of the hydrophilic regions was
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pivotal for controlling ion adsorption and, hence, the properties of ions and surfactants in the
micellar aggregates. Thus, although the carboxyl group has less tendency of forming ion pairs
with quaternary ammonium groups than the sulfonate group, BZC has almost the same
interfacial concentration than the BZS and higher interfacial concentration than Tf. Note that
the hydrophilic region of the hydrotropic ions was considerably more dehydrated in the
present simulations than the reported results for cationic micelles. Still, no correlation was
found for a and FH of the hydrophilic region, showing that ion adsorption depends on the
dehydration of the hydrophobic region of the ions and less on specific interactions of the ionic

groups.

2.4 Conclusions

Salt effects upon zwitterionic micelles (Baptista et al., 1992; Beber et al., 2004; Gerola
et al., 2017b; Iso and Okada, 2001; Mortara et al., 2018; Priebe et al., 2012; Souza et al.,
2015; Wu et al.,, 2019) are less pronounced than those observed in cationic or anionic
micelles (Corrin and Harkins, 1947; Gamboa and Sepulveda, 1986; Jackson et al., 2002;
Lima et al., 2014; Rehage and Hoffmann, 1983; Sarac et al., 2013) Although smaller, SIEs
are still observed in these systems. As expected, bromide showed higher interfacial affinity
than chloride, but both anions did not disturb the DPS micelle. Hydrotropic ions affected the
micellar properties of zwitterionic aggregates at higher extension than the monoatomic ions,
and with similar magnitude as the effects promoted by perchlorate, an anion known for
altering the properties of zwitterionic micelles. The behavior of such ions at the interface of
zwitterionic micelles was similar to that observed in cationic micelles. Although no micellar
increase or shape change occurs upon addition of TFA, Tf, BZC or BZS are observed in DPS
aggregates (Mortara et al., 2018) an excess of those ions was found at the micellar interface,

a preferential orientation of those ions at the interface was also observed, with the apolar
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moieties inserted into the micellar core, and micellar dehydration throughout the hydrophobic
chain of the surfactant was observed in our simulations. Additionally, dehydration of the
hydrophobic region of the ions determined the extension of anionic adsorption at the micellar
interface. In general, these results are very similar to the ones reported for these ions at the
interface of dodecyltrimethylammonium micelles (Lima et al., 2017). However, the cationic
micelle undergoes shape and even phase transitions upon the addition of TFA or Tf,
depending on the conditions (Geng et al., 2006; Rehage and Hoffmann, 1983). Thus,
although the behavior of the hydrotropic ions at the cationic and zwitterionic interfaces is very
similar, the SIEs on the structure of the micelles is quite distinct. Additionally, our MD
simulations suggest that the driving force that leads hydrotropic ions to micellar interfaces,
regardless the nature of the interface, is the same: it is the dehydration of the apolar region of

the ions.

4.3 Anion Effect on the Zwitterionic Surfactant Micellization

3.1 Introduction

Zwitterionic surfactants (zws) contain both positive and negative charges in their
headgroup, but are formally neutral. These amphiphiles are usually highly water-soluble,
exhibit low toxicity (Cheng et al., 2012) and are less irritating to the skin and eyes than ionic
ones (Rosen, 2004). Due to these properties zwitterionic surfactants are suitable to be used
in cosmetics, and medical applications, such as nanoemulsion-based vaccines (Bhattacharjee
et al., 2019). They can also be used as a model system for biological membranes as the main

component of these structures are zwitterionic phospholipids (Eeman and Deleu, 2010).
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lons can partition between bulk solutions and micellar interfaces formed by ZwS
aggregates, and the specific ion effects are known to follow the Hofmeister or lyotropic series
(Aroti et al., 2007; Gerola et al., 2017b). lon hydration, size, and charge are some factors
responsible for the ion-specific effects, but the nature of the interface also needs to be taken
into consideration. For instance, to assess the specific interaction of ions with soft matter,
other properties such as ion-paring, complexation capacity, and ion hydrophobicity are also
important (Leontidis, 2017). Anions containing hydrophobic portions, like hydrotropic anions
have a strong partition in cationic micelles interfaces (Geng et al., 2005; Lima et al., 2017) but
the effects are not so strong in zwitterionic interface (Mortara et al., 2018).

Specific ion effects can be seen, for example, in surfactant micellization. Above the
critical micelle concentration (cmc), surfactants aggregate in aqueous solutions with the
transfer of hydrophobic tails from water to the interior of micelle being a favorable energy
towards aggregate formation and the repulsion arising from the surfactant polar heads due to
geometric constrains being an unfavorable energy (Tanford, 1974).

For ionic micelles, the counterion interaction with the headgroup will cause lowering
the interfacial electrostatic repulsion and, consequently, the cmc. As the partition between
bulk and interface depends on specific ion effects, cmc is also affect on the same degree,
with bigger, less hydrated ions like Cs* or Br lower the CMC to a higher degree than small
hydrated ions like Li* and F (Paredes et al., 1984; Ropers et al., 2003) and hydrotropic
anions, having a very strong interaction with the micellar interface, causing a significant
lowering of cmc (Lima et al., 2017; Sarac et al., 2017).

For uncharged nonionic surfactants, the salt effect on micellization is interpreted as a
salting-in and salting-out phenomenon in the aqueous solution (Mukerjee, 1965). The role of

salt-headgroup interaction is considered minor in this case.
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For ZwS, both mechanisms have been proposed for the lowering of cmc upon salt
addition (Gerola et al., 2017a; Tori and Nakagawa, 1963). Even though the formal charge in
ZWS aggregates is zero, ion adsorption into the dipolar region can screen the charges and
decrease the cmc (Florenzano and Dias, 1997). Both anions and cations can affect the cmc,
but the effect is milder compared to ionic surfactants (Krofli€ et al., 2012).

We have previously observed a significant lowering of the cmc in sulfobetaine
surfactant upon hydrotropic anion addition (Mortara et al., 2018), but as far as we know, there
are no more studies on hydrotropic anions affecting zwitterionic micellization. Since cmc and
enthalpy of micellization can be easily determined, they are adequate tools to study ion-
specific effects. Here we evaluated the effect of several sodium salts on the micellization of
DPS. Our results show a significant decrease in cmc with hydrotropic anions, following the

same trend as cationic ones.

3.2 Material and Methods



76

3.2.1 Materials. N-Dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (Sigma 97%)
(DPS) was recrystallized 2x from Acetone/Methanol. Sodium Bromide (Synth 99%) (NaBr),
Chloride (Synth 99%) (NacCl), Perchlorate (Merck) (NaClO,), Benzoate (Sigma-Aldrich > 99%)
(NaBZSC) and Acetate (Baker 99.5%) (NaAc) were used without further purification. Sodium
Methanesulfonate (Sigma 98%) (NaMs) was washed 2x with acetone. Sodium
Trifluoroacetate (NaTFA), Trifluoromethanesulfonate (NaTf) and Benzenessulfonate (NaBZS)
were synthesized by the neutralization (NaOH) of respective acids (Trifluoroacetic Acid —
Sigma-Aldrich 98%; Trifluoromethanesulfonic Acid — Sigma-Aldrich 98%; Benzenesulfonic

Acid — Sigma-Aldrich 98%).

3.2.2 Isothermal Titration Calorimeter. Isothermal Titration Calorimetry (ITC)
experiments were performed at a VP-ITC (Microcal Inc). Solid DPS was dissolved in
agueous solutions containing 100 mM of either NaAc, NaBr, NaCl, NaMs, NaTFA, NaBzs,
NaBzo, NaTf or NaClO,. The final surfactant concentration was ca. 40 mM, i.e., 12 times the
critical micellar concentration (cmc). Saline solution without DPS was placed in the
calorimeter cell, and the saline solution with DPS was injected stepwise (X 32; 8 mL each)
into this solution using the ITC syringe, in. Time between injections was usually 300 seconds,
enough for the signal to return to baseline values. Upon each injection, a peak was produced
(Fig. 4.3.1 — A), and the integration of each heat peak allowed the construction of a heat
exchange as a function of DPS concentration lead the a sigmoidal type curve with DPS
concentration (Fig 4.3.1 — B, dots). A modified sigmoidal expression was used to model the

data (Kiraly and Dekéany, 2001) (Equation 4.3.1)

al[Surf]+a2

AHu= 1+exp(([Surf]—a3)/dx)

+a4|Surf]+a5 (4.3.1)
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where a/'s are fitting parameters. The critical micelle concentration (cmc) was taken as the
maximum (or minimum) of the first derivative of the adjusted equation and the demicelization
enthalpy was taken as the difference between the two baselines at the cmc, one at the
beginning and the other one at the end of the titration. In the results section we report

micellization enthalpy, i.e., (-1) X AHgemiceiization-

The Gibbs free energy can be determined from the cmc. For non-ionic or zwitterionic

surfactants, cmc can be approximated as (Equation 4.3.2).

AG’~RT .In(cmc) (4.3.2)

where R is the gas constant, T is the temperature and cmc is the critical micelle

concentration.
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Figure 4.3.1: Titration calorimetry experiment for DPS in water at 25°C. (A) Heat flow versus time
caused by 32 injections of 8 pL of DPS into 1.4 mL of water at 25 °C. (B) integration of peak area
(points), fitting with Eq. 1 and determination of AHgemiceiization. (C) First derivative of first derivative of the

adjusted equation (B), cmc is determined at the peak maximum.

3.3 Results and Discussion

The effects of anions on the micellization thermodynamics of DPS was determined

using ITC. Figure 4.3.2 shows the cmc and the enthalpy of micelization for DPS at three
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different temperatures in 100 mM salt solution of NaAc, NaMs, NaCl, NaBr, NaTFA, NaBzo,

NaBzs, NaTf and NaClO4. The raw data is in Appendix (Table S8).
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Figure 4.3.2: (A) cmc and (B) Enthalpy of Micelization for DPS at 10°C, 25°C and 35°C in different
solutions containing 0.01 M of the salts.

The cmc for DPS in water was 3.6 mM at 25°C, in line previous data (Brinatti et al.,
2014) and with the cmc determined by surface tension (Mortara et al., 2018). The salt-
dependent cmc decrease was small upon addition of NaAc, NaMs or NaCl, but NaTf and
(NaClO,) caused significant cmc decrease. The value of cmc followed the order NaAc ~
NaMs ~ NaCl > NaBr > NaTFA > NaBzo > NaBzs > NaTf > NaClO..

Because zwitterionic surfactants are formally neutral, it was proposed that the ion
effect is similar to the non-ionic ones (Tori and Nakagawa, 1963), where the cmc lowering is
attributed to the salting-out of the hydrocarbon moiety of the monomeric detergent molecule
(Mukerjee, 1965; Ray and Némethy, 1971; Zhang et al., 1996). For these non-ionic
surfactants, the decrease of cmc typically follows the order F- > CI" > Br > CIO, (Kresheck,
2009; Ray and Némethy, 1971; Zhang et al., 1996) the opposite of what was observed for

DPS, where the larger decrease was obtained with (NaClO.,).
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These results indicate that the effect of salts on zwitterionic detergent aggregation
must be compared with ionic, rather than non ionic surfactants, where the head group
repulsive interactions are shielded by electrolyte, leading to a decrease in the cmc
(Florenzano and Dias, 1997).

Although the same trend of salt effects on zwitterionic and ionic surfactants is
expected, the effect of anions on zwitterionic micellization is not as pronounced. The cmc of
3-[(3-Cholamidopropyl)-dimethylammonium]-1-propanesulfonate, CHAPS (KrofliC et al., 2012)
or of Dodecylphosphocholine, DPC (Aroti et al., 2007) does not change significantly in the
presence of different anions, CI-, Br’, and I or even CIO, in DPC. Here, for DPS, the salt
effect is not negligible even at low salt concentrations (100 mM).

The order of salt effect on cmc observed here is very similar to the counterion effect on
the micellization of 1-dodecyl-3-methylimidazolium ([C12mim]*), a cationic surfactant (Sarac
et al., 2017), and didodecyldimethylammonium (DTA") (Lima et al., 2017) but in a much lower
degree. Thus it is safe to assume a low degree of counterion condensation for DPS. For
example, even at high salt concentrations, the maximum coverage of ClO, in a similar
propanesulfonate surfactant but with 14 carbons in the hydrophobic chain is 0.2 (Beber et al.,
2004). Because of the low degree of counterion condensation, Equation 4.3.2 was used to
extract the free energy of micellization. Entropy was calculated from the micellization enthalpy

and the free energy. In Figure 3 the energies are plotted for the three temperatures analyzed.
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Figure 4.3.3: Free energy (AGmic), enthalpy (AHmic) and -TASmic for DPS at 100 mM of NaX salts, in
(A) 10°C, (B) 25°C and (C) 35°C.

The micellization process is endothermic at low temperatures and becomes exothermic
at high temperatures, reflecting the negative heat capacity ACpymic Of this process. This is
characteristics of hydrophobic effect (Gallagher and Sharp, 2003). At lower temperatures, the
aggregation free energy is negative is mainly due to the entropy and at higher temperatures, it
is mainly due to enthalpy (Southall et al., 2002). For DPS in salt solutions, at 10°C, enthalpy is
positive for most of the salts evaluated here (except for NaClO,), showing that the contribution
for the negative free energy comes mainly from the entropy. With increasing temperature, the
enthalpy becomes negative and at 35°C all of the salts have enthalpy contribution for the free
energy. It is interesting to note that for DPS in NaClO, the enthalpy contribution is very
significant in all temperatures.

As stated above, the change in heat capacity AC,mi is observed in upon hydrophobic
solvation, and can be correlated with molecular surface area of the non-polar molecule (Gill et
al., 1985). In a parallel, for surfactant aggregation, AC,mic is usually correlated with change of
water accessible non-polar surface areas upon micelization (Kiraly and Dekany, 2001). In the
narrow range of temperature evaluated here, it can be assumed that the enthalpy of
micelization scales linearly with temperature (fits are in Appendix, Figure S6), and from that

the heat capacity (ACpmic) (ACpmic = (0AHmc)/0T)p) can be extracted. The temperature where
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enthalpy is zero (To) can be extracted from the intercept of the fitting. Both ACpmic and T, are

in Table 4.3.1.

Table 4.3.1: Heat capacity and temperature with zero enthalpy for the micellization of DPS with 100
mM salt.

Salt - ACpmic/ J.mol™.K To/ K
1

- 422.6 +/- 8.9 305
NaAc 411.7 +/- 24 305
NaMs 437.2 +/-17.4 304
NacCl 426.7 +/- 16.4 305
NaBr 404.9 +/- 7.5 302
NaTFA 437.7 +/- 12.7 302
NaBzo 440.1 +/- 2.5 300
NaBzs 413.9 +/-9.5 295
NaTf 391.6 +/- 22.4 291
NaClO, 331.8 +/- 10 276

Heat capacity is very similar for all systems, with the exception of (NaClO4). This is in
line with our early work that showed that hydration of the DPS micelles interfaces are very
similar when either of the salts are added (NaBr, NaMs, NaTFA and NaTf) (Mortara et al.,
2018). Interestingly, the heat capacity for (NaClO4) shows a less dehydrated system. This
might be explained by the cation binding promoted upon (CIOy) uptake (Priebe et al., 2012).

For small non polar solutes like neopentane, the temperature at which enthalpy of
solvation is zero (To) is approximately 25°C (Southall et al., 2002). For ionic surfactants, is

observed that T, depends on the counterion and chain length. For



82
didodecyldimethylammonium chloride, for example, T, is approximately 33°C, and lowers to
28°C upon 1 M NaCl addition (Sarac and Bester-Roga&, 2009). For cationic surfactant 1-
dodecyl-3-methylimidazolium the lowest T, is observed for hydrophobic counterions like
iodide or salicylate (Sarac et al., 2017). It can be observed here that T, for DPS in NaClO, is
much lower than the other salts, with NaTf and NaBzs also being lower than 25°C.

The anion effect on micellization was also investigated at higher salt concentrations.
The enthalpy and cmc for some of the salts (NaBr, NaTFA, NaBzo, NaBzs, NaTFf and

NaClO,) are in Figure 4.3.4 and raw data in in Appendix (Table S9).
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Figure 4.3.4: (A) Enthalpy of micellization and (B) cmc for DPS in increasing salt concentration. Full
lines are linear regressions and dashed lines are guide for the eye.

Up to 300 mM the effect on enthalpy of micellization appears to vary linearly with the
salt concentration. For neutral surfactants, the salt effect on cmc can be correlated with the

salt concentration by the simple empirical law (Mukerjee, 1965) (Equation 4.3.3).

log (cmc)=const.—K.(C,y) (4.3.3)

where K is salt-effect parameter, and Csar is the salt concentration.
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This correlation was applied for a range of non-ionic (Ray and Némethy, 1971) and
zwitterionic (Krofli€ et al., 2012; Tori and Nakagawa, 1963) and even some ionic surfactants
(Krofli¢ et al., 2011). For a series of alkyltrimethylammonium chloride, Equation 3 could only
be fitted for addition of NaCl, on the shorter chain surfactant DeTAC (KrofliC et al., 2011). For
the salts evaluated here, only NaBr appears to follow this relationship, with Ks = 0.33. This
value is comparable to the one determined for NaCl in CHAPS, which was 0.21, and far from
the cationic surfactant DeTAC, which was 0.66. This difference in K between ionic and
zwiterionic is expected, since the dependence on cmc of ionic surfactants is significant higher
than for zwiterionic ones. For the other salts, the linear relationship holds until 300 mM, giving

the Ks in table 4.3.2.

Table 4.3.2: Ks values

Salt Ks

NaBr 0.33
NaTFA 0.84
NaBzo 0.8
NaBzs 0.93

NaTf 1.43
NaClO, 1.43

It is interesting to note that the salt effect of (NaClO.) and NaTf on cmc is very similar,
but not on enthalpy of micellization. This points to the fact that the entropy of micellization

plays an important role in the free energy of micellization when NaTf is present in the system.
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3.4 Conclusions

Anion effect on the micellization of zwitterionic DPS was evaluated from the change in
cmc and enthalpy of micellization when NaX added in solution. Both cmc and enthalpy
followed the order NaAc ~ NaMs ~ NaCl > NaBr > NaTFA > NaBzo > NaBzs > NaTf >
(NaClO.), showing that anion effect in zwitterionic micelle follows the same order as the anion
effect in cationic micelles, although in a lower degree. From the heat capacity changes it was
can be argued that the micelles formed in salt solution are similar to the micelles formed in
water, except for (NaClO.). Linear change of enthalpy with salt concentration is only observed

up to 300 mM salt.

4.4 Anion competition at positively charged
dialkyldimethylammonium monolayers

Abstract

Specific ion effects have long been associated with the ion capacity of modifying the
water properties around it, but this is not enough to describe this fenomena. Direct
quantification preferential anions interaction can give important information regarding the
factor behind specific ion effect. In this work we quantified the preferential anion binding
between chloride and bromide in cationic monolayers of dioctadecyldimethylammonium and
dihexadecyldimethylammonium was determinated using Total Reflection X-Ray Fluorescence.
Monolayers in subphases cointaining these anions were characterized using Grazing-
incidence X-ray Scattering and Brewster Angle Microscopy. Molecular Dynamics simulations

of monolayers were also perfomed, where the Lennard-Jones potential of the pair head-group
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anion was rescalled to reproduce osmotic coefficient measurements. For both monolayers,
the proportion of anions at the interface was 80 Br/20 CI, independent of the area per
molecule and the monolayer phase. There was good agreement between simulations and
experiments, showing that for this system, the pair head-group anion interaction plays and

important role in preferential anion interaction.

4.1 Introduction

More than 100 years ago Hofmeister described the effect of different salts in several
colloidal systems and postulated that colloid precipitating effect of a salt is dependent on its
water absorbing capability (Kunz et al., 2004). The ion ability to modify the structure and
properties of water was a well accepted mechanism for SIE, however there is no consensus
whether ions can affect water outside its solvation shell (Tielrooij et al., 2010; Wachter et al.,
2005). Recent reviews have argued that not only ionic size and hydration are essential
components of SIE but is also important to consider ionic hydrophobicity and complexation
capacity with the interface (Leontidis, 2017) and the "local" interactions between ion and
interface (Lo Nostro and Ninham, 2012).

Micelles have long been used as convenient systems to analyse SIE (Fendler, 1982).
Several studies have described the effect of different counterions on surfactants containing
methyl ammonium quaternary head groups such as dioctadecyldimethylammonium DODA" or
hexadecyltrimethylammonium (CTA") (De Neve et al., 2017; Feitosa and Alves, 2008;
Nascimento et al., 1998; Paredes et al., 1984). Phase transition temperatures from gel phase
to liquid crystalline are different for vesicles of DODAC or DODAB (Feitosa and Alves, 2008)
and the choice of counterion has practical effects such as efficiency in RNA delivery using

cationic: monoolein liposomes (Oliveira et al., 2014). The critical micelle concentration (cmc)
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of hexadecyltrimethylammonium decreases with counterion size (i.e., CTAF > CTACI >
CTABr > CTAI). The nature of the counterion also affects the enthalpy of micellization of
(CTA") (Paredes et al., 1984).

Langmuir monolayers at the air-water interface of cationic surfactants also show SIE
(Ahuja et al., 1994; Cavalli et al., 2001; Nihonyanagi et al., 2014; Wojciechowski et al., 2012).
For example, the surface pressure of dioctadecyldimethylammonium bromide (DODAB)
monolayers increases (for the same area per molecule) with the electronegativity of the anion
in the subphase (Ahuja et al., 1994; Cavalli et al., 2001), following the Hofmeister series.

Bromide ion binds preferentially to chloride ions in cationic interfaces (Fabre et al.,
1980). However, only some methods can directly quantify the interaction. The amount of
counterion bound to the interface can be inferred from conductivity measurements (Cuccovia
et al., 1990; Sepulveda and Cortés, 1985). Selectivity coefficients or ion exchange constants
demonstrated the preferential interaction of anions in interfaces. A selectivity constant for
Br/Cl exchange at the interface of DODAB vesicles is ~ 2 (Scarpa et al., 2002).

Molecular dynamics simulations, a complementary tool for the experimental
investigations, demonstrated that the hydrotropic counterion interaction with cationic and
zwitterionic micelles directly correlates to the anion dehydration upon binding (Lima et al.,
2017; Mortara et al., 2020).

Because specific ion effects cannot be described only by electrostatics interaction,
aggregate geometry is an essential factor to consider. Using experimental methods and
molecular dynamics simulations, we quantitatively determine the competitive interaction
between Chloride and Bromide anions at cationic monolayers of DHDA® or DODA" in

monolayers at different points of surface pressure-area isotherm.
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4.2 Material and Methods

4.2.1 Materials. Dihexadecyldimethylammonium chloride (DHDAC) was prepared by
passing Dihexadecyldimethylammonium bromide (DHDAB, Sigma Aldrich), dissolved in
methanol, through a Dowex 21K anion-exchange resin. Dioctadecyldimethylammonium
bromide (DODAB) was from Merck (< 98%) and used as received. The methanol was
evaporated and the powder was recrystallized in a methanol/acetone mixture. NaCl (99.0%)
and NaBr (99.5%) were purchased from Sigma Aldrich, and used as received. Double-
deionized ultrapure water (resistivity: 18.2 MQ.cm), obtained from a Milli-Q purification
system, was used to prepare the salt solutions. The surfactant stock solutions were prepared
by weighing the appropriate amount of solid surfactant in an analytical balance and
subsequently dissolving in chloroform to a concentration of 1 mg/mL. Monolayers of DHDA*
or DODA" were formed by depositing ~ 30 pL of the chloroform solutions onto aqueous
subphases containing either 2 mM NaBr ("NaBr subphase”), or 2 mM NaCl ("NacCl
subphase"), or 1 mM NaBr + 1 mM NaCl ("mixed subphase") and waiting 10 minutes for the

solvent to evaporate.
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4.2.2 Pressure-area isotherms and Brewster-angle microscopy. Pressure-area
isotherms of DHDA® and DODA™ monolayers were measured with a Langmuir trough by KSV
Nima (Accurion, KSV NIMA, Biolin Scientific, Espoo, Finland) and the pressure was
measured with a Wilhelmy paper plate. The monolayer were laterally compressed with a
movable barrier at a constant compression rate of dAm.*/dt =5 2/min, where An.® is the

available area per molecule.

Brewster-angle microscopy (BAM) experiments were carried out with an Ultrabam
system by Accurion (Goéttingen, Germany) at a laser wavelength of A = 658 nm, combined
with the Langmuir trough described above. The size of the focal region is enhanced with the
help of suitable optics, due to the non-perpendicular observation. The optical distortion was
corrected using the software Accurrionlmage, and contrast enhancement was done using the
software ImageJ (Schneider et al., 2012). Further details are described elsewhere (Mukhina

et al., 2022a).
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4.2.3 Synchrotron-based grazing-incidence x-ray scattering techniques. Grazing-
incidence X-ray scattering experiments were carried out at the beamline P08 at storage ring
PETRA 1l of Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany). The Langmuir
trough (Riegler & Kirstein, Potsdam, Germany) was located in a hermetically sealed helium-
filled container with Kapton windows, and the temperature was kept at 25°C with the help of a
thermostat. The x-ray beam was monochromatized to a photon energy of 15 keV,
corresponding to a wavelength of A = 0.826 A. The incident angle was adjusted to 8; = 0.07°,
about 85% of the critical angle of total reflection, 6. = 0.082°. A ground glass plate was
placed approximately 0.3 — 1 mm beneath the illuminated area of the monolayer in order to
damp the vibration of the water surface. Under the imposed total-reflection conditions, an x-
ray standing wave (SW) is formed at the air/water interface. At the given incident angle, the

penetration depth of its evanescent tail into the agueous hemispace is A= 7nm.



90

4.2.4 Grazing incidence x-ray diffraction (GIXD). The diffraction signal was collected with
a one-dimensional position sensitive detector (PSD) (MYTHEN, PSI, Villigen, Switzerland) by
scanning the azimuth angle 26 and, with that, the in-plane component Q., = (41t//\) sin(B) of
the scattering vector Q=(Qyy, Q.)". The out-of-plane component, Q.= (21t/A) [sin(a) + sin(ay)], is
encoded in the vertical position of the PSD channels, where a denotes the angle between the
scattered direction and the sample plane. The in-plane beam divergence was collimated with
a Soller collimator placed in front of the PSD providing Az = 0.09° (full-width-at-half-maximum,
FWHM), corresponding to Wy, = (41/A)sin((A2/2)) = 0.012 A*. To reconstruct the 2D
crystalline structure of the monolayers in terms of lattice parameters and chain tilt, the
diffraction peaks on the resulting intensity maps, 1(Qx, Q.), were fitted with a self-written
python macro yielding their Q,, and Q. positions and the peak widths in both directions.

Further details of this analysis are described elsewhere (Mukhina et al., 2022b).
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4.2.5 Grazing incidence x-ray off-specular scattering (GIXOS). The interfacial electron
density profile (i.e., the laterally-averaged structure of the surfactant layer in the direction
perpendicular to the surface) was determined by GIXOS. The details of this technique are
described elsewhere (Mora et al., 2004; O’Flaherty et al., 2005; Pusterla et al., 2022),
from where the following paragraph is largely reproduced. In brief, the Q.-dependence of the
diffuse scattering intensity 1(Qx, # 0, Q.) recorded at low-enough yet finite Q,,) (“out of the
specular plane”) with the help of a narrow slit contains information equivalent to that of the
conventional reflectivity R(Q,) and can be transformed as (I(Qx) # 0, Q.) = V(Q,)R(Q.)/R(Q,)
to good approximation, where V(Q.) is the Vineyard function and Rg(Q,) the Fresnel
reflectivity of an ideal interface between the two bulk media. The approximation is based on
the assumption of conformal topographic roughness of all interfaces, which is justified for
mono-molecular surface layers subject to capillary wave roughness. In the present work, the
GIXOS signal was measured at Q= 0.04 A, The experimental data were analyzed with slab
models where the reflectivities R(Q. were multiplied with V(Q.)/Re(Q.) to obtain the

theoretical GIXOS signal.

4.2.6 Total-reflection x-ray fluorescence (TRXF). The x-ray fluorescence spectra were
recorded using an Amptek X-1235DD detector. The detector was placed almost parallel to the
water surface and perpendicular to the X-ray beam axis, in order to keep elastic and Compton
scattering into the detector as weak as possible. A detailed description of the method can be
found elsewhere (Brezesinski and Schneck, 2019; Klockenkamper et al., 1992). The
fluorescence intensity (I;) from an element or ion species j is determined by the concentration

profile along the direction normal to the interface c;(z):
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I,=b, | ®(z)c,(z)dz (4.4.1)

, Where ¢(z) is the SW intensity at distance z from the surface and b; is a constant determined
by the fluorescence yield and detection efficiency, but independent of the structure and
composition of monolayer. The counterions adsorbed to a charged monolayer are known to
be confined to a thin region with an extension of less than 5 A, such that ¢ can be assumed to
be constant along this region (Shapovalov et al., 2007).

The spectra were analyzed by fitting the element-characteristic fluorescence peaks
with Gaussian functions. Peak positions were restrained based on the tabulated line energies
(X-ray data booklet, 2001). The integrated peak area for the bare subphases were subtracted

from the integrated peak area from the monolayer containing spectra.
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4.2.7 Molecular dynamics simulations. All simulations were performed with the
GROMACS simulation package (Abraham et al.,, 2015)(Abraham et al., 2015) on the
Lichtenberg Il cluster from of TU Darmstadt (Project ID 1544). The SPCE water model
(Berendsen et al., 1987) was combined with the GAFF (Wang et al., 2004) parameters for
surfactant headgroups or free tetramethylammonium (Tet”) and Slipids (Jambeck and
Lyubartsev, 2012) parameters for the surfactant tails. lons (Na*, CI, and Br) were modeled
according to Joung and Cheatham (Joung and Cheatham, 2008) with full charges. The partial
charges for atoms in molecules were calculated using Restrained electrostatic potential
(RESP) (Bayly et al., 1993) at HF6-31G*, as the default charge approach for Amber, using the
software packages Gaussian (Frisch et al., 2016) and AmberTools21 (Case et al., 2021). All
bonds were constrained with the LINCS alcorithm (Hess et al., 1997) up to the fourth order
expansion. A van der Waals cutoff of 1.2 nm was used without any long range corrections.
The particle-mesh-Ewald (PME) method (Darden et al., 1993) was used to treat long-range
electrostatic interactions. Periodic boundary conditions were applied in all three directions.
For all simulations the temperature was kept at 298 K with the velocity-rescale thermostat

(Bussi et al., 2007) with 0.1 ps coupling time.

For bulk simulations we used version 2019.4 of GROMACS. Osmotic coefficients were
calculated for chloride and bromide tetramethyl ammonium salts (TetCl and TetBr,
respectively) at 1 m and 25°C. Tet" and the respective anion were added randomly distributed
ina 5 nm x5 nm x5 nm simulation box using Packmol (Martinez et al., 2009) and then water
was added to a 5 nm x 5 nm x 10 nm box with the ions kept in the center of the box. Osmotic
coefficient was determined using OPAS method (Kohns et al., 2016). A flat-bottom potential is
applied to the ions in order to keep them inside a central box with z = £ 2.5nm. Water is not

affected by this potential. The simulation and analyses were done as described elsewhere
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(Bernhardt et al., 2022). Briefly, after system minimization, a pre-run of NpT simulation was
performed, where the osmotic pressure was first estimated. From this osmotic pressure value
a new total pressure for the simulation box is chosen such that the pressure of the water slab
is approximately 1 bar in the production simulation. The NpT production run was performed
for 40 ns, of which the first 20 ns were excluded from the analysis. Parrinello-Rahman
barostat was used. The osmotic pressure (1) is then simply given by the time-averaged force
acting on the walls, (Fuai)/A, where A is the cross-sectional area of the wall. The Fya was
calculated using the code (Bernhardt et al., 2022). The osmotic coefficient is then determined
as ¢ = 1/(icRT), with i = 2 considering full dissociation. In order to correctly reproduce the
experimental osmotic coefficients of TetCl and TetBr, scaling factors for the Lennard-Jones
pair potentials between anions and Tet" had to be adjusted along the lines described earlier
(Fyta and Netz, 2012), see Results text.

For monolayer simulations we used version 2021.1 of GROMACS. Initial structures
were built with a 9 nm x 9 nm x 20 nm water layer contacting vacuum boxes of 9 nm x 9 nm x
40 nm on both sides in the z direction. Two monolayers with 100 surfactants each were
placed at the water-vacuum interfaces, leading to an initial area per surfactant of 81 A2
Subsequently, 400 water molecules were replaced by anions, either 400 Br-, or 400 CI, or
200 Br  + 200 CI. In addition, 200 water molecules were replaced with Na* counterions in
order to achieve charge neutrality when also accounting for the positive charge of each
surfactant. This effectively corresponds to a background salt concentration of approximately
90 mM.

Production simulations of 100 ns were run using constant-volume (NVT) ensemble.
After minimization runs, NpT simulation with lateral pressure was run until it reached an area
per molecule correspondent to a surface tension of approximately 20 mN/m. For the

production run, surface tension is calculated form the diagonal pressure tensor (Nijmeijer et
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al., 1990). The surface pressure is obtained 1 = yo - y, where y is the surface tension of the
monolayer simulation and y, is the bare water surface tension, calculated from a NVT water
simulation using the same parameter used for the monolayer simulations. Trajectory analyses
were made using the GROMACS tools, where the first 20 ns of each simulations were

excluded in order to assure proper equilibration.

4.3 Results and Discussion

Fig. 4.4.1 shows the chemical structures of the two dialkyl-dimethylammonium types
investigated, dihexadecyl-dimethylammonium DHDA™ with two C16 chains and dioctadecyl-
dimethylammonium DODA™ with two C18 chains. Although both form insoluble (Langmuir-
type) monolayers at the air/water interface, their structural arrangement in densely packed
monolayers is different. DHDA™ generally exhibits a fluid liquid-expanded (LE) phase, while
DODA+ has the tendency to form a chain-crystalline liquid-condensed (LC) phase with
significantly smaller area per molecule. In this way, positively charged
dialkyldimethylammonium monolayers with different headgroup densities are formed by the
two molecules. To evaluate preferential anion interactions with these monolayers, we focused
on chloride CI" and bromide Br. For this purpose, three different aqueous subphases were
used, containing either 2 mM NaBr ("NaBr subphase"), or 2 mM NaCl ("NaCl subphase"), or 1
mM NaBr + 1 mM NaCl ("mixed subphase"). These low bulk concentrations facilitate TRXF
experiments and were therefore chosen for all experiments. For practical reasons,
complementary MD simulations were performed at higher ion concentrations, but this
difference does not prevent comparisons with regard to ion-specific effects (see further

below).
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In the following, we will first describe the experimental results obtained in pressure-
area isotherms and with grazing-incidence x-ray scattering techniques. And afterwards we
describe the results of the MD simulations, where we will make comparison with the

experimental results wherever possible.

DODA"

Figure 4.4.1: Chemical structures of dihexadecyldimethylammonium (DHDA") and
dioctadecyldimethylammonium (DODAY).
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4.3.1 Pressure-area isotherms. Fig. 4.4.2 shows pressure-area isotherms recorded with
DHDA" (A) and DODA" (B) on NaCl, NaBr, and mixed subphases. An.® is the available area
per molecule in the monolayer. As mentioned before, DHDA" exhibits a fluid LE phase at all
pressures, which follows from the gradual pressure increase upon compression and the
absence of a transition plateau (Fig. 4.4.2A). At a given surface pressure, Amo® IS largest on
the NaCl subphase and smallest on the NaBr subphase, reflecting that Br- ions have a
laterally condensing effect on the monolayer in comparison to CI° ions. On the mixed
subphase, Ans® is almost as small as on the NaBr, which provides a first indication that Br.
ions dominate over CI ions at the interface. The isotherms of DODA™ (Fig. 4.4.2B) yield a
consistent picture. This molecules transitions from the LE phase into the chain-crystalline LC
phase when sufficiently compressed laterally. In the isotherms, this transition manifests as a
plateau with a characteristic transition pressure 1. Phase coexistence occurs for Ang® values
in the plateau. This coexistence is evidenced in the BAM image provided as inset, where
roundish LC domains can be clearly identified in a continuous LE phase surrounding them
(Honig and Mobius, 1991). Strikingly, T, is much lower on the NaBr subphase than on the
NaCl subphase, demonstrating that the presence of Br- ions stabilizes laterally condensed
phases more strongly than that of CI ions, in line with earlier reports (Ahuja et al., 1994;
Cavalli et al., 2001; Shapovalov et al., 2010). Again, the isotherm on the mixed subphase
resembles the one on the NaBr subphase much more than the one on the NaCl subphase,

reflecting once more the dominance of Br- over ClI at the interface.
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Figure 4.4.2: Pressure--area isotherms recorded with DHDA* (A) and DODA"™ (B) on NaCl, NaBr, and

mixed subphases. Inset panel B: BAM image of a DODA™ monolayer on a NaBr subphase at Amo® =
57 A>

4.3.2 Electron density profiles and in-plane ordering (GIXOS and GIXD). Fig. 4.4.3A
shows GIXOS curves measured with DHDA® and DODA* monolayers on NaBr subphases at
1 = 20 mN/m and 1t = 35 mN/m, respectively. The period of the intensity oscillations on the
Q:-axis is seen to be significantly shorter for DODA" than for DHDA", which reflects that
DODA" forms a significantly thicker monolayer at the interface because it has longer tails and
is in the LC phase. For both surfactant types the data were analyzed by describing the
monolayer film with two homogeneous layers of adjustable thickness d and electron density p,
which represent different portions of the monolayers, namely hydrocarbon chains (hc) and
headgroups (hg). The interfaces between the layers are subject to interfacial roughness to an

adjustable extent encoded in the roughness parameters o.
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Figure 4.4.3: (A) GIXOS signals for DHDA™ and DODA" monolayer at 1 = 20 mN/m and 1t = 35 mN/m,
respectively, on a NaBr subphase. For clarity, the curves are vertically offset in the semi-logarithmic
plot through multiplication with a suitable factor. (B and C) Corresponding electron density profiles for

all three subphases.

The solid line superimposed to the experimental data points in Fig. 4.4.3A are modeled
GIXOS signals based on such a two-layer description after optimization of the parameters d
and p of the layers and of the o parameters of all layer interfaces. The associated best-
matching electron density profiles of the DHDA™ and DODA™ monolayers on all subphases are
shown in Fig. 4.4.3B and C, respectively. The electron density of the hg layer is comparatively
higher than that of the hc layer and the adjacent aqueous medium, because it also
accommodates heavy (electron-rich) elements in the form of the counterions Cl- and Br. The
best-matching layer parameters for DHDA"™ and DODA™ on all subphases are summarized in
Table 1. In order to reduce the number of free fitting parameters, pn was fixed at 0.30 e/A® for
monolayers in the LE phase and to 0.34 e/A® for monolayers in the LC phase, according to
our previous studies (Pusterla et al., 2022; Stefaniu et al., 2019). Moreover, dn. was fixed at a
chemically plausible value of 4 A because thickness and roughness parameters are highly
covariant for such thin layers. A first observation is that the experimental GIXOS curves are
well reproduced by the two-layer model. The hc layer thickness is virtually independent of the
subphase type and about 4 A higher for DODA* than for DHDA". Importantly, pr. is highest on

the NaBr subphase but nearly as high on the mixed subphase. Since Br, with its 36 electrons,
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contributes much more to the electron density of the hg layer, this observation corroborates

the picture that the adsorption of Br is preferred over the adsorption of CI.

Table 4.4.1: Layer parameters for DHDA™ at 1t = 20 mN/m and for DODA™ at 11 = 35 mN/m as obtained
by GIXOS.

DHDA* DODA*
parameter NaBr NacCl mixed NaBr NacCl mixed
airne [ Al 2.5 2.4 2.4 1.6 2.3 1.8
dhe [ A] 11.4 11.1 11.2 14.8 15.1 15.0
Pre [€7A7] 0.3 0.3 0.3 0.34 0.34 0.34
(fixed)
Oneng [ Al 2.5 2.8 2.6 2.0 1.4 1.4
dne [ A] 4.0 4.0 4.0 4.0 4.0 4.0
Png [€7A%] 0.40 0.38 0.40 0.44 0.38 0.42
Ongiwat [ A] 1.8 2.2 1.8 2.0 2.6 2.1

The inset of Fig. 4.4.3C shows the GIXD pattern obtained with a DODA™ monolayer on
NaBr subphase at m = 35 mN/m, corresponding to the electron density profile shown in the
main panel. The pattern features two diffraction peaks, a sharp one at (Qx; Q.) = (1.41; 0) A*
and a broader one at (Qy,; Q.) = (1.29; 0.85) A, which correspond to a chain lattice with the
parameters summarized in Table 4.4.2 and confirm that the DODA+ monolayer is in the LC
phase under these conditions.. Table 4.4.2 also contains the chain lattice parameters
obtained at 1t = 25 mN/m, which serves for comparison with the MD results presented further

below.
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Table 4.4.2: Lattice parameters (unit cell vector lengths b and c, their relative angle a, chain tilt t, in-
plane area A, and chain-cross-sectional area Ao) of DODA* monolayers on NaBr subphase at 11 = 25
mN/m and 1T = 35 mN/m as obtained by GIXD.

Parameter T =25 mN/m 1T = 35 mN/m
b [A] 5.6 5.5
c[A] 6.3 5.9
o [] 127.3 125.7
t[°] 43 42

Ay [ A7 28.1 26.5
Ao [A?] 20.7 19.8

4.3.3 lon densities at the interface (TRXF). In order to precisely quantify the ion-specific
preferential adsorption to the cationic monolayer, TRXF measurements were carried out with
DHDA"™ monolayers and DODA™ monolayers on all three subphases and at various surface
pressures, 1T = 10 mN/m, 1 = 20 mN/m and 1t = 30 mN/m for DHDA™ and 1t = 15 mN/m, 1t =
25 mN/m and m = 35 mN/m for DODA". Fig. 4.4.4A exemplifies the resulting x-ray
fluorescence spectra in a narrow energy range covering the Ka) line of chlorine (2.62 keV)
and the L) line of bromine (1.52 keV) (Bearden, 1967; X-ray data booklet, 2001). The more

intense Ka) line of bromine at 11.92 keV is shown in Fig. 4.4.4B.

As described in the Methods section, the intensities of the peaks associated with these
lines are proportional to the interfacial densities of the ions in terms of their surface excesses
o and e It is seen that the Cl peak is intense only for the NaCl subphase but not so much
for the mixed subphase, while the two Br peaks are intense for the NaBr subphase and nearly
as intense for the mixed subphase. On a qualitative level this observation already
demonstrates the pronounced preferential adsorption of Br- in the competition with Cl". As
reported earlier (Sung et al., 2015) for another cationic two-chain surfactant, 1,2-dipalmitoyl-3-

trimethylammonium-propane (DPTAP), simple charge compensation occurs when only one
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anion type is available, such that the surface excesses of different anions measured on two

different subphases coincide.

A B

DHDA" in NaBr 2 mM
1200+ DHDA™ in NaCl 2 mM
— DHDA" in NaBr 1mM and NaCl 1 mM

60000

800 40000

/[a.u.]

400 20000

Figure 4.4.4: X-ray fluorescence spectra of DHDA* at 20 mN/m on different subphases (NaBr 2 mM —
Orange line; NaCl 2 mM — Green line and equimolar mixture NaCl/NaBr 1 mM each — blue line. Dots
are data points and lines are Gaussian fitting.

The ratio between the intensity of the peaks [; (with j € {ClI, Br}), calculated from the

integral, between the bare monolayer and mixed monolayer were determined, as follow:

I, (mixture)
1,.(NaBr)

_ I (mixture) 3
Xo= 1., (NaCl) and x, =

The obtained values of x¢ and xgr are summarized in Tables 4.4.3 and 4.4.4 for DHDA"
and DODA", respectively. Note that, in the measurements with DODA*, some variations in the
absolute intensity of the spectra had to be compensated via normalization on the
elastic/Compton intensity, while this was not necessary for the measurements with DHDA". It
is seen that the contribution of Br in the competition is of the order of 0.8 for all surface

pressures and both surfactant molecules. Reassuringly, this result is also robust with respect
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to the choice of the transition line (Ka vs. L) of bromine. The contribution of CI" is always of
the order of 0.2. As an independent validation we consider the sum of the two contributions, x
= Xa + Xer (See Tables 4.4.3 and 4.4.4), which, by construction, should amount to unity within
the experimental uncertainty. Indeed, the obtained values deviate from unity only by few
percent, where the deviation must be attributed to the cumulative effect of all experimental
error sources.

We recall that DHDA* monolayers are in the fluid LE phase at all subphases and all
surface pressures (see Fig. 4.4.2). In contrast, DODA"™ monolayers are in the ordered LC
phase under all conditions where TRXF was measured. Even though the area per positively
charged surfactant headgroup is thus significantly different for DHDA® and DODA", the
preferential adsorption of Br in competition with CI" is robust on a quantitative level. This
results indicates that the dominating factor in the competition is the pair-wise interaction
between the headgroups and the anion, quite independently from headgroup correlation or
"bridging" effects. This picture is consistent with an earlier report regarding the anion
competition at the surfaces of DODA" vesicles, where temperature changes that affect the

bilayer phase had no significant effect (Scarpa et al., 2002).

Table 4.4.3: Percentage of the peak intensity in the mixed subphase system of DHDAC compared to
the 100 % intensity of pure bromide or chloride system.

M [MN/m] Xer (LB) Xer (KQ) Xci sum (Ka) sum (Kp)
10 0.82 0.78 0.28 1.10 1.06
20 0.82 0.81 0.24 1.06 1.05
30 0.84 0.79 0.21 1.05 1.00
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Table 4.4.4: Percentage of the peak intensity in the mixed subphase system of DODAB compared to
the 100 % intensity of pure bromide or chloride system.

M [MN/m] Xer (LB) Xer (KQ) Xci sum (Ka) sum (Kp)
15 0.76 0.78 0.19 0.95 0.97
25 0.85 0.82 0.19 1.04 1.01
35 0.85 0.90 0.25 1.10 1.15

MD Simulations

4.3.4 Osmotic Coefficient. To validate the force fields applied in this work, we calculated
the osmotic coefficients of TetBr and TetCl tetramethyl ammonium salt solutions based on the
OPAS method (Kohns et al., 2016). Osmotic coefficients were considered because they are
sensitive to subtle changes in ion-ion interactions. The osmotic coefficients calculated for 1 m
TetBr and TetCl salt solutions were, respectively, 1.15 £ 0.2 and 1.11 + 0.2. These values are
higher than the experimental ones (Lindenbaum and Boyd, 1964) and indicate that the
attractive and repulsive interactions between the cations and anions in solution are not
optimally balanced. Therefore, the Lennard-Jones (LJ) diameter, 0., used to described the
cation-anion interaction, was scaled using a scaling factor A; according to 0: = Ao( 0+« + 0.)/2
(Fyta and Netz, 2012). Some scaling factors were tested, and the values A; 0.93 for TetBr and
As 0.92 for TetCl led to an osmotic coefficient very similar to the one experimentally
determined: 0.81 £ 0.04 (0.790) for TetBr and 0.88 + 0.07 (0.862) for TetCl (Lindenbaum and
Boyd, 1964). The satisfactory agreement achieved with the refined models suggests that they

suitably describe the ion-specific electrostatic interactions in these systems.
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4.3.5 Monolayer Simulations. The surface pressure for SPCE water was 58.1 mN/m + 2.4
mN/m, similar to previous calculations (Vega and De Miguel, 2007). The surface pressure in
the NVT simulations was approximately 18 mN/m for DHDA™ monolayers in all subphases
and 26 mN/m for DODA", sufficiently close to the surface pressures at which the experimental
data were collected (20 mN/m and 25 mN/m). The final pressure for the NVT simulations was
approximately 18 mN/m for DHDA™ monolayers in all suphases and 26 mN/m for DODA*. A
snapshot of the simulations setup for DHDA" is Figure 4.4.5. The available area per surfactant
Ao in the for the DHDA* was 82 A? for NaCl, 77 A% for NaBr and 80 A? for the equimolar
mixture. Because the final surface pressure for all simulations were the same, this result is in
line with the experimentally determined isotherms (Fig. 4.4.2), where the monolayer in the
bromide subphase has a smaller area per molecule than chloride, and the mixture has an
intermediate value. For DODA" the area per surfactant was 57 A2, in line with an ordered
state. It is not possible to directly compare the simulation value with the experimental area per
molecule because the simulation salt concentration is not the same as the experimental. For
DHDA", the hydrocarbon chain extension in z-direction (average z-projection of the distance
vector between the first and last carbon in the alkyl tail) was 11.5 + 0.4 A (NaBr subphase),
11.0 + 0.4 A (NaCl subphase) and 11.3 + 0.3 A (mixed subphase). For DODA" the
hydrocarbon chain length was 14.7 + 1.5 A for all simulations. These values are similar to the

hydrocarbon chain layer thicknesses din. determined by GIXOS for both systems at similar.

The normalized particle number density distributions for atoms and groups of atoms
along the z-axis for the mixed subphase for DHDA® and DODA" are shown in Fig. 4.4.5 B.1
and B.2, respectively. The corresponding electron density profiles are shown in panels C.1
and C.2. The agreement with the experimental data in Fig. 4.4.3 (B and C) is striking. As

explained in the experimental section, the peaks observed in the electron density profiles
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correspond to the headgroup region, with the electron-rich counterions CI~ and Br-, while the
shoulder (DHDA") and plateau region (DODA") at z = 0 originate from surfactant atoms in the
hc layer. In these regions the experimental electron densities (Fig. 4.4.3 B and C) are slightly
larger as compared to the simulations which may be because of a lack of ions in this region
due to polarization effects not accounted for in the force field. The peak heights for bromide
(orange lines) in Fig. 4.4.5 B.1 and B.2 exceed the peak heights for chloride (green lines),
in agreement with the experimental data. We however note that the interfacial
accumulation of these ions, observed in the simulations, led to a depletion in the "bulk”
solution (confined by the two monolayers), where the chloride concentration was somewhat
higher than the bromide concentration. This occurred due to the finite size of the simulated
system. We therefore corrected the chloride and bromide ion density distributions to achieve
equal values in bulk prior to calculating the interfacial bromide/chloride proportion. This
proportion was obtained considering only the ions present at the interface up to the Gibbs
dividing surface obtained from the water distribution. For DODA", the calculated interfacial
Br/CI- proportion was 78%/22%, while for DHDA" it was 82%/18%. These values are very
close to the experimental ones determined by TRXF discussed above. The density
distributions for some groups along the z axis for the mixed subphase for DHDA" and DODA"

are in Figure 4.4.5 A.1 and B.1, respectively.
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Figure 4.4.5: Snapshot of the simulation box for DHDA®* monolayer in mixed subphase (A),
normalized particle number density distributions of monolayer components, surfactant head-
group (dark green) and surfactant hydrocarbon chain (light blue), ions Br- (orange), CI
(green) and Na® (black) and water (red) along the z-axis for the mixed subphase for DHDA*
(B.1) and DODA® (B.2) and electron density profile of surfactant, ions and water in the all
subphases: pure bromide (orange), pure chloride (green) and mixture (blue) for DHDA®
(C.1) and for DODA™ (C.2).

The preferential interfacial accumulation of Br- over CI° occurs due to ion specific
interactions with the quaternary ammonium head groups. Fig. 4.4.6 shows the anion-nitrogen
(quaternary ammonium in DHDA) radial distribution functions for the subphases containing
NaCl or NaBr (panel A.1) and for the mixed salt subphase (panel A.2). The peak height (panel
A.l) is larger for Br than for CI. Therefore, Br interacts more tightly with the quaternary
ammonium head group than CI'. This observation hints at a competitive, or nonadditive, ion
effect in the mixed salt system (Bruce et al., 2019; Leontidis et al., 2007; Zhao et al., 2022). It
should further be noted that Br and CI" both form contact ion pairs with the charged heads
groups, i.e. the first peaks of the anion-nitrogen and water-nitrogen radial distribution

functions in panels A.1 and A.2 overlap. This direct contact was proposed for micelles
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containing alkyl trimethylammonium head groups and bound halide (Br- and CI) anions
(Buchner et al., 2005).

If ranked according to an ion specific (Hofmeister) series, the quaternary ammonium
cationic head group classifies as a weakly hydrated cation with a low charge density. As such,
it tends to form contact ion pairs with weakly hydrated, low charge-density, anions such as Br-
(but, e.g., also NOs and ClO, : "like seeks like"). The preferred interaction of Br~ over Cl" with
the charged head groups observed herein thus follows this well-established picture (Collins,
2004). The data in panels C.1 and C.2 of Fig. 4.4.6 shows that, upon approaching the
charged head group, the weakly hydrated Br ion more readily sheds its hydration shell in
comparison with CI. Accordingly, Br  ions approach the plane of the charged headgroups
closer. This is shown in Fig. 4.4.6 B.1, which presents the anion number density as a function
of the z-component of the anion-nitrogen (quaternary ammonium) distance vector for the
subphases containing NaCl or NaBr. Fig. 4.4.6 B.2 shows the corresponding data for the
mixed salt subphase. Note that z > 0 corresponds to the subphase region; z < 0 to the region
on the aliphatic-tail side of the surfactant monolayer. Consistent with our observations, it has
been experimentally observed that, at the surface of alkyl trimethylammonium micelles,
hydration shells of Br ions are more perturbed than those of CI" ions (Hedin et al., 2000).
Furthermore, it has been reported that micelles with Cl- as counterion are more hydrated than

those having Br as counterion (Buchner et al., 2005).
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Figure 4.4.6: Interfacial counterion and water distribution for the DHDA+ monolayer in contact
with pure NaBr or NaCl subphases (1) and the mixed salt subphase (2): Radial distribution
function of CI-, Br- and the water oxygen (Ow) relative to the nitrogen atom of the headgroup
(A), number density of Br- and CI~ ions in z-direction relative to the headgroup nitrogen
atom position (B) and average number of water molecules in the first hydration shell of
Brr and CI- anions as a function of the distance from the nitrogen atom of the surfactant
headgroup (C) (the dashed vertical line corresponds to the distance of the first minimum in
the anion-N radial distribution function.)

Fig. 4.4.7 shows the cumulative number of positive and negative charges as a function
of the z-coordinate perpendicular to the monolayer-solution interface. Comparison of the data
for DHDA" (panel A) and DODA" (panel B) shows that the counter ion double layer extends
slightly further out into the aqueous sublayer for the monolayer (DHDA™) with the lower
surface fixed-charge density (higher area per head group). It can also be observed (most
notably for the DODA™ monolayer) that the diffusive double layer is slightly more contracted

22
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for the system with NaBr compared with NaCl, corroborating the previous analyses which

indicated that bromide interacts stronger than chloride with the surfactant head groups ).
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Figure 4.4.7: Cumulative number of charged groups as a function of the z-coordinate: cations
(nitrogen of headgroup (N) and Na*) and anions (Br- or CI) for (A) DHDA® and (B)
DODA*, where z = 0 corresponds to the plane position at which the surfactant headgroup
(nitrogen) density is maximal.

Fig. 4.4.8 shows the lateral organization of charged moieties in the plane of the surfac-
tant head groups for DHDA" (upper panel) and DODA" (lower panel). For DODA", the
intermediate-range (> 5 A) lateral correlations between Br~ ions are significantly stronger
than between CI™ ions and are approximately in phase with the oscillations in the in-plane
radial distribution of the quaternary ammonium groups. Furthermore, the bromide-bromide
lateral correlations are slightly more pronounced for the DODA™ monolayer on the mixed
salt subphase (panel B.2) compared to the single-salt subphase (panel A.2). For DHDA",
these correlations are weaker. Snapshots of a section of the simulation box are shown in
panel C.1 for DHDA™ and in panel C.2 for DODA". The structures shown in these snapshots
represent the experimental situation where, for the chosen pressure, DODA" is in an
ordered LC phase whereas DHDA" is in a fluid LE phase. The chain tilt (t) for the DODA*
monolayer in the ordered phase was experimentally determined by GIXD (see above) and

was also calculated from the MD simulations. On the mixed-salt subphase, the angle formed
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between the z-axis and the vector pointing from the surfactant tail to the surfactant head

was 40°+ 5. This value is very similar to the experimentally determined value (42° for 25

mN/m in pure NaBr.
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Figure 4.4.8: In plane radial distribution function for the nitrogen of surfactant headgroup (N-
N) and anion (Br-Br or CI-Cl) for simulations of DHDA® (1) and DODA®" (2) monolayers
in pure NaBr or NaCl subphases (A), or mixed salt subphases (B). Snapshots of box section

are in C.

4.4 Conclusions

We successfully determined the preferential interaction of bromide over chloride anions

at cationic monolayer interfaces. The monolayers composed of the shorter chain surfactant

DHDA" are in liquid expanded phase in all analyzed subphases while the long chain DODA*
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shows phase transitions LE-LC that is dependent on the subphase. BAM images confirmed
the presence of both phases. Analyzing the same area per molecule, the surface pressure for
the equimolar subphase isotherms are similar to the surface pressure for bare NaBr in both
surfactants, showing already preferential bromide interaction. Using total Reflection X-ray
fluoresce we could determine a 80%/20% Br/Cl proportion at the interface of both surfactants,
showing that the phase of the surfactant did not matter. This points towards the importance of
anion-headgroup specific interaction to determine the preferential adsorption at this system.
Scalling the anion force field to reproduce properties like osmotic pressure for the pair anion-
head-group led to a good agreements between experiments and molecular dynamics
simulations, showing again the importance of specific interaction anion-headgroup in this
case. Finally, anion dehydration upon binding to the interface must be considered when

interpreting preferential adsorption of ions at soft interfaces.

4.5 Thermotropic phase behavior of imidazolium-based
surfactant vesicles

5.1 Introduction

lonic liquids (IL) are composed of ions with a melting point below 100°C. IL are
beneficial as “green solvents” (Lei et al., 2017) and the type of anion and cation of the ionic
liquid can be changed to get the desired physical properties such as viscosity, density,
melting points (Kaur et al., 2022).

New types of IL have been explored varying the chemical structure of the components.
In surface-active ionic liquids (SAILS) ions with long alkyl chains display self-assembling

properties (Kaur et al., 2022). SAILS containing imidazolium-based cations as headgroups
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(Im-SAIL) exhibit the highest thermal stability and best surface activity (Cao et al., 2020).
Compared to the conventional quaternary ammonium surfactants with the same hydrocarbon
chain, Im-SAILs show lower Kraft temperatures, lower critical micelle concentrations (cmc),
and higher efficiency in reducing the surface tension (Cao et al., 2020). These molecules form
micelles in aqueous solutions and can produce unilamellar vesicles at higher concentrations
(Wang et al., 2013). Interaction, at room temperature, of ionic liquids (RTIL) with bio-
membranes has been explored, and although these molecules can kill bacteria or cancer
cells, they also show cytotoxicity (Benedetto, 2017).

Here we synthesized and characterized 1,3-Dihexadecylimidazolium chloride and
compared the aggregates formed with the commercially available quaternary ammonium
surfactant with the same number of carbons in the hydrocarbon chain. We showed the
formation of vesicles in water and low salt concentration. We demonstrated that the gel-liquid
crystalline phase transition temperature of the imidazolium surfactant bilayer is higher than

that of the comparable quaternary ammonium surfactant.

5.2 Material and Methods

5.2.1 Materials and sample preparation. 1,3-Dihexadecylimidazolium Chloride (DHIMC)
was synthesized in our laboratory (synthesis, mass spectra and RMN are in Appendix).
Dihexadecyldimethylammonium chloride (DHDAC) was prepared by exchanging Br~ from
Dihexadecyldimethylammonium bromide, DHDAB, (Aldrich) dissolved in methanol through a
Dowex 21K anion-exchange resin previously saturated with ClI". The solvent was evaporated

at reduced pressure, and DHDAC recrystallized (x2) in methanol/ acetone (90/10; v/v).

Solutions were prepared by weighing the appropriate amount of solid surfactant and

adding water or salt until the desired concentration. The suspensions were heated at 60°C in
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a water bath, alternated with ultrasonic mixing until obtaining a transparent solution. Some
samples were extruded after this procedure, using a heat plate at 55°C and an Avanti Polar
Lipids extruder (x21) equipped with a Whatman nucleopore track-etch 100 nm membrane.
For EPR experiments, the solid surfactant was dissolved in chloroform, and the EPR labels
were also added from a chloroform stock solution to the surfactant. After evaporation of the
solvent under N, the films were dried under vacuum for at least 2h. These films were
resuspended in NaCl 5mM solution and were heated in a 60°C bath. The final concentration
of the surfactant was determined by measuring Cl- concentration (Schales and Schales,

1941).

5.2.2 Dynamic Light Scattering (DLS). A Zeta Sizer Nano (Malvern) series was used to

determine the size and zeta potential at 25°C for extruded vesicles.
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5.2.3 Electron Paramagnetic Resonance (EPR). Measurements were made in a Bruker
EMX-200 spectrometer, measured at a frequency of approximately 9.4 GHz, with a sweep
width of 100 G, a modulation amplitude of 1.0 G, and a time constant of 0.163 s. Samples
were added to flat quartz cells. Spectra were analyzed with WINEPR software (Bruker). Two
types of measurements were made. 1. Encapsulation: 4-trimethylammonium-2,2,6,6-
tetramethylpiperidine-1-oxyl iodide (CAT- Fig. 4.5.1 A) 1.25 and 5 mM NacCl solution were
used to hydrate the surfactant solid. Suspensions were extruded as described above. The
EPR spectra were measured before and after ascorbic acid (AA) was added to the solution.
AA reduces nitroxide (Paleos and Dais, 1977), suppressing the EPR signal. The total intensity
of CAT was determined by integrating both spectra, and the residual signal was attributed to
the CAT probe encapsulated into the vesicles. Four surfactant concentrations were used (0
mM, 10 mM, 15 mM, and 20 mM). Encapsulated percentages (%enc) Were determined from
the ratio lateras/loetoreaa. The volume of the internal aqueous compartments was estimated from
the slope of %e... VS. surfactant concentration curve. Samples after AA addition were
remeasured after 1h at room temperature and then were heated above the main transition
temperature and measured a third time. 2. Spin label: Methyl X-Doxyl-stearate (X=5 or 16 —
Fig. 4.5.1 B and C) were added from chloroform into the lipid films as described above.
Spectra were measured at different temperatures using a liquid and gaseous nitrogen

temperature co ntrol.
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Figure 4.5.1: EPR labels (A) 4-trimethylammonium-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (CAT);
(B) Methyl 5-Doxyl-stearate (C) Methyl 16-Doxyl-stearate.

5.2.4 Optical microscopy. Surfactants were diluted in Tris/HCI 10 mM pH 8, and the
suspensions were observed with a Zeiss Axiovert 200 inverted microscope equipped with a
Zeiss AxioCam Hsm digital camera and a 63 objective. The sample was filmed while being

heated using a water-circulating bath system. Silane-coated slides were used.

5.2.5 Differential Scanning Calorimetry (DSC). A VP-DSC, Microcal Inc, was used to
collect DSC data for solutions of DHDAC and DHImC at 10 mM from 10°C to 60°C, at a

12°C/h scan rate.
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5.2.6 Pressure x area isotherms. Stock solutions prepared at approximately 1mg/mL of
surfactant in chloroform. All glass used in the preparation was previously washed with
NOCHROMIX. Water with at least 18 MQ/cm?2 was used to prepare the NaCl 5 mM solution,
which was used as a subphase for the monolayer. A KSV NMA LB (Nima) system with a
medium trough size was used in a clean room. The surface tension was measured using a
platinum Wilhelmy plate. The temperature was kept at 23°C using a Lauda Thermostat. The
surfactant solution (10 yL) was added at the solution interface (~180 mL), and the solvent

was evaporated for at least 10 minutes. The monolayer was compressed at 10mm/min.

5.2.7 Conductivity. The counterion dissociation (a) was measured for extruded vesicles
from conductivity data (Carpena et al., 2002). The pre-aggregation inclination was taken from

a similar system, cetyltrimethylammonium chloride (CTAC) surfactant, see results section.

5.3 Results

We characterized aggregates formed by 1,3-dihexadecylimidazolium chloride (DHIMC)
and compared our results with the commercially available dihexadecyldimethylammonium
chloride (DHDAC). DHImMC and DHDAC contain two alkyl chains of sixteen carbons and are
expected to form vesicles in aqueous solutions (Israelachvili et al., 1977). The properties of
DHDAC have not been widely explored, but the correspondent bromide salt, DHDAB, forms
bilamellar vesicles in water (Tucker et al., 2008). The structures of the two surfactants used in

this work are in Figure 4.5.2.
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Figure 4.5.2: Structures of (A) dihexadecyldimethylammonium chloride (DHDAC) and (B) 1,3-
dihexadecylimidazolium chloride (DHIMC).

5.3.1 Aggregate size and surface charge. Following extrusion (see Methods), DHImC and
DHDAC formed stable structures of low poly-dispersity (Pdl) and similar Zeta potential (Table
4.5.1). The values of the diameters and Zeta potentials (Table 4.5.1) suggested that the

aggregates formed with DHImC and DHDAC were Large Unilamellar Vesicles (LUVS).

Table 4.5.1: Diameter, polydispersity, and zeta potential of DHDAC and DHImMC LUVs in water

Sample Diameter (nm) Pdl Zeta (mV)
DHImC 106.5+1.2 0.186 + 0.010 43.6 +4.2
DHDAC 103.2+1.2 0.138 + 0.011 41.3+45

Both surfactants showed a similar Zeta potential value, with a slightly larger value for
DHDAC. Zeta potential reflects the degree of counterion ionization, which is known to depend

on the aggregate size (Cuccovia et al., 1990).
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5.3.2 Monolayer formation by DHDAC and DHImC. DHDAC and DHImC formed
Langmuir films in a NaCl 5 mM subphase at the air/water interface, where the isotherms show

the variation of pressure (IM) vs. the available area per molecule (A%y) (Figure 4.5.3).
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Figure 4.5.3: Pressure-area isotherm for DHDAC and DHImMC in 5 mM NaCl

Both surfactants showed a continuous increase of pressure upon compression, with no
observable phase transitions. This result is similarly to Cisime.HI (Wang et al., 2016). The

area per monomer at the collapse pressure was ca. 58 A2 for both surfactants.
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5.3.3 Demonstration of the formation of closed vesicles. The LUVs were prepared with
CAT in solution (see Methods), a percentage of CAT could be encapsulated into the aqueous
vesicle compartment if closed LUVs were formed in our preparation. EPR spectra were
measured before (Fig. 4.5.4 black lines) and after ascorbic acid addition (Fig. 4.5.4 red lines)
to investigate whether closed LUVS formed. As ascorbate reacts rapidly with CAT in solution
but penetrates LUVs very slowly (Schreier-Muccillo et al., 1976) any remaining EPR signal

after ascorbate addition is related to a closed LUV inner compartment.
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Figure 4.5.4: EPR signal for CAT in SUVs solutions before (black) and after (red) the addition of

Ascorbic Acid. In the inset is the full spectra.

After ascorbate addition, a small but evident EPR signal was obtained (Figure 4.5.4).
Peak integration permitted calculating the volume encapsulated in the inner aqueous com-
partment of the LUVs. Linear correlation for encapsulated percentage vs. surfactant concen-
tration was 0.99 for DHDAC and DHIMC (plots are Appendix, Figure S11). Assuming an area
per molecule of 58 A, from the monolayer measurements (see Section 5.3.2) and a diameter

of 100 mm (Table 4.5.1) for the extruded vesicles, the encapsulated volume corresponding to
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the aqueous inner compartment of the LUVs were 0.13 L/mol for DHDAC and 0.19 L/mol for
DHImC. These values lead to an inner radius of 38 and 43 nm, respectively.

One hour after ascorbate addition (Appendix, Fig. S11), the total intensity of CAT di-
minished, probably due to the slow penetration of ascorbate. As DHDAC and DHIMC vesicles
were in the gel state at room temperature (see below) heating above the transition tempera-
ture led to leakage of CAT (or ascorbate penetration) because of the fluid membrane state

and the EPR signals were lost.

5.3.4 Vesicles change shape with increasing temperature. After hydrating the solid
surfactant with Tris/HCI 10 mM pH 8 solution, and heating at 60 °C (see Methods), giant
vesicles were formed. The sample was filmed while increasing the temperature, and

snapshots of vesicles of DHDAC and DHImMC are shown in Figure 4.5.5
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Figure 4.5.5: Snapshots of optical microscopy of DHDAC in Tris/HCI at (A) 20°C and (B) 37°C; and
DHImMC in Tris/HCI at (C) 40°C and (D) 55°C.

It is possible to observe formation of vesicles for both surfactants. Previous studies on
DHImMC showed formation of gels for in concentrations above 4.2 wt% (Hu et al., 2015) but
the concentration used here was lower, around 0.5 wt%. The vesicles changed shape close
to the phase transition temperatures determined by DSC (see below). The images in Figure 4

show that the vesicles are more fluid after the transition temperature, with a rounder shape.
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5.3.5 Determination of the phase transition temperature. We used differential scanning
calorimetry to determine the phase transition temperatures (Tc) from the gel to the liquid
crystalline phase. The values of Tcs for giant vesicles in Tris/HCI (Fig. 4.5.6 A and 4.5.6 B)

and LUVs in water (Fig. 4.5.6 C and 4.5.6 D) are summarized in Table 4.5.2.
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Figure 4.5.6: Thermograms for (A) DHDAC non-extruded in Tris/HCI 10 mM, pH 8 (B) DHImC non-
extruded in Tris/HCI 10 mM, pH 8 (C) DHDAC extruded and (D) DHIMC extruded in water.

Table 4.5.2: Transition temperature and Enthalpies from DSC data for DHDAC and DHIMC in both
media

Media Tris/HCI Water (extruded)
Surfactant Tm [°C] T2 [°C]  AH[KJ/mol] Tw[°C] T2 [°C]  AH [KJ/mol]
DHDAC 30.5 0.1 24.3 30.1 0.5 30.4

DHImC 49.3 0.1 38.3 48.5 0.6 41.4
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Although the hydrocarbon tail length for both surfactants was the same, Tc's were
signifcantly different, probably because of head group interactions. Downscan temperatures
in Tris/HCl were 43.2 °C for DHImC and 27.1 °C for DHDAC, respectively.

For a similar SAIL, 1,3- dimethyl-4,5-dipentadecylimidazolium iodide (C15IMe.HI), the
DSC scan showed two transition peaks: one at 29.3 and another at 32.5°C, although they
were not assigned to phase transitions (Wang et al., 2016).

This difference in transition temperature can probably be related to the structure of the
imidazolium headgroup, which shows a higher tendency for hydrogen bonding (Dong et al.,

2006) compared to the quaternary ammonium cation (\Luczak et al., 2009).

5.3.6 Bilayer structure and temperature effects. We obtained information on the bilayer
structure using the spin labels spectra of Methyl X-Doxyl-stearate, with X = 5 or 16. Due to
their hydrocarbon chain, these molecules can intercalate in the surfactant bilayer, and their
dynamics reflect the environment in which they are inserted (Schreier et al., 1978). Spectra
were measured in three temperatures: room temperature (22°C+ 2), 10°C below the transition
temperature (20°C for DHDAC and 40°C for DHImC), and 10°C above the transition
temperature (40°C for DHDAC and 60°C for DHImC). For comparison, the spectra before and

after transition temperature are in Figure 4.5.7.
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Figure 4.5.7: EPR spectra for (A) 5-MeSL in DHDAC (B) 5-MeSL in DHImC (C) 16-MeSL in DHDAC
and (D) 16-MeSL in DHImC.

We calculated label mobility using the ratio of the amplitudes at the low field and
central line (h+1/h0) (Table 3). The order parameter decreases towards the terminal methyl
group in both model and biological membranes (Schreier et al., 1978), as seen here through
the higher mobility of the spin label 16-MeSL compared to 5-MeSL. The transition from a
more ordered phase (gel) to a fluid phase (liquid crystalline) can also be appreciated from the
h+1/h0 ratio at different temperatures. Both surfactants show very similar ratios below and

above the Tc.
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Table 4.5.3: Ratio of the amplitudes of the low and central field lines (h+1/h0)

Condition Label DHDAC DHIMmC
Room temperature 5-MeSL 0.43 0.47
16-MeSL 0.59 0.56
Pre-transition 5-MeSL 0.46 0.45
temperature 16-MeSL 0.57 0.67
Pos-transition 5-MeSL 0.91 0.96
temperature 16-MeSL 1.00 1.01

5.3.7 Counterion dissociation from DHDAC and DHImC vesicles. The degree of
counterion dissociation (a) was determined for both vesicles with Equation 4.5.1.

Al

9

— (4.5.1)
A

on

o=

Where (dA/dc).gg is the slope of conductance vs total surfactant above the critical aggregate
concentration and (dA/dc)men is the slope before the critical aggregate concentration (Carpena
et al., 2002).

The critical aggregation concentration (cac) for surfactants with two long hydrocarbon
tails is expected to be very low (Tucker et al., 2008). Thus we used the hexadecyltrimethyl
ammonium chloride (CTAC) pre-aggregation slope. And because approximately half of the
surfactants are on the inner core of the vesicle, the concentration was divided by 2. With
those approximations, the values of a were 0.10 +/-0.01 for DHDAC e 0.14 +/-0.01 for
DHImC. The values of a were lower than those for single tailed surfactants with comparable

headgroups, where a is 0.42 (Sarac et al., 2017), 0.45 (Jungnickel et al., 2008) for 1-
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hexadecyl-3-methylimidazolium chloride and 0.32 (Maximiano et al., 2006), 0.38 (Zhang et

al., 2017) for hexadecyltrimethylammonium chloride.

5.4 Conclusion

We showed the formation of vesicles composed of DHIMC. The thermotropic phase
behavior of these vesicles was studied using EPR, DSC and optical microscopy and the
results were compared to another vesicle composed of an analog quaternary ammonium
surfactant. Vesicles formed by DHIMC had very similar pressure vs area behaviour, and very
similar degree of counterion ionization, but a higher transition temperature of 49°C, compared

to 30°C for DHDAC.



128

5 Conclusions

This thesis evaluated the specific anion effect on zwitterionic aggregates with
sulfobetaine as the headgroup, focusing on hydrotrope anions, determined experimentally
and by molecular dynamics the relative binding of chloride and bromide to positively charged
surfactant monolayers, evaluated the effect of salts on the micellization thermodynamics and
demonstrated the formation of vesicle-like aggregates with a new imidazolium-based double-
tailed surfactant.

In the first chapter, we showed that the overall micelle hydration, as estimated using
dielectric relaxation spectroscopy, is not anion specific. The addition of salt did not change the
hydration number of the micelle. However, it slowed the water molecules near the surfactant
by simultaneous interaction between water and surfactant/ions. This result is very different
from the obtained for cationic micelles (DTA®), where the interfacial concentration of
counterions is large, and the micelle is severely dehydrated (Lima et al., 2013b). The
difference between positively charged and zwitterionic micelles is not surprising since,
differently from DTATT, the aggregation number of DPS micelles did not significantly increase
upon salt addition (Lima et al., 2013a). In this study, we saw a significant effect on the critical
micelle concentration (cmc). However, | want to note that the salt ratio used in the DRS
experiments (0.15 M DPS and 0.125 M NaX) was much lower compared to the ratio used at
the cmc, where the salt concentrations were the same, but DPS concentration was very low,
close to the cmc (~ 4 mM). On the other hand, a recent study showed that the aggregation
numbers for a similar sulfobetaine surfactant (with 16 carbons in the tail instead of 12)
increase very moderately even at very high NaClO, concentrations (Patifio-Agudelo and
Quina, 2022). Perchlorate anion interacts strongly at the sulfobetaine interface (Gerola et al.,

2017D).
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Molecular Dynamics simulations were used to model the DPS micelles in the different
salts solutions. In the first chapter, we showed that MD results were similar to experimental
ones (Mortara et al., 2018). In the second chapter, we looked deeper at the simulations with
exciting results. We saw that anion like triflate, benzoate, benzenesulfonate, and perchlorate
have a high interfacial concentration in DPS, although they do not significantly affect the
orientation of the head group dipole (Mortara et al., 2020). When these salts are present, a
closer look into the number of hydration waters for carbons close to the micellar core is
smaller than for the bare micelle or other salts like bromide. However, the headgroup
hydration is more extensive, explaining why the overall hydration is the same.

Also, in the second chapter, we showed that the degree of dehydration of the
hydrophobic moieties of hydrotropic anions can be correlated to the interfacial concentration.
This result is similar to that obtained for cationic micelles (Lima et al., 2017).

In the next chapter, we evaluated the influence of salts on the thermodynamics of
micelle formation. As pointed out above, the studied salt/DPS ratios in this study were much
higher than for the first two chapters, which explains the much higher effect observed. Cmc
order was NaAc ~ NaMs ~ NaCl > NaBr > NaTFA > NaBZO > NaBZS > NaTf > NaClO4. In
the previous chapter NaBZS and NABZO showed a higher degree of counterion binding than
NaTf. However, the overall effect on the micelle (like head group dipole orientation) was
slightly higher for NaTf. We do not exclude the possibility of a problem in the anions force
field. However, the trend remains very similar, and the theoretical result established in the
second chapter remains valid.

The evaluation of the thermodynamics of micellization also showed an exciting
difference in the entropic component between triflate and perchlorate. Although both anions

showed a similar cmc- that can be correlated to the free energy of micellization-, the enthalpy
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was very different, resulting in a lower entropic contribution for perchlorate in the micellization.
The origin of this difference has yet to be directly explained.

In the following chapter, we studied cationic surfactants with two alkyl chains that, due
to the packing parameter (Israelachvili et al., 1977), should form vesicles in aqueous
solutions.

In the fourth chapter, monolayers of DHDA® and DODA" were studied, and the
preferential interaction between bromide and chloride was evaluated. We quantified an
interfacial concentration of 80%/20% for Br/Cl" at an equimolar concentration in the solution.
The bromide interaction also led to a more packed bilayer than chloride. MD studies on this
system reproduced the preferential interaction, and interestingly this was done by tuning the
polar head group interaction based on the osmotic coefficient of the tetramethylammonium
salts.

Lastly, an imidazolium-based surfactant was characterized and compared to a similar
well-studied ammonium quaternary. We observed a similar degree of counterion (CI)
association at the interface, but a very different main transition temperature, from gel to liquid
crystalline. This difference was explained based on the headgroup interactions, where the
imidazolium headgroup can form hydrogen bonds.

The experimental and MD results obtained here contribute to specific ion effects: For
the zwitterionic DPS, macroscopic properties like micelle hydration number and aggregation
number do not show much specificity, but we could show that micellization captures the
anion-specific interaction. For cationic monolayers, we showed that bromides bind more
strongly than chloride at the interface, and ion-head group paring was significant in the model.

The aggregate formation of imidazolium-based surfactant was also shown.
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7 Appendix

Force Field Parameters

Table S1. Non-Bonded parameters force field.
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Atoms o (nm) Epsilon (KJ/mol) Charge (q)
C1 0.339 0.457 -0.471
Cc2 0.339 0.457 0.082
C3 0.339 0.457 -0.008
C4, C5, C6 0.339 0.457 -0.310
S 0.356 1.046 1.234
@) 0.295 0.878 -0.679
N 0.325 0.711 0.232
H1 0.247 0.657 0.149
H2 0.265 0.657 0.042
H3 0.196 0.66 0.069
H4, H5, H6 0.196 0.66 0.154
Table S2. Ryckaert-Bellemans dihedral parameter for the polar head.

Dihedral Co C1 Cc2 C3 C4 C5
S-C1-C2-H 0.524 1.227 -0.707 -1.377 0.730 -0.280
0-S-C1-C2 0.997 3.381 0.131 -4.562 -0.131 0.049
O-S-C1-H 0.522 1.796 0.000 -2.517 0.000 0.149
C1-C2-C3- 0.902 4.525 0.543 -5.824 -0.465 -0.262

N

Figure S1. Representation for the naming of atoms in the polar head.
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Figure S2. Relaxation times, Ti (i = 2 (e black), 3 (A blue), 4 (v red), of aqueous DPS solutions at 25
°C.

c) DRS parameters

Table S3. DRS parameters DPS concentration

Conc (mol x L™1) S a T S T3 |Ss Ta €o €

0.025 2.15 ]0.198 430.1 |0.78 |25 |71.2 |8.38 /80.01 |5.85
0.05 3.88 |0.119 479 1.49 |25 69.77 |8.34 |81 5.86
0.075 5.76 ]0.118 509 1.82 |24 |68.37 |8.32 |81.94 |5.98
0.1 7.38 ]0.102 493 2.09 |25 |67.5 |8.37 |82.99 |5.99
0.15 10.14 |0.092 489 3.18 |26 |64.9 |8.30 [84.24 |5.94

Table 4. DRS parameters 0.050 M salt
Salt S T1 S, a T S; T3 S, Ta € €

NaBr 3.14 (2721 |10.04 |0.1 486 |2.63 |26.86 |63.80 |8.3 |6.34 |85.92
NaTf 431 14895 |9.39 |0.1 517 2.62 |36.00 64.21 8.3 |6.06 86.61
NaTFA |2.33 [3909 |10.18 0.1 |519 |2.55 |32.34 64.34 8.3 6.02 |85.42
NaMs |3.77 [2530 |10.67 0.1 |543 |2.69 |30.54 64.40 8.3 5.97 |87.49

Table S5. DRS parameters 0.075 M salt
Salt S: T S, a T Ss Tz S, Ts &€ |€

NaBr [4.58 3559 |9.14 |0.1 495 263 |27.1 |63.8 8.3 |6 |86.09
NaTf |4.58 3559 |9.14 |0.1 468 |2.05 |294 |64.32 8.3 |6 |86.09
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Table S6. DRS parameters 0.100 M salt
Salt S T1 S, (o T S; T3 S, Ta €w €

NaBr 6.05 |3990 (8.39 |0.1 {485 |2.55 |33.3 |63.98 |8.3 |6.05 87.31
NaTf 6.34 |3990 (8.39 |0.1 |485 |2.55 |33.3 |63.98 |8.3 |6.05 87.31
NaTFA 4.48 2896 |9.49 0.1 5.02 |2.92 34 63.44 8.3 6.07 |86.41
NaMs 4.88 3474 |12.72 |0.1 646 |3.29 30.70 /62.87 8.3 |6.52 |90.3

Table S7. DRS parameters 0.125 M salt
Salt S T1 S, a T2 S; T3 S, T4 € g

NaBr |7.29 3864 |8.58 |0.1 459 |2.29 33 63.53 |8.3 |6.1 |87.8
NaTf |6.34 |3990 |8.39 |0.1 485 |2.55 |33.33 |63.98 |8.3 |6.05 |87.3

For DPS concentration the amplitude can be described by the power law

Sz(Cops) = 51.7%(cpps)*** (o = 0.14) (S1)

The amplitude of bulk-like water, Sy, decreases linearly (Fig. 5a) according to

Sb(Cops) = 74.848 — 50.3%Cops (of = 0.17) (S2)

where the fit was forced through the pure-water value , S,(0) = 74.848.

The amplitude of slow water, Ss, increases (Fig. 5b) but the obtained values are rather small,
Ss(cors) < 2.5, and thus prone to systematic errors. Since a linear increase of Ss(Cpps) iS
expected for low DPS concentrations, we used the data at 100 mM and 150 mM together with

(0, 0) to get

Ss(Cops) = 21.15%Cops (ow = 0.02) (S3)

from the solid red line in Fig. 5b.

For salt-containing solutions, the amplitudes can be correlated to the salt concentration

linearly yielding

Si(c) = 57.9%Csar (o =0.7) (S4)



S2(c) =10.1 - 6.9%Csan
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(o = 1.1) (S5)

Ss(€) = 3.2 — 7.2XCsa (O = 0.4) (S6)

S(C) = 67.4 - 10.9XCear (0w =0.2)

(S7)

The fraction of bound water (f;), slow water (fs) and ib water (fi,) are linearly correlated to the
concentration of salt with the equations

ft(C) =0.0542 + 0.142xCsa

(o5 = 0.004) (S8)
f(C) = 0.0447 - 0.101XCsa (Gr = 0.005) (S9)
fix(c) = 0.0095 + 0.243XCsai (o = 0.004)

(S10)

with the intercepts clamped to the interpolated values for salt-free 150 mM DPS.

()

— N-Ow
— 5-Ow

a(r)

r{nm)

Figure S3. RDF of oxygen atoms of water in relation to nitrogen or sulfur atoms for DPS atoms in
water.
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Figure S4. Autocorrelation function of water molecules bound to DPS+salt.
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Figure S5. Autocorrelation function of N-S in DPS molecule for all systems.

Table S8. Thermodynamic parameters for DPS micellization in 100 mM salt solutions, in three

temperatures.
Temperature / | cmc/ mmol/L | AG/KJ.mol* | AH/KJ.mol? TAS / KJ.mol™?
°C
No Salt
10 4.30 £ 0.05 -22.27 £0.02 9.49+0.11 31.76 £ 0.11
25 3.69+0.14 -23.86 £ 0.10 2.97 £0.16 26.83 £ 0.25
35 3.41 £0.05 -24.83 £ 0.02 -1.05+0.01 23.78 £ 0.02

NaAc
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10 4.06 +0.05 -22.41 +0.01 9.11 £0.29 31.52 £0.30
25 3.85+0.13 -23.76 £ 0.08 2.45+0.16 26.21 £0.18
35 3.48+£0.11 -24.78 £0.08 | -1.11+ 0.05 23.67 £0.10
NaMs
10 3.91+£0.05 -22.49 +0.03 9.44 +0.37 31.94 £0.38
25 3.51+0.10 -23.99 + 0.07 2.74 £ 0.09 26.52 +£0.11
35 3.19+0.05 -25.00 + 0.03 -1.44 + 0.05 23.56 £ 0.05
NaCl
10 4.05+0.14 -22.41 +0.08 9.47 £0.35 31.88 £ 0.37
25 3.37+£0.10 -24.09 + 0.06 2.74 £ 0.27 26.83 £ 0.10
35 3.41+£0.17 -24.83 +0.12 -1.15 +£0.07 23.68 +0.14
NaBr
10 3.58 £ 0.05 -22.70 £ 0.04 7.9+0.30 30.68 £ 0.30
25 3.21 +0.06 -24.21 +0.05 1.69 £ 0.04 25.90 £ 0.10
35 3.04 £ 0.05 -25.13 £+ 0.04 -2.19 +0.03 22.94 £ 0.10
NaTFA
10 2.84 £ 0.05 -23.25+0.04 8.32+0.18 31.57£0.18
25 2.61 £ 0.06 -24.73 + 0.05 1.50 £ 0.07 26.23 £0.10
35 2.43 £0.05 -25.70 £ 0.06 -2.58 + 0.03 23.12 £0.10
NaBzo
10 2.51 +£0.07 -23.53 + 0.07 7.14+£0.25 30.68 £ 0.26
25 2.25+0.11 -25.10+0.13 0.48 £ 0.08 25.58 £ 0.15
35 2.25 £ 0.07 -25.89 + 0.08 -3.86 £ 0.15 22.03 £0.17
NaBzs
10 2.23 £ 0.05 -23.81 +0.06 5.26 £ 0.08 29.07 £0.10
25 1.95+0.05 -25.45 + 0.05 -1.14 £ 0.04 24.31 +0.10
35 2.10+0.13 -26.07 £ 0.16 -5.06 £ 0.38 21.01 £0.32
NaTf
10 1.30 £ 0.06 -25.09 £ 0.10 3.22 £ 0.56 28.31 £ 0;57
25 1.28 +0.10 -26.51 +0.18 -3.11+0.24 23.40 £ 0.30
35 1.41 +0.05 -27.09+£0.07 | -6.51+0.37 20.58 £ 0.37
NaClO,4
10 1.12 +0.05 -25.43 £ 0.10 -2.43+£0.35 23.00 £ 0.36
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25 1.16 + 0.05 -26.74 £ 0.10 -7.21 £0.20 19.52 £ 0.22
35 1.29 £ 0.05 -27.32 £0.10 -10.76 £ 0.40 16.57 £+ 0.41
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Figure S6. Linear regression micellization enthalpy vs temperature.

Table S9. cmc and enthalpy for DPS in higher salt concentrations

Salt concentration/ mM cmc / mmol/L AH / KJ.mol*
NaBr
50 3.35 2.14
100 3.2 1.70
200 2.83 1.35
300 2.67 0.90
500 2.37 0.68
NaTFA
50 2.8 2.13
100 2.6 1.5
200 1.98 0.75
400 1.44 -0.92
1000 0.78 -5.26

NaBzo
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50 2.64 1.35

100 2.16 0.54

200 1.8 -1.21
300 1.63 -2.91
500 1.26 -6.19
1000 1.04 -12.95

NaBzs

50 2.46 0.20

100 1.93 -1.20
200 1.63 -3.24
300 1.39 -4.66
500 1.17 -8.81
1000 1.11 -13.2

NaTf
50 1.67 -1.95
100 1.21 -3.28
200 0.92 -5.41
300 0.7 -7.24
500 0.503 -9.42
1000 0.308 -11.93
NaClO,

50 1.45 -6.38
100 1.19 -8.2

200 0.82 -10.4
300 0.64 -13.22
500 0.55 -15.1
1000 0.36 -17.87

Synthesis of DHIMC:
Potassium hydroxide (2 mol) was added to a dimethyl sulfoxide (DMSOQO) solution (500 mL)
containing imidazole (1 mol). The mixture was then stirred for 30 min at 70°C and 1-bromo

hexadecane (1.1 mol) was added drop wise under vigorous stirring. After 6 h, the mixture was
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cooled at room temperature and 100 mL of water were added in order to allow the
precipitation of intermediary compound 1-Hexadecyl-1H-imidazole. The precipitate was
filtered and washed twice with water.

A mixture of 1-Hexadecyl-1H-imidazole and 1-bromo hexadecane (0.01 mol) was ground in
mortar using a pestle for uniform mixing. This mixture was microwaved at 100 W and 90°C for
1.30 h, with stirring. Completion of reaction was checked by TLC. The product was purified by
neutral alumina column chromatography using chloroform/methanol (1:1). DHImB was

prepared exchanging bromide to chloride in a Dowex 21K anion-exchange resin.

Analytical Data for Dihexadecyl-imidazolium Bromide (C35H69N2Br)
Mol. wt. C35H69N2Br = 579.84

Melting Point: 64-66 °C

Elementary Analysis: C: 70.29; H: 11.65; N: 4.71

Found: C: 70.32; H: 11.63; N: 4.69

Mass spectra:

Amazon Speed ETD — Bruker Daltonics
Capillary: 4500V

Nebulizer: 12 Psi

Dry gas: 5 L/min

Temp: 200°C
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Figure S7. Mass spectra for DHImMC in methanol
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Figure S8. Mass spectra for DHImC in methanol
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Figure S11. Encapsulation percentage with different surfactant concentration for (A) DHDAC and (B)

DHImC and (C) EPR spectra for CAT encapsulated in DHDAC vesicles right after ascorbic acid, after

1h, and after heating the sample at 40°C for 10 minutes.

Table S10. Relative heights (h) and width (w) of the EPR peaks for the systems pos-transition.

Surfactant DHDAC DHImC DHDAC DHImC

Label 5-MeSL 16-MeSL

h+1/h0 0.91 0.96 1.03 1.01

h+1/h-1 2.21 1.80 1.75 1.34
hO/h1 2.44 1.87 1.70 1.32
w+1 3.33 2.84 2.01 2.01
wO 3.17 2.83 2.05 1.96
w-1 5.61 4.10 2.54 2.25




Table S11. A||, AL and Order parameter (S) for molecules pre-transition.
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Surfactant DHDAC DHImC DHDAC DHImC
Label 5-MeSL 16-MeSL
Al 30.11 30.11 22.67 20.61
AL 8.27 8.76 10.31 10.73
S 0.84 0.82 0.48 0.38
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Figure S14. Conductivity for DHImC and DHDAC LUVs
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	4.1 Specific Ion Effects on Zwitterionic Micelles Are Independent of Interfacial Hydration Change
	1.1 Introduction
	1.2 Material and Methods
	1.2.1 Materials. N-Dodecyl-N,N-dimethyl-3-ammonio-1-propane-sulfonate, DPS, (Sigma-Aldrich) was recrystallized twice from methanol/acetone. NaBr (LabSynth, analytical grade) was used as received. Sodium trifluoromethanesulfonate (NaTfl) was prepared by stoichiometric titration of aqueous triflic acid (Sigma-Aldrich) with NaOH (Sigma-Aldrich) and the salt solution was lyophilized. Sodiummethanesulfonate (NaMs) (Aldrich) was recrystallized from water/methanol. Sodium trifluoroacetate (NaTfa) was prepared by the stoichiometric titration of aqueous trifluoroacetic acid (Aldrich) with NaOH (Sigma-Aldrich) and the salt solution was lyophilized. Solutions were prepared with dried salts kept under vacuum. Pyrene (Sigma-Aldrich) was recrystallized from ethanol/water and N-dodecylpiridinium chloride (Aldrich) from methanol/acetone. Salt containing solutions were prepared with dried salt and dried surfactant using Millipore water.
	1.2.2 Dielectric Relaxation Spectroscopy. Dielectric spectra were obtained by combining a waveguide interferometer (60 ≤ ν/GHz ≤ 89) and an Agilent E8364B vector network analyzer (VNA) operated with an electronic calibration module (Ecal, AgilentN4693A), two commercial open-ended coaxial reflection probes (0.2 ≤ ν/GH z≤ 20 and 1≤ ν/GHz ≤ 50), and a coaxial-line cutoff reflection cell (0.02 ≤ ν/GHz ≤ 0.5). The reflection measurements were taken at least two times with independent calibrations, using air, water, and mercury as open, load, and short standards (Sonnleitner et al., 2014). The response of the DRS instrument to the sample submitted to the field of frequency (ν) was recorded as the total complex permittivity, η̂(ν)
	1.2.3 Conductivity.
	1.2.4 Density. The densities for two independent solutions for all the samples were measured at 25°C using a vibrating-tube densitometer (Anton PÅr DMA 5000 M) with ± 0.05 kg/m3 uncertainty. Densities of the samples were used to calculate water concentration following eq 4.
	1.2.5 Critical Micelle Concentration (cmc). The cmc were determined by measuring surface tension with a Lauda TD3 tensiometer, using a du Noüy ring. Aliquots of a stock surfactant solution were added to 10 mL of water with or without salt, and the cmc was calculated as described previously (Mukerjee and Mysels, 1971). Two independent measures were taken for each salt concentration. Temperature was maintained at 25.00 ± 0.01°C using a Lauda thermostat.
	1.2.6 Aggregation Number (Nagg). Micellar Nagg’s were measured by time-resolved fluorescence quenching (TRFQ) method as described previously (Lima et al., 2013b). Pyrene, used as fluorophore, was added to the surfactant and salt mixtures. N-Dodecylpyridinium chloride, used as quencher, was added (five times additions) until a final concentration of two quencher molecules per micelle was reached. Fluorescence intensities and decay were determined using an Edinburgh FLS920 spectrometer system with time correlated single photon counting (318.0 ± 0.5 K). Laser pulse was 2 μs. At least two independent measurements for each surfactant and salt mixture were obtained with emission at 383.0 nm and excitation at 335.6 nm with a window of 1 μs and 2,048 channels. Nagg was calculated by analyzing the characteristic decay of Pyrene fluorescence in micelles (Lima et al., 2013b).
	1.2.7 Molecular Dynamics Simulations. MD simulations were performed for systems containing a micelle of DPS in water and in four salts (NaBr, NaMs, NaTfa, NaTfl) solutions, using GROMACS 5.1.4 (Abraham et al., 2015)) with GAFF for the polar head of the surfactant (Wang et al., 2004), GAFF lipid forcefield was used in the tail of the surfactant (Dickson et al., 2012), and SPC/E forcefield for water (Berendsen et al., 1987). The dihedral parameters of the surfactant polar head were obtained using ab initio calculations with Gaussian ((Frisch et al., 2016) (HF/6-31G*) for dihedral scans accordingly to the standard procedure in GAFF (Wang et al., 2004). The partial charges of the atoms were also calculated with Gaussian (HF/6-31G*). Dihedral parameters and atomic charges are in Appendix (Tables S1 and S2). An initial structure of a spherical micelle containing 55 DPS molecules, the aggregation number in (Florenzano and Dias, 1997) was built using Packmol (Martínez et al., 2009). Around 30 000 SPCE waters were added in the cubic box with 9 nm edge. For the salt-containing simulations, 60 anions and 60 sodium atoms were added in a box with a previously equilibrated micelle leading to a salt concentration of 0.1 M. Temperature of 298 K was kept using v-scale thermostat, and 1atm pressure was kept using Parrinello−Rahman barostat (Parrinello and Rahman, 1981). Lennard-Jones and Coulomb cut offwere set at 1.4 nm. Water angles and bonds were constrained using SETTLE (Miyamoto and Kollman, 1992) and for the other molecules LINCS ((Hess et al., 1997) was used to constrain the bonds. Initially, an energy minimization was performed. Then, two short equilibration steps were performed: one NVT simulation (1 ns) followed by an NpT simulation (200 ns). The preequilibrated system was used as initial configuration for the trajectory production. The equilibrium of the system was assessed by energy fluctuation.

	1.3 Results and Discussion
	1.3.1 Nagg and cmc. The values for Nagg and cmc of DPS, obtained by TRFQ of pyrene and surface tension, as described in Methods, in the presence of different concentrations of NaBr, sodium triflate, NaTfl, sodium methanesulfonate, NaMs, and sodium trifluoroacetate, NaTfa, are summarized in Table 4.1.1
	1.3.2 DR Spectra. The dielectric spectra of aqueous DPS solutions showed several unique features (Figure 4.1.1a and b). In the frequency region around ν ≈ 10−20 GHz, corresponding to the cooperative relaxation of bulk water (mode 4), the relative permittivity, ε′(ν) (Figure 4.1.1a), and dielectric loss, ε′′(ν) (Figure 4.1.1b), decreased with increasing DPS concentration. In line with previous investigations (Friesen et al., 2017) a small mode at around 8 GHz (mode 3) was assigned as slow water mode that increases with increasing DPS concentration. Simultaneously, a new contribution arose at ∼0.4 GHz (mode 2).
	1.3.2.1 Water Relaxation: Mode 3 and 4. Pure DPS. From the water-related amplitudes S3 and Sb, the corresponding concentrations of slow water, cs, and bulk like water, cb, can be calculated with the normalized Cavell equation (Cavell et al., 1971). Both depend linearly on DPS concentration with

	1.3.3 Salt-Containing Solutions. From the water-related amplitudes S3 and Sb again the corresponding concentrations of slow water, cs, and bulk like water, cb, were calculated with the normalized Cavell equation (Buchner et al., 2002) The concentration of irrotationally bound H2O, cib = cw − cb − cs, as well as the corresponding fractions of total bound water, ft = (cw − cb)/cw , of slow water, fs = cs/cw, and ib water, fib = cib/cw, are displayed in Figure 4.1.6. Within experimental uncertainty linear trends are also observed for ft , fs, and fib and the linear equations are in SI.
	1.3.3.1 Ion Cloud: Mode 1. Support for electrostatic ion−DPS interactions comes from the magnitude of the salt-related mode (Figure 4.1.5a). For ion cloud relaxation of the dissolved salt, values of S1 < 2 would be expected (Brandes et al., 2017). However, we have S1 ≈ 7.3 at c = 0.125 M (Figure 4.1.5a). This probably indicates some sort of ion condensation on the DPS micelles and the associated formation of an ion cloud around these micelles.
	1.3.3.2 DPS Relaxation: Mode 2. Mode 2 at 500 ps can be assigned as the DPS polar head relaxation, as seen for DPC (George et al., 2016) at 600 ps. As with hydration numbers, there is also no trend of the amplitude of the mode S2, either with salt concentration or with the nature of the added salt. Molecular dynamics simulations (Santos and Longo, 2016) show that the polar head angle is only affected by the binding of perchlorate anion and the effect is still very subtle. This is in line with our result.

	1.3.4 Molecular Dynamics Simulation. Molecular dynamics (MD) simulations, were performed, for a DPS micelle in the presence of the different salts to simulate some characteristics presented in the DR spectra of the zwitterionic micelles.
	1.3.4.1 Water. The behavior of water molecules around all DPS atoms up to the second hydration shell was studied. The radial distribution functions, g(r), of water oxygen atoms and N or S of the surfactant polar head (Appendix, Figure S3) were used to determine the hydration shell. Only the water molecules that remained for at least 60 ps within the chosen region were considered for the analysis and those were labeled bound water. A snapshot of the MD is in Figure 4.1.7 showing a DPS micelle and its bound water molecules. This time window was chosen since it is long enough for the orientational correlation function of bulk water to decay to zero.
	1.3.4.2 DPS Relaxation. The mobility of the headgroup of the DPS was also analyzed with first-order Legendre polynomial autocorrelation functions of the vector pointing from the N atom of DPS to the S atom of the surfactant for the pure and salt-containing DPS systems (Appendix, Figure S5). The first Legendre rotation correlation function of DPS for all the simulations were fitted with a double-exponential decay. A longer correlation of around 4 ns was observed for all systems, as described by Lima et al (Lima et al., 2013a) as the very long component of reorientation because of surfactant confinement in the micelle, and a short correlation around 500 ± 40 ps was observed for all the systems. This value matches those determined by DRS in this work. Added salts did not alter significantly the DPS mode in MD or in the DRS determinations.
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	4.2 Dehydration Determines Hydrotropic Ion Affinity for Zwitterionic Micelles
	2.1 Introduction
	2.2 Methods
	2.3 Results and Discussion
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	4.3 Anion Effect on the Zwitterionic Surfactant Micellization
	3.1 Introduction
	3.2 Material and Methods
	3.2.1 Materials. N-Dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (Sigma 97%) (DPS) was recrystallized 2x from Acetone/Methanol. Sodium Bromide (Synth 99%) (NaBr), Chloride (Synth 99%) (NaCl), Perchlorate (Merck) (NaClO4), Benzoate (Sigma-Aldrich > 99%) (NaBZSC) and Acetate (Baker 99.5%) (NaAc) were used without further purification. Sodium Methanesulfonate (Sigma 98%) (NaMs) was washed 2x with acetone. Sodium Trifluoroacetate (NaTFA), Trifluoromethanesulfonate (NaTf) and Benzenessulfonate (NaBZS) were synthesized by the neutralization (NaOH) of respective acids (Trifluoroacetic Acid – Sigma-Aldrich 98%; Trifluoromethanesulfonic Acid – Sigma-Aldrich 98%; Benzenesulfonic Acid – Sigma-Aldrich 98%).
	3.2.2 Isothermal Titration Calorimeter. Isothermal Titration Calorimetry (ITC) experiments were performed at a VP-ITC (Microcal Inc). Solid DPS was dissolved in aqueous solutions containing 100 mM of either NaAc, NaBr, NaCl, NaMs, NaTFA, NaBzs, NaBzo, NaTf or NaClO4. The final surfactant concentration was ca. 40 mM, i.e., 12 times the critical micellar concentration (cmc). Saline solution without DPS was placed in the calorimeter cell, and the saline solution with DPS was injected stepwise (x 32; 8 mL each) into this solution using the ITC syringe, in. Time between injections was usually 300 seconds, enough for the signal to return to baseline values. Upon each injection, a peak was produced (Fig. 4.3.1 – A), and the integration of each heat peak allowed the construction of a heat exchange as a function of DPS concentration lead the a sigmoidal type curve with DPS concentration (Fig 4.3.1 – B, dots). A modified sigmoidal expression was used to model the data (Király and Dekány, 2001) (Equation 4.3.1)

	3.3 Results and Discussion
	3.4 Conclusions

	4.4 Anion competition at positively charged dialkyldimethylammonium monolayers
	4.1 Introduction
	4.2 Material and Methods
	4.2.1 Materials. Dihexadecyldimethylammonium chloride (DHDAC) was prepared by passing Dihexadecyldimethylammonium bromide (DHDAB, Sigma Aldrich), dissolved in methanol, through a Dowex 21K anion-exchange resin. Dioctadecyldimethylammonium bromide (DODAB) was from Merck (≤ 98%) and used as received. The methanol was evaporated and the powder was recrystallized in a methanol/acetone mixture. NaCl (99.0%) and NaBr (99.5%) were purchased from Sigma Aldrich, and used as received. Double-deionized ultrapure water (resistivity: 18.2 MΩ.cm), obtained from a Milli-Q purification system, was used to prepare the salt solutions. The surfactant stock solutions were prepared by weighing the appropriate amount of solid surfactant in an analytical balance and subsequently dissolving in chloroform to a concentration of 1 mg/mL. Monolayers of DHDA+ or DODA+ were formed by depositing ~ 30 µL of the chloroform solutions onto aqueous subphases containing either 2 mM NaBr ("NaBr subphase"), or 2 mM NaCl ("NaCl subphase"), or 1 mM NaBr + 1 mM NaCl ("mixed subphase") and waiting 10 minutes for the solvent to evaporate.
	4.2.2 Pressure-area isotherms and Brewster-angle microscopy. Pressure-area isotherms of DHDA+ and DODA+ monolayers were measured with a Langmuir trough by KSV Nima (Accurion, KSV NIMA, Biolin Scientific, Espoo, Finland) and the pressure was measured with a Wilhelmy paper plate. The monolayer were laterally compressed with a movable barrier at a constant compression rate of dAmola/dt ≈5 2/min, where Amola is the available area per molecule.
	4.2.3 Synchrotron-based grazing-incidence x-ray scattering techniques. Grazing-incidence X-ray scattering experiments were carried out at the beamline P08 at storage ring PETRA III of Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany). The Langmuir trough (Riegler & Kirstein, Potsdam, Germany) was located in a hermetically sealed helium-filled container with Kapton windows, and the temperature was kept at 25°C with the help of a thermostat. The x-ray beam was monochromatized to a photon energy of 15 keV, corresponding to a wavelength of λ = 0.826 Å. The incident angle was adjusted to θi = 0.07°, about 85% of the critical angle of total reflection, θc = 0.082°. A ground glass plate was placed approximately 0.3 – 1 mm beneath the illuminated area of the monolayer in order to damp the vibration of the water surface. Under the imposed total-reflection conditions, an x-ray standing wave (SW) is formed at the air/water interface. At the given incident angle, the penetration depth of its evanescent tail into the aqueous hemispace is Λ ≈ 7nm.
	4.2.4 Grazing incidence x-ray diffraction (GIXD). The diffraction signal was collected with a one-dimensional position sensitive detector (PSD) (MYTHEN, PSI, Villigen, Switzerland) by scanning the azimuth angle 2θ and, with that, the in-plane component Qxy = (4π//λ) sin(θ) of the scattering vector Q=(Qxy, Qz)T. The out-of-plane component, Qz = (2π/λ) [sin(α) + sin(αi)], is encoded in the vertical position of the PSD channels, where α denotes the angle between the scattered direction and the sample plane. The in-plane beam divergence was collimated with a Soller collimator placed in front of the PSD providing Δ2θ ≈ 0.09° (full-width-at-half-maximum, FWHM), corresponding to wxyres = (4π/λ)sin((Δ2θ/2)) ≈ 0.012 Å-1. To reconstruct the 2D crystalline structure of the monolayers in terms of lattice parameters and chain tilt, the diffraction peaks on the resulting intensity maps, I(Qxy, Qz), were fitted with a self-written python macro yielding their Qxy and Qz positions and the peak widths in both directions. Further details of this analysis are described elsewhere (Mukhina et al., 2022b).
	4.2.5 Grazing incidence x-ray off-specular scattering (GIXOS). The interfacial electron density profile (i.e., the laterally-averaged structure of the surfactant layer in the direction perpendicular to the surface) was determined by GIXOS. The details of this technique are described elsewhere (Mora et al., 2004; O’Flaherty et al., 2005; Pusterla et al., 2022), from where the following paragraph is largely reproduced. In brief, the Qz-dependence of the diffuse scattering intensity I(Qxy ≠ 0, Qz) recorded at low-enough yet finite Qxy) (“out of the specular plane”) with the help of a narrow slit contains information equivalent to that of the conventional reflectivity R(Qz) and can be transformed as (I(Qxy) ≠ 0, Qz) = V(Qz)R(Qz)/RF(Qz) to good approximation, where V(Qz) is the Vineyard function and RF(Qz) the Fresnel reflectivity of an ideal interface between the two bulk media. The approximation is based on the assumption of conformal topographic roughness of all interfaces, which is justified for mono-molecular surface layers subject to capillary wave roughness. In the present work, the GIXOS signal was measured at Qxy = 0.04 Å-1. The experimental data were analyzed with slab models where the reflectivities R(Qz) were multiplied with V(Qz)/RF(Qz) to obtain the theoretical GIXOS signal.
	4.2.6 Total-reflection x-ray fluorescence (TRXF). The x-ray fluorescence spectra were recorded using an Amptek X-1235DD detector. The detector was placed almost parallel to the water surface and perpendicular to the X-ray beam axis, in order to keep elastic and Compton scattering into the detector as weak as possible. A detailed description of the method can be found elsewhere (Brezesinski and Schneck, 2019; Klockenkamper et al., 1992). The fluorescence intensity (Ij) from an element or ion species j is determined by the concentration profile along the direction normal to the interface cj(z):
	4.2.7 Molecular dynamics simulations. All simulations were performed with the GROMACS simulation package (Abraham et al., 2015)(Abraham et al., 2015) on the Lichtenberg II cluster from of TU Darmstadt (Project ID 1544). The SPCE water model (Berendsen et al., 1987) was combined with the GAFF (Wang et al., 2004) parameters for surfactant headgroups or free tetramethylammonium (Tet+) and Slipids (Jämbeck and Lyubartsev, 2012) parameters for the surfactant tails. Ions (Na+, Cl-, and Br-) were modeled according to Joung and Cheatham (Joung and Cheatham, 2008) with full charges. The partial charges for atoms in molecules were calculated using Restrained electrostatic potential (RESP) (Bayly et al., 1993) at HF6-31G*, as the default charge approach for Amber, using the software packages Gaussian (Frisch et al., 2016) and AmberTools21 (Case et al., 2021). All bonds were constrained with the LINCS alcorithm (Hess et al., 1997) up to the fourth order expansion. A van der Waals cutoff of 1.2 nm was used without any long range corrections. The particle-mesh-Ewald (PME) method (Darden et al., 1993) was used to treat long-range electrostatic interactions. Periodic boundary conditions were applied in all three directions. For all simulations the temperature was kept at 298 K with the velocity-rescale thermostat (Bussi et al., 2007) with 0.1 ps coupling time.

	4.3 Results and Discussion
	4.3.1 Pressure-area isotherms. Fig. 4.4.2 shows pressure-area isotherms recorded with DHDA+ (A) and DODA+ (B) on NaCl, NaBr, and mixed subphases. Amola is the available area per molecule in the monolayer. As mentioned before, DHDA+ exhibits a fluid LE phase at all pressures, which follows from the gradual pressure increase upon compression and the absence of a transition plateau (Fig. 4.4.2A). At a given surface pressure, Amola is largest on the NaCl subphase and smallest on the NaBr subphase, reflecting that Br- ions have a laterally condensing effect on the monolayer in comparison to Cl- ions. On the mixed subphase, Amola is almost as small as on the NaBr, which provides a first indication that Br- ions dominate over Cl- ions at the interface. The isotherms of DODA+ (Fig. 4.4.2B) yield a consistent picture. This molecules transitions from the LE phase into the chain-crystalline LC phase when sufficiently compressed laterally. In the isotherms, this transition manifests as a plateau with a characteristic transition pressure πtr. Phase coexistence occurs for Amola values in the plateau. This coexistence is evidenced in the BAM image provided as inset, where roundish LC domains can be clearly identified in a continuous LE phase surrounding them (Honig and Mobius, 1991). Strikingly, πtr is much lower on the NaBr subphase than on the NaCl subphase, demonstrating that the presence of Br- ions stabilizes laterally condensed phases more strongly than that of Cl- ions, in line with earlier reports (Ahuja et al., 1994; Cavalli et al., 2001; Shapovalov et al., 2010). Again, the isotherm on the mixed subphase resembles the one on the NaBr subphase much more than the one on the NaCl subphase, reflecting once more the dominance of Br- over Cl- at the interface.
	4.3.2 Electron density profiles and in-plane ordering (GIXOS and GIXD). Fig. 4.4.3A shows GIXOS curves measured with DHDA+ and DODA+ monolayers on NaBr subphases at π = 20 mN/m and π = 35 mN/m, respectively. The period of the intensity oscillations on the Qz-axis is seen to be significantly shorter for DODA+ than for DHDA+, which reflects that DODA+ forms a significantly thicker monolayer at the interface because it has longer tails and is in the LC phase. For both surfactant types the data were analyzed by describing the monolayer film with two homogeneous layers of adjustable thickness d and electron density ρ, which represent different portions of the monolayers, namely hydrocarbon chains (hc) and headgroups (hg). The interfaces between the layers are subject to interfacial roughness to an adjustable extent encoded in the roughness parameters σ.
	4.3.3 Ion densities at the interface (TRXF). In order to precisely quantify the ion-specific preferential adsorption to the cationic monolayer, TRXF measurements were carried out with DHDA+ monolayers and DODA+ monolayers on all three subphases and at various surface pressures, π = 10 mN/m, π = 20 mN/m and π = 30 mN/m for DHDA+ and π = 15 mN/m, π = 25 mN/m and π = 35 mN/m for DODA+. Fig. 4.4.4A exemplifies the resulting x-ray fluorescence spectra in a narrow energy range covering the Kα) line of chlorine (2.62 keV) and the Lβ) line of bromine (1.52 keV) (Bearden, 1967; X-ray data booklet, 2001). The more intense Kα) line of bromine at 11.92 keV is shown in Fig. 4.4.4B.
	4.3.4 Osmotic Coefficient. To validate the force fields applied in this work, we calculated the osmotic coefficients of TetBr and TetCl tetramethyl ammonium salt solutions based on the OPAS method (Kohns et al., 2016). Osmotic coefficients were considered because they are sensitive to subtle changes in ion-ion interactions. The osmotic coefficients calculated for 1 m TetBr and TetCl salt solutions were, respectively, 1.15 ± 0.2 and 1.11 ± 0.2. These values are higher than the experimental ones (Lindenbaum and Boyd, 1964) and indicate that the attractive and repulsive interactions between the cations and anions in solution are not optimally balanced. Therefore, the Lennard-Jones (LJ) diameter, σ±, used to described the cation-anion interaction, was scaled using a scaling factor λσ according to σ± = λσ( σ++ + σ--)/2 (Fyta and Netz, 2012). Some scaling factors were tested, and the values λσ 0.93 for TetBr and λσ 0.92 for TetCl led to an osmotic coefficient very similar to the one experimentally determined: 0.81 ± 0.04 (0.790) for TetBr and 0.88 ± 0.07 (0.862) for TetCl (Lindenbaum and Boyd, 1964). The satisfactory agreement achieved with the refined models suggests that they suitably describe the ion-specific electrostatic interactions in these systems.
	4.3.5 Monolayer Simulations. The surface pressure for SPCE water was 58.1 mN/m ± 2.4 mN/m, similar to previous calculations (Vega and De Miguel, 2007). The surface pressure in the NVT simulations was approximately 18 mN/m for DHDA+ monolayers in all subphases and 26 mN/m for DODA+, sufficiently close to the surface pressures at which the experimental data were collected (20 mN/m and 25 mN/m). The final pressure for the NVT simulations was approximately 18 mN/m for DHDA+ monolayers in all suphases and 26 mN/m for DODA+. A snapshot of the simulations setup for DHDA+ is Figure 4.4.5. The available area per surfactant Amola in the for the DHDA+ was 82 Å2 for NaCl, 77 Å2 for NaBr and 80 Å2 for the equimolar mixture. Because the final surface pressure for all simulations were the same, this result is in line with the experimentally determined isotherms (Fig. 4.4.2), where the monolayer in the bromide subphase has a smaller area per molecule than chloride, and the mixture has an intermediate value. For DODA+ the area per surfactant was 57 Å2, in line with an ordered state. It is not possible to directly compare the simulation value with the experimental area per molecule because the simulation salt concentration is not the same as the experimental. For DHDA+, the hydrocarbon chain extension in z-direction (average z-projection of the distance vector between the first and last carbon in the alkyl tail) was 11.5 ± 0.4 Å (NaBr subphase), 11.0 ± 0.4 Å (NaCl subphase) and 11.3 ± 0.3 Å (mixed subphase). For DODA+ the hydrocarbon chain length was 14.7 ± 1.5 Å for all simulations. These values are similar to the hydrocarbon chain layer thicknesses dhc determined by GIXOS for both systems at similar.
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	4.5 Thermotropic phase behavior of imidazolium-based surfactant vesicles
	5.1 Introduction
	5.2 Material and Methods
	5.2.1 Materials and sample preparation. 1,3-Dihexadecylimidazolium Chloride (DHImC) was synthesized in our laboratory (synthesis, mass spectra and RMN are in Appendix). Dihexadecyldimethylammonium chloride (DHDAC) was prepared by exchanging Br- from Dihexadecyldimethylammonium bromide, DHDAB, (Aldrich) dissolved in methanol through a Dowex 21K anion-exchange resin previously saturated with Cl-. The solvent was evaporated at reduced pressure, and DHDAC recrystallized (x2) in methanol/ acetone (90/10; v/v).
	5.2.2 Dynamic Light Scattering (DLS). A Zeta Sizer Nano (Malvern) series was used to determine the size and zeta potential at 25°C for extruded vesicles.
	5.2.3 Electron Paramagnetic Resonance (EPR). Measurements were made in a Bruker EMX-200 spectrometer, measured at a frequency of approximately 9.4 GHz, with a sweep width of 100 G, a modulation amplitude of 1.0 G, and a time constant of 0.163 s. Samples were added to flat quartz cells. Spectra were analyzed with WINEPR software (Bruker). Two types of measurements were made. 1. Encapsulation: 4-trimethylammonium-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (CAT- Fig. 4.5.1 A) 1.25 and 5 mM NaCl solution were used to hydrate the surfactant solid. Suspensions were extruded as described above. The EPR spectra were measured before and after ascorbic acid (AA) was added to the solution. AA reduces nitroxide (Paleos and Dais, 1977), suppressing the EPR signal. The total intensity of CAT was determined by integrating both spectra, and the residual signal was attributed to the CAT probe encapsulated into the vesicles. Four surfactant concentrations were used (0 mM, 10 mM, 15 mM, and 20 mM). Encapsulated percentages (%enc) were determined from the ratio IafterAA/IbeforeAA. The volume of the internal aqueous compartments was estimated from the slope of %enc vs. surfactant concentration curve. Samples after AA addition were remeasured after 1h at room temperature and then were heated above the main transition temperature and measured a third time. 2. Spin label: Methyl X-Doxyl-stearate (X=5 or 16 – Fig. 4.5.1 B and C) were added from chloroform into the lipid films as described above. Spectra were measured at different temperatures using a liquid and gaseous nitrogen temperature control.
	5.2.4 Optical microscopy. Surfactants were diluted in Tris/HCl 10 mM pH 8, and the suspensions were observed with a Zeiss Axiovert 200 inverted microscope equipped with a Zeiss AxioCam Hsm digital camera and a 63 objective. The sample was filmed while being heated using a water-circulating bath system. Silane-coated slides were used.
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