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Abstracts

English

This thesis focuses on exploring and controlling the mechanisms behind the for-
mation and dynamic behavior of pure and mixed micelles, which are widely used
across many industries. Single-Chain Mean-Field simulations of coarse-grain mod-
els are proposed as a quick and efficient way to explore these complex molecular
systems. The thesis is divided into two parts, the first of which explores the dy-
namic behavior of micelles using time correlation functions and dynamic Single-
Chain Mean-Field theory simulations. The results show that the exit of poloxamer
copolymers from micelles exhibits four distinct regimes: a fast reorganization, a log-
arithmic intermediate regime, an exponential intermediate regime, and a final ex-
ponential decay. It was observed that the logarithmic response previously believed
to be due to polydispersity can also arise from the degeneracy of energy states of
the hydrophobic block in the micelle core. This finding suggests that the short-time
dynamic response of these systems has an entropic origin rather than being influ-
enced by polydispersity as previously thought. A modified Eyring equation was
proposed to reproduce the observed dynamic behavior. The second section of the
thesis delves into the examination of the equilibrium behavior of mixed micelles uti-
lizing the Single-Chain Mean-Field method for binary systems. The study reveals
that the formation of mixed micelles is greatly influenced by the ratio of total A and
B surfactant concentrations, and the CMC of mixed micelles is lower than that of
the shorter surfactant and falls between the CMCs of the pure A and B surfactants.
The results were compared with existing experimental data, and a good match was
observed, further validating the findings.

X
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Spanish

Esta tesis se centra en explorar y controlar los mecanismos detras de la formacién y
el comportamiento dindmico de micelas puras y mixtas, las cuales son ampliamen-
te utilizadas en muchas industrias. Se proponen simulaciones de campo medio de
una cadena tnica de modelos coarse-grain como una forma répida y eficiente de
explorar estos sistemas moleculares complejos. La tesis se divide en dos partes, la
primera de las cuales explora el comportamiento dindmico de las micelas utilizando
funciones de correlaciéon temporal y simulaciones de la teorfa dindmica de campo
medio de una sola cadena. Los resultados muestran que la salida de copolimeros
poloxdmero de las micelas exhibe cuatro regimenes distintos: una rdpida reorgani-
zacién, un régimen intermedio logaritmico, un régimen intermedio exponencial, y
una decadencia exponencial final. Se observé que la respuesta logaritmica previa-
mente creida debido a la polidispersidad también puede surgir de la degeneracién
de estados de energia del bloque hidrofébico en el nticleo de la micela. Este hallaz-
go sugiere que la respuesta dindmica a corto plazo de estos sistemas tiene un ori-
gen entrépico en lugar de ser influenciada por la polidispersidad, como se pensaba
anteriormente. Se propuso una ecuacién de Eyring modificada para reproducir el
comportamiento dindmico observado. La segunda seccion de la tesis se adentra en
el examen del comportamiento de equilibrio de las micelas mixtas utilizando el mé-
todo de campo medio de una sola cadena para sistemas binarios. El estudio revela
que la formacién de micelas mixtas estd fuertemente influenciada por la relacion de
las concentraciones totales de tensioactivos A y B, y la CMC de las micelas mixtas es
menor que la del tensioactivo mas corto y se sittia entre las CMC de los tensioacti-
vos puros A y B. Los resultados se compararon con datos experimentales existentes
y se observ6 una buena coincidencia, lo que valida atin més los hallazgos.
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Catalan

Aquesta tesi es centra en explorar i controlar els mecanismes darrere de la formacié
i el comportament dinamic de micel®les pures i mixtes, les quals sén ampliament
utilitzades en moltes industries. Es proposen simulacions de camp mitja d’una
cadena tnica de models coarse-grain com una forma rapida i eficient d’explorar
aquests sistemes moleculars complexos. La tesi es divideix en dues parts, la primera
de les quals explora el comportament dinamic de les micel eles utilitzant funcions de
correlacié temporal i simulacions de la teoria dinamica de camp mitja d"una sola ca-
dena. Els resultats mostren que la sortida de copolimers poloxamer de les miceleles
exhibeix quatre regims distintius: una rapida reorganitzacié, un régim intermedi lo-
garitmic, un regim intermedi exponencial i una decadencia exponencial final. Es va
observar que la resposta logaritmica previament creguda degut a la polidispersitat
també pot sorgir de la degeneracié d’estats d’energia del bloc hidrofobic en el nucli
de la micelela. Aquesta troballa suggereix que la resposta dinamica a curt termini
d’aquests sistemes té un origen entropic en lloc de ser influida per la polidispersitat,
com es pensava anteriorment. Es va proposar una equacié d’Eyring modificada per
reproduir el comportament dinamic observat. La segona secci6 de la tesi es planteja
I'examen del comportament d’equilibri de les micel®les mixtes utilitzant el meto-
de de camp mitja d’una sola cadena per a sistemes binaris. L'estudi revela que la
formaci6 de micelles mixtes esta fortament influenciada per la relacié de les concen-
tracions totals de tensioactius A i B, i la CMC de les micel eles mixtes és menor que
la del tensioactiu més curt i es situa entre les CMC dels tensioactius purs A i B. Els
resultats es van comparar amb dades experimentals existents i es va observar una
bona coincidencia, la qual cosa valida encara més els resultats.

xi
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1.1 | Introduction

1.1.1 | Surfactants

Amphiphilic molecules are broadly defined as any compound with two distinct cova-
lently bonded components that have different solvent affinities within the same molecule.
One part has a strong affinity for nonpolar solvents like hydrocarbons, ethers, and esters
and the other part has a strong affinity for polar solvents like water. The prefix "amphi-"
comes from the Greek words "amphi (&u¢:)", meaning "both", and the suffix "-philic"
comes from "philos (¢idog)", meaning "friend". Together, these words describe the
dual nature of these molecules as having both hydrophobic (oil-like) and hydrophilic
(water-like) parts. Surfactants are amphiphilic molecules, well known as surface active
agents as they tend to lower the surface tension of a liquid or the interfacial tension be-
tween two liquids or between a liquid and a solid. They consist of hydrophobic (water-
insoluble) tail groups and hydrophilic (water-soluble) head groups (Figure 1.1), where
the hydrophobic ends are able to interact favorably with the hydrophobic substances,
while the hydrophilic ends interact favorably with the water (4). This allows surfactants
to solubilize hydrophobic substances in water, mix oils and water together in products
like shampoo and soap, and lower the surface tension of water, making it easier to wet

and spread over surfaces (5; 6; 7).

Hydrophilic Head

A~

Hydrophobic Tail

Figure 1.1: Schematic representation of the hydrophilic head group and the hydrophobic
tail group of a surfactant molecule.

On account of this, surfactants are widely used in a variety of biological processes in-
cluding cell mobility, cell communication etc. as well as in many industrial areas such as
in petroleum industry for enhancing oil recovery and in cosmetics in health and beauty
products such as emulsifiers, foaming agents, detergents, wetting agents etc. (8; 9; 10).
For example, surfactants have been employed to create nanoparticles that possess prop-
erties such as stability, compatibility, and non-toxicity, making them suitable for use in

drug delivery systems. They are also powerful inhibitors of P-glycoprotein, a trait that
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is beneficial for increasing drug absorption and targeting specific tissues, as exempli-
tied by their use in the delivery of anticancer drugs, steroids, HIV protease inhibitors,
cardiovascular drugs, and beta-blockers (10). In addition, anionic surfactants, which
are a type of surfactant that contain a negative charge on their hydrophilic, are widely
utilized in laundry detergents as they are highly effective in removing dirt, clay, and oil
stains. When these surfactants are dissolved in water, they become ionized, acquiring a
negative charge. This allows them to effectively attract and bind to positively charged
dirt, clay, and oil stains, resulting in their removal. Also, amphoteric surfactants, a type
of surfactant that has both positive and negative charges on the hydrophilic head group,
contain ions that can adapt their charge depending on changes in environmental con-

ditions, such as pH, making them versatile and useful for various cleaning applications

9).

1.1.2 | Classification of Surfactants

The polar head group’s charge can be positive, negative, or neutral, and depending on
that charge, a surfactant’s properties may vary under specific circumstances (11) (Fig-
ure 1.2). For instance, positively charged surfactants are not typically used as deter-
gents since they are not good in cleaning. In contrast, studies have demonstrated that
positively charged surfactants are more effective in cleaning oily dirt and oil/clay soil,
but negatively charged surfactants are better at removing impurities that are positively
charged. Neutral surfactants, on the other hand, could be more versatile and able to
interact with both positively and negatively charged molecules (9; 12; 13). Therefore,

depending on the charge of their polar head group surfactants are classified as follows:

m Nonionic surfactants have no electrical charge on the hydrophilic head group, and
they are commonly used as emulsifiers and wetting agents. Examples include
alkylphenol ethoxylates and polyethylene oxide.

m Cationic surfactants have a positive charge on the hydrophilic head group and are
often used as fabric softeners and hair conditioners. Subtypes of cationic surfac-
tants include alkyl amines, ethoxylated amines, alkyl imidazolines and quaternar-
ies.

B Anionic surfactants contain a negative charge on their hydrophilic substance and
can be used in a wide range of products, including detergents, dishwashing lig-
uids, shampoos, body washes, and hand soaps. Examples of anionic surfactants
include the sodium lauryl sulfate (SLS), sodium dodecylbenzene sulfonate (SDBS),
sodium lauryl ether sulfate (SLES) and sodium linear alkylbenzene sulfonate (LAS).

3
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m Amphoteric/Zwitterionic surfactants have both positive and negative charges on
the hydrophilic head group. This means that they can behave like either anionic
or cationic surfactants depending on the physical conditions such as the pH of the
solution in which they are placed. At low pH, amphoteric surfactants can behave
like cationic surfactants, while at high pH, they behave like anionic surfactants
(14). Some examples of amphoteric surfactants include betaines and sultaines.
These surfactants are often used in personal care products such as shampoos, body
washes, and facial cleansers.

S
N\/\-{ ‘ Anionic ‘

/\/\/\{ ‘ Nonionic ‘

N\/\{ ‘ Cationic ‘

/\/\/\£ ‘ Amphoteric ‘
©

Figure 1.2: Classification of surfactants. Anionic surfactant polar heads are charged
negatively, nonionic surfactants polar heads have no charge, cationic surfactants polar
heads are charged positively, and amphoteric surfactants polar heads are charged pos-
itively or negatively depending on the circumstances of the solution in which they are
dissolved.

Common surfactant molecules have molecular weights of 500 Da, which are consid-
ered small molecules. However, some block copolymers can also have an amphiphilic
nature and are typically 10-1000 times larger than common surfactants (14). Exam-
ples of block copolymers include diblock and triblock copolymers. Polyethylene oxide-
polypropylene oxide-polyethylene oxide (PEO-PPO-PEO) molecules are nonionic tri-
block copolymer surfactants that are known commercially as Pluronics ®. These molecules
consist of a central hydrophobic polypropylene oxide chain connected to two hydrophilic

4
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polyethylene oxide chains.

1.1.3 | Conditions under which Micelles can Appear in Solution

Because of their amphiphilic nature, surfactants tend to accumulate at the water-air in-
terface when in solution. The hydrophilic group is found preferentially in the water
solution, while the hydrophobic group is in the air. When the concentration of surfac-
tants in the water is increased, the water-air interface becomes saturated, and the sur-
factants are forced into the solution and begin to self-assemble into aggregates known
as micelles (15) (Figure 1.3).

L)

Hydrophobic Tail —
Hydrophilic Head — @b @ @ @ @

Water
LA
-\
‘-'

Figure 1.3: Surfactant behavior when dissolved in aqueous media.

This aggregation process is motivated by the the well-known Hydrophobic effect
(16) and takes place due to the tendency of nonpolar molecules to avoid interacting
with water. Namely, water molecules are polar, while the nonpolar tail groups of sur-
factants interact disfavorably with water. Since the tail groups of surfactants prefer to
interact with each other, the formation of aggregates allows the surfactants to minimize

the contact with water.
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1.1.4 | Thermodynamics of the Hydrophobic Effect

The hydrophobic effect is driven by the need to minimize the standard Gibbs (eq. (1.1))
free energy of the surfactant solution, which involves balancing the enthalpy and en-
tropy changes that occur during the formation of aggregates (17).

AG = AH — TAS, (1.1)

where AG is the change in the standard Gibbs free energy, AH is the enthalpic change,
T is the temperature, and AS is the entropic change.

To further understand the hydrophobic effect, it is important to consider how sur-
factants interact with water. In order to minimize the free energy of the system, surfac-
tants will begin to form aggregates, resulting in a decrease in the entropy of the system.
As the surfactant molecules come together, the hydrophobic tails of the molecules are
no longer exposed to water. This decrease in entropy is offset by the decrease in en-
thalpy. The enthalpy decreases as a result of the unfavorable interactions between the
hydrophobic tails of the surfactant molecules in an aqueous environment, leading to a
reduction in the overall energy of the system (18).

Due to the hydrophobic effect, surfactants tend to form aggregates that differ in
shape and size depending on their structure and the solvents they are dissolved in.
Some common examples of these aggregates include spherical and non-spherical mi-
celles like worm-like micelles, while there is the possibility of forming larger structures

such as bilayers which can lead to liposomes or vesicles (18; 19).

1.1.5 | Micelles

Micelles are very small “clusters’ that form when surfactants self-assemble in aqueous
media once their concentration surpasses a certain value. They are nanostructures with
sizes between 1-100 nanometers in diameter and they contain a hydrophobic core made
of surfactant tails interacting with each other and a hydrophilic corona made of surfac-
tant heads, in contact with the water.

Micelles are highly versatile and adaptable structures that can be used in a variety
of applications. Depending on the chemical structure of surfactants or the solvent in
which they are dissolved, they can take different shapes and have different sizes. Some
of the most common types of micelles are spherical, cylindrical (worm-like), vesicular,

and reversed micelles (Figure 1.4) (20; 21).
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Figure 1.4: Surfactants can form micelles with different geometries when they are dis-
solved in a solvent above a specific concentration.

1.1.6 | Critical Micelle Concentration (CMC)

As mentioned before, the formation of micelles begins above a specific concentration of
surfactants in water. This concentration is called Critical Micelle Concentration (CMC)
and it is one of the most important characteristics of the micellization process.

The CMC has been defined by several theoretical and experimental methods as the
concentration at which the slope of a given physicochemical property versus concentra-
tion changes sharply within a narrow concentration range (22), as illustrated in Figure
1.5.

1.1.7 | Applications and Future of Micelles

Over the past few decades, micelles have gained significant importance due to their
widespread usage in a variety of very important applications including drug delivery
systems, food applications etc. For example, drug delivery systems have shown micelles
to be important due to their solubility, stability, and non-toxicity. In recent years, they
have been used as carriers for several drugs in the treatment of various diseases, as well
as for imaging and diagnostic purposes. Micelles are able to solubilize drugs in their
core and deliver them to specific tissues or cells within the body without affecting any
healthy neighboring tissues. Finally, they are able to control the release rate of the drug
through coating with polymeric matrices.(21; 23; 24; 25; 26; 27; 28; 29).

In the food industry, micelles can be used for oil and protein extraction, as well as for
the development of effective antioxidants, the separation and purification of enzymes,

7
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Figure 1.5: Schematic representation of the CMC, which is defined as the value at which
the slope of a physicochemical property versus concentration changes.

the fabrication of enzyme-immobilized magnetic nanoparticles, and the enrichment of
food-derived components for analysis and quantification (30).

Future research and development on micelles is expected to focus on finding new
and improved applications for these structures. The creation of innovative micelles with
enhanced drug delivery capabilities, the use of micelles in food processing to improve
the quality of food products, and the development of micelles for use in environmental

cleaning and oil recovery are a few prospective study fields.

1.2 | Micellization Behavior: Literature Review

The behavior of surfactants, the micellization process, and the dynamic behavior of mi-
celles have all been the subject of numerous theoretical and experimental studies over

the past few years.

1.2.1 | Experimental Studies

From the experimental point of view, the methods used include dynamic light scatter-
ing (31; 32; 33; 34), small-angle X-ray scattering (35; 36; 37; 38; 39), nuclear magnetic
resonance spectroscopy (40; 41), fluorescence spectroscopy (42; 43; 44) etc. Specifically,
dynamic light scattering identifies the size and shape of micelles by using lasers that are

scattered on interacting with any aggregates in the solution. Researchers can measure

8
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these properties by monitoring the intensity and the frequency of the scattered light
over time (45). Nuclear magnetic resonance spectroscopy (NMR) uses magnetic fields
and energy transfer to measure various properties such as phase changes, conforma-
tional and configurational changes, solubility, and diffusion potential (46; 47). Finally,
Fluorescence spectroscopy uses fluorescent probes to identify the properties of the mi-
celles, by measuring the intensity and wavelength of fluorescence emitted by the probes
associated with any micelles in solution (42).

1.2.2 | Theoretical Studies

Simulations can be a valuable tool for studying surfactant systems, as they enable re-
searchers to investigate the properties and interactions between molecules at the atomic
level. They use mathematical models, usually based on statistical mechanics and are
able both to test different theories in a fast and low-cost way (48) and more fully under-
stand the experimental results.

Three types of simulation models may be used to examine how structure develops in
surfactant solutions: atomistic, coarse grain models and mesoscale models (49) (Figure
1.6).

1 Mesoscale

mm —
Coarse-grained
um =
Atomistic
nm =
Quantum

pm = Time

] | ! | ! |

fs ps ns us ms s year

Figure 1.6: Computer simulation models depending on the properties under study.

Molecular dynamics simulation using atomistic models (50) by either “all atom” or

“united atom” where pseudoatoms are used which are small groups of atoms repre-

9
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sented by individual site. These models account for interactions between atoms using,

typically, the Lennard-Jones potential for the non-bonded non-electrostatic interactions,

(eq. (1.2)).

Viy(rij) =4- ¢ [(U'ij/rij)lz — (U'ij/rij)é} , (1.2)

where r;; is the distance between two particles (i and j), while ¢;; and ¢;; are constants
and depend on the nature of the interacting particles.

This is a very powerful methodology but has limitations when studying surfac-
tant systems due to the large computational resources required. Consequently, it can
accurately predict properties of aggregates only close to equilibrium and has severe
limitations in predicting their dynamic behavior for large time scales. On the other
hand, with Coarse Grain models (49), the surfactant molecules are grouped together
at a coarser level of detail, as well as the solvent molecules. These models are often
used to study the micellization process through both lattice (51; 52; 53) and off-lattice
models (48; 54; 55). Lattice models restrict the movement of the molecules, resulting in
a significant reduction in computational time. In contrast, off-lattice models use con-
tinuous space rather than discrete points, allowing more flexibility in the motion of
the molecules, leading to more realistic models, but at the cost of increased compu-
tational time. Additionally, mesoscale modeling frequently employs Dissipative Par-
ticle Dynamics (DPD), which generally uses a larger scale compared to coarse grain
models. DPD simulations allow for larger groups of atoms to be modeled by a sin-
gle site, which results in soft-conservative interaction potentials. This allows for the
use of relatively large time steps, resulting in more efficient computation for the longer
time scales typically required for micellar processes (49). In recent years several simula-
tion methods have been implemented to study surfactant systems, including Molec-
ular dynamics (MD) simulations (20; 50; 54; 56; 57), Monte Carlo simulations (MC)
(51; 52; 53; 58; 59; 60; 61; 62; 63; 64; 65), Brownian Dynamics (BD) (66; 67; 68), Dissi-
pative Particle Dynamics (DPD) (69; 70; 71; 72; 73; 74) as well as Mean Field theories
(1, 75; 76; 77; 78). The appropriate method depends on the properties being studied.
Molecular dynamics (MD) is a computational method that uses force fields to introduce
interactions between particles. There are three types of interactions between the par-
ticles: bonded, non-bonded, and external field interactions. Subsequently, Newton’s
equations of motion are integrated to calculate the new position and velocity of the par-
ticles, while controlling the thermodynamic parameters.

F=m-a= (1.3)

10
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The MD simulation traces out a trajectory in phase space as the system evolves over
time, moving from one point in phase space to another. Specifically, Newton’s equation
of motion is integrated by taking a short timestep to get the position (r) of each particle
at time (t) given the initial coordinate (ro) at time (¢p). Different initial conditions cal-
culate different trajectories. The entire process is repeated for a chosen number of steps
and averages over the different trajectories. From the MD simulation the time average
of any property under study can be extracted as follows:

1 /T
(A) = lim = [~ A(p(t)x()) dt. (15)

The integration is completed by averaging over all M time steps.

1 M
(4) = 34 LAY (1.6

MD simulations are limited in the length of time they can reach due to the extensive
computation time required to simulate the evolution of the system. This can make it
challenging to reach equilibrium in certain complex systems.

In contrast, the Monte Carlo (MC) simulation method has previously been used to
study complex systems (51; 52; 53; 58; 59; 60; 61; 62; 63; 65). Monte Carlo is a stochastic
computational method that involves the use of random numbers. It generates random
movements of particles, creating different states until the system reaches equilibrium.
These movements are accepted within a certain probability associated with the Boltz-
mann distribution, which states that only low energy configurations are the most prob-
able. Specifically, MC tries to find and sample the low energy configurations until it
covers the whole phase space. In this manner, MC simulations are capable of approxi-
mating a complicated system using a statistical sample.

The probability distribution in the canonical ensemble (NVT) is given by

Pi) = clgexp <—ka) , (17)

where E; is the total energy of the system at state i and Q is the partition function, which
is the sum of the Boltzmann factors for all possible states i. Consequently, any property
(A) of the system can be computed as an average over all states i, as follows

i=N Ei
(A) = l; Ajexp <_ka> A(ry, o, IN) A1 dIy, (1.8)
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Where k is the Boltzmann'’s constant and r; the positions of the particles. In addition to
MC and MD simulations, Brownian Dynamics (BD) simulations consider the mass of the
particles and the forces acting on them, including friction and inter-particle interactions.
To describe the motion of the particles, the Langevin equation, which accounts for these
particle interactions, is used in this method as follows

mo(t) = —ymo(t) + f(t) + R(t), (1.9)

where m is the particle mass, -y is the friction coefficient that represents a non-conservative,
non-systematic force induced by the solvent, such as frictional forces. The inter-particle
potential is represented by the force f(t), which is a conservative, systematic force. Fi-
nally, R(t) denotes the conserved random force, and is responsible for the random Gaus-
sian motion of the particles, known as Brownian motion.

Dissipative Particle Dynamics (DPD) is another relevant method where simulations
are performed in continuous space using particles (74). It takes into account the forces
acting on each particle, including conservative, dissipative, and stochastic random forces
that only affect particles within a certain distance of each other defined by a cut-off dis-
tance. A conservative force can be included which is typically represented by a simple
soft-core potential. This feature of DPD makes it computationally efficient, allowing for
larger time steps and faster computation times.

In recent years there has also been considerable interest in simulation methods based
on Mean field theories, such as the self-consistent field (SCF) and Single Chain Mean
Field (SCMF) theories, which have been used to predict the properties of surfactant sys-
tems (1, 75; 76; 77; 78; 79; 80). These theories are particularly effective for these types of
studies because they reduce the many-body problem to a one-body problem, substan-
tially reducing computational time. They do so by considering the interactions between

particles through an average interaction represented by mean molecular fields.

1.2.3 | Methods used in this Study

In this thesis, a Single-Chain Mean-Field (SCMF) Theory is implemented to study the
surfactant behavior in aqueous media. Specifically, triblock copolymer surfactants well
known as Pluronics are modeled using a coarse grain model in continuous space to
study their equilibrium and dynamic properties over time through a dynamic version of
the SCMF scheme. Finally, an extended version of SCMEF, which includes three compo-
nents rather than two (namely two different kinds of surfactants and water molecules),

is used to study the equilibrium properties of mixed micelles systems.
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1.3 | Summary of the chapter-thesis outline

This Chapter provides an overview of surfactants, their behavior when surrounded by
water molecules; how and under which conditions micelles are formed. In addition, it
addressed the importance of surfactants and their behavior in modern times, as well as
the various applications that use them. Finally, this chapter reviewed the recent theoret-
ical and experimental methods used to study these kinds of molecules, including their
advantages and limitations. A brief introduction to the method used in this thesis is
also provided, along with its advantages and limitations. The next chapter, Chapter 2,
analyses the theoretical basis of this study and includes a comprehensive description of
the simulation method and model used in this research. Subsequently, Chapter 3 and
Chapter 4 include the results and the analysis of two cases of study. Namely, Chapter
3, discusses the Exit Dynamics of Block Copolymers from Micelles at Short and Long Time
Scales, while Chapter 4 explores the Equilibrium Properties of Binary mixtures. Finally, the
thesis’ main points are outlined in Chapter 5 along with the implications of the findings

for future research.
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2.1 | Single-Chain Mean-Field (SCMF)Theory

The Single-Chain Mean-Field (SCMF) simulation method has previously been employed
to analyze the equilibrium properties of micelle systems, including the impact of sur-
factant chain architecture on the micellization (81). By utilizing a coarse grain model,
the Critical Micelle Concentration (CMC), and the aggregation number of poly(ethylene
oxide) surfactants with varying chain geometry and length, in water at a constant tem-
perature have been calculated. The results showed that the CMC values are responsive
to the degree of branching in the hydrophilic head of surfactants, while the aggrega-
tion number is also impacted by the variation in the length of the hydrophobic tail of
surfactants.

Moreover, a dynamic version of the SCMF simulation method was applied to inves-
tigate the micellar kinetic exchange of these triblock copolymer surfactants over a broad
range of time-scales (75; 82). Results showed that the kinetics of these micelles exhibit
three different regimes: a fast rearrangement of the chains, followed by a peculiar loga-
rithmic relaxation, and eventually an exponential decay.

In this thesis the same model will be used to further understand the logarithmic be-
havior observed in the dynamic exchange of these micelles by changing the surfactant
chain flexibility. Furthermore, an expanded version of the static equilibrium formula-
tion of the SCMF method is used to study the equilibrium behavior of mixed micelle
systems.

The Single-Chain Mean-Field (SCMF) theory was first introduced by Ben-Shaul,
Szleifer, and Gelbart (83; 84; 85) as a way to describe micellization of low-molecular
weight block copolymer surfactants. Since then, it has been further developed and ap-
plied to study a wide range of systems, including the structure of phospholipid mem-
branes (86; 87), homopolymer adsorption onto flat interfaces (88), binary surfactant so-
lutions (77), and more recently the behavior of semiflexible polymer brushes (89).

The Single-Chain Mean-Field (SCMF) theory describes the behavior of a single molecule
within a complex system of interacting molecules. The basic idea behind this theory is
to simplify the analysis of complex systems made up of many interacting molecules by
reducing the many chain-problem to one of a representative central chain. This central
chain interacts with the surrounding molecules through a mean field approximation.
The mean fields determine the most probable conformations of the molecule through
the probabilities of the individual molecule (Figure 2.1). The properties of the represen-
tative molecule are then determined by solving a set of nonlinear equations defined by
the self-consistent closure of the model. These equations take into account the probabil-
ities of individual conformations of the representative molecule and the mean field. By
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solving these equations, all the equilibrium properties can be obtained.

—
Central Chain

Mean Molecular Fields

Figure 2.1: Schematic of the SCMF with a central chain and the mean molecular fields
as concentric spherical layers. Each layer has a radius r and thickness dr, within which
the densities of the surfactants and solvent are assumed to be uniform.

2.1.1 | SCMF Theory: Theoretical Background

As already mentioned, the Single-Chain Mean-Field Theory considers a central chain,
with a set of conformations {a} and calculates the interactions between this central
chain with the environment. A chain’s conformation is represented by the positions
of all its monomers, which are expressed as a collection [x]=(r1, 1y, ..., 1yr), Where N
is the total number of monomers in the chain, and r denotes the position of each in-
dividual monomer. The referred interactions include both intramolecular interactions,
which are calculated precisely, and intermolecular interactions, which involve the inter-
actions of the central chain with the solvent molecules and the remaining chains. These
interactions are determined by using mean molecular fields and defined by the proba-
bility distribution functions of the chain conformations P[a] and the distribution of the
solvent molecules, through the minimization of the free energy of the system.

17
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2.1.2 | Thermodynamic Formalism of the SCMF Theory

The core concept of the SCMF theory is determining the probability distribution func-
tion (pdf) of conformation «, P[a], together with the concentration fields of the solvent
molecules. We assume that our systems is incompressible, which implies that space is
completely filled with the surfactant chains and solvent molecules. (See Appendix I for

more details.) Consequently,

¢s(r) + N(o(r)) = 1. 2.1)

Where the volume fraction of the solvent is represented by ¢s(r), and the average vol-
ume fraction of all possible conformations of the surfactant is represented by N (¢(r)) =
NY., Pla]¢(a, r), with N to be the number of chains representing the surfactants in the
system.

To properly describe the thermodynamic properties of the system being studied, it
is essential to identify surfactant profiles that comply with this incompressibility condi-
tion expressed in the equation mentioned above. As already mentioned, this approach
involves determining the pdf and the concentration fields of the solvent molecules. This
can be accomplished by minimizing the free energy of the system, while adhering to the
incompressibility condition. The free energy of the system is provided by

F = (E) - T{(S), 2.2)

where E is the total energy, T the temperature and S the entropy of the system.
The total energy of the system E is equivalent to the sum of the intramolecular energy,
(Uintra(x)) and the intermolecular energy, (#s.r(«)) within a system consisting of N sur-

factant chains.

(E) = N / P[] (1titra (&) + Uiner (1)) 2.3)

The intramolecular energy is calculated by the ensemble average of the probability

distribution function (pdf) and the internal energies of each individual chain, as follows

<uintm> = N/dlxp[‘x]uintm(“)/ (24)

While the intermolecular energy ((iin;) = N [ daP[aju(x)) is computed based on
the individual contributions of the chains, which are determined by their interaction
volumes and the surrounding mean molecular fields. Thus, it is calculated taking into

account both chain-chain and chain-solvent interactions, by the following equation
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(Uinter) N/docP[oc] [ /drCDmt +ecs/drcl>mt r)cs(r)|. (2.5)

The interaction parameters for chain-chain and chain-solvent interactions are rep-
resented by €, and €, respectively. The available volume for the central chain to
interact with other chains and the solvent, at a specific position r, is represented by
dr®<S (a, r) and drd$ 3 (, 1), respectively. This available volume interacts with the aver-
age concentration fields of the other chains and solvent, represented by (c(r)) and cs(r),
respectively. The number of interaction parameters as well as the number of species
represented by the concentration fields will vary depending on the number of different
species present in the coarse grain model used.

With respect to the entropy of the system, two contributions are considered:

m The conformational entropy of the surfactant chains

(Se) = —kN / daP[a] log Pla] 2.6)

m The translational entropy of the solvent molecules
(St) = —k/drcs(r) log ¢s(1). (2.7)

Upon examining each component of the free energy equation, and using egs. (2.3),
(2.4), (2.5), (2.6) and (2.7), eq. (2.2), takes on the following form:

F=N / P[] (tintra (1) + tingor (1)) + KT < / daPla] log Pla] / dre, (r) log ¢s(r )) .
(2.8)
By minimizing the free energy F and taking into account the the incompressibility
constraint using eq. (2.1), the probability distribution function and the solvent concen-
tration at position r, denoted as ¢;(r), are determined. This is done by introducing a set
of Lagrange multipliers, 77(r), into the free energy expression. Once the procedure is fin-
ished, the set of chain probabilities P[«] can be obtained by setting the partial derivative
of F with respect to P[a] and c¢,(r) equal to zero. Namely,

oF oF

P~ Yaem 07 29)

Pla] = G exp |~ (ina@) 4 s () + [ dimn(rlp@n) )|, @10)
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and r
ni(r) =~ _Uf log ¢s(1). (2.11)

where Q in eq. (2.10), is the partition function, which ensures the proper normaliza-
tion of probabilities, such that the integral of the probability distribution function over
all possible states is equal to 1.

Eq. (2.11) implies that the quantity of ¢;(r) is approximately equal to e #%7(*), where
v represents the volume of a solvent molecule. This provides a physical interpretation
for the Lagrange Multipliers 7t(r), which act as the osmotic pressure required to main-
tain the chemical potential of the solvent constant. They can also be understood as the
average repulsive energy between the chains caused by the presence of the solvent and
surfactant molecules in the surrounding area, since the Lagrange Multipliers 7(r) arise
from the incompressibility assumption.

The set of non-linear equations represented by eqs. (2.1), (2.10) and (2.11), can be
used to determine any thermodynamic quantity in equilibrium, (A), using

(A) = / daPa] A(a). 2.12)

In this thesis,we wish to connect these microscopic equilibrium properties to macro-
scopic observables such as the CMC once the equations are solved. This can be done by
relating the Mass Action Model (MAM) to the quantities determined by the SCMF the-
ory such as the chemical potential. This connection will be outlined in the next section.

2.1.3 | Mass Action Model (MAM)

Micelles form when surfactants in a solvent self-assemble under specific conditions.
The Mass Action model assumes that free surfactants and micelles are in thermody-
namic equilibrium. This can be described in terms of the chemical potentials (Figure
2.2), namely the chemical potential of free surfactants (1) should be equal to the chemi-
cal potentials of surfactants in a micelle which consists of N surfactant chains (y2, ...., yn)

M1 =H2=... = IN-1 = UN. (2.13)

Any thermodynamic property can be defined as the summation of the excess prop-
erty and the ideal property, u = u'® + u*¢ (90; 91; 92). The ideal chemical potential is
the chemical potential value of an ideal solution at the same temperature, pressure and

concentration and it is given by

uid = 49 4 kTlog Xy, (2.14)
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Figure 2.2: Schematic illustration of micelles and free surfactant in a solvent.

where 1! is the standard chemical potential of the free surfactants in the system, k is the
Boltzmann constant, T the temperature and X; the concentration of free surfactants in
bulk solution, in mole fraction. If we consider that u* = u{ 4+ u®, eq. (2.13) becomes

11 = uj +kTlog X;. (2.15)

Similarly for surfactants in micelles of size N,

kT XN
=uyn+ — —_— 2.1

where 1, is the standard chemical potential of surfactant in micelles and Xy is the
concentration of surfactant in micelles of size N in mole fraction, while uy = u% + uée.

The second term on the right side of eq. (2.15) is known as the translational entropy
and implies that single chains are free to move independently in space In contrast, the
analogous term in eq. (2.16) infers that all surfactants in aggregates are forced to move
together. It can be observed that as the micelle size increases, the translational entropy
per chain decreases.

If we consider that the surfactant system behaves in an ideal manner, with no in-
teractions between free surfactants (uj = uJ) and no interactions between aggregates

(y?\, = y?\]), egs. (2.13), (2.15) and (2.16), can be used to derive the following relationship

N
Xy =N (Xle—w‘if—ﬂ?)/”) . 2.17)
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The equation presented above is the expression of the mass action model (MAM).
The standard chemical potential difference, represented by the term e~ =1/KT) jg cru-
cial for understanding the formation of micelles. It indicates that when the standard
chemical potential of free surfactants is larger than the standard chemical potential of
surfactants in aggregates, micelles may form. It also defines the concentration at which
the addition of surfactants in solution leads to the formation of aggregates. This con-
centration is called the Critical Micelle Concentration (CMC), and is described below.

2.1.4 | Critical Micelle Concentration (CMC) Calculations

The critical micelle concentration (CMC) is defined as the concentration of surfactants
at which micelles start to appear. It is calculated by analyzing the free energy of the
system, in terms of chemical potential differences, described by the term e~ (=1 /KT),
In general terms CMC can be calculated through the equation

(X1)crit = CMC =2 elA/kDmin, (2.18)

while the total surfactant concentration in solution is given by

Xr =Y Xn. (2.19)
N

As depicted in Figure 2.3, there is a correlation between the concentration of free
surfactants in the bulk solution (X7) and the total concentration of surfactants in the
solution (X7). As the concentration of free surfactants increases, the total concentration
also increases up until a point at which free surfactants prefer to form aggregates rather
than remain in the bulk solution. This point, where X; reaches its peak, is known as the
Critical Micelle Concentration (CMC).

The size distribution of micelles is given by Xx /N = (Xle_(ﬂ%_ﬂ?)/ kT) N.

To relate the macroscopic quantities Xy to the microscopic thermodynamic quan-
tities obtained from the SCMF theory, it is necessary to use the Partition function (Q),

which is given by

Q = Ne MK, (2.20)

As mentioned before, the Partition function (Q) is calculated through the normaliza-
tion of the chain probabilities, according to Pla] = éeH /KT where H[«] is the Hamil-
tonian of a configuration « and it is given in terms of the intermolecular, intramolecular

and repulsive interactions.
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Concentration of free surfactants (X ;)

v

Total Concentration (X1 = Yy Xy)

Figure 2.3: CMC illustration based on the MAM. As the free surfactant concentration
X; increases, the value of Xt increases too until reaches a saturation point known as
the Critical Micelle Concentration (CMC). Beyond this point, any additional surfactant
added to the system will preferentially form aggregates rather than remain in the bulk
solution, resulting in no further increase in the value of X.

Hla] = titra(@) + it () + [ dee(x)p(e, ) (2.21)
Thus the partition function takes the following form

0= / e HI/KT (2.22)
From egs. (2.20) and (2.22), it can be inferred that

e /KT = i]/doceH[“]/kT. (2.23)

and taking into account that micelles are fixed in space-in our simulation cell by the

definition of the mean fields, namely un = ;4(])\],

In order to ensure that surfactants in micelles and free surfactants have the same

degrees of freedom, it is necessary to remove the translational contribution in the chem-
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ical potential of the free surfactants and take into account the volume of the system, as

follows

e~ M/KT é/doce‘Hl[“VkT. (2.25)

By combining egs. (2.24) and (2.25) the following relationship can be derived

)/kT __ de“e_HN[“]/kT/W(DC)
N fduce—Hﬂa]/kT/W(lX)-

The term W(zx) accounts for any bias included from the algorithm that generates the

ef(y?\lf;l?

(2.26)

chain configurations. In this work we use only Self-Avoiding Random walks for the
chain configurations in the SCMF which we generate using the Rosenbluth algorithm.
Consequently, W(«) is here the corresponding Rosenbluth weight for each chain config-

uration.

2.2 | Single-Chain Mean-Field: Dynamic Scheme

The SCMF dynamic scheme is a dynamic methodology that has been applied in previ-
ous studies to investigate the relaxation of surfactants in micelles (75; 82). This method
involves generating a series of explicit moves for a set of sampling chains « = (a1, a2, ...,an),
with each chain considered as independent and evolving separately within the estab-
lished mean fields. These moves are generated simultaneously for each chain, and they
are accepted or rejected based on the relative change in the conformation energy as de-

termined by the Metropolis formulation.

2.2.1 | Metropolis Algorithm

The Metropolis formulation is a statistical mechanics algorithm used to generate a se-
quence of configurations for a system in thermal equilibrium. The algorithm is based
on a Markov Chain Monte Carlo method and is used to generate configurations that are
distributed according to the Boltzmann distribution, which describes the probability of
a system being in a particular state at a given temperature. More specificly, the key con-
cept of the Metropolis algorithm is to randomly generate a new configuration for the
system and then accept or reject this configuration based on the energy of the old (ay)
and the new (o) conformation. The probability of accepting a move from an old (0) to

a new state (1) is given by the Metropolis criterion determined by

p(@o—n) = min (1,exp(—AH [ao—n] /kT)), (2.27)
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where k is the Boltzmann constant, T the temperature, and AH [«,—,,] = H|a,] — H|ag]
is the change in the SCMF Hamiltonian during the proposed move, which is given by
eq. (2.21).

The dynamic methodology for generating the moves includes:

m Considering a representative number of configurations of the central chain ag

through a set of independent sampling chains {ag}.

m Generating a trial move simultaneously for each chain, while keeping the average
fields fixed.

m Each chain move is then accepted or rejected depending on the calculated proba-
bility based on the Metropolis formulation, eq. (2.27).

m Updating the concentration fields (c(r)), (¢(r)), cs(r), ¢s(r) by solving the SCMF
corresponding equations and repeating the process until equilibrium is reached.

The dynamic SCMF approach, which is a stochastic method, does not incorporate
a physical time. To make the simulation results comparable to experimental data, the
physical time must be inferred in some way, for instance by comparing the diffusivity

of a single chain in the dynamic SCMF to the experimental value.

2.2.1.1 | Micelle Chain Exchange Correlation Function

The dynamics of surfactant chain, namely the insertion/extraction to/from micelles can
be studied using the correlation function F(t), which has been previously utilized in TR-
SANS (Time-Resolved Small-Angle Neutron Scattering) studies (93; 94). It is based on
the direct observation of labelled changes in a micelle over time. Namely,

F(t) = J{((é)) (2.28)

where f(t) and f(0) represent the number of labelled surfactant chains in the micelle
at time t and at time t=0, respectively. To track the number of chains over time, chains
initially present in the micelle are labeled, f (0). The number f(t) is calculated by taking
into account any labeled chains in the micelle. If a labeled chain leaves the micelle, it is
no longer counted towards the number f(t), but if it returns, it is once again included in
the overall number. To compare the simulation results to experimental data, it is crucial

to estimate the physical time of the simulation. This can be achieved by determining the
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diffusion of free chains in the simulation (Dscpyr) and comparing it to the diffusion ob-
served in experiments. The diffusion of a free chain in the simulation can be quantified
using the number of Monte Carlo cycles (t), as follows

Ar(teye)?
Dscvr = lim 7< (feye)”)
teye—r00 6tcyc

) (2.29)

where (Ar(teye)?) = ((r(teye) — r(O))2> N, is the average displacement of the center of
mass of the set of sampling chains (N,). The conversion from Monte Carlo cycles (MC)

to experimental time (t) was derived by

Dscmr D
=5 toye =35t (2.30)
where the diffusion Dgcpyr is given in units of %/ cycle, I is the physical dimension of
the monomers and D is calculated from the Stokes-Einstein expression which relates the
diffusion of small particles in solutions with the temperature (T), the viscosity (1), and
the hydrodynamic radius g, as follows
kgT

D= et (2.31)

In this work, the exchange behavior of surfactants can be further explained in terms

of a modified Eyring’s equation which can be related to the correlation function.

2.2.2 | Modified Eyring’s Equation

Previous research has shown that the micelle chain exchange correlation function de-
scribed in the previous section for the exit of surfactant copolymers from equilibrated
micelles exhibits a specific behavior that can be divided into different regimes. This
behavior can be explained by incorporating an additional term into Eyring’s equation,
which accounts for the entire range of surfactant exit behavior. Note that the unmodified
equation is typically used to study non-linear relaxation in polymers (95; 96). As previ-
ously stated, the release rate of surfactants exhibits a behavior that can be divided into
three distinct regimes. In particular, an initial rapid reorganization can be identified,
followed by a logarithmic intermediate stage, and then a final exponential decay. To
further analyze this behavior, a modified version of Eyring’s equation, which includes
an additional parameter, is proposed in this thesis. Namely
dF(t)

Stk (e%” _ 1) +k (1 —e—%”) =0 (2.32)
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In this modified Eyring equation, k; represents the specific kinetic constant for the
initial and intermediate regimes, k, represents the kinetic constant in the final exponen-
tial regime, and € is a crossover value of the correlation function. These constants can
be determined by using either the simulation data from the correlation function, F(f),
or experimental data for the same quantity. It is important to note that this modified
version of the Eyring equation includes a third term with constant k,, which allows for
the three distinct regimes observed in the simulation to be accounted. The equation can
be analytically solved to yield the following result.

kq +ky
=t

1—ke™
F(t) = —eln - (2.33)
% kem== 41
where Y
€ _
k=1 (2.34)
el/e+ I’%z
1

On fitting eq. (2.32) to the correlation function simulation data, the parameters ¢,
ki, ky of the modified Eyring equation can be extracted. With the information from the
titting of the values of the parameters, the process of surfactant copolymers exiting from

micelles becomes more comprehensible.

2.3 | Single-Chain Mean-Field for Binary Systems

The Single-Chain Mean-Field method for binary systems is an extension of the SCMF
equilibrium theory discussed in section 2.1. It has been modified to include the presence
of two distinct surfactant chains in solution in order to investigate their equilibrium
behavior when forming mixed micelles. The key point is to modify the free energy of
the system, by including the intermolecular interactions of the second type of surfactant,

with the solvent and the other chains.

2.3.1 | Thermodynamic Formalism

The SCMF theory reduces the complex problem of many interacting bodies in a binary
system to a simpler problem of two central chains, with different conformations «,
respectively which represent two different types of surfactants A and B. The theory
considers a system of Ny and Np surfactant chains surrounded by solvent molecules
and follows the calculations of the SCMF discussed in section 2.1.2. Thus the goal is
to minimize the free energy of the system, subject to the incompressibility condition,

which in this case takes into account the two central single Chains A and B
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¢s(r) + Na(p(r,a)) + Np{p(r, p)) =1, (2.35)

where ¢s(r) is the volume fraction of the solvent molecules while (¢(r,a)) and
(¢(r,B)) are the ensemble average volume fractions of chains A and B respectively,
meaning that all available space is occupied by A, B surfactant chains and solvent
molecules.

The internal energy is modified, to include the intramolecular and the intermolecu-

lar interactions of the second component B together with its concentration fields, (c(r))p =

J dBP[Blc(B, ),

< E>= NA /leP[(X] (uintra(“) + uinter(“)) + NB /d,BP[IB](uintm(,B) + uinter(,B))/
(2.36)
while the entropy is given by the sum of the conformational entropies of the A and B

chains respectively and the translational entropy of the solvent molecules, as follows

< S >=—kp [(NA /d(XP(lX)ll’lP(lX) + Np /dﬁP(ﬁ)lnP(,B) + /drcs(r)lncps(r)] :
(2.37)
From egs. (2.35), (2.36) and (2.37), the free energy of the system, given by eq. (2.2)
takes the following form

F= Ny [ daP[a] (Uina(®) + Uiner (@) + N[ dBPIB)(Uitra(B) + Uintr (B))

+kgT [(NA / daP(2)InP(a) + Ng / dBP(B)InP(B) + / drcs(r)ln(ps(r)} (2.38)
Through the minimization of eq. (2.38), with respect to P[«], P[B] and cs(r) namely

oF oF oF
3P ~ " apE ~ V de )

and taking into account the Lagrange multipliers 7(r), subject to the incomprehensibil-

=0, (2.39)

ity condition (eq. (2.35)) any thermodynamic property of the system can be calculated

through the following set of equations

P(a) = LeT, (2.40)
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1 -n(
P(B) = —e i, (2.41)
B
kT
ni(r) = —v—log(ps(r). (2.42)
S

Where Q4 and Qp are the partition functions of the SCMF scheme and H(a) and
H(p) are the Hamiltonians of the system which are given by

H[‘X] = uintru(“) + uinter(“) + kBT/drTf(l')(,b(lX, 1‘). (2.43)

H[ﬁ] = uintm(,B) + uinter(,B) +kBT/d1'7T(1'>(P(5, 1')- (2.44)

2.3.2 | Mass Action Model (MAM) for Binary Systems

As mentioned in section 2.3.2., the Mass Action Model is used to link the microscopic
quantities calculated from the SCMF with the macroscopic equilibrium quantities of
the system of interest. In this case we consider that there are two concentrations of
surfactant free chains in solution. X{! is the free surfactant concentration of species A
while Xf is the concentration of surfactants B (Figure 2.4).

Following the assumptions of the mass action model calculations discussed in the
previous section, the chemical potentials of free surfactants A and B will be given by:

= 0+ KTInxf,
(2.45)
= 0P 4 KTInX),
where ]/t(l)’A and ;4(1]’3 are the standard chemical potentials of surfactant A and B, respec-
tively.
In thermodynamic equilibrium, the chemical potentials of free surfactants A and B

are equal to the chemical potential of the aggregate made of N4 + Np surfactant chains,

namely
u = U, Ny
(2.46)
MY = N, N
= Napf' + Npb = Napf, o n, + NBHR, 0N, (2.47)
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Figure 2.4: Schematic representation of mass action model with two kinds of Pluronics
in water. X4, Xf denote the concentration of free surfactants A and B respectively, in
water while Xy, .y, denotes the concentration of the aggregated surfactants in a micelle
of N4 + Np surfactant chains.

From egs. (2.45) and (2.47), the mass action model for a system containing two types

of surfactants can be formulated as
Xning = (XP)Na - (XBYNs o~ R INAGR vy =1 )+ NB (4 vy =) (2.48)

If Np = 0, so that only surfactants of species A will be present in a solvent, then the
MAM eq.(2.48) takes its original form, given by eq. (2.17).

To be apply the mass action model given in eq. (2.48) and calculate the concentra-
tions of micelles as a function of the free chain concentrations, it is necessary to de-
termine the changes in the standard chemical potentials, namely, the Au%4 and Au®®.
These chemical potentials differences are calculated within SCMF as follows by taking
into account the partition functions Q4 and Qg, which according to eq. (2.22), take the

form

Q4 = /d(xe—H[zx]/kT’
(2.49)

Qp = /dﬁ*H[ﬁ]/kT,
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where H|a] and H|[B] are the Hamiltonians of the A and B molecule chains, respectively

and are given by

HIa] = ttintra (&) + tinter () + / drre(r)p(a, ),

(2.50)
HIB] = tinra(B) + ttntr (B) + [ der(x)p(B, ).
Eq. (2.24), for 2 compounds takes the form
oIy /FT L / doe— N, [0 /KT
Ny ’
(2.51)
0,B
oMy g /KT ;B / dpe g lBI/KT.
By taking into account the volume of the system, according to eq. (2.25),
. ‘]'//d“e—Hl[D(]/kT,
(2.52)

e*V?'B/kT — é/dﬁeHl[,B]/kT

Finally, from egs. (2.51), (2.52), the standard chemical potential differences can be

obtained through the following equations

HE [

__DA
() oV Jdure i
N4 + Np Hi o]

[da-exr

(2.53)

HY, 1B))

o (") _ V. Jdprer *
.
N4+ Np fd[ﬂ-e—%ﬁ]

2.3.3 | Simulation Details

The simulation code used in this study was developed by the Molecular Simulation
Group in Tarragona and was originally designed to describe the micellization of block
copolymers (83; 84; 85). It has since been expanded to investigate the structure of phos-
pholipid membranes at the molecular level (86; 87).
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Continuing its development, the code was further extended to include a dynamic
version to allow for the study of micellization dynamics (81; 82). For this thesis, the
SCMF code was modified to incorporate a second surfactant in the system, enabling the
study of equilibrium properties of mixed micelles.

The code was implemented in the C programming language with parallelization
using OpenMP, and it incorporated various algorithms and methodologies to accurately
model and simulate the phenomena under investigation.

In all cases under study, the simulations were executed on 12-core Intel nodes and
24-core AMD nodes, each equipped with RAM capacities of 64 GB and 32 GB, respec-
tively.

2.3.3.1 | Equilibrium SCMF

The calculation of equilibrium properties of single-component micelles involved a two-
part simulation. The first part focused on generating the sampling chains, which in-
cluded determining the number of chains, concentrations, volume fractions, interaction
volumes, sizes, and number of beads. In the second part, the code used these initial
parameters and chain statistics to find solutions to the SCMF equations through an iter-
ative method. The parameters specific to this stage of the method could be adjusted in
the second part of the simulation.

After configuring the necessary input files, running the simulations provided im-
portant outputs. These outputs included equilibrium densities for a given aggregation
number (N) for all the species, such as solvent, tails, heads, and total heads and tails,
as functions of the distance from the center of the simulation box. Additionally, the
standard chemical potential difference as a function of the aggregation number was de-
termined.

To ensure reliable results with minimal statistical errors, the simulation parameters
were carefully selected for this thesis. The box size ranged from 40x40x40 to 100x100x100
in units of the bead diameter ¢, depending on the Pluronic under study. Between 5 and
10 million conformations {a } were generated for each Pluronic. The simulation runtime
varied depending on the surfactant being investigated but typically completed within a

week.

2.3.3.2 | Dynamic SCMF

For dynamic SCMF simulations, a total of 500 sampling chains, N{«a}, were employed
for all Pluronic molecules. It should be noted that this number of sampling chains is
independent from the number of physical chains chosen for any given system. The
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simulations were carried out within boxes with volumes ranging from 70x70x70 to
100x100x100 in units of ¢, employing periodic boundary conditions The simulation run-
time lasted approximately 3-5 weeks.

2.3.3.3 | SCMF for Binary Mixtures

For mixed micelles, the equilibrium SCMF simulation method was employed, incorpo-
rating the generation of sampling chains for both Pluronics present in the system, {a}
and {B}. In this scenario, 3-5 million conformations were generated for each chain. De-
pending on the system under study the simulations required a duration of 3-6 weeks to
calculate the standard chemical potential for all the binary systems of interest, typically
about 200*200=40000 systems (for each Pluronic a range of up to 200 physical chains in
the system).
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3.1 | Introduction

Poloxamers are triblock copolymers with a central hydrophobic polyoxypropylene block
(PPO) between two external hydrophilic polyoxyethylene blocks (PEO). These copoly-
mers are also available commercially under the trade name of Pluronics. Due to their
amphiphilic nature, when they are surrounded by solvent molecules above a specific
concentration called the CMC, they are able to self-assemble into aggregates known as
micelles, driven by the hydrophobic effect (16; 97). Even after reaching thermal equi-
librium, the micelles are constantly evolving in shape and composition, due to the low
aggregation free energy involved in the hydrophobic effect. In the standard interpreta-
tion of this equilibrium, two different dynamic processes are proposed. The first is a fast
process characterized by the insertion and expulsion of single surfactant chains from the
micelles (98). On the other hand, the second is much slower and is characterized by the
fusion and fission of the micelles (99; 100; 101; 102; 103; 104; 105). Typically, there is a
difference of approximately 6 orders of magnitude between the timescales involved in
these two processes (106; 107). Micelle relaxation is of particular importance because it
controls micellar stability, which is important in many applications involving processes
such as foaming, emulsification, detergency, wetting, and solubilization (108). Conse-
quently, a detailed understanding of the associated molecular mechanism is expected
to contribute key insights into micelle behavior, as well as to serve as a basis for future
experimental studies and applications.

Over the last few decades, numerous experimental and theoretical studies have fo-
cused on both dynamical processes (98; 109; 110). However, in this work we are partic-
ularly interested in the faster process where individual chains are exchanged with the
bulk solution. In this case, the most established theory is the one developed by Anians-
son and Wall (99; 100; 111), whose step-wise model assumes that for short surfactants
the exchange between the bulk solution and micellar aggregates undergoes a single ex-
ponential decay. Later, Halperin and Alexander (98) adapted the same model, but with
diblock copolymers as surfactants in a solvent of low molecular weight. They also pro-
posed a single exponential decay in the relaxation curves. Subsequently, much research
on micelle kinetics has been done by using different experimental techniques such as:
temperature jump (98), fluorescence (112), ultrasonic absorption spectrometry (113) and
time-resolved small angle neutron (TR-SANS) (94; 114; 115). In these experiments a
single exponential decay in the relaxation process was observed, which allegedly con-
firmed the validity of these models for micelle dynamics.

However, more recent experimental works have found a much richer behavior, in-

cluding a broad logarithmic time-dependence at shorter times instead of the expected
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exponential decay (94; 116). In an attempt to explain this logarithmic relaxation, Lund
and co-workers (94; 116; 117) ascribed this behavior to the polydispersity of the triblock
copolymers. In their model, surfactants have to overcome an energetic barrier in or-
der to leave the micelle and so copolymers with different chain lengths are expected
to face different barrier heights. However, it is not clearly explained why this should
give rise specifically to a logarithmic decay, since the distribution of chain lengths due
to polydispersity is somehow arbitrary. Simulation methods such as Monte Carlo (MC)
(118), molecular dynamics (109; 110), and dissipative particle dynamics (119; 120; 121)
have been used to provide additional insight into the dynamics of micelles. In partic-
ular, a dynamic Single Chain Mean-Field (SCMF) theory has been used to simulate the
behavior of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock
copolymer systems (75; 82). The dynamic SCMF has similarities to other dynamic mean-
field density functional theories found in the literature (122). However, SCMF uses ex-
plicit non-overlapping configurations, instead of Gaussian statistics for the chain confor-
mations, which significantly changes the resulting equilibrium and dynamic behavior
(88; 123). Despite using a strictly monodisperse distribution of chain lengths in the sim-
ulations, a similar logarithmic decay to the experiments was found. This suggests that
the observed behavior must be caused by an inherent physical property of polymeric
micelles and not to a particular polydispersity in the size distribution of the samples.
The observed logarithmic decay was speculated to arise from a degeneracy of energy
states arising from the conformational space of the hydrophobic block of the copolymer
in the core. This degeneracy is broken on exiting the micelle, giving rise to an effective
energetic barrier distribution. Although this hypothesis is valid for the chains escaping
at short times, at longer times the exit time of the copolymer is of the same order of mag-
nitude as the diffusion in conformational space and, therefore, it cannot be expected for
the chain to be expelled from the micelle without a change in conformation, as required
by the hypothesis. Hence, the observed non-exponential decay must be related to the
coupling of at least two different dynamic processes, rather than to merely an energy
barrier distribution. The view that we develop in this article is based on the following
two points: a) as indicated in our previous work (75; 82), different chain conformations
experience different barrier heights to exit the micelle, therefore hairpin conformations
of the triblock copolymer are more likely to exit the micelle than more extended con-
formations, b) there is an entropic barrier to reach such a hairpin shape, whose height
depends on the initial chain conformation.

These hairpin conformations are depleted during the initial stages, and other chains
have to diffuse through the entropic barrier in conformational space until they can be-
come ready to exit the micelle. Such a diffusive process introduces additional dynamics,
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which does not depend on the height of the exit energetic barrier. Although the hypoth-
esis is oversimplified, it contains the main ingredients needed to explain the different
regimes observed experimentally. In addition, this hypothesis allows the relevance of
such an intermediate non-exponential decay to be related to the size of the chain con-
formational space. For example, stiffer triblock copolymers with longer Kuhn segments
have their conformational diffusion suppressed, and their behavior should be domi-
nated by a purely exponential decay. On the other hand, more flexible chains of the
same length should display a broad intermediate non-exponential behavior. The simu-
lations conducted in this article show that the breadth of the non-exponential decay is
directly related to such a chain property.

Interestingly, a recent article (124) has further explored the consistency of literature
models based on polydispersity to explain their experimental results. The authors used
Forster resonance energy transfer (FRET) to study the exchange dynamics of complex
coacervate core micelles and found that the literature models required energies below
the one expected for their system, and speculate on the need for additional factors be-
sides polydispersity to properly describe the observed experimental dynamics. In a fur-
ther twist to their discussion, they noted that in experiments with monodisperse core
blocks no logarithmic relaxation had been observed, but rather a single exponential
time decay in agreement with the standard Halperin and Alexander model. At first
sight, these monodisperse experimental results might appear to contradict the conclu-
sions of the SCMF dynamic simulations already commented on (75; 82). However, it
should be noted that these experimental works use only poly(ethylene oxide) polymers
(PEO) with n-alkyl ethers: C, — EOs and C,, — EOy9 — C,;, where n=18, 22, 24, 28, 30.
Given that the Kuhn segment length for polyethylene is about 4 ethylene monomers
(C2Hy) (125), this indicates that the hydrophobic block of these polymers have a very
reduced conformational space since they range from about only 2 to almost 4 Kuhn seg-
ments. In order to have a distribution of degenerate energy states of the hydrophobic
block in the core, it is reasonable to assume that a sufficiently large number of Kuhn
segments would be needed in the hydrophobic block. The question thus arises if such a
low number of segments is enough to display the required degeneracy. On the contrary,
a low number of hydrophobic segments could potentially cause the observed single ex-
ponential time decay rather than a lack of polydispersity, as suggested by the authors
of these works. The question about whether the size of the conformational space, with
conformations separated by entropic barriers, affects the existence of the intermediate
logarithmic regime is the main subject of this article.

To help shed some light on this matter, in this study we have carried out several sim-
ulations using a dynamic SCMF simulation method. In particular, we have chosen to
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investigate the behavior of the L44 triblock copolymer EO19PO23EO1 in water at 37 °C.
In order to explore the effect of the number of Kuhn segments on the relaxation dynam-
ics of single chains, we have artificially changed the flexibility of the L44 chains. Three
cases are considered: the standard experimental chain flexibility, a more rigid chain,
and a more flexible chain. We first study the equilibrium behavior for the formation of
micelles as a function of their flexibility, and then model the chain dynamics to observe
if the flexibility can cause the logarithmic decay to disappear as is found in the experi-
ments. In addition, we follow the conformational behavior of the chains as they leave
the micelle to check for any shrinking or swelling of the chains.

Last but not least, we propose a phenomenological equation to describe the evolu-
tion of the population of tagged surfactants inside the micelle. This phenomenological
equation is a modified Eyring equation, with three parameters, which are related to: the
kinetic constant for the intermediate logarithmic regime, the kinetic constant of the ul-
timate exponential regime, and a crossover surfactant number. The simulation as well
as the available experimental data are fitted to this equation. As a result, we obtain a
collapse of all data to a master curve, which reinforces the idea of the universality of the
observed behavior.

The article is organized as follows, in the next section a brief description of the sim-
ulation methodology is given as well as the main features of the coarse-grain model.
In the section on Results and discussion, the simulation results are presented for the
chosen L44 Pluronic surfactant with varying Kuhn lengths that allow us to model the
same molecule with different chain flexibilities. An analysis of these results allows us
to follow changes in the chain configurations on exiting the micelle and propose a mod-
ified Eyring equation that shows that all the experimental data follows the same master
equation. We finish the article in the Conclusions section with a summary of the most

important findings.

3.2 | Simulation Methodology and Model Details

The simulation methodology used in this work has already been fully described in pre-
vious publications (1; 81; 85; 126) and so in this section only the most important details
are included. First of all, a description of the Single Chain Mean-Field theory is given,
as well as the dynamic version of the same theory. This is followed by an introduction
of the coarse-grain model that was developed for the L44 triblock copolymer (1) and the
manner in which we have introduced the different chain flexibilities into the polymer

(Details on the chain flexibility can be found in Appendix B).
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3.2.1 | Single Chain Mean-Field theory (SCMF)

The main idea behind the SCMF theory is to simulate a specific linear chain which inter-
acts with the other surrounding molecules by way of mean molecular fields (see Figure
3.1). Consequently, a representative set of conformations {«} of this central chain needs
to be sampled to self-consistently generate the statistical weight of each chain confor-
mation «, from which the average fields are calculated. A given chain conformation is
expressed as the collection of positions of all its monomers, [¢] = (r1,12,..., 1z ), Where
N is the number of monomers of the chain. Finally, r;[a] stands for the position of the

i monomer in the configuration a.

The intramolecular interactions of the central chain, Ujnya(a), are calculated in an
exact way whereas the intermolecular interactions with the solvent and other surfac-
tants, Ujprer (), are calculated within a mean-field approximation. The exact evaluation
of the intra-chain interactions allows us to keep track of the self-avoidance and confor-
mational restrictions, which are very important for the kinetic problem that we address.
The mean molecular fields are calculated by minimizing the system free energy (F) in a
self-consistent manner using the set of chain configurations. This yields the probabilities
of the different configurations, P[], and any other property of interest.

Figure 3.1: A schematic diagram of a specific surfactant chain interacting with the mean
molecular fields of a micelle where the EO monomers are shaded red and the more hy-
drophobic PO monomers green. The circles indicate the one dimensional discretization
of the molecular densities used in this work.

The free energy functional is analogous to a Density Functional Theory in conforma-
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tional space, and is expressed as follows,

F=N / daPa] (Uintra (%) + Uinter (%)) + k5T (N / daP[a] log Pla] + / dres(r) log ¢s(r)>
(3.1)

where N is the number of chains in the simulated system, kg is Boltzmann'’s constant,
T is the temperature, ¢s(r) is the solvent volume fraction, cs(r) is the solvent number
concentration as a function of the position r, and da = dridr, ... drys. The first term in
this equation is the energy of the system, whereas the second and third terms account for
the configurational and translational entropies of the chains and solvent, respectively.
The solvent volume fraction is given as ¢s(r) = cs(r)vs where vs is the volume of a
solvent molecule.

The free energy in eq (3.1) is minimized subject to the incompressibility condition,
which imposes that the available volume is completely filled by the solvent and surfac-

tant molecules at any position r,

¢s(r) + N/daP[zx]gb(zx, r)=1 (3.2)

where ¢(a, r) is the volume fraction of chain conformation « at a position r, which is
given by v,c, = M, vp0(r — 1;[w]), where v, and ¢, refer to the volume and concentra-
tion of the chain monomers.

The volume-filling constraint in eq (3.2), which accounts for the repulsive short-
range forces, is introduced in the minimization of the free energy via a Lagrange mul-
tiplier field 7t(r). After evaluating 6F /6Pa] = 0 and 6.F /écs(r) = 0, we obtain the
corresponding chain probabilities, P[], and the solvent number concentration, ¢s(r), as

follows:
e*H[lX]/kBT
Pla] = [ dae-HRITRT (3.3)
e~ 0s7(x) /kgT
cs(r) = N, (3.4)

s fV dre—vs7(r)/ksT

where V is the volume of the system and N; is the total number of solvent molecules.
H]|a] is the SCMF Hamiltonian, which contains the total intramolecular and intermolec-
ular interactions of conformation « with the surrounding fields. An analytical form of
this Hamiltonian reads:

H{a] = Uingra (&) + Uinger (&) + k5T / dr ()¢, t) (3.5)

A more detailed expression of the Hamiltonian for the Pluronic surfactants in water is

given later in the section on model details. In this work we are only interested in the
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behavior of spherical micelles and so the mean-fields were discretized into concentric
spherical layers starting from the center of the simulation cell. A schematic diagram of
these spherical shells is given in Figure 3.1.

3.2.2 | Dynamic SCMF scheme

To study the relaxation of the surfactants in the micelle, we use a dynamic version of
the SCMF scheme which has already been applied in previous studies (75; 82). This
scheme is based on the generation of local displacements of an initial ensemble of sam-
pling chains, {«,}, within the already generated mean-fields. New chain configurations
are generated independently of each other, in agreement with our mean-field approach,
using a random movement in the spirit of dynamic Monte Carlo. Each new confor-
mation is then accepted or rejected with a given probability, following the Metropolis
algorithm eq (3.6), according to the change in the energy between the new and old con-
formations, «,, and «,, respectively. In this way, detailed balance is maintained and the
correct sampling of the equilibrium Canonical distribution for chain conformations is

achieved. The probability of acceptance can be written as,
_ Hian]—Hlao]
p (g = &) = min (1,3 kg T > (3.6)

In every cycle a new set of conformations, {a,}, is generated, after which the mean-
field concentration fields are updated by solving the SCMF equations. This cycle is
equivalent to a step forward in time, At, the size of which needs to be determined inde-
pendently in order to relate the simulation cycles to a physical time scale.

3.2.3 | Model details

In this work we implement a coarse-grain model for the triblock copolymer surfactant
L44 Pluronic (1) (EO10PO23EO10) which has a relatively low molecular weight of 2200.
L44 is a linear chain for which we choose to model both the EO and PO monomers as
beads of the same diameter ¢. Figure 3.2 depicts a typical chain configuration where the
green spheres correspond to the hydrophobic propylene oxide monomers (PO,

CH(CH3)CH,0) and the red spheres correspond to the hydrophilic ethylene oxide head
monomers (EO, CH,CH;0O). The distance between consecutive beads is chosen to be
equal to o, while the monomer interactions are modeled by square well potentials at
the center of each bead with inner radius ¢, outer radius 1.62¢, and a well depth which
depends on the particular interaction that is to be modeled. The chain flexibility is taken

into account by using Kuhn segments, where a chosen number of monomers are taken
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to form a rigid block although we allow complete flexibility between consecutive blocks.
A larger number of rigid monomers embedded in each Kuhn segment leads to a more
rigid chain with a smaller conformational space.

Figure 3.2: A typical chain configuration of the 144 triblock copolymer (EO;9PO23EO1)
with a Semiflexible chain where the hydrophilic EO monomers are shaded red and the
hydrophobic PO monomers green.

The details of the SCMF Hamiltonian already given in Eq. 3.5 depends on the model
being considered. In this particular case, the Hamiltonian includes the interactions be-
tween the EO, PO, and water solvent molecules, together with the steric interactions.
Hence, the Hamiltonian takes the following form,

Hla] = Uintra(a) + (N — 1)€E0,Po/dr (Pro(a, 1){cro(r)) + Pro(a, r)(cro(r)))

+eross / dr Ppo(a, 1)cs (1) + €poss / dr dpo(a, r)cs(r)

i [ e (B2 forg 0,1) 4 goofa]) 07

[

where the first term corresponds to the intramolecular interactions; the second, third,
and fourth terms are the intermolecular interactions between EO-PO, EO-solvent, and
PO-solvent molecules, respectively, together with their corresponding average concen-
tration fields (cpo(r)) = [daPlajceo(a, ), (cpo(r)) = [da Pla]cpo(a, 1), cs(r), and
their available interaction volumes ®go(a, r) and Ppo(a, r). Finally, the last term rep-
resents the steric interactions, arising from the hard core repulsion (or excluded vol-
ume) of the different molecules, expressed here as an incompressibility condition. The
values of the interaction energy parameters were taken from our previous work (1),
where an optimization procedure was carried out to reproduce the available experi-
mental CMC literature values. The values are: egopo = 0.006kgT/z, €gos = 0.5kgT/z,
€po,s = 2.1kgT /z, with z = 26 as the coordination number. These values are closely re-
lated to the equivalent Flory-Huggins parameters. The coarse-grain nature of our model
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prohibits its applicability over a range of temperatures and is limited to the temperature
of 37 °C of the experiments to which the parameters were optimized.

The stochastic character of our dynamic SCMF has no physical time scale as such.
Consequently, for the purpose of comparing with experimental data, we estimate the
physical time scale of our simulations, t. To this end, we compare the diffusion of the
free chains in the simulations, Dscmr, to the one expected experimentally, D. The dif-

fusion of a free chain in our simulation can be estimated in terms of the MC cycles,

tCyC/

At (teye)?
Dscvr = lim (Brlleye))
e Bteye

(3.8)

where (Ar(feye)?) = ((r(feye) — r(O))2> Ny, is the average displacement of the center
of mass of the Ny, chains in the set {a}. Furthermore, we used the following dimen-

sionless equation to convert the MC cycles into experimental time ¢,

Dscmre D
thyc - ﬁt (39)
The diffusion constant Dscyr is given in units of 02/cycle, whereas [ is the physical
dimension of the monomers. In our case the monomers have a diameter ¢ of approx-
imately 0.2 nm which followed from a comparison of available experimental data and
the diffusion constant calculated from the Stokes-Einstein expression,
kgT

D= S (3.10)

where the viscosity of the solvent (water) was taken to be 7 = 6.91 x 107* kg m~1 s7!

and the hydrodynamic radius 4 is taken from the Rouse model, where a = N'¢ /2.

3.3 | Results and discussion

In this work we aim to study the effect of chain flexibility on the dynamic exchange of
surfactants between micelles and the bulk solution. To this end, we studied the behavior
of the L44 triblock copolymer in water at 37 °C by using SCMF calculations. This par-
ticular block copolymer was selected as it is a relatively short Pluronic (EO19PO23EOyy),
but still long enough to allow for different flexibilities to be introduced. Three degrees
of surfactant chain flexibility have been chosen. The different flexibilities are obtained
by adjusting the stiffness of the surfactant chain through the number of monomers in
each Kuhn segment in the hydrophilic head I! and the hydrophobic tail I blocks (see
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Table 3.1). Only in the Semiflexible case does the surfactant correspond to a realistic ex-
perimental system, namely the L44 Pluronic surfactant. In the other two cases, Flexible
and Rigid, the resulting chain has not been chosen to represent any given known exper-

imental system.

Before we can study the dynamics of our systems, we need to estimate their equilib-
rium properties. On applying the equilibrium SCMF simulation technique already de-
scribed, it is possible to calculate the standard chemical potentials of chains in micelles
containing N chains, 1;, as compared to those in the bulk solution, 4#? (127). Figure 3.3
depicts the resulting standard chemical potential difference (4%, — u9) /kgT as a function
of the number of surfactants in the micelle. In all three cases the systems prefer to self-
assemble into micelles rather than form a homogeneous solution, as evidenced by the
appearance of a minimum value in our SCMF results where the preferred micelles are
expected to appear. Further details of these calculations can be found in Appendix B. In
Table 3.1 the minimum of the standard chemical potential difference, as a function of the
aggregation number N, is given together with the corresponding aggregation number
and CMC estimated by log CMC = min((u% — 19)/kgT).

7.0 - ‘ - ‘ - - - -

0 0.
(b 1y VKT

600

Figure 3.3: Standard chemical potential difference, (4%, — u)/kgT, versus the aggrega-
tion number, N. Solid, dashed and dot-dashed lines indicate the Flexible, Semiflexible,
and Rigid cases, respectively.

As expected, the aggregation number of the minimum free energy of the micelles
depends on the flexibility of the chain, with larger micelles being preferred for stiffer
chains. In particular, for the Flexible surfactant the preferred micelle has an aggregation
number of 91, the Semiflexible surfactant is significantly larger containing 145 chains,
and the Rigid case is much larger, with 320 surfactants. In Figure 3.4 schematic repre-
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CaseStudy | IFO(0) | IPO(c) N min((jey - CMC (mol/L)
Y|k k 1) /ksT)
Flexible 2 2 91 9.2 5.1-1073
Semiflexible 3 4 145 9.4 40-1073
Rigid 10 20 320 9.7 33-1073

Table 3.1: Equilibrium properties of L44 triblock copolymers (EO19PO23EOq) in wa-
ter at 37°C from SCMF calculations: IF© and I/© are the size of the Kuhn segments of
the hydrophilic (EO) and hydrophobic (PO) blocks, aggregation number (N), minimum
chemical potential differences, and Critical Micelle Concentration.

sentations of the equilibrium micelles are given for the three different case studies of
chain flexibilities. These diagrams plot the most probable conformations of the chains

corresponding to the free energy minimum for each case study.

(a) (b) (c)

Figure 3.4: Schematic diagram of typical micelle configurations for the three case stud-
ies: (a) Flexible N = 91, (b) Semiflexible N = 145, and (c) Rigid N = 320. The EO
monomers are shaded red and the more hydrophobic PO monomers green.

For the dynamic simulations, we consequently decided to use 91 surfactants for the
Flexible surfactant and 145 for the Semiflexible case, in line with the preferred micelle size
for these systems. However, we chose an aggregation size of 150 for the Rigid surfactant,
instead of the preferred micelle size, in order to reduce the computational time needed
for a system with such a large micelle. This can be achieved by a suitable choice of the
number of available surfactants within the simulation box. The size of the micelle is not
expected to have a strong effect on the micelle dynamics.

To study the dynamic equilibrium exchange of the micelle chains with the bulk so-
lution we used a correlation function, F(t), similar to the one used in the experimental
TR-SANS studies (116; 128; 129) namely,

f(t)
F(t) = 0 (3.11)
The chains which are inside the micelle are labelled at time ¢t = 0 and keep this label
throughout the simulation. This leads to the initial number of labeled chains inside the
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micelle, f(0). During the simulation, the number of labelled chains inside the micelle,
f(t), is tracked as a function of time. The micelle is in thermal equilibrium during the
whole process, namely, no variation in the average fields is produced, due to the fact
that new chains from the bulk replace the ones which exit the micelle, but the former
may not be tagged. By initially tagging the chains inside the micelle we create a virtual
non-equilibrium state which causes the subsequent mixing process between tagged and
untagged chains until an eventual equilibrium between the tagged molecules in the
bulk and within the micelle. Therefore, the final equilibrium distribution of tagged
chains inside the micelle is not zero. The time span of our simulations is shorter than
the one required to reach such a new equilibrium. The results of the evolution of the
labeled surfactant chains over time for each case of flexibility can be seen in Figure 3.5
in a linear-log plot, which helps to highlight the presence of the logarithmic decay as a
straight line.

F(t)

0.75 TR I r ol Lol raaanl

1x10™" 1107 1x10° 1x10° 1x107 1x10°
Time (sec)

Figure 3.5: Dynamic equilibrium exchange correlation function, F(t), as a function of
time for a linear-log plot for the three case studies. From left to right: Flexible in black,
Semiflexible in red, and Rigid in green.

As previously mentioned in the Model details section, in order to connect our find-
ings with experimental data we need to convert the simulation cycles, tcyc, into physical
time. This was performed by using eqgs (3.9) and (3.10), and the main results of the
estimated simulation diffusion coefficients. The resulting conversion of the simulation
cycles into time in seconds can be found in Table 3.2.

In the cases studied in this work we can detect up to three regimes depending on
the chain flexibility, see Figure 3.5. In all there is an initial regime at short times (¢ <
10710 s), which corresponds to a very fast exit of the chains that are ready to leave at
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Case Study Dscmr Physical time, tcye
(02 /cycle) (teyes/ cycle)
Flexible 05-107° 2.6-10713
Semiflexible 1.3-1073 7.0-10713
Rigid 58.8-1073 17.4-10713

Table 3.2: Diffusion coefficient from SCMF simulations and physical time for each chain
flexibility.

t = 0 due to their appropriate instantaneous chain conformation. This regime may
be followed by an intermediate logarithmic regime with a width of about two orders of
magnitude (1071 < + < 1078 5). A final regime can also be identified for > 1077 s
which shows an exponential decay. Later in this article we will discuss in more detail
this final exponential relaxation behavior with respect to the Halperin and Alexander
model for block copolymers, and the possible existence of an intermediate exponential
regime followed by a terminal exponential decay.

On inspection of Figure 3.5 we find that an intermediate logarithmic regime ap-
pears for the Flexible and Semiflexible surfactants and takes on the form of a character-
istic straight section in the linear-log plots. Such a straight line section is indicative of
a logarithmic decay, F(t) ~ —log(t) which emerges for the cases where the surfac-
tants are sufficiently flexible, and is absent for the more rigid chain. The signature of
a logarithmic decay has been observed by several authors in experiments (94; 116), as
well as from our previous simulation studies (75; 82). As already mentioned, the main
thesis of the experimental groups is to attribute the appearance of this peculiar loga-
rithmic regime to the polydispersity of the available polymer samples. However, our
previous and present simulation results give a similar logarithmic behaviour using a
purely monodisperse distribution of chain length. Therefore, as we have already ar-
gued (75; 82), this logarithmic trend needs to be considered as being caused by some
intrinsic property of the micellar system, rather than only to the polydispersity of the
samples. Polydispersity will play some role, but obviously it cannot explain the simu-
lation results performed with strictly monodisperse samples. The present analysis thus
focuses on the impact of the rigidity of the hydrophobic block in the form of such inter-
mediate decay, which, as our analyzes reveal, must be the key element to understand
the apparently disparate interpretation of the experimental results. Interestingly, in the
case of the Rigid block copolymers, no intermediate logarithmic regime is observed. The
representation of the simulated data in a log-log plot (not shown) does not change this
interpretation of the data.

To emphasize the form of the terminal regime, we have plotted our simulation re-
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sults using a log-linear plot in Figure 3.6. If an exponential regime is attained, the curves
should be straight lines in this plot which we expect to occur after around t ~ 10—7s. In
the cases of the Rigid and Semiflexible chains it was possible to begin to enter this regime,
however, in the case of the Flexible chain, it was not possible to simulate sufficiently long

times.
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Figure 3.6: Dynamic equilibrium exchange correlation function, F(t), as a function of
time using a log-linear plot for the three case studies. From left to right: Flexible in black,
Semiflexible in red, and Rigid in green.

The appearance of a logarithmic decay thus requires the surfactant chains to have a
sufficient degeneracy of the energy states in the micelle core together with a preferred
conformation on exit, which does not exist for the most rigid chain. This degeneracy
is a result of the different conformations of the hydrophobic block segment in the core
and so must require a sufficient number of hydrophobic monomers. On inspection of
Figure 3.5, we find that the extension of this logarithmic regime is significantly larger
for the Flexible chain and appears over almost three orders of magnitude. In the case
of the Semiflexible chains this regime is reduced to being observed over closer to two
orders of magnitude, although it is difficult to be categoric due to the nature of the data
available. What is clear is that for the Rigid chains this regime is not present. Our results
thus indicate that the 2 hydrophobic Kuhn segments of the Rigid chains are not enough
to produce the effect, but the 6 Kuhn segments of the semiflexible chains is already suffi-
cient.

If we test this view by comparing with the experimental studies where only an expo-
nential decay was observed, we find that only n-alkyl ethers: C, — PEOs and C,, — PEO;y — C,,,
with n = 18, 22, 24, 28, 30 were used, as already mentioned in the introduction. The re-
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sulting Kuhn hydrophobic blocks of these polymers range from about 2 to almost 4 seg-
ments. According to the simulation results from this work, these surfactants may not be
long enough to allow for a clear logarithmic regime and would explain why none was
observed. Clearly, it would be instructive to perform experiments for monodisperse
surfactants with larger hydrophobic block lengths to see if this logarithmic behavior
then appears. It should be noted that the first regime, where a rapid rearrangement of
the surfactant occurs due to the initial labelling of surfactants, does not appear in the
experimental results.

To better understand the behavior of the block copolymers, we examined any changes
in the chain conformations on leaving the micelle. In particular, we calculated the ra-
dius of gyration of the central hydrophobic block as a function of the radial distance of
the center of mass of these PO blocks with respect to the center of the micelle.

ol v L L L L L
0 5 10 15 20 25 30

r[ol

Figure 3.7: Radius of gyration of the PO block relative to the bulk solution value (Rg*)
with respect to the distance from the micelle center for each case study: Flexible in black,
Semiflexible in red, and Rigid in green. The blue dashed lines represent the interfaces
between the core of the micelle and corona (left) and between the corona and bulk so-
lution (right), while the thickness corresponds to the differences between the three case
studies.

Specifically, according to Figure 3.7, there is a significant change in R, for the Flexible
and Semiflexible chains when moving from the centre of the micelle to the threshold of
the corona, while the Rigid chain does not show any significant change. This fact sup-
ports the opinion that there are preferred conformations on exit for the systems that are
flexible enough as to produce some sort of hairpin structure with a crumpled hydropho-
bic core, as this last figure suggests.

On crossing the micelle corona, all chains display a slight swelling which is much
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slighter than the collapse for the Flexible and Semiflexible chains, and similar for the Rigid
chains. On leaving the corona, the chains attain the bulk solution value, which may
mean a slight swelling or collapse depending on the chain flexibility.

In addition, we calculated the average angle between the two hydrophilic blocks as
a function of distance from the micelle centre for each case of flexibility. Here we define
two vectors from the center of mass of the PO block to the centers of mass of the two
EO blocks and calculate the resulting angle. A completely stretched chain will have an
angle of 180° and will be reduced as it approaches a hairpin conformation. As can be
seen in Figure 3.8, in all cases the angle between the PO and EO blocks decreases as the
surfactants approach the EO-PO interface and then increases until the surfactants reach
the corona-water interface, where they leave the micelle and enter the bulk solution.
It is also remarkable that as the flexibility of the surfactants decreases, the changes in
the angle between the EO-PO blocks became smaller, which arises from the fact that
the conformations are more limited as the surfactant is more rigid. Again, Figure 3.8
confirms that the chain flexibility favors the formation of hairpin conformations that
are more likely to leave the micelle than more stretched ones. As we argued in Ref.
(82), crumpled conformations offer less contact between the hydrophobic monomers
and hydrophilic corona monomers or bulk fluid, thus minimizing the energy barrier
to be overcome to escape the micelle. Therefore, chain flexibility is the crucial feature
underlying the non-exponential decay in the intermediate logarithmic regime.
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Figure 3.8: Average angle between the PO and EO blocks as a function of distance from
the micelle center for each case study: Flexible in black, Semiflexible in red, and Rigid in
green. The blue dashed lines represent the interfaces between the core of the micelle
and corona (left) and between the corona and bulk solution (right), while the thickness
corresponds to the differences between the three case studies.
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TR-SANS and fluorescence spectroscopy experiments for diblock and triblock copoly-
mer systems support the idea that the chains are either collapsed (94; 117; 130) or stretched
(93; 128; 129; 130) when leaving the micelle. However, from our calculations, we do not
observe neither completely collapsed nor stretched conformations, when leaving the
micelle. In Figure 3.9 we show a sketch of the micelle escape process for the three chain
rigidities studied in this article.
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Figure 3.9: Schematic diagrams of the most likely surfactant configurations for three
different distances from the micelle center (in the core, passing through the corona, and
reaching the bulk) for the three case studies: (a) Flexible, (b) Semiflexible and (c) Rigid.
The EO monomers are shaded red and the more hydrophobic PO monomers green.

To better understand the simulation results and to be able to compare with the avail-
able experimental data, we decided to try to fit the correlation function with an ap-
propriate mathematical expression able to reproduce the main features of the dynamic
process. The Eyring equation was a natural starting point since it already provides a
logarithmic dependence, however, since the final regime has its own kinetics, for this
system we require a modified version of the Eyring equation which includes a third

parameter, namely,

dl;gfukl (¢ 1)tk (1-¢ ") =0 (3.12)

where k; represents the characteristic kinetic constant for the initial and intermediate
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regimes, k» is indicative of the kinetic constant in the final exponential regime, and € is
a crossover value of the correlation function. These constants need to be fitted by using
either the simulation data from the correlation function, F(t), or experimental data for
the same quantity. Note that this modified Eyring equation has an additional third term
with a constant k, which gives three different regimes, as required. This differential
equation can be analytically solved, yielding,

kq +k
115
=t

1—ke™
F(t) = —eln p ey (3.13)
ﬁke* L |
where
1/e _
k= % (3.14)
el/e 4 2

However, the exact closed form does not reveal the subtleties of the different regimes,
which are better discerned through a simple asymptotic analysis shown later on in this
section. On fitting eq (3.12) to our correlation function simulation data for the different
case studies, we find that in all cases it is possible to obtain a good fit with an accuracy of
98-99%. In Table 3.3 we show the fitted parameters €, k1, and k, of the modified Eyring
equation (eq 3.13) used in this study. As can be observed, € is approximately constant
with a value of about ~ 2 x 1072, as is kp, which has values between 4 — 7 x 10°s~ 1.
However, k; changes several orders of magnitude between 1078 — 10~ s~! on going
from the flexible to the rigid chain.

Case Study € ki(s71) ky(s™1)
(02 /cycle) (teyes/ cycle)

Flexible 2.6-10772 1.0-1078 6.8-10°

Semiflexible 2.0-1072 1.0-1071 41-10°

Rigid 19102 1.0-10°1 43-10°

Table 3.3: Results from fitting the modified Eyring equation to the correlation function
for each chain flexibility.

Since several experimental results of correlation functions for block copolymers are
available in the literature, we decided to also fit the parameters of the modified Eyring
equation using the experimental data. Table 3.4 summarizes the estimated parameters
associated with fitting eq. (3.13) with previous experimental data (116; 128; 129). We
found that in all cases the accuracy was good, about 95-99%.

The experimental data implemented for the fitting were based on TR-SANS ex-
periments. Specifically, Set 1 are from the equilibrium exchange kinetics of starlike
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Table 3.4: Results from fitting the modified Eyring equation to the correlation function
from previous studies based on TR-SANS experiments.

Set 17 € ki(s7h) ka(s71)
PEP1-PEO20 47 °C 7.2-1072 41-10°10 24-107°
PEP1-PEO20 55 °C 79.1072 3.6-107° 9.4-10710
PEP1-PEO20 60 °C 8.2-1072 12-1078 48.10°10
PEP1-PEO20 65 °C 10.1-1072 1.2-1077 44.10710

Set 2° € ki(s71) ky(s~T)
1% vol PEP-PS-PEP 8.2-1077 1.3-1072 0.7
6% vol PEP-PS-PEP 84-102 34-1073 33.107%

Set 3¢ € ki(s~1) ka(s~1)

PS-PEP-1 9.1-1072 1.8-107° 38-10°*%
PS-PEP-2 94-102 7.2-107° 43-10°8

“Lund et al. (116) for poly(ethylene-propylene)- poly(ethylene oxide) (PEP; — PEOy
the numbers represent the molecular weight in kg/mol) diblock copolymers.

PLu et al. (128) for poly(styrene)-poly(ethylene propylene)-poly(styrene) (PEP-PS-PEP).
“Choi et al. (129) for poly(styrene)-poly(ethylene propylene) (PS-PEP) diblock
copolymers with different hydrophobic (PS) lengths ( (Nps) = 255 for PS-PEP-1 and
(Nps) = 412 for PS-PEP-2).

poly(ethylene-propylene)- poly(ethylene oxide) (PEP; — PEO»p) micelles in a 25% dimethyl-
formamide (DMF)-water solvent mixture, at ¢ = 1%, for different temperatures (47°C,
55°C, 60°C, 65°C) (116). Set 2 are from the kinetic analysis of poly(ethylene propylene)-
poly(styrene)-poly(ethylene propylene) (PEP-PS-PEP) triblock micelles at two different
concentrations (1 vol % PEP-PS-PEP, 6 vol % PEP-PS-PEP) (128). Finally, Set 3 are from
the micelle exchange dynamics of two poly(styrene-b-ethylene-alt-propylene) copoly-
mers, PS-PEP-1 and PS-PEP-2, in squalane with different hydrophobic (PS) repeat units,

< Nps >= 255 and < Nps >= 412 respectively (129).

According to the estimated parameters, we observe that € remains approximately
constant in all cases, with values of the order of magnitude of 10~2. However, we
observe significant changes for k; and k,. Specifically, k; has values between 10710 —
1072571, except for the cases of 1% vol PEP-PS-PEP, 6% vol PEP-PS-PEP in which it
takes values of 10725~ and 10~3s~!, respectively. Finally, with respect to the k, pa-
rameter, we observe that it also has a wide range of values between 10~ 1%~ and 1571
However, the relevant parameter for the dynamics is the ratio of these two kinetic con-
stants, which we have denoted as v = ki /k>. Two different dynamic classes can be
identified depending on whether this value is larger or smaller than 1. In particular, the
simulation results belong to the class of v < 1 where, in fact -y is negligibly small (see
Table 3.3). The following experimental results also belong to this same class: case 1 of
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Set 1 (cf. Table 3.4) with a value of v ~ 1071, case 1 of Set 2 with 4 ~ 1072, and the two
cases of Set 3, whose values are v ~ 10~1. The rest of the experimental cases correspond
to the dynamic class where y > 1, with values of 7y ~ 10 — 10°.

These experimental values are for block copolymers different from the Pluronic
modelled in this paper, and are in addition in different solvents and temperatures.
Nevertheless, we can attempt to compare some of the main features. In particular, it
is interesting to note that the € parameter from our simulations has the same order of
magnitude to the experiments with only small variations. In addition, the k; parameters
estimated from our simulation are also within the range of values of the experiments.
Contrarily, the values of the k, parameters are orders of magnitudes higher than any of
the ones from the experiments. This is probably due to a lack of sufficient data in the
terminal regime with an exponential decay in the experiments, doubtlessly because the
experimental block copolymers, solvents, and temperatures were chosen to highlight
the intermediate logarithmic regime. Consequently, the k, parameters, obtained on fit-
ting to the experimental data, should be taken with caution as their lack of precision can
be responsible for the appearance of these low values. With the information gathered
about the values of the parameters, we can return to eq. (3.12) and analyze its prop-
erties. In the first place, let us introduce a new variable y = exp(F/e) and rewrite eq.
(3.12) as

d
e = —kiy(y—1) —ka(y —1) (3.15)

Since F(0) = 1 and € ~ 1072, the initial value of the variable y is very large. To analyze
the equation in the initial stages, we introduce a rescaling of the variable, y = ¢'/¢#, so
that 7 ~ 1. Hence, the resulting equation reads

€dy _ ke o jey oo /e

2= - — (- 1

il - Kt Y ) =G (3.16)

~1/¢ Introducing a scaling of the two

According to this form, we can assume that 7 >> e
variables, t = at* and § = by*, eq. (3.16) can be reduced to a parameter-free form for y*

and t* by choosing

€
ko -1/ 1 -1/

b = Le /€= "/¢ 3.18
k1 04 (3.18)

which yields the dimensionless form

*

dy ~ __4X2 %
el A (3.19)
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The important aspect of this scaling of variables is that it allows us to place all the ex-
perimental data under one single master curve, which strongly supports the existence
of an underlying universal behavior. Thus, taking t* as the independent variable, using
the parameters given in Table 3.4 in eq. (3.17) for each experimental set, and setting
Y= % exp(F/e€) as the dependent variable, we obtain the master curve given in Fig.

3.10.
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Figure 3.10: Log-log plot of the experimental data of the references given in Table 3.4
with the scaled variables. An additional grey dot-dashed line of slope 1 indicative of
a logarithmic decay is included above the data sets. Notice that the scaling is able to
also capture the crossover towards the exponential regime, which should appear in the
region t* > 1.

This figure shows that the logarithmic behavior spans over 6 decades, involving up
to 8 data sets of two different groups. To make apparent the logarithmic behavior, let us

consider the region in which y* >> 1 and, therefore,

dy* *2
Y (3.20)

The solution of this equation is of the form

1/¢e
N (4 1
YY) = Tryerer 1 (3.21)

where the last expression is valid for t* > e~1/€/+. This asymptotic behavior can be
identified as a slope of —1 in a log-log plot of y* vs. t* (see the grey dot-dashed line in

Fig. 3.10). In terms of the original variables, one finds
F(t) ~1—¢ln (1 + kelel/et> ~1—e¢ln (kelel/et> (3.22)
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Therefore, the logarithmic behavior is established after an initial time 71 = ﬁ e 1€ in

the region t > 11, where 17 is also a characteristic time-scale of the decay. Notice that the
time scale of the logarithmic decay is governed by the kinetic constant k; together with
the crossover parameter €. The crossover towards the next regime depends on whether
the parameter 7 is smaller or larger than 1 and is, therefore, system-dependent.

Let us start with the case v > 1, which we will refer to as type a dynamics. In this
case, the regime that appears after the logarithmic decay is determined by the point

“l/e > ¢71/€ /v (equivalently, y* ~ 4 > 1), namely, one enters the

at which 7 ~ e
exponential terminal regime before the second term on the right-hand side of eq. (3.19)
is important. The dynamics of such a terminal regime is obtained by assuming that

y* — 7 is very small and, therefore,

d - * * *
dz* = vy -1-0 -7
~ Y - - - =0+ —7) (3.23)
which yields
Y~y (1 — e (147 t*) + Ce~ (M (3.24)

When expressed in terms of the natural variables, one finds that, effectively, the decay

is exponential,

* kq+k
F(é ) - () (3.25)
The characteristic time-scale of the exponential decay is 7, = . Thus, since 1/7 >

1/7, we can asymptotically match the two solutions by assuming C ~ C(¢/7;) and
equate the limits t /71 — oo with /1 — 0, yielding

v~y (1 —e—(1+7)t*) X { vel/e

e |- 3.26
1+ 'yel/et*] ¢ (3.26)

Type b dynamics with v < 11is characterized by the fact that the second term in eq. (3.19)
is important when y* ~ 1 > <. This implies that an additional regime spans from the
logarithmic decay to the terminal exponential decay for 1 > y* > <. The simplicity of
our model allows us to calculate the solution of eq. (3.19) exactly, i.e.

1/€ e—t*

X (1% €
() ~ T

o~ 27
1+ yel/e(1—e ) (5-27)

Obviously, the logarithmic decay previously derived from eq. (3.21) is recovered here
in the limit t* < 1. It is interesting to note that this second intermediate regime, when it
exists, is also universal. Therefore, the break from universality is produced through the

transition to the terminal exponential regime.
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The matching of the outer and inner solutions requires that eq. (3.24) be rewritten as
Yy (1 — (1) f*) L () (3.28)

where, compared to the previous case, C'(t*) = C(t*)e~!". Thus, in a similar way to the
one needed to reach eq. (3.26), we obtain

* _ 4y re
Y _7(1 ¢ )+{1+'yel/€(1—

X
1/e et

e_t*J e 7t (3.29)

The analysis of these asymptotic behaviors in comparison with the simulated and ex-
perimental data give rise to the following conjectures. First, the simulation results seem
to lie far from the terminal exponential regime and the deviation from the logarithmic
behavior shows instead the transition towards the second intermediate regime. Due
to the fact that -y is virtually negligible for the three cases, and in view of eq. (3.29),
we can consider that the terminal regime is virtually unattainable and that the observ-
able terminal regime in Fig. 3.11 is the second intermediate regime, which also behaves
exponentially for t* ~ 1. Effectively, from eq. (3.29),

1/e ,—t*
o (1ot el/ce PR
sim — ,)/ (1 e ) |:1 ’)’el/e (1 o et*):| ’Y <1 e ) e (330)

Second, all the experimental data corresponding to v > 1 seem to lie entirely inside the
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Figure 3.11: Simulation data represented with the scaling form in a log-log plot for each
case study: Flexible in black, Semiflexible in red, and Rigid in green. An additional grey
dot-dashed line of slope 1 indicative of a logarithmic decay is included above the data
sets.

58



UNIVERSITAT ROVIRA | VIRGILI
UNRAVELING THE DYNAMICS AND EQUILIBRIUM BEHAVIOR OF PURE AND MIXED MICELLES: INSIGHTS FROM MICROSCOPIC
COARSE-GRAIN MODELING

Maria Pantelidou

Chapter 3. Universal scaling for the exit dynamics of block copolymers from micelles at short
and long time scales 3.4. Conclusions

logarithmic region. Therefore, our estimate of the kinetic constant k; for these sets is not
reliable as there is a lack of data in the required non-logarithmic region. Finally, see Fig.
3.10, three sets display deviations from the logarithmic decay at around t* ~ 1 (system
1 Set 2; systems 1 and 2 Set 3) . These three cases correspond to v < 1 and hence we
can conclude that they show the onset of the second intermediate regime and that the
estimate of k; is meaningful.

In view of these observations, we can conjecture that the experimental situations
where we found 7y > 1 were due to the lack of significant data outside the logarithmic
decay. If we admit that the only relevant situation is thus oy < 1, then, the exponential
decays detected are due to the asymptotic behavior of the second intermediate regime.
Thus, the experimental curves as well as the simulation data could be well fitted with a
mathematical expression of the form of (3.30), which in ordinary variables reads

ky
el/e 8_?t

y=eW/e (1 — e’kfzt> + (3.31)

14 fel/e (1 2t
Furthermore, see Fig. 3.11, we observe that both the Flexible and Semiflexible chains show
a rather wide logarithmic behavior of about two decades. Moreover, their behavior
in scaled variables is rather coincident, enforcing our claim that the observed decay is
universal, provided the polymers have a similar physical nature. Interestingly, the Rigid
chain does not show any trace of a logarithmic decay. In fact, no scaling of the data was
found that was able to give the same master curve decay shown by the first two cases.
This fact strongly suggests that the mechanism leading to the intermediate regimes is
absent if the chain lacks sufficient conformational degrees of freedom. Therefore, we
can also conjecture that the internal chain flexibility and number of Kuhn segments is
the key element to understand the nature of the exotic intermediate regimes and that its
entropic nature is in the basis of the observed universal behavior.

3.4 | Conclusions

In this paper, we have analyzed the relaxation kinetics of copolymeric micellar systems
at short and intermediate times. We have carried out simulations of Pluronic surfactants
in water at 37°C as a function of the chain flexibility. The L44 triblock copolymer was
chosen and given three different degrees of flexibility, two of which are hypothetical and
do not correspond to any molecule. The surfactants were described using a coarse-grain
model in an implicit solvent of water which correctly reproduces the CMC. The dynamic
simulations start with an equilibrated micelle in which the surfactants are labelled, after
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which we follow the kinetics of the exchange of labelled single surfactants between the
micelle and the bulk.

On plotting the corresponding correlation function, three well defined regimes were
observed. In the first regime at very short times the surfactants are expelled without
conformational changes, while the third regime seems to correspond to a cross-over to-
wards the terminal Halperin and Alexander exponential decay, which must exist well
beyond the limit of our simulation data. The second regime only appears for the two
case studies with higher chain flexibility and not for the Rigid case. This intermediate
regime corresponds to a characteristic logarithmic relaxation. In our previous works we
used our simulation data to justify that this particular logarithmic decay arises from a
degeneracy of energy states of the hydrophobic block in the micelle core, which becomes
broken on entering the corona. Here, we provide qualitative proof that this process
could control the initial stages, but that the explanation for longer times (the intermedi-
ate regime) requires the existence of a preferred conformation -hairpin for the triblock
copolymers used in this study- on exit. Such a preferred conformation is characterized
by a rather crumpled hydrophobic core, which gives the lowest energy barrier to es-
cape across the hydrophilic corona. Thus, after the initial stages of the process, chains
have to diffuse in conformational space to reach such a preferred hairpin conformation
on exit. The different conformations are separated by entropic barriers that should be
overcome before exiting, which induces the variety of free-energy barrier heights re-
sponsible for the non-exponential decay rate. It is consistent with this interpretation
that a sufficient number of degenerate conformational states needs to occur in order for
this second regime to appear. This number requires a minimum number of Kuhn seg-
ments in the hydrophobic block. In our model 6 Kuhn segments was enough, but 2 was
insufficient.

This second regime with a logarithmic relaxation has also been seen in several ex-
perimental studies using TR-SANS and it is the interpretation of the cause of this second
logarithmic regime that this article is particularly concerned with. In some experimental
works this peculiar logarithmic relaxation is attributed to the polydispersity of the block
copolymer samples. The justification is that the escape of chains is governed by ener-
getic barriers in the corona, whose height vary depending on the chain length. How-
ever, in one of our previous works we indicated that the logarithmic behavior required
a rather particular form of polydispersity (82). Here we show that such a logarithmic
behavior is rather universal for many different systems, and that it is also present in our
monodisperse simulations. Therefore, as we also argued in this last reference, it should
be rooted in the physical nature of the system. The argument based on the polydisper-
sity gained further weight due to the fact that in some monodisperse systems, namely
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poly(ethylene oxide) polymers (PEO) with n-alkyl ethers, the logarithmic behavior was
not identified. It should be noted, however, that in these cases the hydrophobic block
was limited to at most n = 30 monomers which is about 4 Kuhn segments. In the sim-
ulation studies 6 Kuhn segments were sufficient for the logarithmic regime to appear,
however 2 segments were not enough. Therefore, this suggests that the chains used
in these works did not have the required flexibility for displaying the discussed mecha-
nism leading to the non-exponential intermediate regime. Consequently, our conclusion
is that the hydrophobic blocks of the copolymers used in the experiments are not suffi-
ciently long for the required degeneracy of the energy states to appear. Polydispersity is
doubtlessly an important factor in the chain kinetics, but our simulations indicate that
the logarithmic regime can already be obtained without it if the hydrophobic block of
the polymer is able to sample a sufficient number of degenerate configurational states
in the micelle core.

Another important element in the understanding of surfactant dynamics is with re-
gards to any conformational changes on leaving the core. As in our previous studies,
although we do find a slight collapse of the hydrophobic block and a certain folding of
the chain, this is a subtle effect and not a complete collapse or a full stretching of the
chain as sometimes assumed in other works.

The proposed modified version of Eyring’s equation has allowed us to fit both our
data, as well as the experimental ones available in the literature, onto a general mas-
ter curve. An analysis of the experimental data reveals that they collapse onto a mas-
ter curve in which only the logarithmic decay and the onset of the crossover toward
the next regime is observed. While the logarithmic decay requires one kinetic constant
ki, the crossover is governed by a second constant k,, which cannot be reliably deter-
mined in the sets where the end of the logarithmic decay has not been reached. For the
cases where we obtained a reliable determination of k, this constant was significantly
larger than kq. The same is observed from the fit of the simulation data to the modified
Eyring s equation. All in all, casting these varied data under this model has allowed us
to propose that this crossover regime is in fact also universal. This regime is previous to
the final true Halperin and Alexander exponential decay, which lies far beyond the limit
of the reported and simulated data. Finally, from an asymptotic analysis, we have pro-
posed a curve that must phenomenologically describe the short time dynamics of this
type of micellar systems (eq. (3.31)), which reproduces the three observable regimes of
the displayed data. A question still remains to be answered regarding the interpretation
of the exponential decays observed in experimental data with respect to the Halperin
and Alexander model. For example, poly(ethylene oxide) polymers (PEO) with n-alkyl
ethers where only an exponential decay is found, which we have argued may be due to
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the presence of too rigid polymers without the necessary configurational states. Such an
exponential decay could be the second intermediate regime predicted by the modified
Eyring ‘s equation, rather than the Halperin and Alexander relaxation (75), but further
experimental data and analysis is required to confirm this statement.

Finally, we like to mention some of the limitations of our methodology. Although
we exactly model the intra chain interactions by explicit single chain conformations, the
mean-field nature of the inter chain interactions does not allow us to include the corre-
lated behavior of several chains. For example, within SCMF theory it is not possible to
model hindrances to the chain motion due to entanglements with other chains, which
may play some role in the dynamic behavior of the system. However, in view of the
shortness of the chains considered in this work, we expect that their influence is not sig-
nificant since the distance between entanglements may in fact be larger than the chain
length. A more important limitation is that the use of an implicit solvent effectively lim-
its the application of our model to the temperature of the experimental data used to fit
the interaction parameters, in this case 37°C. However, temperature dependent model

parameters could be developed by fitting to experimental data at other temperatures.

62



UNIVERSITAT ROVIRA | VIRGILI

UNRAVELING THE DYNAMICS AND EQUILIBRIUM BEHAVIOR OF PURE AND MIXED MICELLES: INSIGHTS FROM MICROSCOPIC
COARSE-GRAIN MODELING

Maria Pantelidou

Thermodynamic Equilibrium
Properties of Mixed Micelles using
Coarse-Grain Mean Field Simulations

63



UNIVERSITAT ROVIRA | VIRGILI

UNRAVELING THE DYNAMICS AND EQUILIBRIUM BEHAVIOR OF PURE AND MIXED MICELLES: INSIGHTS FROM MICROSCOPIC
COARSE-GRAIN MODELING

Maria Pantelidou

Chapter 4. Thermodynamic Equilibrium Properties of Mixed Micelles using Coarse-Grain Mean
Field Simulations 4.1. Introduction

4.1 | Introduction

Block copolymers surfactants are known for their amphiphilic nature, because they con-
sist of two or more different types of polymer blocks that can have both hydrophobic
(oil-like) and hydrophilic (water-like) properties. The hydrophobic blocks tend to avoid
contact with the water molecules, while the hydrophilic blocks tend to be attracted to
water (4). When the concentration of these copolymers exceeds a certain level, known
as the critical micelle concentration (CMC), they begin to form small aggregates like
micelles or larger structures such as vesicles, bilayers, and liposomes (19). Micelles
in particular, are very small aggregates, typically with a size of 10-100 nm, consisting
of a hydrophobic core and a hydrophilic corona (131). This unique structure makes
the micelles highly suitable for various biopharmaceutical and industrial applications
(5; 7; 14; 30; 132; 133). In the cleaning industry, micelles are utilized as cleaning agents
due to their ability to dissolve and remove dirt (134) in the food industry they are used
for oil and protein extraction (30), while in wastewater treatment they have the ability
to isolate and remove low concentration contaminants and toxic substances (135; 136).
In the last few decades, micelles have gained significant importance in biopharmaceuti-
cal and medical applications, serving as vehicles for targeted drug delivery systems for
both diagnostic and therapeutic purposes (137; 138; 139; 140; 141; 142; 143; 144; 145; 146).
These systems are designed to prevent drug degradation, increase the bioavailability of
drugs, and maximize the amount of drugs delivered to the targeted area of interest,
while minimizing any harm to neighboring healthy tissues. The hydrophobic core of
the micelles is ideal for encapsulating hydrophobic drugs, while the hydrophilic corona
acts as a stabilizer, preventing the drug from dissolving into water. Furthermore, mi-
celles can be formed by block copolymers that are non-toxic and biocompatible, making
them suitable for use in the human body (131).

Nonionic block copolymers, characterized by the absence of an electrical charge in
their hydrophobic heads, are of particular interest among the various block copolymers
available. They are less expensive to manufacture and more environmentally friendly
materials (10; 147). One particularly interesting class includes blocks of PolyEthylene
Oxide (PEO) and PolyPropylene Oxide (PPO). These nonionic block copolymers can
be found in a range of molecular weights and PEO/PPO composition ratios. Triblock
PEO/PPO copolymers are termed poloxamers but are also known by their trade name
of Pluronics®. They have one central hydrophilic PPO block surrounded by two hy-
drophobic PEO blocks. When dissolved in water, they are able to form various types
of micelles, such as spherical, cylindrical, or lamellar, depending mainly on the ratio
between the hydrophobic and hydrophilic blocks (148). Due to their small size, micelles
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formed by triblock copolymers have an improved ability to target specific areas, have
a longer circulation time in the body, and can be easily produced for effective drug de-
livery (149). These types of block copolymers have been used in several drug delivery
system studies and the most of them focus on the investigation of the encapsulation
efficiency (EE) and loading content (LC) of the micelles in order to determine the effec-
tiveness of drug encapsulation as well as the release timing. For example, Han et al.
(150) have shown that paclitaxel (PTX)-loaded polymeric micelles formed by Pluronic
P123 block copolymers can effectively increase the bloodstream residence time of the
drug and change the way the drug is distributed in the body, thus improving its target-
ing capability. Additionally, Kabanov’s team has extensively studied the use of Pluronic
micelles as drug delivery systems for gene therapy and cancer treatment. Their research
focuses on overcoming resistance mechanisms of the drugs to the tumors and improving
the effectiveness of treatment (149; 151; 152; 153; 154). Nevertheless, these surfactants
have a high threshold for forming micelles and tend to be less stable. One way to ad-
dress this issue is to dissolve multiple types of surfactants in the solution, resulting in
the formation of mixed micelles.

Contrary to single-component micelles, mixed micelles made up of different types
of block copolymers have demonstrated greater potential in terms of their drug loading
capacity, lower critical micelle concentration (CMC) values, kinetic stability, better con-
trol over the release timing, improved cellular targeting, and enhanced bioavailability
(155). For example, Akbar et al.’s (156) studies on the encapsulation of curcumin in mi-
celles made of single component and in mixed micelles have shown that the formation
of mixed polymeric micelles increases the stability and solubility of curcumin, when
compared to micelles made of a single component. This may lead to an improvement in
the bioavailability and efficacy of the drug.

A significant amount of research has been dedicated to examining the thermody-
namic properties of mixed micelle systems in equilibrium, with much of the focus be-
ing on determining the critical micelle concentration (CMC), the aggregation number
(AN) and the size distribution of the aggregates. CMC can be determined by a variety
of methods including surface tension measurements (157; 158; 159; 160), chromatogra-
phy (161; 162), light scattering (163; 164; 165), small angle neutron scattering (SANS)
etc. (166). Furthermore, the size and structure of the micelles can be determined by
techniques such as dynamic light scattering (167) and transmission electron microscopy
(162). Drug encapsulation efficiency (EE) and loading content (LC) of the micelles were
evaluated by high-performance liquid chromatography (161; 162), while drug-polymer
interaction, can be investigated through Fourier-transform infrared spectroscopy (156).

Additionally, computer simulations can be used to investigate the formation of mixed

65



UNIVERSITAT ROVIRA | VIRGILI

UNRAVELING THE DYNAMICS AND EQUILIBRIUM BEHAVIOR OF PURE AND MIXED MICELLES: INSIGHTS FROM MICROSCOPIC
COARSE-GRAIN MODELING

Maria Pantelidou

Chapter 4. Thermodynamic Equilibrium Properties of Mixed Micelles using Coarse-Grain Mean
Field Simulations 4.1. Introduction

micelle systems, as they are a valuable tool to save time, compare with experimental
data and gain a deeper understanding of the behavior of these systems. Atomistic and
coarse-grained models can be employed to study the formation of polymeric micelles,
including Monte Carlo simulations, Molecular dynamics, Brownian dynamics, Dissipa-
tive Particle Dynamics (DPD) etc. However, atomistic simulations are typically be lim-
ited to only relatively short time scales. To overcome this limitation, coarse-grained sim-
ulation models are often used. For example, Dissipative Particle Dynamics (DPD) which
is a stochastic method that takes into account random forces acting on each particle, has
been extensively used to study mixed micelles (168; 169; 170; 171; 172; 173; 174). For
instance, Prhashanna et al (172) conducted a study on four binary mixtures of Pluronics
in aqueous solution. They observed that both pure and mixed micelles coexist in all
cases. However, the fraction of shorter Pluronics involved in mixed micelles was found
to be lower in the F127/L64 system compared to other systems studied, due to L64’s
higher CMC and shorter block length. When the two Pluronics have similar concentra-
tions, the proportion of mixed micelles can be increased. Additionally, the shorter chains
were discovered to be situated closer to the center of the micelle. According to Kacar
et. al studies (171), on the ibuprofen encapsulation of micelles made of L64 surfactant
pluronics, the hydrophobic part of the micelles, mainly contains the drug molecules, but
a small amount is also present in the hydrophilic corona. The micelle size as well as the
number of L64 chains decrease as ibuprofen is incorporated. In addition, his analysis of
radial distribution functions reveals that drug-free micelles have a higher concentration
of water beads, while drug-containing micelles have a more compact arrangement of
beads in both the hydrophobic and hydrophilic regions.

Recently, simulation methods based on Mean field theories, such as the self-consistent
tield (SCF) and Single Chain Mean Field (SCMF), have gained attention for their abil-
ity to predict the properties of surfactant systems (1; 81; 126; 175; 176; 177; 178). These
methods have proven to be effective for studies of micellar self-assembly because they
simplify the many-body problem to a one-body one, greatly reducing computational

time.

In our study, we use the Single Chain Mean field theory for binary systems to inves-
tigate the equilibrium thermodynamic properties of mixed micelles consisting of two

different kinds of poloxamers (Pluronics®).
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4.2 | Single-Chain Mean-Field theory

The SCMF theory simplifies the analysis of complex systems consisting of many inter-
acting molecules by reducing the problem to the study of a single representative central
chain with a set of conformations {a}. This central chain interacts with the surrounding
molecules through a mean field approximation, which is used to determine the most
likely conformations of the molecule based on the probabilities of individual confor-
mations. The properties of the representative molecule are determined by solving a
set of nonlinear equations, which take into account the probabilities of individual con-
formations and the mean field. These equations, defined by the self-consistent closure
of the model, allow for the calculation of all equilibrium properties when solved. The
methodology for SCMF simulation has already been fully detailed in previous publica-
tions (1; 81; 175; 176).

In this study, the SCMF theory is applied in a modified version that accounts for the
existence of a second surfactant in the system. The objective is to determine the thermo-
dynamic equilibrium properties of the mixed micelle system and compare them with the
properties of single-component micelles from previous studies as well as experimental

and theoretical works.

4.2.1 | Single-Chain Mean-Field Theory for Binary Systems

his theory considers two single central chains with sets of conformations {a}, {B} re-
spectively representing the two different kinds of surfactants, in order to study their
interactions with the system (solvent and other surfactants). Specifically, these interac-
tions refer to the a) Intramolecular interactions, which are determined precisely, and to
the b) Intermolecular interactions with the solvent and the remaining surfactant chains.
The intermolecular interactions are calculated through the averages of the molecular
fields, and they are determined by the probability distribution functions of the chains
conformations, P[«], P[B] respectively and the distribution of the solvent molecules,

through the minimization of the aggregate’s total free energy.

F = (E) — T(S). (4.1)

This theory assumes that the entire available space is occupied by surfactants of
species A, surfactants of species B and solvent molecules. This can be expressed in

terms of the incompressibility condition

¢s(r) + Nalp(r,a)) + Np{p(r, p)) =1, (42)
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where ¢, (r) represents the volume fraction of solvent molecules, and (¢(r, «)), (¢(x, B))
represent the volume fractions of surfactants A and B, respectively.

The internal energy (eq. (4.3)) is calculated taking into account the intramolecu-
lar interactions and the intramolecular interactions of the chain with the solvent and the
remaining chain molecules, which are given in terms of the solvent concentration (cs(r))
and the average chains concentrations (c(r)) 4 = [ daPa]c(a, 1), (c(r))p = [dBP[B]c(B, x)
together with their corresponding available volume.

< E>= Ny [ daP[a] Ui (@) + Uintr (@) + No_| dBPI) (Usnra(B) + U ()
(4.3)
The entropy is computed as the sum of the conformational entropy of chains A and
B, and the translational entropy of the solvent molecules.

<S>= kg [(NA/dap(a)lnP(zx) +N3/d,BP(ﬂ)lnP(ﬁ) +/drcs(r)ln¢s(r)] . (44)

By minimizing the free energy subject to P[«], P[B], and cs(r) and by considering the
Lagrange multipliers 7r(r), we can calculate any thermodynamic property of the system.

P(a) = QlAe—ng(w, (4.5)

P(B) = 18673@, (4.6)
k

(r) =~ oghu(x). (47)

The Hamiltonians, H(«) and H(B), of the system are dependent on the coarse-

grained model used. In this case, they can be formulated as follows.

Hla] = Uintra(a) + (Na — 1)€EO,Po/dr (Pro(a, 1){cro(r)) + Pro(a, r)(cro(r)))
+eEo’s/dr<DEo(uc, r)cs(r) +€P(),S/drq)1vo(0(, r)cs(r)
+kBT/dr (W [$r0(a, 1) + Pro(a, f)]) , (4.8)

0

and
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H[B] = Uintra(B) + (Np — 1)€E0,Po/df (@ro (B, 1){cro(r)) + Pro(B, 1){cro(r)))

+ €E0s /dr Pro (B, r)cs(r) + €pos /dr Ppo (B, r)cs(r)

it [ (B2 gr(5,6) + gro(pr]) . 49

(%

In order to connect the microscopic and macroscopic equilibrium quantities, we have
extended the mass action model used in a previous work (1; 81; 176), by including a third
component. The key point in this model is to consider the chemical potentials and the
concentrations of the free and the aggregated surfactant (Figure 4.1). Namely,

u1 = 1l +kTlogXy, (4.10)

Where y; is the chemical potential, 1) the standard chemical potential and X; the
concentration, in mole fraction, of the surfactants in the bulk solution.
For surfactants in aggregates of size N, the chemical potential takes the following

form

kKT, X
_ 0 N
IN = HN T g log N (4.11)

where 1 is the standard chemical potential and Xy is the concentration, in mole
fraction, of surfactant in micelles of size N.

If we take into account a second type of surfactant in the system, according to the
thermodynamic equilibrium

A_ A
H1 = BUN,+Ngs

B

. (4.12)
H1 = UN,+Ng-

where uf, ub, :”1131/4 4N, and ‘ulff]A +n, are the chemical potentials of A and B free and ag-

gregated surfactants, respectively, and they are given by

i =y + KTinX{,

(4.13)
ui = uy’ + KTInXf,
kT X
A 0.A NA+NB
_0A 1 ,
PNa+Ne = PNa+Ns ¥ N N 08 Ny + Np (4.14)

kT X
B 0,B Na+Np

= Uy + 1 .
HN,+Ng Na+Np N4+ N 08 Nj+ Np

The combination of egs. (4.12), (4.13) and (4.14) yields
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Xnanp = (X{NA - (XP)Nse™fr [Na(Gs ) eNs (82)] 4.15)

Eq. (4.15) represents the mass action model (MAM) for a binary system. Using
this equation, we can determine the CMC (critical micelle concentration) and the mixed
micelle size distribution based on the chemical potential differences displayed in the

exponential term ¢ Rr [Na(Au)+Ng ()]

Figure 4.1: Schematic illustration of a mixed micelle consisting of A and B surfactant
chains and free surfactants of species A and B in the solvent. The PO block for both
chains is indicated by the color green whereas the EO block of chain A is in red and for
chain B in yellow (please note that B is a reverse poloxamer).

The CMC can be determined by plotting the free surfactant concentrations of the
sum of A (X{') and B (X?) against the total concentration of surfactants in the system,
Xr, whichis given by ((Na + Ng) (Ln, Yy, XN, +n;) ), at a fixed ration of the total con-
centration of A (X}, = ¥, Na(Xn,+x,)) and B (X} = ¥y, N3(Xn,+x,)) surfactants
in the system, represented by R = X} /XJ. This ratio is held at a fixed value by manip-
ulating the free surfactant A and B concentrations, where this careful manipulation of
the free surfactant concentrations allows for the consistent and predictable behavior of
the system.

From this plot, the CMC is defined as the point at which the concentration of free
surfactants reaches saturation and only increases slowly. This means that any additional

surfactant in the system will tend to join the micellar aggregates rather than remain free

70



UNIVERSITAT ROVIRA | VIRGILI
UNRAVELING THE DYNAMICS AND EQUILIBRIUM BEHAVIOR OF PURE AND MIXED MICELLES: INSIGHTS FROM MICROSCOPIC
COARSE-GRAIN MODELING

Maria Pantelidou

Chapter 4. Thermodynamic Equilibrium Properties of Mixed Micelles using Coarse-Grain Mean
Field Simulations 4.2. Single-Chain Mean-Field theory

in the bulk solution. This approach is taken because it enables us to compare the results
with those obtained from experiments carried out previously.

To do so, the chemical potential differences need to be estimated. The chemical
potential is related to the partition function according to the general form given by

Q=Ne MM, (4.16)

while the partition functions within the SCMF are given by

Q4 = /dae—H[a]/kT,

(4.17)
QB _ /d‘BfH[ﬁ]/kT,

where H[a] and H[p] are the Hamiltonians given by the eqs. (4.8), (4.9), respectively.
Since the aggregate is fixed by the mean-fields in the center of the simulation cell,
whereas the free surfactants can appear anywhere in the cell, the translational contribu-
tion in the chemical potential has to be included only for the aggregate and the volume
of the system appears in the final expression. Thus, combining the eqgs. (4.16),(4.17) the
differences in the chemical potentials of free and aggregated surfactants Au®*, Au%B,

can be derived by

_HR,
) Ve

Na+Ng fdwe—H}q[“]

(4.18)

_ HR, [B)
) Y [dpre

N4+ Np fdﬁ-e—%ﬁ]

4.2.2 | Coarse-grain Model

In this study we use coarse grain modeling to investigate the thermodynamic equilib-
rium properties for various mixed micelle systems. The initial step in SCMFT calcu-
lations is to establish a coarse-grained model of the molecule and its interactions with
the mean-fields. To accomplish this, a series of coarse-grained models for Pluronics
of varying lengths in water at a constant temperature of 37°C were used. These mod-
els are linear chains made up of two types of beads with the same diameter . These
beads represent the hydrophilic PEO group (CH>CH,0) and hydrophobic PPO group
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(CHoCH3)CH0) respectively. Figure 4.2a, illustrates a coarse-grained model of 144
surfactant, which has the form PEO;y — PPO,3 — PEO;9 and contains 43 consecutive
beads. Another example is the reversed Pluronic, represented by 10R5, which has the
form PPO;; — PEO1s — PPOq; and contains 38 consecutive beads, as shown in Figure
4.2b. The flexibility of the chain was taken into account by defining rigid segments of
the Kuhn length, between which complete flexibility is allowed.

(a)

(b)

Figure 4.2: Coarse-Grained model for (a) Pluronic L44 (PEO;y — PPOy; — PEOyp) and
(b) Reversed Pluronic 10R5 (PPO;j; — PEOjs — PPO11). Red beads represent the hy-
drophilic PEO group, and the green beads represent the hydrophobic PPO groups.

In this study, we aim to investigate the binary combination of various types of sur-
factants in water at 37°C and to calculate properties related to the formation of mixed
micelles, such as CMC, aggregation number, and size distribution. The selection of
surfactants was based on their widespread usage and research in recent years in drug
delivery systems, as well as the differences in the length of their hydrophobic blocks
and their structural differences (Table 4.1). Specifically, the systems under study are the
L64-F127, L64-144 and L44-10R5. Specifically, the systems under study are the L64-F127,
L64-L44 and L44-10R5. The first has two blocks which are very different in the length of
both the hydrophobic PPO block and the hydrophilic PEO block, whereas in the second
the two are relatively similar. The third system is characterized by the reverse nature of
the exterior PPO block in the reverse pluronic 5R10 compared to the standard pluronics
where the PPO block is central.
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Polymer ‘ MW ‘ EO Blocks ‘ PO Blocks ‘ Total Blocks
10R5 1950 16 22 38
L44 2200 20 23 43
L64 2900 26 30 56
F127 12600 200 65 265

Table 4.1: Physical properties of triblock copolymers under study.

4.3 | Results and Discussion

4.3.1 | Standard Chemical Potential Calculations

Calculations of the free energy can give us a deeper understanding of mixed micelle
formation. The minimization of the free energy drives the self-assembly of surfactant
molecules into aggregates that provide the system with maximum stability when the
concentration of surfactant in the solution is sufficiently high. The standard chemical
potential differences defined in the last section are the key element in these free energies
and any minimum provides information about the thermodynamic stability and aggre-
gation number of the associated micelles. Namely, a lower chemical potential indicates
a more stable system, which is generally associated with larger, more tightly packed
micelles. On the other hand, a higher chemical potential corresponds to a less stable
system, which is generally associated with smaller, less tightly packed micelles (179). A
3D plot can be used to visualize the standard chemical potential difference as a function
of the aggregation numbers NA and NB, for each type of surfactant, allowing for identi-
fication of the most favorable surfactant aggregate numbers for any given mixed micelle
system. However, this is only an approximation, as the entropic contributions also play
a role, and the most likely aggregates may not be at the minimum although they are
expected in general to be close. Figures 4.3, 4.4, 4.5, illustrate the minimum points of the
standard chemical potential difference, with respect to the standard chemical potential
of A and B (Figures (a), (b) respectively). Additionally, density maps can be used to
provide a more detailed view of where the minimum points are located.

In the first system being studied (Figure 4.3), namely L44-L64, the minimum of the
standard chemical potential differences of both surfactants suggests that the optimal
mixed micelle will be composed of both L44 and L64 surfactants. With respect to the
minimum L44 (Figure 4.3a) the optimal micelle would have approximately 45 [.44 and
110 L64 surfactants, while for the L64 minimum (Figure 4.3b), the micelle would mainly
consist of 155 L64 surfactant chains and a minor portion of 25 L44 surfactants. The
depths of the minimums are quite similar, with L64 standard chemical potential differ-
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Figure 4.3: Above, a 3D visualization of the standard chemical potential differences of
(a) L44 and (b) L64, surfactants compared to the micellar aggregation numbers. Below,
a density map provides a closer view of the region where the minimum is located.

ence being slightly more negative, which is in line with the minimum standard chemical
potential differences of pure L44 and L64 surfactants.

As demonstrated in Figure 4.4a, the preferred micelle aggregation number for the
L64-F127 mixed surfactant system with respect to the standard chemical potential of
L64 is Nigs = 180 and Nrjoy = 20, whereas based on the standard chemical potential
of F127 (Figure 4.4b), it is Nyes = 195 and Nrip7 = 10. Unlike the L44-1.64 system, the
two minima are quite comparable in terms of aggregation numbers, with L64 being sig-
nificantly larger than F127, and close to the aggregation number of pure L64 micelles,
which is equal to 187 (1). However, the minimum standard chemical potential differ-
ence is significantly lower for the F127 surfactants compared to that of L64 surfactants,
indicating that F127 surfactants can be expected to initially form micelles, which will
then incorporate L64 surfactants later, finally resulting in a mixed L64-F127 micelle.
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Figure 4.4: Above, a 3D visualization of the standard chemical potential differences
of (a) L64 and (b) F127 surfactants compared to their aggregation numbers. Below, a
density map provides a closer view of the region where the minimum is located.

Unlike the previous two cases, the minimum is not well defined and extends ap-
proximately linearly with the number of the two types of surfactants, indicating that
the optimal mixed micelle will consist of both surfactants L44 and 10R5 as illustrated
in Figure 4.5. However, it is noted that the minimum value is approximately the same
for both surfactant cases, suggesting an equal likelihood of forming aggregates for both
surfactants.
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Figure 4.5: Above, a 3D visualization of the standard chemical potential differences
of (a) L64 and (b) 10R5 surfactants compared to their aggregation numbers. Below, a
density map provides a closer view of the region where the minimum is located.

4.3.2 | Volume Fraction Calculations

Once we have obtained the size of the aggregates at the minimum of the standard chem-
ical potential, the analysis of the aggregates volume fraction profiles can provide valu-
able information about the structure of these micelles (Figure 4.6). Namely, the distribu-
tion of the heads and tails of both surfactants of the mixture and the solvent molecules
as a function of the distance from the core of the micelle. The distance from the core
of the micelles, 1, is measured in units of ¢, which as noted in the model details section
is approximately equal to 0.5nm. Consequently, the volume fraction profiles can pro-
vide an estimate of the size of the resulting aggregates. The volume fraction profile’s
aggregation numbers were chosen in proximity to the standard chemical potential min-
imums observed in the previous plots (Figures 4.3, 4.4, 4.5). Specifically, for the L44-L64,
L64-F127, and L44-10R5 systems, aggregation numbers of Ni44 = 20 and Npgy = 150,
Nies = 180 and Nrip7 = 20, Npga = 90 and Njprs = 80 were selected, respectively.

As can be seen from Figure 4.6a for the L44-L64 binary mixture, at small distances
from the micelle core center the tail volume fractions are close to a maximum value of

0.6 and 0.15 for L44 and L64, respectively, while the head volume fraction is close to
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Figure 4.6: Aggregate volume fraction profiles (distribution of tails and heads of A and
B surfactants and solvent molecules) versus the distance from the micellar core. (a)
L44(A)-L64(B) for Nr44 = 20 and Nigy = 150, (b) L64(A)-F127(B), for Nigs = 180 and
N]:127 = 20, (C) L44(A)-10R5(B), for NL44 =90 and N10R5 = 80.

zero for both surfactants, and the solvent values are close to 0.38. This indicates that
there is a high presence of tails in the core, but a low one of the head blocks. At medium
distances the tail volume fractions of 44 and L64 decrease, while the head A and B and
solvent volume fractions increase. This indicates the limit of the core and the beginning
of the corona. At larger distances, head and tail volume fractions of both surfactants fall
to their bulk value while the solvent volume fraction reaches its highest value close to 1,
indicating that at large distances from the center, mostly solvent molecules are present
with only a minimal concentration of surfactants in water.

A similar behavior is observed for the L64-F127 binary mixture (Figure 4.6b), but
with a slightly lower presence of surfactant A (L64) tails in the center of the micelle with
a total volume fraction equal to 0.4 that increases with the distance from the center until
reaching a value of about 0.6, then begins to decrease following the pattern seen in the
previous system. This can be explained by the relatively large size of these micelles
which makes it difficult for the shorter L64 copolymers to be able to access the central
core volumes unless they assume unfavorably stretched configurations.

For the L44-10R5 binary mixture, we observe a high head volume fraction of the
reverse surfactant in the center together with a high concentration of L44 tails while
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at intermediate distances 10R5 tail and L44 head concentrations are high. Beyond the
core of the micelle, the head and tail volume fractions of both surfactants approach
zero. (Figure 4.6¢). This observation aligns with the previous systems and confirms the
hydrophobicity of the micelle core and the hydrophilicity of its corona.

Concerning the size of the resulting micelles, the core diameter of the micelles can
be identified as the intersection between the distribution of heads and tails, while the
micelle diameter is estimated at the point where the head distribution is close to zero.
It is observed that the mixed micelles composed of different surfactants species differ in
their core and overall sizes indicating that each system possesses a distinct structure that
may render it appropriate for specific applications. The L64-F127 mixed micelle forms
the largest micelle since it has a large core size of about 260 (13nm) and an overall size
of 40¢ (20nm). This may result in the solubilization of larger hydrophobic molecules, as
well as increased stability due to the larger corona size. The L44-L64 mixed micelle on
the other hand, has a slightly smaller core size of 240 (12nm) and an overall size of 36
(18nm). Finally, the L44-10R5 micelle has a core size of approximately 16¢ (8nm), which
is even smaller than that of the L44-1.64 mixed micelle, and the overall size is at around
280 (14nm). This may result in a similar solubilization capacity as the L44-L.64 mixed
micelle, but due to their overall small size they could be advantageous for transporting

drugs to locations with tight access, such as the brain.

2

(@) (b) ©

Figure 4.7: Schematic illustration of the minimum chemical potential aggregate with the
most probable surfactant conformations (highlighted) (a) L44(green-red) and L64(green-
yellow), (b) L64(green-red) and F127(green-yellow), (c) L44(green-red) and 10R5(green-
yellow).

Figure 4.7a, 4.7b, 4.7¢c, present schematic illustrations of micelles composed of L44-
L64, L64-F127 and L44-10R5, respectively, while they correspond to the same aggrega-
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tion numbers that were employed in the volume fraction profiles. These illustrations are
constructed by utilizing the most likely configurations of the block copolymer surfac-
tants (highlighted) and the following most likely configurations until the aggregation
number of the most likely aggregate size is reached(shaded).

In Figure 4.8, the cross-section of mixed micelles consisting of different surfactant
types is presented. Specifically, Figures 4.8a, 4.8b, and 4.8c correspond to mixed micelles
made of 1.44-L64, L64-F127, and L44-10R5, respectively. The distinct colors in the figures
represent the variation in hydrophobicity of the surfactant blocks, with green indicating
a hydrophobic character and yellow and red representing a hydrophilic character. The
cross-sections reveal the internal organization of the mixed micelles, with the hydropho-
bic blocks of both surfactants forming a core surrounded by a shell of the hydrophilic
blocks.

(a) (b) ()

Figure 4.8: Cross-sectional view of large mixed micelles comprising various surfactant
combinations, including (a) L44-L64 composed of N4y = 150 and Nigs = 200, (b)
L64-F127 composed of Nrgs = 200 and Nrip7 = 150, and (c) L44-10R5 composed of
Nipag4 = 200 and Nyors = 200. The distinct colors represent the different surfactant block
hydrophilicities. Green represents the hydrophobic blocks, red and yellow represents
the hydrophilic blocks.
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4.3.3 | CMC Calculations

As mentioned in the methodology section, the CMC is defined as the saturation point
at which the concentration of the free surfactants no longer significantly increases with
the increase of the total surfactant concentration of the system. At this saturation point,
micelles start to form and the additional surfactants in the system prefer to aggregate
rather than remain free in the bulk solution. The point of saturation is identified as
the total concentration of free surfactants A and B, where the line of unit slope passing
through the origin (x = y) diverges from the line representing the concentration of free
surfactant chains (X{' + X}) against the total surfactant concentration in the system
(Xr) at a fixed ratio of the total concentration of A and B surfactants in the system, R,
(Figure 30).
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Figure 4.9: Concentrations of free surfactants (X1A+X1B) with the total concentration of
surfactants for different rations of total L.44 and 10R5 surfactants.

Pluronics CN;rCaSCZﬁ(%Ole CMCpy (mol/L) | CMCyy (mol/L)
L44 7.7-107° 40-1073 3.6-1073
10R5 - - -

L64 6.5-107° 3.7-107% 481074
F127 21-107° 1.3-1077 2.8-1077

Table 4.2: CMC calculations for pure Pluronics (1), compared with experimental data

).

The ratios under examination differed between the systems and were chosen with
respect to a critical value given by the ratio between the CMCs of the pure B and A
micelles (Rc = CMCg/CMC,). For each system, three different ratios, denoted as Rj,
Ry, and Rz, were examined to be in the vicinity of the critical ratio. Namely, for the L44-
L64 system, the critical ratio is R, = 8 - 1072 and the ratios selected were Ry = 1-1073,
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R, = 1.0, and R3 = 10.0. For the L64-F127 system, R, = 3 - 104, and the selected ratios
were Ry =1-107%, R, =1-107%,and R3 = 1-1072. And for the L44-10R5 system where
it is not possible to define an R, ratio since there is no CMC found for the pure system
of the reverse pluronic, the ratios studied were R; = 1- 1072, R, = 1.0, and R3 = 5.0.
Pure and mixed micelles CMCs can be seen in Tables 4.2, 4.3 respectively, together with

the experimental values when available.

. CMCSim (Mole )
Mixture fraction) CMCsjyp, (mol/L) | CMCEgyp (mol/L)
L44-L64
Ry=1-1073 73-10°° 39-1073 -
R, =1.0 7.1-10°° 38-1073 -
R; =10.0 7.8-10° 43-1074 -
L64-F127
Ri=1-10"° 7.8-107° 43.107% -
R,=1-10"* 5.0-107° 2.7-107* -
Ry=1-10"2 3.0-10°8 1.7-107° -
L44-10R5
Ri=1-107% 7.1-107° 3.0-1073 -
R, =1.0 14-104 75-1073 5.0-10"2*
R; =5.0 96-107° 52-1073 -

Table 4.3: CMC calculations for mixed Pluronics for three different ratios, compared
with experimental values (3), when available.

4.3.4 | Size Distribution Calculations

In order to gain further insight, we calculated the size distribution of the mixed micelles
on changing the ratios of the total concentrations of surfactants of species A and B.
This allows us to understand how variations in the relative concentrations of the two
surfactant species affect the micelle formation and size distribution. By analyzing these
results in combination with the information obtained from the 3D chemical potential
difference maps, we can gain a more complete understanding of the mechanisms of
mixed micelle formation and the role of surfactant interactions in these systems. This

approach can help us to compare the SCMF simulation results with the experimental
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data, when available, and to identify the optimal ratio of surfactant species for achieving
a desired micelle size and structure.

The size distribution calculations of the mixed micelles were determined using the
equation derived from the mass action model presented earlier in the introduction, Eq.
4.15. This equation takes into account the standard chemical potential differences of
surfactants A and B, as well as their free concentrations within the system. The selected
free surfactant concentrations X? and X{! were based on the critical micelle concentra-
tion (CMC) calculations, so to study how the micelle size distribution changes at con-
centrations below, equal to, and above the CMC. Figures 4.10, 4.11, and 4.12 show the
size distribution of the mixed micelles in three dimensions for the different ratios of R
for the L44-L64, L64-F127 and L44-10R5 systems respectively, for concentrations of free
surfactants below and above the CMC. The peaks in the plot correspond to the preferred
aggregation numbers depending on the total concentration of the free surfactants A and
B in the system. Aggregation Numbers of pure and mixed micelles can be seen in Tables
44,45.

Table 4.4: Aggregation Number calculations for pure Pluronics, compared with experi-
mental data.

Pluronics CMCs;,, (Mole fraction) ‘ CMCsg;y,;, (mol/L)
L44 145% -
10R5 - -
L64 187? 37¢
F127 120° 1454

# Pure equilibrium L44 results are shown in Appendix B (Table B.1. b Simulation results taken from (1).

Experimental results taken from ¢ (180) 1 (166).

As can be seen in Figure 4.10c, for higher concentrations of L64 surfactants in the
system (R3 = 10), only micelles composed of this type of surfactant are formed with
an aggregation number close to the one for pure L64 micelles. The mixed micelles grow
in size on increasing the total surfactant concentration in an analogue way to micellar
systems with only one surfactant. For equal concentrations (R, = 1) of free L64 and
L44 surfactants, L64 aggregates originally form while above the CMC mixed micelles
containing both L64 and L44 surfactants appear. Athigher L44 surfactant concentrations
(R = 1-1072), aggregates made of L64 form at first, but as the concentration of both
surfactants increases, aggregates composed mostly of L44 with a small amount of L64
form. It is also observed, for concentrations very close to the CMC the coexistence of
two different types of micelles, a mixed micelle composed of L44 and L64 surfactant
chains and an almost pure L44 micelle. Once the concentration surpasses the critical
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R=0.001 R=1 R=10

Bellow the CMC
Above the CMC

Figure 4.10: Aggregate size distribution plots with varying ratios, R, of total L44 and
L64 surfactants below and above the CMC.

micelle concentration, only micelles consisting mainly of L44 surfactants appear with
an aggregation number slightly larger than micelles made of pure L44 surfactants (Table
4.5).

Figure 4.11 displays size distribution plots for the L64-F127 binary system. At low
F127 concentrations (R; = 1-107%), micelles appear to be nearly pure L64, and an in-
crease in the concentration of free surfactants leads to the formation of larger aggregates.
Similar behavior is observed for a ration close to the critical ratio (R, = 1-107%), but
in this case the aggregates are almost pure with a small F127 surfactant contribution.
When the ratio is even larger (R3 = 1-1072), mixed aggregates containing both sur-
factants are present, with a higher aggregation number for F127. However, when the
concentration exceeds the CMC, L64 micelles with fewer F127 chains are formed. At
higher F127 concentrations (R3 = 1), mixed micelles mainly composed of L64 block
copolymers exist, with only a small proportion of the more soluble F127 chains. This
pattern aligns with previous experimental findings, where the analysis of micelle size,

temperature dependence of scattering intensity, and heating indicated that F127 chains
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R=1e-6 R=1e-4 R=0.01

Bellow the CMC
Above the CMC

Figure 4.11: Aggregate size distribution plots with varying ratios R of L64 and F127
surfactants below and above the CMC.

formed micelles first, followed by the incorporation of L64 into existing F127 micelles at
elevated temperatures (181).

Finally, the results for the L44-10R5 system are given in Figure 4.12. It can be ob-
served that when the concentration of free L44 surfactants is higher than 10R5 free
surfactant concentration, Ry = 11072, L44 aggregates are formed with only a minor
amount of the reverse surfactant present. This behavior is reminiscent of pure L44 mi-
cellar systems. However, when R, = 1, micelles made of both surfactants are formed,
as can be expected from an inspection of the standard chemical potential differences
plot, Figure 4.5. When the concentration of 10R5 surfactants is high (R3 = 10), micelles
composed of reverse pluronics are mostly formed with only a small contribution from
L44 surfactants. This is particularly noteworthy as our previous SCMF calculations for
pure surfactant systems showed that systems with only 10R5 surfactants do not form
micelles. This result is in line with previous experiment studies, where the formation of
mixed micelles consisting of both L44 and 10R5 surfactants was observed at 37°C, but

no micellization was seen for 10R5 surfactants alone (3).
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R=0.01 R=1 R=5

Bellow the CMC
Above the CMC

Figure 4.12: Aggregate size distribution plots with varying ratios R of L44 and 10R5
surfactants below and above the CMC.

In agreement with previous experiments (182; 183), it is observed that when L44
is added to L64 pure pluronic micelles to form a L64-L44 binary mixture, the CMC of
the mixed micelles exhibits, an intermediate value between that of the pure L64 and
L44 micelles. Similarly, in L64-F127 binary mixtures, the addition of F127 surfactants
reduces the CMC of the pure L64 pluronic micelles, with the CMC of the mixed micelles
exhibiting a value between that of the pure micelles. Finally, for the L.44-10R5 system
micelles are found unlike pure 10R5 systems and a CMC of 0.0052 mol /L is found when
R=5. (Table 4.3)

In the article by Borovinskii et al. (184), five regimes were defined for a copolymer
solution in which two types of polymer chains, A-B and C-B, are present. In their study,
they use diblock copolymers where the C and A blocks are hydrophobic and only dif-
ferent in terms of length, N, of the block where the C block is longer than the A block
(NC>NA). The head block, B, is identical for both polymers and much longer than the
tail blocks (NB»NA). In our work we use triblock copolymers with different head and
tail block lengths to model the commercially available pluronics used experimentally.
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. . Total Aggregation
Binary Mixture Ny Ng Number
L44-L64
Ri=1-1073 170 2 172
R, =1.0 25 120 145
R; =10.0 2 150 152
L64-F127
Ri=1-10"° 140 2 142
Ry=1-10"* 170 20 190
Ry =1-10"2 20 40 60
L44-10R5
Ri=1-10"% 180 2 182
R, =1.0 100 20 120
R; =5.0 20 140 160

Table 4.5: The most probable aggregate size, denoted as the aggregation number, for
each ratio of every binary mixture.

The different regimes are found on changing the concentrations of the two types of
chain and their lengths. Regime I is characterized by low polymer volume fractions and
all the chains are dissolved in solution (unimers) with no aggregates forming. Regime
Il is characterized by the formation of "pure" micelles of the C-B chains and the pres-
ence of unimers of short A-B chains. In Regime III, short A-B chains are included in the
mixed micelles. Regime IV is characterized by the coexistence of comicelles and micelles
of only short A-B chains. Regime V is characterized by the formation of comicelles of
approximately equal size and composition of the two types of chains. In line with the
tindings of Borovinskii et al (184), our analysis supports the concept of the formation
of micelles as concentration increases and the identification of distinct regimes of be-
havior. Specifically, we observed regimes I, II, III, IV and V where at initial stages only
free surfactants are observed and as the concentration increases, micelles composed of
shorter surfactants were predominant. Subsequently, shorter chains aggregated to form
mixed micelles consisting of both A and B surfactants. Finally, in some cases (L44-L64,
R=0.01), the coexistence of comicelles and micelles is observed.
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4.4 | Conclusions

The SCMF theory, developed her for binary mixtures, was applied to examine the equi-
librium properties of two distinct surfactants, A and B, in water at a temperature of
379C. The selection of the surfactant pairs was made carefully to take into account, not
only the difference in length between the blocks of surfactants A and B (such as in the
case of L44-1.64 or L64-F127), but also the reversibility of the block structures (as demon-
strated in the L44-10R5 mixture). The availability of experimental data was also a key
factor in the selection of the binary systems.

The standard chemical potential differences play a crucial role in determining the
thermodynamic stability of mixed micelles in surfactant systems and provide an ap-
proximation of the expected most favorable aggregation number. Micelle volume frac-
tion profiles are also an important aspect in the development of various applications
such as drug delivery systems, because they provide information about the size and
shape of the aggregate. In our analysis, assuming a spherical geometry, volume frac-
tion profiles showed that micelles of specific aggregation number contain a hydropho-
bic core surrounded by a hydrophilic corona while differing in sizes depending on the
mixed system under study. Depending on specific applications, it may be necessary to
be able to control the size of both core and corona. In our case, it is possible to see the
trivial result that longer block lengths make larger cores and coronas, but also affect
the stability of the associated micelles. If both size and stability need to be tuned, then
mixed micelles may be required.

The critical micelle concentration (CMC), aggregation number, and size distributions
were calculated by adjusting the ratio between the total concentration of surfactants A
and B in the system. The ratios under study were selected based on a critical ratio de-
fined by the CMCs of the individual pure A and B surfactants, with the goal of compar-
ing with existing experimental data. Our findings reveal that the formation of micelles
depends greatly on this ratio, meaning that either pure micelles of surfactant A or B,
or mixed micelles composed of both species can be formed, depending on the concen-
tration of total A and B surfactants. Namely, if this ratio exceeds the critical ratio, then
almost pure micelles of one of the surfactant type form, while for ratios near the critical,
mixed micelles composed of both species appear. However, in the case of L64-F127, L64
micelles seem to be more likely to form, even with a large amount of F127 surfactants in
the system. It is also noted that the CMC of the mixed micelles for all the systems under
study, was observed to be lower than that of the shorter surfactant and lies between the
CMCs of the pure A and B surfactants. The results were compared to available exper-
imental data and showed good agreement, which further supports the validity of the
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findings.

In conclusion, this study highlights the importance of considering mixed surfactant
systems in the development of many applications such as drug delivery systems. The
SCMF theory provides a useful tool for examining the quantitative behavior of these
systems and understanding how they can be optimized for maximum efficacy. The fu-
ture study of the dynamic behavior of mixed micelles will be a crucial step in advancing
the field of drug delivery, by providing insights into drug release rate, playing a key

role in the development of more effective and safe drug delivery systems.
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5.1 | Conclusions

The advancements in biomedicine and nanotechnology have opened up an array of
new possibilities, one of which is the creation of nanostructures with unique proper-
ties. These fields have made remarkable strides, leading to innovative solutions and
breakthroughs that are changing the way we live and perceive the world around us.
The design of nanostructures has specifically revolutionized the way we think about
materials and their characteristics, offering tremendous potential for a wide range of
applications in areas such as healthcare, energy, and electronics. In order to bring these
advancements to life, it is crucial to have predictive tools that can assess the ability of
molecules in forming nanoscale superstructures and functionalities without relying on
time-consuming and costly empirical research. This thesis focuses on exploring and
controlling the mechanisms behind the formation and dynamic behavior of both pure
micelles as well as the equilibrium behavior of mixed micelles of specific size and shape.
Micelles form when surfactants aggregate under certain conditions, self-assembling into
systems that are widely used across many industries.

Molecular simulation offers a quick and efficient way to explore complex molecular
systems and can serve as a roadmap for essential experimental validation. Despite the
extensive research that has been conducted in this field, utilizing both experimental and
simulation techniques, there remain certain limitations that hinder a comprehensive un-
derstanding of the systems being studied. This thesis aims to address these limitations
and offer another approach to explore these systems, proposing the usage of a combi-
nation of Monte Carlo molecular simulation and Single-Chain Mean Field Theory. In
addition, a novel approach to studying the equilibrium properties of mixed micelles
through Single-Chain Mean-Field for binary systems has been introduced. The study
of mixed micelles is of great importance, as they have been found to be excellent can-
didates for various biopharmaceutical applications, such as drug delivery systems for
therapeutic and diagnostic purposes. Despite this potential, there is a lack of research
on mixed micelles, making further investigation in this area a priority.

This thesis is divided in two parts, the first part explores the dynamic behavior of
micelles by the combination of the Monte Carlo simulations and the SCMF theory, with
the introduction of the time correlation functions to study the Exit Dynamics of Block
Copolymers from Micelles at Short and Long Time Scales. Results show that the exit
of poloxamer copolymers from equilibrated micelles has revealed up to four distinct
regimes, each with its own characteristic behavior. An initial fast reorganization, fol-
lowed by a logarithmic intermediate regime, an exponential intermediate regime, and

a final exponential decay, are all observed and analyzed using dynamic Single-Chain

90



UNIVERSITAT ROVIRA | VIRGILI
UNRAVELING THE DYNAMICS AND EQUILIBRIUM BEHAVIOR OF PURE AND MIXED MICELLES: INSIGHTS FROM MICROSCOPIC
COARSE-GRAIN MODELING

Maria Pantelidou

Chapter 5. Conclusions & Future work 5.1. Conclusions

Mean-Field theory simulations. Despite the commonly held belief that the logarithmic
response is due to the polydispersity of the polymer samples, the simulations show that
it can also arise from a degeneracy of energy states of the hydrophobic block in the
micelle core, provided there are a sufficient number of conformational states available.
This insight allows for a modified Eyring equation to be proposed, which is capable of
reproducing the observed dynamic behavior and unifying results from different sources
and systems. The results suggest that the short-time dynamic response of these systems
has an entropic origin rather than being influenced by polydispersity, as previously be-
lieved.

The second section of this thesis delves into the examination of the equilibrium be-
havior of mixed micelles that are formed when the concentration of two different types
of surfactants A and B surpass the Critical Micellar Concentration (CMC) in water at
37°C, utilizing the Single-Chain Mean-Field method for binary systems. The study in-
volves the evaluation of three pairs of surfactants by adjusting the ratio of the total
concentration of A and B surfactants to three different values near a critical ratio defined
by the ratio between the Critical Micellar Concentrations (CMCs) of pure A and B sur-
factants. Our research reveals that the formation of micelles is greatly influenced by this
ratio, meaning that either pure micelles composed of surfactant A or B, or mixed mi-
celles that contain both species, can be formed based on the concentration of total A and
B surfactants and the ratio between them. Furthermore, the CMC of the mixed micelles
was found to be lower than that of the shorter surfactant and falls between the CMCs
of the pure A and B surfactants. The results were compared with existing experimental
data, and a good match was observed, further validating the findings.

The Single-Chain Mean Field (SCMF) theory is a powerful tool for exploring the
equilibrium and dynamic properties of pure and mixed micelles. This theoretical frame-
work provides a simplified approach to understanding the interactions between indi-
vidual surfactant chains within the micelle system. The level of details provided by
this theory can give a clear connection between the molecular properties of a single
surfactant chain and the properties of the final micelle solution through mean fields ap-
proximations, saving a large amount of computational time. The SCMF theory has been
shown to be highly effective in modeling micelles, making it an essential tool for ad-
vancing our understanding of these systems and their potential applications in various
industries, particularly in the field of biopharmaceuticals. However, while SCMF is a
useful tool, it is limited by its mean-field approximation and does not account for all
the complex interactions that occur in these systems. Specifically, the implicit solvent
model used in the simulations is relatively simple and does not accurately include, for

instance, the effects of temperature in water. However, this is common to most, if not all,
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coarse grain models. As a result, the simulations may not accurately reflect the behavior
of the system under more realistic conditions. To overcome these limitations, it would
be valuable to develop a model that takes into account an explicit solvent. This would
allow for a more comprehensive understanding of the behavior of block copolymers in
micelles and help to advance the field of biomedicine and nanotechnology.

5.2 | Future Work

In the future, there are several exciting areas of research that could be explored in the
field of pure and mixed micelles. One of the most interesting areas is the study of mi-
celles under different conditions such as variations in temperature, pH, and solvents.
This would provide a deeper understanding of how changes in the external environ-
ment affect the behavior of mixed micelles and could lead to the development of new
applications for these systems. Another important area of future work is to investigate
the dynamic behavior of mixed micelles. This could involve studies on the kinetics of
micellization and the relationship between the aggregation number, size, and stability
of mixed micelles. Understanding how these systems change over time will provide
important information about the release of drugs. In the field of drug delivery, control-
ling the release rate of drugs is a critical aspect in ensuring efficacy and reducing side
effects. By studying the dynamic behavior of mixed micelles, researchers will be able to
determine how the release rate can be optimized for maximum efficacy. A third area of
future work is to examine the equilibrium and dynamic properties of micelles made up
of a pair of surfactants with different flexibilities. This could involve investigating the
influence of the flexibility of the surfactant molecules on the stability and behavior of
mixed micelles and could result in the development of new methods for controlling the
size and shape of these systems. Another promising area of future research is to replace
one of the surfactants with a hydrophobic drug molecule such as ibuprofen. This would
allow researchers to study the encapsulation and release of drugs using micelles, which
could have important implications for drug delivery applications. Finally, another way
that could further increase the understanding of mixed micelles is by exploring the inter-
action between surfactants and drug molecules in a water-based system. By including
three components in their experiments, two types of surfactants and a drug molecule,
they would be able to examine the effects of these interactions on the stability and be-
havior of mixed micelles, which can then be compared with the characteristics of pure
micelles as drug delivery vehicles. In conclusion, there is a wealth of exciting oppor-
tunities for future research in the field of pure and mixed micelles. From exploring the
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effects of different conditions on mixed micelles to investigating the behavior of these
systems with different types of surfactants and drugs, there is much to be discovered

and many new applications to be developed.
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Incompressibility Condition
Calculations

In a system consisting of N surfactant chains surrounded by water molecules, the in-
compressibility condition is introduced as the assumption that the available volume is
occupied either by solvent or surfactant chains. The system is arranged with concen-
tric spherical shells of molecular fields, each with a radius "r" where the densities of
surfactants and solvent are uniform within each shell but can change between different
shells. The volume of "layer r”, defined by two concentric spheres with radii » and r 4 dr
(Figure A.1), is occupied entirely by both surfactants and solvent molecules due to the

incompressibility condition. This can be expressed through

¢s(r) + (p(r))n =1, (A.1)

where ¢;(r) is the solvent volume fraction at r. In the second term of the above
equation, the brackets represent the ensemble average of the chain volume fraction ¢(r).
The ensemble averages can be correlated to the probability distribution, Play, ..., an],
of the N chains where «; represents the conformation of surfactant 7, and the total vol-

ume fraction, ¢(ay, ..., an; ), of the chains at layer r

¢s(r) + E Play, ..., an]¢p(aq, ..., an;t) = 1. (A.2)

{lX1,...,DéN}

The sum in the equation is computed over all the available configurations of the N
chains.

Considering that all the N chains are identical, eq.(A.2) can be substituted by a
single-chain average, and derived by
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Appendix A. Incompressibility Condition Calculations

/
Central Chain

Mean Molecular Fields

Figure A.1: Schematic of the SCMF with a central chain and the mean molecular fields
as concentric spherical layers. Each layer has a radius r and thickness dr, within which
the densities of the surfactants and solvent are assumed to be uniform.

¢s(r) + NZP[D(](P(D(, r) =1, (A.3)

where P[a] is the probability of finding a chain in conformation «. The second term
of the above equation can be written as the average over all the possible conformations

of a single surfactant chain, as follows

¢s(r) + N{¢(r)) =1, (A4)
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Effect of flexibility on the equilibrium
micellization behavior

The flexibility of the surfactant chain is measured by the introduction of the Kuhn seg-
ment length [, which is a measure of the stiffness of the polymer chain (125). More
specifically, a real polymer chain can be modeled as a collection of N Kuhn segments,
each with a Kuhn length I;. Each segment is a freely jointed segment and can be ran-
domly oriented in any direction. In other words, the polymer chain is described by a
random walk with a contour length, L, given by

L=N-I (B.1)

In this work, the L44 surfactant chain stiffness has been included by changing the
size of the Kuhn segments to model hypothetical chains not based on any real system.
For example, for a high flexibility surfactant chain, we have used a Kuhn length of 2
consecutive monomers in the case of “PO” and 2 consecutive monomers in the case of
“EQ” blocks. On the other hand, for a highly rigid chain we have used Kuhn lengths of
10 consecutive monomers for the hydrophobic block and 23 consecutive monomers for
the hydrophilic one.

The preferred Aggregation Number is obtained when the total free energy is min-
imized. For each case of flexibility we obtained the preferred aggregation number
through the minimum free energy of the system, which is related approximately to the
minimum of the Standard Chemical Potential difference. To do so, we plotted the Stan-
dard Chemical Potential differences, obtained by the SCMF theory, versus the Aggre-
gation Number of the micelle when excluding the surfactants in the bulk (N.) (Figure
B.1).
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Figure B.1: Standard chemical potential difference, (4%, — 11{) /kgT, versus the aggrega-
tion number, N. Solid, dashed and dot-dashed lines indicate the Flexible, Semiflexible,
and Rigid cases, respectively.

Regarding the Critical Micelle Concentration (CMC), in order to make comparisons
with experiments, it is defined as the saturation point at which the concentration of free
surfactants in the bulk solution (X{!) no longer increases with an increase in the total
surfactant concentration (X7). This point is depicted through a plot shown in Figure 2.3
which illustrates the relationship between the free surfactant concentration and the total
surfactant concentration. The CMC, represented in volume fraction, can be obtained

from this plot, and it can be converted to mol/L by the following equation

1
Vi + Vs (i — 1)

Where Vs and V) are the molar volume of the solvent (water=0.018 L/mol) and the

C]\/Icmol/L = ’ (B2)

molar volume of the surfactant (L44=2.2 L/mol), respectively (185).

Results can be found in Table B.1 and show that at a constant temperature T, the
CMC value is lower for stiffer chains, while the Aggregation Number is higher. Con-
trariwise, when the surfactant chain is flexible, the CMC value is higher, and the Ag-
gregation Number is lower. We can observe the preferred distribution of the different
species (head, tail, solvent) by plotting the volume fraction profiles of micelles versus
the distance from the micellar center, for each stiffness case (Figure B.2).

Generally, in all flexibility cases, at small distances from the micellar center, the tail
distribution function is close to a maximum value of 0.6 while the head is close to zero
and the solvent values are close to 0.4. At medium distances, the tail distribution func-

tion decreases, while the head and solvent increases. At larger distances, the head as
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EO PO min((pY —
Case Study 1.°(0) 1.°(0) N W)/ kBI\YI”) CMC (mol/L)
Flexible 2 2 91 9.2 5.1-1073
Semiflexible 3 4 145 9.4 40-1073
Rigid 10 20 320 9.7 33-1073

Table B.1: Equilibrium properties of L44 triblock copolymers (EO19PO23EOqp) in wa-
ter at 37°C from SCMF calculations: IF© and I[© are the size of the Kuhn segments of
the hydrophilic (EO) and hydrophobic (PO) blocks, aggregation number (N), minimum
chemical potential differences, and Critical Micelle Concentration.

— High Flexibility
— Medium Flexibility
— Low Flexibility

08

7 02 — ——

Density Distribution

— High Flexibility

05

0.15—

L | L | L | L | L
5 10 15 20 25 30
Distance from the Core of the Micelle

0.1

Density Distribution

0.7 —T—— ———

— High Flexibility 0.05
= Medium Flexibility
=~ Low Flexibility

0.6

05

L L .
0 5 10 15 20
04— ! Distance from the Core of the Micelle

Density Distribution

10 15 20 25 30
Distance from the Core of the Micelle

Figure B.2: Volume Fraction Profiles (distribution of tails (a), heads (b) and solvent (c)
molecules) versus the distance from the micellar core, r [¢], for each case of chain flexi-
bility.

well the tail concentrations drop to their bulk value, while the solvent concentration
reaches a maximum value close to 1, which means that finally at large distances from the
center, mainly solvent molecules are present with only a small concentration of the bulk
concentration of the surfactant in water. Independently, for each case of chain flexibility,
we obtained that at small distances from the micellar core, the tails are more crowded
and much greater for the stiffer surfactant chains than for the high flexibility one. This
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observation leads to the explanation of the larger aggregation number for the stiffer sur-
factant chains. With respect to the solvent distribution function, we can observe (Figure
B.2c) that, the saturate value of almost 1, where almost only the solvent molecules are
present, is reached faster from aggregates formed by flexible chains. Consequently, the
size of the micelle is larger, when it is composed of stiffer surfactant chains. Figure B.3,
presents a schematic diagram of the micelles formed by our surfactant chains of 20 head
units and 23 tail units with different chain flexibilities corresponding to the minimum
of the free energy: high, medium and low flexibilities, respectively. These micelles are
merely schematic and are constructed by using the most probable configurations of the
single chain, representing the surfactants in the equilibrium state. As we can see, in the
first case, where the micelle consists of high flexibility surfactant chains, the aggregate
is significantly smaller than the micelles composed of more rigid chains. This happens
because, the higher surfactant stiffness forces the micellar core to be bigger, as the tails
are unable to collapse as much as the more flexible case.

(a) (b) (©)

Figure B.3: Schematic diagram of typical micelle configurations for the three case stud-
ies: (a) Flexible N = 91, (b) Semiflexible N = 145, and (c) Rigid N = 320. The EO
monomers are shaded red and the more hydrophobic PO monomers green.
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