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Abstract

Surfactant micelles are widely used in a number of industrial, commercial and household
products and processes. Understanding flow-microstructure coupling in micellar systems can
benefit applications ranging from targeted drug delivery and detergency to enhanced oil recovery
and hydrofracking. Amongst micellar fluids, wormlike micelles (WLMs) are extremely interesting
due to their structural similarity to polymers and their ability to constantly undergo scission and
recombination at equilibrium. More recently, much has been generated in studying the effect of
adding colloidal particles to WLMs. Colloidal particles can not only add functionality to the fluid
but also act as viscosity modifiers. Such solutions can be used to design active nanomaterials for
applications in energy harvesting and sensing. While several theories and continuum-level
computational models have been developed to study the dynamics and rheology of WLMs,
molecular-level explorations of the flow-structure coupling in such solutions is lacking. Further,
in the case of mixtures of colloidal particles and WLMs, there are only a handful of attempts to
develop theoretical/computational frameworks capable of describing their thermodynamics, self-
assembly and phase behavior. The goals of this thesis are to uncover mechanisms by which WLMs
interact with colloidal particles and to determine how these interactions affect the macroscopic
properties of mixtures of model WLMs and colloidal nanoparticles (NPs) using molecular

dynamics (MD) simulations.

Coarse-grained (CG) molecular models and corresponding force-fields are employed to
describe the NP, cationic cetyltrimethylammonium chloride (CTAC) surfactant, hydrotropic
sodium salicylate (NaSal) salt, solvent and the underlying physico-chemical interactions. Results
are first presented for the dynamics of a single self-assembled rodlike micellar aggregate under

shear flow. The effect of shear rate on the configurational dynamics, e.g. orientation distribution



of the end-to-end vector and tumbling frequency are presented and compared to experimental
observations as well as predictions from stochastic simulations and mesoscopic theories. Further,
a relationship between micelle length and stretching force is presented and compared with
experimental estimates of similar forces in biological systems. Finally, a shear rate-independent

energy barrier for micelle scission is identified for relatively large shear rates.

We also show that the addition of NPsto surfactant solutions can result in the formation of
NP-surfactant complexes (NPSCs). The effect of NP charge and surface chemistry on the nature
of the self-assembly is discussed. Further, such NPSCs can further interact with WLMSs, in the
presence of NaSal salt, to form electrostatically stabilized micelle-NP junctions via an end cap
attachment mechanism. The dynamics, energetics and stability of such junction formation is also
described in detail. These junctions can give rise to unique rheological modifications of WLMs
such as significant buildup in viscosity and viscoelasticity. Large-scale equilibrium and non-
equilibrium MD simulations consisting of several NPsand WLMs are performed to study the flow-
microstructure coupling in such systems. The relationship between the zero-shear viscosity, NP
volume fraction and salt concentration at a fixed surfactant concentration is presented. Shear
thinning behavior is observed for all of the systems studied. Shear thinning is accompanied by
flow-alignment and shear-induced isotropic-to-nematic transitions in micellar systems. Further,
the evolution of the first normal stress difference, Nz, is presented as a function of time and shear
rate, and compared with experimental observations for similar systems. The results of this work
provides insight into the mechanisms of self-assembly in WLMs and colloidal NPs and
demonstrate that rheological properties of WLMs can be uniquely controlled by the addition of

NPs.
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Chapter 1

Introduction

1.1. Motivation

Surfactants are molecules that consist of two different chemical moieties that possess
different solvophilic and solvophobic properties. Most commonly found surfactants are water
soluble and consist of a hydrophilic head group and a hydrophobic tail group (typically a
hydrocarbon chain). Surfactants can be nonionic (uncharged), cationic (positively charged),
anionic (negatively charged) or even zwitterionic (consisting of both positive and negative
charges). This amphiphilic character of surfactants results in their tendency to self-assemble into
surfactant micelles with a rich variety of equilibrium structures. In aqueous solution, such
molecules spontaneously aggregate in such a way that the head groups are solvated by water and
the tail groups cluster and orient themselves in such amanner that they are shielded from the water
molecules. Micellar self-assembly is a reversible process and is sensitive to a number of
physicochemical conditions such as surfactant shape and concentration, solvent chemistry, salt
concentration, salt type, temperature, pH and other non-equilibrium forces. Micelle solutions
exhibit rich phase behavior and complex rheological properties including linear viscoelasticity and

non-Newtonian flow properties.

Amongst micellar fluids, cylindrical and wormlike micelles (WLMs) have gained special
interest and importance due to their structural similarity to polymers. They are referred to as
“living” polymers or “equilibrium” polymers because their constitutive behavior is governed by

1



reptation dynamics but they also exist in a state of dynamic equilibrium between scission and
recombination®. Traditionally, WLMs have been used in several consumer and household products
such as soaps, detergents, cleaning fluids and cosmetics?. However, more recently they have found
applications in the area of enhanced oil-recovery?, hydraulic fracturing* and turbulent drag
reduction®. For these applications, WLMSs possess several advantages over more commonly used
polymeric materials because of their resistance to shear degradation, ease of manufacturing,
interactions with nanoscale or colloidal surfaces and most importantly, facile cleanup due to
spontaneous dissolution upon dilution® 7 8. Further, with rapid advancement in the area of
nanotechnology, WLM fluids have been found to be a great template for the synthesis of active
nanomaterials® 0. The ability to robustly tune the microstructure of the WLM fluid has given rise

to a new method to create precisely controlled nanostructures.

It is important to note that in all of the above applications, there are one of two factors that
are common and recurring. First, the close coupling between the molecular structure of the
surfactant and the desired macroscopic properties of the fluid such as viscosity and flow behavior.
Second, the coexistence of WLMs and colloidal particles. Recent research has suggested that
nanoparticles can not only add functionality to the WLM fluid but also act as viscosity/rheology

modifiers.

The goal of this thesis is to develop computational modeling techniques that possess
sufficient spatiotemporal resolution to directly visualize the structure, dynamics and self-assemb ly
of WLMs and micelle-nanoparticle solutions, at the molecular level, under both equilibrium and
non-equilibrium conditions. The remainder of this chapter will present a review of the current
literature, broadly summarize relevant modeling efforts, and define the objectives and primary

focus of this work.
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1.2. Surfactant Self-Assembly

1.2.1. Micelle formation: Packing parameter

Surfactants are sparingly soluble as monomers in aqueous solutions and beyond a critical
value, referred to as the critical micelle concentration (CMC), they spontaneously self-assemble
into micelles. From a thermodynamics point of view, micelle formation is a direct consequence of
the large entropic penalty arising from the exposure of the long hydrocarbon tail of the surfactant
to water. Above CMC, depending upon the physicochemical conditions, various micelle
morphologies including spheres, cylinders, WLMs and branched micellar networks can coexist in
a single phase. Israelachvili*? introduced the idea of characterizing the molecular structure of the

surfactant using a packing parameter,
P= (1-1)

where V is the molecular volume occupied by the surfactant, a is the effective area occupied by
the head group and I is the length of the hydrocarbon tail. Among these parameters, V and | can be

roughly estimated based on the number of carbon atoms in the hydrocarbon tail as
l. ~(154+1265n)A (1-2)
V. ~ (274 +269n.) A3 (1-3)

However, the effective head group area, a, is not a constant for a given molecule and is
more difficult to estimate experimentally. To a first approximation, the preferred micelle shape
can be predicted apriori, using the packing parameter (Fig. 1.1). Specifically, for p < 1/3, spherical
micelles are favored, whereas cylindrical and rodlike micelles are favored for 1/3 < p < 1/2.

Branched micelles are preferred for 1/2 < p <1 and finally, when p ~ 1, bilayers and vesicular



structures are formed. For ionic surfactant systems, such as the ones we will be focusing on in this
study, the effective area of the hydrophilic head group will be strongly dependent on the extent to
which the electrostatic repulsion between the head groups is screened by the presence of
counterions in solution. This can be quantitatively estimated by calculating the Debye length, 1/x,

which is defined as,

=Gy (14)

2N €21

where €0 and & are the permittivity of free space and relative permittivity of the solvent
respectively, kg is the Boltzmann constant (1.38 x 10-22 J/K), T is the absolute temperature, Na is
the Avogadro number (6.022 x 1028 mol?), e is the elementary charge (1.602 x 10-1° C), and | is
the ionic strength of the solution!3. Addition of salt to surfactant solutions would obviously
increase the ionic strength of the solution thereby decreasing the Debye length. This would result
in an increase in the packing parameter which would promote sphere-to-rod transition and

consequently aid the formation of longer micelles.

1.2.2. Wormlike micelles (WLMs)

Intially, the rodlike micelles that are formed due to sphere-to-rod transitions are fairly
short and rigid. They have two hemispherical end caps, each with an energy, Ecap, ateither end. A
further increase in the packing parameter would promote the axial growth of rodlike micelles
resulting in the formation of semiflexible and flexible thread-like structures that are referred to as
WLMs. As mentioned earlier, although WLMs are very similar to polymers they are held together
by weak non-bonded interactions which are not immune to breakage by thermal fluctuations. The

energy required to break a micelle into two can be estimated based on the energy required to create
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two new end caps, which is given by 2Ecap. This mechanism for micelle breakage has been
proposed by several researchers and Ecap has been quantitatively estimated to be ~ O(10) ksT from

experimental, theoretical as well as computational calculations.

WLMs are also known to be extremely polydispersed in solution. Cates and Candau'4
developed a mean field theory which accounted for the breakage and recombination Kinetics of
micelles to study the distribution of micelle lengths in solution. They showed that the interplay
between entropy and end cap energy of the micelles results in a broad, exponential distribution of

micelle lengths which is given by,
p(N) « exp(—-N/<N >) (1-5)

where <N> is the ensemble average of the micelle length. However, this model is applicable only
for the case of non-ionic micelles and charge neutral micelles i.e., in the presence of an equimo lar
amount of salt. Mackintosh et al.1> 16 extended the Cates model for ionic micelles to account for
electrostatic interactions between head groups and counterions and suggested that the probability
distribution follows a log-normal distribution as compared to the exponential distribution in the
previous case. Recently, coarse-grained molecular dynamics simulations have been able to capture
predicted distributions from both theories’. However, the conclusions from the study also indicate
that there is no universal distribution of micellar lengths for a given solution whether it is an ionic

or a charge neutral micelle system.

From the above discussion, it is clear that the morphology of WLMs is a strong function
of the salt concentration. Another important factor is the salt type. Experiments have shown that
organic, hydrotropic salts tend to have a much more significant effect on the structure and rheology

of micellar solutions as compared to inorganic salts. For example, it has been observed that the



equilibrium viscosity of a solution of cationic cetyltrimethylammonium bromide (CTAB)
surfactant can be increased by ~3 orders of magnitude by adding very small amounts of sodium
salicylate (NaSal) whereas this cannot be achieved by the addition of simple salts such as sodium
nitrate  (NaNO3s), sodium chloride (NaCl) and potassium bromide (KBr)8. Such anomalous
viscosity variations are attributed to the ability of NaSal to more effectively screen the electrostatic
repulsion between the cationic head groups. Molecular simulations have shown that the bulky
hydrophobic ring of the NaSal salt tends to get buried in between the head groups thereby bringing
the head groups closer® 20, This reduces the effective area of the surfactant head group and
increases the packing parameter, thereby promoting growth of micelles and transition to longer
structures. Experiments also indicate a rapid decrease in the equilibrium viscosity with further
addition of salt which is attributed to the onset of branching in micelle solutions. Branching in
micelles provides a new, faster mode of stress relaxation through a sliding mechanism by which
the micellar branches can slide along the contour of the micelle. In the case of the CTAB/NaSal
system, another anomaly is the occurrence of a double peak in the zero-shear viscosity as a function
of the salt concentration. The second peak is an indication of an elastic network formation that
occurs due to several branched micelles connecting with each other which in turn results in a slight
increase in the viscosity. On further addition of salt, this network breaks down due to the presence
of excessive salt in the system which results in a decrease in viscosity. Recently, this behavior has

also been demonstrated through large-scale molecular dynamics simulations!’.

WLM solutions exhibit a rich range of rheological behavior including Newtonian,
rheopexy, i.e., an increase in shear viscosity with time at constant shear rate, shear thinning, i.e., a
decrease in shear viscosity with increasing shear rate, shear-induced structure (SIS) formation that

manifests as shear thickening, and shear banding. The hypothesis is that SIS formation in micelle



solutions is triggered by the end-to-end collision of flow-aligned rodlike micelles which results in
the formation of longer WLMs2l, While this hypothesis is generally accepted, molecular
investigations of these phenomena are yet to be developed. One of the goals of this thesis is to be
able to present a modeling framework that is capable of directly observing the configurational
dynamics of rodlike micelles in shear flow. Further, most SIS transitions reported in literature are
reversible and the gel tends to disintegrate as soon as the flow is stopped. Recently, a microfluidics-
assisted, robust laminar flow process has been developed to create irreversible, permanent
nanogels that persist even after cessation of flow22. A recent study conducted by Raghavan and
co-workers?® indicates that certain cationic surfactants, in the presence of certain organic
counterions with aromatic character, have strong birefringence on shear. Importantly, the
birefringent structures persist for hours after shear cessation, even though there was no permanent
phase transition. Such materials can serve as excellent templates for the synthesis of soft
nanomaterials. It has also been shown that the critical shear rate for the onset of shear thickening
due to SIS formation is strongly dependent onthe molar ratio of salt to surfactant, R?*:24. The shear
thickening regime in such systems is followed by a shear thinning regime which is possibly due to

the flow-alignment and breakage of WLMSs in solution.

1.3. Nanoparticles
1.3.1. Plasmonic nanoparticles
Nanoparticles are colloidal particles that are in the size range of 1-100 nm. They are

ubiquitous and present in various complex shapes and sizes. In this work, we will focus specifically

on noble metal nanoparticles, such as gold and silver, and their properties. The ability of noble



metal nanoparticles to manipulate light at the nanoscale has been of interest to mankind since the
late 1800°s%°. However, over the last 2-3 decades, research and development of new nanoscale
materials with advanced optical properties has burst forth due to advancements in the field of
nanotechnology. Among the many attractive properties that metal nanoparticles possess, one
important phenomenon is referred to as localized surface plasmon resonance (LSPR). When light
is incident on a particle, the free conduction electrons in the particle surface may undergo a
collective oscillation at the same frequency of the incident light and this phenomenon is known as
LSPR. The effect of this phenomenon is the presence of a sharp absorbtion and scattering peak.
The absorption peak and other related optical properties depend upon several factors including
particle size, shape and material. For example, gold nanoparticles absorb light in the ~520 nm
wavelength whereas silver nanoparticles absorb in the range of ~410 nm. However, aggregation
of gold nanoparticles in solution will result in an increase in the size of the aggregate which would
further result in ashift in the peak which can be characterized by a corresponding red-to-blue color
change. This suggests that the particle size is also an important parameter in determining optical
activity. Another important parameter is the surface charge on the nanoparticle. In this work, we

will be focusing only on negatively charged metal nanoparticles.

1.3.2. Zeta potential

The effect of surface charge on the stability of the nanoparticle is characterized by the zeta
potential, {'3. Consider a negatively charged nanoparticle in an aqueous solution that contains

dissolved ions (Fig. 1.2). In order to achieve charge neutrality, the positively charged ions in the



solution will form a close shell around the negatively charged nanoparticle due to Coulombic

attractive forces.

®

.......... Surface potential

@ @ Stern potential

mV

Distance from particle surface

Figure 1.2: Diagram of ion distribution around a negatively charged particle and schematic of

the electric potential at the surface, Stern layer and Slipping plane.

This shell like inner layer is referred to as the Stern layer and the electric potential at this
plane is the Stern potential. The presence of bound surface charges and associated counterions will
act as an effective capacitor with a compressible dielectric filling. Due to the increased
concentration of ions at the colloidal surface relative to the bulk, there will be a gradient in the
concentration of ions that decreases from the surface of the particle until it reaches the bulk ion
concentration. Thermal motion of the solvent molecules and ions tends to create a second, more
spread-out layer that can span distances on the order of nanometers. This layer of increased ion

concentration is typically referred to as the diffuse layer. The characteristic thickness of the

10



electrical double layer is the Debye Length, 1/x, which has been defined earlier. The plane that
separates the mobile fluid from the fluid that remains attached to the nanoparticle surface is
referred to as the slipping plane and the electric potential at this plane is the zeta potential.
Typically, ( is experimentally determined using electrophoretic mobility measurements or
estimated theoretically using the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory!2.
Alternatively,  and 1/x can be directly calculated from molecular simulations. We will discuss

this in more detail in Chapter 3.

1.4. Nanoparticle-Surfactant Interactions

1.4.1. Self-assembly in micelle-NP solutions

As mentioned earlier, surfactant micelles encounter colloidal and nanoparticles in several
areas of application and it is important to understand their coexisting behavior in order to develop
the ability to robustly tune and precisely control the desired properties of the resultant fluid. Due
to their amphiphilic nature, surfactants prefer to partition at the solid-liquid interface that exists
due to the presence of solid colloidal particles in a continuous liquid (fluid) medium. The nature
of self-assembly greatly depends on the surface chemistry of the colloid and the corresponding
interactions between the head and tail groups. For example, if the colloidal surface has a strong
affinity to the head group, either due to van der Waals or electrostatic interactions or a combination
of both, then the surfactant will adsorb on to the surface of the particle in a head-on fashion. On
the contrary, if the particle has a strong affinity to the tail group and repels the head group, then a
tail-on approach can be expected. At very low concentrations of surfactant and/or very weak

attractive and repulsive forces between the colloidal surface and the head and tail groups we can
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expect to see partial tail-on and head-on orientations during self-assembly. These self-assembly

processes are typically enthalpy dominated?6,

In the presence of a macroscopic interface, it has been shown that micellar solutions can
be forced towards reaching an ordered nematic phase due to the adsorption and structuring of
individual surfactant molecules at the interface. This is achieved due to the presence of a planar
surface which disrupts the symmetry (isotropic state) of the micellar fluid. However, as the surface
gets smaller and less planar (increase in curvature), such as in the case of nanoparticles, it is not
clear if this behavior would still be valid. Several attempts have been made to characterize the self-
assembly of mixtures of WLMs and nanoparticles in aqueous solution. However, existing results
and the corresponding hypothesis therein seem to be somewhat contradictory. Even rheological
characterization of such systems show contrasting behavior and the trends observed are vastly
different. The range of experimental techniques used to explore such systems include rheology,
small angle X-ray scattering (SAXS)27, small angle neutron scattering (SANS) and isothermal
titration calorimetry measurements2®. The general hypothesis is that the nanoparticles integrate
themselves within the micellar network, therefore giving rise to a micelle- nanoparticle double
network with enhanced viscosity and viscoelasticity. However, the mechanism of self-assembly,
the synergistic effects between nanoparticles and WLMs in solution, and the underlying
interactions remain unclear. Theoretical and modeling efforts in this topic are limited to ad hoc
models and pre-assembled structures that fail to include solvent effects and/or cannot capture
relevant time/length scales. Jodar-Reyes and Leermakers2®: 30 have performed self-consistent field
theoretic calculations of rodlike micelles confined between two surfactant-covered surfaces. Their
results suggested that micellar stalks can bridge between hydrophilic surfaces on to which a double

layer of surfactants are adsorbed and that this would happen when the end cap energy of the
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micelle, Ecap, is higher than the free energy required for junction formation. They also claim that
it is impossible to have micelle-NP junctions in the case of a monolayer of surfactants adsorbed

on to a hydrophobic colloidal surface.

1.4.2. Plasmonic Nanofluids

The addition of colloidal particles to viscoelastic polymer solutions has provided a great
method to create light-weight, next-generation materials?4. Such materials are referred to as
polymer nanocomposites (PNCs) and have been shown to possess superior material properties
such as mechanical strength, flexibility and thermal conductivity even at very low nanoparticle
filler loadings. A thorough review of all the experimental and computational efforts in the area of
PNCsand polymer-grafted nanoparticle systems has been presented elsewhere3?. In this study, we
focus on micellar systems or “living polymers” and their self-assembly with nanoparticles.
Recently, a new method has been developed to create stable, robustly tunable plasmonic nanogels
using noble metal nanoparticles and WLMs. However, the mechanisms that govern the underlying
self-assembly and the coupling between the microstructure and macroscopic properties of such
solutions is relatively poorly understood. It is possible that the presence of WLMs prevents
nanoparticle aggregation and help preserve their optical properties while nanoparticles act as
optically functional viscosity modifiers. Such solutions exhibit complex behavior such as a non-
monotonic increase in zero-shear viscosity with particle concentration and a rich range of
rheological behavior including Newtonian, rheopexy, shear thickening and shear banding.

Understanding the rheological and flow properties of these complex fluids are important from a
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processing perspective. This work will make an attempt to fill the knowledge gap in this area using

computational modeling techniques that can span appropriate time/length scales.

1.5. Computational Modeling of Complex Fluids

1.5.1. Hierarchy of simulation techniques

A schematic representing a hierarchy of molecular modeling and simulation techniques is
shown in Fig. 1.3. The typical spatial and temporal scales that can be accessed by each of these
techniques is also provided. Ab-initio quantum mechanical methods are limited to studying
systems containing a few hundred electrons over femtosecond timescales. Quantum mechanical
methods such as density functional theory (DFT) have been used in the past to study the molecular
structure of highly dilute surfactant systems32. However, these methods cannot be used to study
supramolecular aggregates and clusters of micelles. All-atom (AA) simulations are extremely
useful in investigating the structure of macromolecules such as proteins, polymers, micellar
aggregates and biological membranes. AA simulations give detailed atomistic descriptions of
every single atom in the system and can access timescales on the order of 10-100 nanoseconds33:
34,35,36,37.38 While this is good enough to examine radial distribution functions and energetics of
the system, this is not enough to probe the configurational dynamics, self-assembly and rheology
of macromolecular fluids such as polymers, wormlike micelles, proteins, DNA etc. Further, such
detailed representations are unnecessary and irrelevant as far as macromolecular behavior is
concerned. A slightly better approach is to use a united-atom description which typically neglects
all the (light) hydrogen atoms and the bond vibrations associated with those atoms. This results in

a slight increase in efficiency but is not enough to overcome the above mentioned limitations.
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Several attempts have been made to develop reliable coarse-grained (CG) models that combine

three or four heavy atoms into a single CG bead, which would effectively remove the ultrahigh

frequency motions and reduce the number of degrees of freedom in the system? 40, This would

allow sampling on the order of microseconds while still being able to retain chemical specificity

of the molecules and explicitly account for hydrodynamic effects due to solvent motion.
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Figure 1.3: A hierarchy of molecular modeling and simulation techniques.

Beyond the CG approach lies the realm of mesoscopic simulations. This includes Brownian

Dynamics (BD), Dissipative Particle Dynamics (DPD) simulations and so on. These are stochastic

simulation models in which the solvent is represented by a thermal bath and the macromolecule is

represented by an ad hoc micromechanical model, for e.g., bead-rod or bead-spring model. In the
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bead-rod model, the beads are a collection of 10-20 monomers that can be assumed to be in
concerted motion and the rod length is typically referred to as the Kuhn length (= twice the
persistence length). The bead-spring model is slightly more coarse-grained and usually the spring
IS a non-linear entropic spring. These models have been extensively used to study the
configurational dynamics of polymeric systems under confinement, various flow fields and solvent
conditions. DPD simulations are stochastic simulations but are slightly closer to CG models in the
fact that the solvent is modeled by CG particles and therefore such methods are more suitable for
studying systems where the hydrodynamic interactions become important, such as in micelle
solutions*- 42, Finally, there are also continuum-level constitutive modeling methods that are often
used to study the phase behavior of polymeric liquids. These techniques focus on modeling mean
field quantities such as velocity, pressure and viscoelastic stress. They do not attempt to capture
microstructural details such as molecular motion and self-assembly. Examples of such methods

include direct numerical simulations (DNS) and self-consistent field (SCF) theories.

1.5.2. Simulations of surfactant and nanoparticle solutions

The design and development of computer simulations and related techniques to study
amphiphilic surfactants, polymers and nanoparticles has become crucial to establish relationships
between the nanoscale structure and macroscopic properties of these important class of soft
materials. Molecular explorations of such systems have increased exponentially over the last two
decades. Attempts to characterize surfactant structure and provide quantitative estimates of the
critical micelle concentration, aggregation number and phase behavior of ionic and nonionic

surfactant micelle solutions through various modeling techniques have been largely successful for
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small, concentrated systems. Studies have also explored the behavior of surfactants at liquid-liquid
(oil-water), vapor-liquid (air-water) and solid-liquid interfaces (nanoparticle/planar surfaces).
Leermakers et al.?% 30 have made several contributions in this area through the development of
SCF theoretic frameworks. Groot has studied the formation of a polymer-surfactant complex in
aqueous solution using DPD simulations*l. Lu et al. provided the first ever simulations of
surfactant-assisted protein refolding using lattice models*3. Wang and Larson have shown the
effect of salt type and concentration on the structure of cationic CTAB micelles??. Sangwai et al.
have shown sphere-to-rod transitions and coalescence of micelles due to salt-induced electrostatic
screening effects!® 44, For nanoparticle-surfactant systems, small-scale MD simulations on the
order of a few hundred picoseconds have been performed on preassembled systems to show that
surfactant adsorption on to the surface of a semiconductor or metal nanoparticle is energetically
favorable*® 46, Therefore, the collective literature suggests that molecular level explorations of
micellar systems has been limited to nanosecond time scales and systems that consist of a few
thousand particles at most. In this work, we will be developing suitable CG models that can span

microsecond timescales for systems that consist of ~O(10°) number of particles in the system.

1.6. Scope and Objective

As mentioned above, the multi-scaled nature of both the structure and properties of WLMs
and WLM-nanoparticle mixtures requires an equally multi-scaled approach to study them. The
goal of this thesis is to develop a rigorous coarse-grained molecular model to effectively describe
model cationic surfactants, for e.g., cetyltrimethylammonium chloride (CTAC), hydrotropic salts,

such as NaSal, and nanoparticles with both hydrophobic and charged, hydrophilic surfaces. The
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nanoparticles utilized in this work are primarily spherical and in the size range of 3-5nm. The CG
framework that is developed herein will be used to investigate the structure, dynamics, self-
assembly and rheology of mixtures of surfactant micelles and nanoparticles at the molecular level.
The CG models and corresponding force field parameters for each of the molecules are listed in

the respective chapters. The remainder of the thesis is organized as follows.

In Chapter 2, we discuss the configurational dynamics of a rodlike cationic surfactant
micelle in shear flow. While the dynamics of asingle polymer chain in various flow fields is clearly
understood, the same cannot be said about self-assembled rodlike or WLMSs. The study presented
here provides the first and only way to directly visualize the dynamics of micelles under shear
flow. Specifically, we characterize an effective parameter to distinguish between diffusive and
flow-aligned regimes, estimate tumbling frequencies, orientational distributions and stretching
forces for rodlike micelles. Further, we also predict micelle scission barriers and compare our

predictions with stochastic simulations and mesoscopic theories.

In Chapter 3, we focus on identifying molecular mechanisms of self-assembly in mixtures
of nanoparticles and surfactants in solution. The effect of nanoparticle surface functionalization
and charge on the resulting self-assembly is also discussed. First we show that surfactants can self-
assemble on the surface of a nanoparticle to form a corona-like monolayer ora vesicle-like bilayer.
Next we show that these self-assembled nanoparticle-surfactant complexes can further self-
assemble with rodlike micelles via an end cap attachment mechanism to form electrostatically
stabilized junctions. The dynamics of surfactant exchange and the energetics associated with

junction formation is discussed.

Chapter 4 focuses on the rheology of WLM-nanoparticle solutions. The effect of

nanoparticle volume fraction and the molar ratio of salt to surfactant, R, on the equilibrium

18



viscosity is discussed. We show that nanoparticles materially participate in the micellar network
and identify relationships between the microstructure and rheology of such systems. Specifically,
two mechanisms result in an increase in viscosity with increase in nanoparticle volume fraction.
First, the effective lengthening of micellar structures leads to longer structures. Second, the
presence of nanoparticle-mediated junctions results in a decrease in the number of micellar branch
points that can act as sliding junctions. Finally, we use non-equilibrium MD simulations to show
shear thinning and shear-induced isotropic-to-nematic transitions in such solutions. The first

normal stress difference, N1, and its dependence on time and shear rate is also discussed.

In Chapter 5 we discuss the effect of salt type and salt concentration on the morphology
and rheology of micellar fluids. We compare the range of structures obtained from simulations of
aqueous solutions of CTAB surfactant in the presence of three different salts, namely, NaCl, NaSal
and 3-hydroxy naphthalene-2-carboxylate (SHNC). SHNC is a hydrotropic salt which is very
similar to NaSal but has an additional ring in its tail group. It has been shown that the additional
ring structure results in stronger 7m-mand cation-m interactions, which in turn results in complex
rheological behavior. Effect of salt type and concentration on the dynamics of micelle formation

is also discussed.

Chapter 6 provides a summary of all the results in this work and proposes directions for
future work. Some preliminary investigations of relevant phenomenon in micellar systems, as well
as attempts to develop algorithms and computational methods to explore linear viscoelasticity in
complex fluids using molecular dynamics simulations that mimic small-amplitude oscillatory
shear (SAOS) flow experiments are discussed. Finally, additional methods of optimizing and
increasing the computational efficiency of computer simulations in order to access longer time and

length scales is discussed.
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Chapter 2

Dynamics and Scission of Rodlike Cationic Surfactant Micelles in

Shear Flow

[Adapted (in part) from Phys. Rev. Lett. 114, 158302 (2015)]

2.1. Introduction

Thermodynamic self-assembly in surfactant solutions is known to result in various micelle
morphologies such as spheres, cylinders, vesicles, and lamellae. The rich diversity in equilibrium
morphologies is of great fundamental and practical interest in applications ranging from
detergency to targeted drug delivery. Amongst micellar structures, cylindrical and wormlike
micelles are known to exhibit rich rheological behavior because micelle length and entangle ment
density depend greatly on the surfactant and salt concentration, salt hydrophobicity, temperature
and flow shear. Specifically, depending on the surfactant concentration, chemical environment,
and shear rate, cylindrical micelle solutions could exhibit Newtonian, shear thinning, or shear

thickening behavior, which is accompanied by shear-induced structure (SIS) formation or shear

banding?l: 22.47,48,49,50,51

Over the last couple of decades, significant progress has been made in trying to understand
polymer dynamics under equilibrium and non-equilibrium conditions for applications in several
areas including polymer processing, turbulent drag reduction and enhanced oil-recovery®2. Further,

single polymer manipulation has become increasingly important for several lab-on-a-chip
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applications such as DNA separation®® 54 and stretching devices®®. To this effect, the
configurational dynamics of single polymer molecules under various flow fields has been
extensively investigated®6: 57.58.59.60,61,62 The pjoneering work in this area was done by Chu et al.
who utilized video fluorescence microscopy techniques to directly visualize a dye-stained DNA
molecule under conditions of simple shear®® and uniaxial extensional flow®® fields. Following this,
several researchers have developed theoretical®?, experimental and numerical®® schemes to
elucidate the dynamics of a single polymer chain. These include rheological experiments,
mesoscopic theories and stochastic simulations such as Brownian Dynamics (BD) and Dissipative
Particle Dynamics (DPD) simulations. More recently, the orientational distributions and tumbling
dynamics of a single polyethylene oxide (PEO) molecule under shear flow has been characterized
using CG MD simulations that explicitly account for hydrodynamic effectsé4. The effect of chain
length, solvent quality and confinement on the dynamics of these systems have also been studied
in detail. While tremendous progress has been made in understanding the behavior of polymers,

not much progress has been made in studying the dynamics of self-assembled systems.

Cylindrical and WLMs are structurally very similar to polymers but have an added layer
of complexity in the form of a dynamic equilibrium that exists between scission and recombination
of micellar structurest. Till date, we do not have any experimental techniques that have the ability
to characterize the configurational dynamics of a single WLM in a flow field. This is because
current experimental techniques lack the spatiotemporal resolution to directly observe micellar
solutions in real time. Hence, the only way to study these systems is to use theoretical and
numerical methods. While phenomenological, kinetic-theory inspired®® and continuum-level
constitutive models®® 67 68. 69 have been developed to study the dynamics and rheology of

cylindrical micelles, molecular-level explorations of flow-structure coupling in micelle solutions
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IS lacking. Understanding micelle structure and dynamics via faithful and systematic molecular
simulations is an important and essential step in filling this knowledge gap. Briels et al.”® have
developed stochastic simulations (Brownian dynamics), in which parameters such as the
persistence length were obtained from atomistic molecular simulations, to study dynamics and
rheology of wormlike micelle solutions. In this study, we describe, for the first time, insights
gained from a coarse-grained molecular dynamics (CGMD) study of cylindrical cationic micelles
subjected to uniform and steady shear flow’t. In CGMD, explicit solvent-salt-micelle interactions
are incorporated by utilizing force fields which are validated against more detailed atomistic MD
simulations. Several fundamental questions are addressed including the criterion that demarcates
the Brownian (diffusive) and flow-aligned regimes, asymptotical scaling laws that characterize
micelle configurational dynamics and their comparisons with stochastic theories of flexible and
semi-flexible polymers, relationship between micelle energetics and length, and a mechanism of

flow-induced micelle scission.

Cates and coworkers®? suggested that the fundamental mechanism of SIS formation is end-
to-end collisions between flow-aligned micelles, followed by the opening up of micelle end caps
and micelle fusion to form longer micelles. These longer micelles tend to flow-align more easily
because the rotational (angular) diffusion timescale 1o of these rods increases significantly with
micelle length (to ~ L3), and this triggers a positive feedback mechanism that promotes formation
of even longer micelles which eventually form networks. They also hypothesized that the onset of
SIS formation occurs when o of the micelles is comparable to the inverse shear rate, i.e., when
the Peclet number Pe = Stp, is O(1). Recent equilibrium MD simulations of cationic spherical
micelles suggest that sufficient electrostatic screening is required to induce micelle fusion, which

is more readily facilitated when ringed organic counter ions are present in salt to surfactant molar
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ratio exceeding unity*4. For instance, benzoate ions physically adsorb onto the micelle-water
interface and help neutralize the repulsive electrostatic interactions between the surfactant head
groups, as characterized by the potential of mean force of binary interactions. This is consistent
with experimental observations that hydrophobic salts such as benzoate or salicylate promote SIS

formation and shear thickening in cationic micelle solutions!8: 21,

Hence, the literature suggests that satisfaction of two criteria is required for robustly
inducing SIS in ionic micelle solutions, namely a mechanical one that requires that the inverse rate
of flow deformation is comparable to that of the inherent rotational time scale of the micelle, and
a chemical one that necessitates the counterion concentration to be large enough to provide
sufficient electrostatic screening. In this work, we focus on studying the effects of shear flow on
the configurational dynamics of a single cylindrical CTAC micelle in an aqueous solution
containing NaSal salt while preserving the underlying physical chemistry and intrinsic self-
assembled structure of the micelle. In the simulations, all chemical interactions, spontaneous
rearrangements within the micelle structure and micelle shape/length fluctuations and angular
diffusion are explicitly calculated. To date, atomistic non-equilibrium molecular dynamics
(NEMD) simulations of micellar systems in presence of explicit solvent and electrostatic
interactions are limited to nanosecond time scales. In the present study, we are able to conduct
NEMD studies that span microseconds (>> angular orientational relaxation time tr) by utilizing
CG potentials of CTAC surfactant and NaSal salt in explicit solvent. Coarse-graining of surfactant,
salt, and water helps reduce the number of particles by approximately 4 times and increase the
time step in MD by an order of magnitude since time scales on the order of atomic bond vibratio ns
are neglected in the CG description. MARTINI-based CG force fields’? used here have been

extensively validated against atomistic simulations in terms of the radial distribution functions of
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the system constituents. Polarizable CG water was used as a solvent because of its ability to capture
electrostatic interactions in systems with charged interfaces more accurately compared to CG
water models that lack a local dipole’3. The integrity of the cylindrical structure of the micelle is
maintained by the surface adsorption of Sal ions onto the micelle-water interface, especially when
the molar ratio of NaSal to CTAC, R > 1. Hence in the simulations we used R = 1.5. The
Weissenberg number Wi =Str is used to characterize the flow strength. Simulations are conducted
for 0 <Wi <125. The vector l,xis that connects the centers of mass of the two endcaps of the micelle
represents the micelle axis. The angle @ that the projection of lais onto the flow (x)-gradient (y)
plane subtends with the x-direction is used to quantify orientation and flow-alignment. Micelle
structure is not subject to any external constraints and is governed only by hydrodynamic forces

as well as the interactions among the CTAC surfactants, NaSal salt and water molecules.

2.2. Simulation Methods

2.2.1. The CGMD Surfactant Model

Figure 2.1 illustrates atomistic and CG representations of the CTAB and NaSal molecules.
Specifically, the tail group of the surfactant, which consists of 16 carbon atoms, is modeled using
4 CG beads and the positively charged head group with one CG bead. These models have been
extensively validated and have shown to reproduce sphere-to-rod transitions and coalescence of

micellar structures!® 44,
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Figure 2.3: AA and CG representation of (a,b) cationic CTA* surfactant and (c,d) hydrotropic

Sal salt respectively.

Bonded interactions such as bond stretching and bending were represented by weak

harmonic potentials V,, and V respectively:
V() = K, (b — by)? (2-1)

Vg(6) = ZKy(cos(6) — cos(6,))?  (2-2)

where b, and 6, are the bond length and bond angle at the minimum energy configuration,
respectively, and K,, and K, are constants associated with bond stretching and bending energies
respectively. All non-bonded intramolecular interactions among the surfactant and salt beads as
well as intermolecular interactions between surfactant, salt and solvent beads are represented by a
Lennard-Jones (LJ) 12-6 potential. The LJ potential V;; between beads i and j separated by a

distance ;s given by:
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where g; is the minimum in V;; and o;; is the distance at which the Vi; vanishes. The values of

these parameters are adopted from the work of Sangwai et al.?

Table 2.1: Bonded and non-bonded interaction parameters for all CG beads in the system

Interaction Potentials
LJ ¢ (nm) € (kJ/mol)
Cl-C1 0.47 35
Cl-C2 0.47 35
C1-Q0 0.62 2.0
Cl1-Qa 0.62 2.0
Cl1-ScC4 0.47 3.1
C2-C2 0.47 35
C2-Q0 0.62 2.0
C2-0Qa 0.62 2.0
C2-SC4 0.47 3.1
Q0-QO0 0.47 3.5
Q0 —Qa 0.47 45
Q0 - SC4 0.47 2.7

26



Qa—0Qa 0.47 5.0
Qa— SC4 0.47 2.7
SC4 —SC4 0.43 2.625
Bond d (nm) Ky (kJ/mol/nm?)
Cl-C1 0.47 1250
Cl1-C2 0.47 1250
C2-Q0 0.47 1250
SC4 - SC4 0.27 1250
SC4—Qa 0.47 1250
Angle 0 (degree) Ko (kJ/mol/rad?)
Cl-Cl1-C2 180 25
Cl1-C2-C2 180 25
C2-C2-Q0 180 25

2.2.2. Assembling and Equilibrating a Rodlike Micelle

A short cylindrical micelle was obtained from a previous study where two spherical
micelles were demonstrated to coalesce into a single stable cylindrical micelle driven by NaSal.
The resultant cylindrical micelle structure containing 162 CTA* monomers was solvated in 23364
polarizable CG water beads, equivalent to ~94000 all-atom water molecules, in a cubic box. Molar
equivalent of Sal counterions were added. Na* and CI were placed at energetically favorable

positions by replacing solvent molecules. This system was energy minimized and an equilibrium
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MD run of 50 ns was performed at 300 K and 1 atm in an isothermal-isobaric (NPT) ensemble for
the system to reach equilibrium density and energy. The resultant box size was 14.2 nm. Figure
2.2 shows a schematic of the NEMD simulation box and the angles used to characterize flow

behavior.

Figure 2.2: (a) Schematic of NEMD simulations. CTA* surfactants (purple heads and green tails)
groups, Sal ions (yellow), sodium (red) and chloride (blue) ions and water (cyan), (b) Schematic

of the micelle axis and definitions of angles used to characterize flow-alignment.

2.2.3. Molecular Dynamics Simulations of Micelle Dynamics under Shear Flow

The equilibrated system was subjected to flow shear in NEMD simulations using Lees-
Edwards boundary conditions’4 in which the top x-z plane is moving with a x-directional velocity

+Vx, while the bottom the x-z plane is moving with a velocity -Vx with a linear gradient in the
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velocity along the y-direction (Fig. 2.2). The corresponding shear rate is (2Vx/L) where L is the
side of the cubic box. Pressure scaling was turned-off for NEMD. The time-step was 25 fs.
Snapshots were saved after every 12.5 ps. Temperature scaling was implemented with improved
Berendsen thermostat to maintain 300 K with a time constant of 0.5 ps. The relative permittivity
was set to 2.5, as recommended for the polarizable CG water model in MARTINI potentials.
Lennard-Jones non-bonded interactions were shifted to zero gradually in the range of r_shift =0.9
nm to r_cut = 1.2 nm. Cut-off for Coulombic interactions r_cut = 1.2 nm. It was gradually shifted
to zero from r_shift = 0.0 nm. Periodic boundary conditions were applied with the minimum image

convention.

2.2.4. Determination of Micelle Relaxation from Flow-induced Stretched
Configurations

In order to understand the dependence of pair potential energy on micelle length, we carried
out equilibrium MD simulations on flow-stretched micelles to allow relaxation to their equilibrium
lengths. A total of 10 different initial states with stretched micelles were obtained from NEMD
simulations and were subjected to equilibrium MD simulations in an NVT ensemble without
changing any other process conditions. These 10 simulations were carried out to estimate the
dependence of two properties of the micelle: length relaxation and pair potential energy of the
[Micelle-Sal] as functions of time. Each simulation was run for 50 ns which was sufficiently large

considering observations of length and internal energy plateaued within first 10 ns.

2.2.5. Calculation of the Instantaneous Length and Orientation of the Micelle
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To measure the alignment of micelle with flow in the x-direction, we first determine the
center of mass of the end caps of the micelle in a given snapshot so that the axis of the micelle can
be defined as the connecting vector between the end caps. Surfactant monomers participating in
the end caps are distinguished by a distance parameter dcap (= 3.5 nm). A monomer with its head
group farther than dcap = 3.5 nm from the center of mass of the micelle is part of an end cap.
Further, we differentiate between the two end caps using relative distances of monomer head
groups from each other. The vector l,xis connecting the geometric centers of the two different end
caps is defined as the axis of the cylindrical micelle. The flow is in the x-direction and gradient is
in the y-direction, therefore the tumbling and flow-alignment are revealed clearly in the x-y plane.
We project laxis onto the x-y plane to obtain proj(laxis). Thus the angle between proj(laxis) and the
x-axis (¢) provides an accurate measure of flow-alignment effects independent of perturbations in

the z-direction. In addition, the magnitude of l,xis serves as a measure of micelle length.

2.3. Results and Discussion

2.3.1. Orientational Dynamics in Shear flow

Similar to polymer molecules, micelles tend to flow-align, stretch and tumble under shear
flow. Flow-aligned micelles undergo an end-over-end tumbling due to the vorticity component in
the rate of deformation tensor, which results in fluctuations in micelle length and orientational
angle, 6.Fig. 2.3 shows & plotted as a function of time t for 6 different values of Wi. Note that 6 =
0° represents a fully flow-aligned state while a transition through 90° corresponds to a tumbling
event. Results are shown only for the first 1 s for clarity although the trends remain the same
throughout the duration of the simulations (> 3 ). It is evident that in the absence of flow, i.e.,

for Wi = 0, the intrinsic rotational diffusion of the micelle dominates the orientational distribution.
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Figure 2.3: Plots of 6 vs. time t for various Wi.
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Beyond Wi ~ 1, flow becomes sufficiently strong enough to influence micelle dynamics.
This can be seen by a more regular behavior in the variation of & with time. Further, a consistent
increase in the number of peaks as a function of time suggests that, with increase in Wi, the time
taken by the micelle to go through one tumbling event reduces. In other words, this would imply
that the micelle has an increased preference to a flow-aligned state. This is clearly seen in Fig. 2.4
where the probability distribution function (PDF) p(6) is plotted. The pdf is uniform for Wi =0

suggesting the absence of any preferred orientation.
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Figure 2.4: p(0) at various Wi. The dotted line represents a uniform distribution and the vertical

bars show the standard deviation of p(0) at Wi =0 in the simulations within each interval.
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As Wi is increased, the effect of flow on micelle orientation becomes progressively more
prominent. For example, for Wi = 0.3 the departure of p(6d) from the uniform equilibrium
distribution is relatively small suggesting that the rotational diffusion dominates over flow
alignment. However, at Wi =1.5, higher probabilities are clearly seen associated with flow-aligned
states. A crossover from a diffusive to a flow-aligned regime occurs at Wi ~ 1. For Wi > 1, quasi-
periodic tumbling events dominate the micelle dynamics. Snapshots (i) and (i) of the micelle
displayed in Fig. 2.6 correspond to 6= 0° (flow-aligned state) and & =90° (gradient-aligned state)
respectively at Wi = 7.6. The tumbling events occur at regular intervals while the tumbling
frequency increases with Wi. For Wi > 1, p(0) follows a Gaussian distribution and the full width at
half maximum of the orientational distribution (A#) o Wi -0-31 which is consistent with previous

predictions of mesoscopic theories for semiflexible polymers®®: 62.63 (Fig. 2.5).

100 _
— Ag = 66.83(Wi)**" ]

10 . . — 1 . . . i
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Figure 2.5: A@ as a function of Wi. The solid line is a power law fit with an exponent of -0.31

which is in close agreement with experimental and theoretical predictions of -1/3.

33



Shape fluctuations in the z-dimension also influence the tumbling cycles, as seen in
snapshot (i) in Fig. 2.6, in which the micelle is slightly bent and misaligned with respect to the
flow direction. In this case, the micelle axis is out of the flow-gradient plane, as seen in snapshot
(iv). Such events occur more frequently for relatively low shear rates and tend to randomize the
tumbling cycles. The micelle eventually recovers from such misaligned states to flow-aligned ones

before undergoing a tumbling event or transitioning to another misaligned state.

Figure 2.6: (Top left) Flow-aligned, (Top right) gradient-aligned, (Bottom left) misaligned (in the

xy plane), and (Bottom right) misaligned (in the yz plane) states (not to scale).

The angular distributions of rod-like micelles can be defined in two ways. The first one is
the angle between the micelle axis (proj(laxis)) and the flow direction (x), 8, which is discussed
above and the second one is the angle between the micelle axis (proj(laxis)) and the out-of-plane
direction, ¢, which in this case is the z-axis. It has been shown that for rodlike and semiflexib le

polymers, the PDF of the angle ¢, p(¢), decays as o2 for Wi >> 1 and always approaches a value

34



of /2 independent of the Wi. Fig. 2.7 contains a plot of p(¢) with the respect to ¢. The black line
indicates a slope of -2 and it is clear that for Wi >> 1 the orientational dynamics of rodlike micelles

are extremely similar to that of rigid and semiflexible polymers.
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Figure 2.7: p(p) at various Wi for Wi > 1. The black line indicates a slope of -2.

The autocorrelation function (ACF) of 0 defines the temporal correlation of the angular
orientation. The ACF at Wi = 0 (at equilibrium) can be used to define an orientational relaxation

time tr Of 6 by fitting it to a decaying exponential of the form,

ACF = exp(—t/t,) (2-4)
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where the ACF has been normalized using its value att = 0. The relaxation time tr was calculated

to be 28.7 ns and was used in our calculations of Wi.
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Figure 2.8: Normalized tumbling frequency fversus Wi. Open circles indicate stochastic diffusion
regime while filled circles lie in the flow-aligned regime. Power law fitting in the flow-aligned

regime yields f~ Wi0-68,

The power spectral density (PSD) can be obtained from the fast Fourier transform (FFT)
of the ACF. We obtain the tumbling frequency f* = (1 / c) from the peak in the PSD%8. The

normalized tumbling frequency f= 1/(tc/1r) is plotted as a function of Wi is shown in Fig. 2.8. For
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Wi < 1, no systematic change in fis observed. However, for Wi > 1, f increases indicating more
frequent and periodic tumbling. Power law fitting of fvs. Wi provides an exponent of 0.68 which
is also observed in Brownian dynamics simulations of polymers in dilute solutions?”>: 76.77.78,
The rotational diffusivity D was obtained from equilibrium simulations as one sixth of the
slope of the linear fit of the mean squared angular displacement, <6-60>2, vs. time (Fig. 2.9). This

yielded D =6 x 10° rad?st, corresponding to o = 6.58 |s°2.
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Figure 2.9: Mean squared angular deviation vs. time for Wi = 0.

For comparison purposes, if we consider the micelle to be a rigid rod with length L =10
nm and aspect ratio a = 2.5 (based on a micelle diameter of ~4 nm), in a dilute aqueous solution at
300K with viscosity m of 0.001 Pa.s, the estimated D = 3kgT In(a)/(mnL?), yields o ~ 10°s. This
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IS in qualitative agreement with the value of D calculated from our simulations. The orientational
relaxation time TR, however, is the time scale over which temporal correlations in the orientational
angle @ is lost. This is on the order of 10 ns and comparable to the time scale of tumbling events.
Transition from the diffusive to flow-aligned regime occurs when tr ~ 1/S, or equivalently when

Wi = 1 (Pe = 230).

2.3.2. Structure Relaxationand Stretching Forces

We computed the change in the total pair potential energy ®(I) of the surfactants in the
micelle and adsorbed Sal ions as a function of length | of the micelle, defined as the magnitude of
the vector laxis. Note that | therefore is smaller than the end-to-end distance of the micelle. The use
of laxis to calculate | instead of using the end-to-end micelle vector has an advantage of reducing
the statistical uncertainty in | arising from shape fluctuations. We carried out 10 different
equilibrium MD simulations of previously sheared systems where flow-aligned stretched micelles
were allowed to relax to their equilibrium length structures. Over the length relaxation spectrum
of the micelle from about | =7.2t0 4.7 nm, ®*(I) =<d(l) - O(I, Wi=0)> was averaged into equally
spaced bins of I with a width dl =0.0122 nm (Fig. 2.10). The relaxation of length happens over a
period of roughly 8 ns and therefore only the first 8 ns of data was considered. Energy ®*(I) needed
to stretch a micelle from its equilibrium length is observed to vary linearly with | (Fig. 2.10). The
slope of the linear fit provides a constant stretching force of = 650 kJmol! nmr! which corresponds
to ~1 nN per molecule. In comparison, the force required to stretch a covalent bond is 2-3 orders
of magnitude greater’®, while that for hydrogen bond stretching in water is 1-2 orders of magnitude

greater80, This is reasonable considering that the micelle is self-assembled by weak non-bonded
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forces. Our estimate is in very good agreement with experimental measurements of similar forces

in biological systems8?,

®*(/) = 652.9(/)-4097 .4

p{) (%)
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Figure 2.10: Pair potential energy @®*(l) (black dots) and probability distribution of length p(l)
(blue triangles) from the length relaxation simulations are plotted as a function of I. Snapshots at
different locations show a) stretched micelle (I =7 nm), b) micelle with most probable length |~

5.4 nm, and c) bent micelle (1= 4.7 nm).

The linear relationship between @*(l) vs. | may be interpreted as an asymptotic behavior
valid for arelatively short (~ nm), stiff rodlike molecular assembly. From a further coarse grained,

mesoscopic modeling point of view, this would suggest that a micelle with length on the order of
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a few nanometers may be considered as a stiff spring whose length may only fluctuate within a
small range around an average value, e.g. as in the stiff FENE-Fraenkel spring proposed by Hsieh
et al. to model practically inextensible rods in the freely jointed bead-rod chain model of polymer
chains®2. In order to verify this, we calculated the probability distribution of | from a total of
160,000 configurations. A probability distribution of | during the relaxation process is also plotted
in Fig. 2.10. The distribution shows a pronounced peak at 5.4 nm which is the most probable
length. The micelle appears to explore lengths smaller than | = 5.4 nm which is possible because
of a mechanism in which the recoil from a stretched state to equilibrium length would cause either
micelle bending or compression. Further, the linear fit is not extended to the two ends of the length
spectrum because the sampling of | < 5.0 nm and | > 6.7 nm in our simulations is very poor.
However, we believe that the dependence of micelle pair-potential energy on micelle length will
still hold true for all cases. Inthe three different micelle states shown in the plot, a stretched micelle
(I = 7.0 nm) can be seen to relax to a shorter state with | ~5.4 nm and then further recoil into a

state bent along its axis (I <5.0 nm).

2.3.3. Flow-induced Micelle Scission

Unlike polymer chains, in which the monomers are covalently bonded to each other,
micelles are self-assembled by weak non-bonded interactions. This presents a limitation in the
range of Wi that can be explored without causing micelle scission. We performed multiple
simulations between 50 < Wi <125 to study micelle scission. It was observed that micelle scission
does not occur for Wi < 70. For larger Wi, flow shear is sufficiently strong to cause micelle
breakage as shown in Fig. 2.11, in which the micelle is seen to undergo a few tumbling events

before scission.
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Figure 2.11: ®*(l) and | versus t showing micelle scission for Wi = 76. Snapshots at different
locations show a) stretched micelle (t = 8 ns), b) micelle with most probable | (t = 16 ns) and c)

micelle after scission (t =~ 62 ns).

A plot of ®*(I) as a function of time is shown in Fig. 2.12 for a case where no breakage
was observed (Wi =50) and for three cases for which the micelle broke apart into two shorter ones
(Wi = 76,100,125). This plot, as well as data from other simulations, suggest the existence of an
energy threshold for scission. From a series of simulations, the threshold value was estimated to

be ~ 2500-2700 kJmol!. The observed extension before breakage, compared to the equilibrium
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configuration, is 2-3 nm. This, based on the stretching force estimated above, corresponds to an
increase in ®*(I) of 1300-1950 kJmol?, which is comparable to the estimated threshold. As the
micelle stretches, the distance between the CTA* head group and adsorbed Sal ions increases
thereby reducing electrostatic screening and increasing the owverall micelle energy. Above the
threshold, it is energetically favorable to have two smaller micelles. This is further evidenced by
the fact that the magnitudes of ®*(I) and ®eL*(I), which is the electrostatic component of the pair
potential energy between CTA* and Sal, are approximately equal. The other components of @*(l)

remain practically unchanged.
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Figure 2.12: ®*(l) vs. t for 4 different Wi as indicated. Dotted lines indicate the range for micelle

scission for Wi > 70.
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2.4. Conclusions

In summary, we have provided a quantitative description of the shear-induced orientation
dynamics, stretching and scission of rodlike surfactant micelles using coarse-grained molecular
dynamics (CG MD) simulations. Our simulations accounted for hydrodynamic interactions and
solvent polarity by using a 3-site polarizable CG water model and long-ranged electrostatic
interactions using the particle mesh Ewald (PME) summation. Equilibrium simulations were
performed to obtain quantities such as the orientational relaxation time, rotational diffusivity and
average micelle length. Non-equilibrium molecular dynamics (NEMD) simulations were utilized
to study the dynamics of a single rodlike micelle. The Weissenberg number (Wi), defined as the
ratio of the micelle angular relaxation time to the inverse shear rate, was found to be an appropriate
parameter that demarcates the diffusive and flow aligned regimes. Micelle tumbling frequency has
been found to follow a power law relation with Wi, with an exponent of 0.68, which is in great
agreement with experimental and theoretical estimates for rigid, semiflexible polymers. We have
also analyzed the orientation distribution of the end-to-end vector, which is characterized by the
orientation angle @, defined as the angle between the projection of the end-to-end vector onto the
flow-gradient plane and the flow direction. The mean orientation angle has been discovered to be
slightly biased to positive 6 values and the probability distribution function (PDF) of 8 could be
approximated by a shifted Gaussian for Wi > 1. Full width at half maximum (FWHM) of PDF of
0 follows a power law relation with Wi, and the coefficient approaches to -1/3, which is again in
good agreement with stochastic simulations and mesoscopic theories. Our results suggest that from
a mesoscopic point of view, short rodlike micelles may be represented by a stiff bead-spring unit
subject to hydrodynamic drag, Brownian fluctuations and a constant entropic spring force. Energy-
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extension relationship in rodlike micelles was found to be linear with a constant stretching force
of ~1 nN per molecule. This is the first time such forces have been measured for micellar systems.
Comparisons can be made to the estimates of van der Waals forces in Gecko feet which have been
calculated using atomic force microscopy (AFM) techniques and found to be in the same range.
Micelle scission happens through a mechanism in which shear-induced stretching causes the
surfactant head groups and adsorbed counterions to be farther apart, resulting in reduced
electrostatic screening and an increase in the overall micelle energy. The energy barrier for micelle
scission was found to be independent of Wi. Thus, consistent with experiments, for Wi ~ O(1)
flow-alignment of micelles would promote SIS formation leading to shear thickening while for Wi
>> 1 flow-induced micelle scission would result in shear thinning. The CGMD methodology used
here can be extended to solutions that contain multiple micelles and/or nanoparticles to study
emerging morphologies, flow-structure interactions and rheological properties to benefit
applications ranging from enhanced oil recovery and hydrofracking®® to design of active

nanofluids for energy harvesting and sensing?’.
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Chapter 3

Self-assembly of nanoparticles with surfactant micelles
[Adapted (in part) from Langmuir 32, 5 (2016)]

3.1. Introduction

Nanoparticles (NPs) are often functionalized to suit a wide range of applications such as
targeted drug delivery®4, biosensing®®, imaging®®, catalysis®’, and enhanced light trapping in
photovoltaics®®. NPs can be functionalized by using polymers8®: 90.91 DNA?%2 93  surfactants®?,
biomolecules®> and other natural and synthetic ligands. These functional groups can prevent
particle aggregation, enhance NP suspension stability and help create diverse NP morphologies
and ordered networks*®: %6, Selection of the type of functional group is based on the NP size, shape
and surface properties such as electric charge and hydrophobicity®”. Functionalization can also
alter the toxicity of the NPs and/or ligands®. For instance, cetyltrimethylammonium bromide
(CTAB)-functionalized gold NPs are extremely stable and do not exhibit cytotoxicity whereas

unbound CTAB molecules show significant levels of toxicity®°.

As discussed in Chapter 1, the primary mechanism of these interactions is through
surfactant adsorption at the solution-solid interface. The adsorption of CTAB, has been studied
extensively on planar surfaces of both hydrophilic and hydrophobic character. For hydrophobic
surfaces, CTAB surfactants typically adsorb in a tail-on configuration, resulting in hemi-
admicelles with morphology that depends on the specific surface chemistry. For example, the
adsorption of CTAB onto graphite results in well-ordered hemi-cylindrical admicelles, whereas

the adsorption of CTAB on mica results in a wide range of ad micellar structures, including
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hemispheres'©®, hemi-cylinders®l, and surface network structures. In contrast, CTAB molecules
have been shown to form much different structures on hydrophilic surfaces. For example, CTAB
admicelles typically adopt a spherical morphology on quartz surfaces, whereas they primarily
exhibit a bilayer morphology onamorphous silica aswell asa number of other hydrophilic surfaces
including other mineral oxides and metals. The morphology of CTABs on hydrophilic surfaces
can vary widely with surface preparationi®2, Experiments have shown that CTAB surfactants tend
to form a bilayer structure around a metallic NP with the head groups of the surfactants bound to
the surface of the NP103, The nanoparticle surface geometry may also play a role in determining
the nature of the self-assembly. Further, in the case of spherical nanoparticles, the role of nanoscale

surface curvature on the self-assembly phenomena is also not well understood.

Surfactant-covered NPsare also known to self-assemble with wormlike micelles (WLMs)
to produce stable nanofluids. Such fluids tend to be viscoelastic and, depending on the properties
of the NPs, they can be tuned to respond to external stimulus such as an optical or magnetic field.
For instance, Nettesheim et al.1%4 observed that the introduction of NPs into a cationic WLM
solution increased the zero shear viscosity, longest relaxation time and storage modulus of the
solution. Small angle x-ray and neutron scattering studies suggest that such changes in fluid
rheology can be attributed to the bridging of the micelle end-caps with NPs to form stable
“junctions™’- 104, Self-assembly of noble metal NPs with WLMSs has been shown to offer a robust
route for producing stable multicomponent nanogels that respond to localized or broadband
electromagnetic excitation?4. The optical properties of such plasmonic gels can be easily tuned by
varying the type, shape and/or concentration of the NPs. Further, they exhibit rich rheological

behavior depending on the NP concentration and the salt to surfactant molar concentration ratio,
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R. Specifically, non-monotonic dependence of zero shear viscosity on NP concentration, rheopexy,

shear thickening, shear banding and shear thinning have been observed?4.

In this Chapter, we use coarse grained (CG) molecular dynamics (MD) simulations to
explore the mechanisms underlying the self-assembly of NPs with CTAC surfactants as well as
CTAC-functionalized NPs, referred to as nanoparticle surfactant complexes (NPSCs), with rodlike
micelles of CTAC in presence of sodium salicylate (NaSal) salt. Both uncharged hydrophobic NPs
and charged ones with negative zeta potentials that mimic noble metal particles are considered.
Previous MD simulations of similar systems, although limited to time scales on the order of a few
hundred picoseconds and performed on pre-assembled NPSCs, have shown that a bilayer assembly
of cationic surfactants around semiconductor (ZnS) and metal (Ag) NPs is energetically
favorable4®: 105,106 |nthe present study, we perform CG MD simulations spanning time scales on
the order of microseconds to investigate the self-assembly process. Our CG force fields for CTAC
and NaSal are based on the MARTINI framework’? and have been shown to reproduce
experimentally observed phenomena in surfactant solutions such as salt-induced sphere-to-rod
shape transition as well as binary interactions and merger of spherical micelles. Further, similar
CGMD simulations have been employed to unravel a rich variety of micelle structures as well as
their topological, energetic and rheological features. Specifically, Dhakal et al.l” have performed
CG MD simulations of CTAC/NaSal micelle solutions containing ~ 100 micelles and shown that
such simulations are capable of accurately predicting micelle length distributions, persistence
length, end-cap energies, shape transitions and branching. Further, the CG model employed in this
work is capable of capturing experimentally observed anomalous viscosity variations with respect
to salt concentration in CTAC/NaSal micelle solutions, and correlating such viscosity variations

to changes in the underlying microstructure.
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3.2. Simulation Methods

All simulations were implemented in the GROMACS molecular dynamics package!®”

using a Coarse Grained (CG) representation described by the MARTINI force field.

Nanoparticle: All composite NPs are spherical and were obtained by cutting a sphere of desired

size from the center of an icosahedral hexagonal close-packed (HCP) crystal structure, as done in
previous studies of NP translocation across phospholipid bilayers©8. 109 The particle diameter (3.5
nm) is comparable to the length of a CTAC molecule. This particle was made up of 297 CG beads
out of which 162 beads were on the surface. For hydrophobic NPs, all core and surface beads were
kept nonpolar and neutral by assigning a C1 particle type (Fig. 3.1a). For metal NPs, the core beads
were assigned a C1 particle type whereas the surface beads were assigned a QO particle type with
a fractional negative charge on each bead (Fig. 3.1b). The interaction potentials between the bead

types that describe the NPsand constituent particles can be found in Chapter 2 (Table 2.1).

Surfactant and Salt: The CG model for CTA* surfactant and Sal salt were obtained from

previous work done by Sangwai et al. A short rodlike micelle consisting of 162 surfactants, of
aspect ratio ~ 3, was obtained from the self-assembly of two spherical micelles in the presence of

Sal.

Water and Counterions: Standard single-site CG water was used as explicit solvent and Na*

and CI counterions were added to maintain the electroneutrality of the system.

Two different sets of equilibrium MD simulations were performed for each NP type. The

first set of simulations was performed to study the self-assembly of a single NP with free
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surfactants in anaqueous solution resulting in the formation of an NP-surfactant complex (NPSC).
The effects of surface charge and hydrophobicity of the NP on the structure of the NPSC was
investigated. Subsequently, a second set of simulations was performed to study the self-assembly
of NPSCswith rodlike micelles in presence of NaSal salt. Systems in the first set consist of a cubic
box of dimensions 15 x 15 x15 nm? containing 28,125 CG water molecules. One NP, 324 CTA*
as well as Na*and CI counterions, required to maintain electroneutrality, were added to the system
by replacing overlapping water molecules. A table describing the composition of all of the systems

studied is given in Table 3.1.

Table 3.1: Number of NPs, CTA*, CI, Na*and Water (W) for different values of surface charge

density (o).
Surface Number of Number of Number of Number of Number of
Charge NPs CTA* CI Na* w
Density (o)
0.0 1 324 324 0 19507
-0.33 1 324 324 55 19452
-0.66 1 324 324 107 19400
-1.0 1 324 324 162 19345
-1.5 1 324 324 243 19264
-2.0 1 324 324 324 19183
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Hydrophobic NPs are uncharged whereas metal NPs are known to have a negative surface
charge due to the presence of the free electron plasma. The negative charge on each surface bead,
also referred to as the surface charge density (o), of the NP was varied from 0 to -2 e per bead
where e denotes the elementary charge or charge carried by a proton. This range of ¢ corresponds
to zeta potential values which are in good agreement with those reported experimentally for gold
NPs!10.111 The system was then energy minimized using the steepest descent algorithm followed
by an MD simulation in an isothermal-isobaric ensemble for 5 ns with a time step of 10 fs at 300
K and 1 atm. The total simulation time for a system with uncharged, hydrophobic NPs was 250ns
whereas a longer simulation time of 1 s was required for charged metal NP systems because the

formation of a double layer occurs over a relatively longer time.

The second set of simulations was performed by adding the self-assembled NPSC and a
rodlike micelle of 162 CTA* in a29 x 16 x16 nm3 box containing ~ 50,000 CG water molecules.
Further, NaSal salt was added to the above system to facilitate coalescence of the two structures.
It has been shown that for organic salts such as NaSal, there is sufficient screening of electrostatic
repulsion between the head groups of surfactants for R > 127. Hence, we chose R = 1, ie.,
equimolar concentrations of the surfactant and salt. Finally, electroneutrality was achieved by the
addition of Na*and CI counterions and overlapping water molecules were removed. In all of the
above simulations, roughly 10-12% of all water molecules were modeled with the antifreeze CG
water provided in the MARTINI force field. This is essential because the standard MARTINI CG
water model has a freezing point between 280 and 300 K. The system was then energy minimized
by using the steepest descent method followed by an MD simulation in an NPT ensemble for 20
ns with a time-step of 10 fs at 300 K and 1 atm. Furthermore, a production run was performed for

several hundred nanoseconds with trajectories saved after every 10 ps. Temperature and pressure
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of the system were maintained constant using the velocity rescale method and the Parrinello -
Rahman pressure coupling scheme, respectively. Periodic boundary conditions were applied in all
three orthogonal directions. As recommended for the MARTINI force field, cut-off for non-
bonded interactions was set to 1.2 nm. Specifically, Lennard-Jones interactions and electrostatic
interactions were shifted smoothly to zero within the inter-particle distance range of 0.9-1.2 nm
and 0.0-1.2 nm respectively. Long-range electrostatic interactions were evaluated using the
Particle Mesh Ewald (PME) method. The implementation time for these simulations is extremely
machine dependent, especially while including PME calculations. Majority of these simulations
were performed on an in house cluster in which we could achieve around 18 ns/day with 16 2.40
GHz Intel Xeon E5620 processors for a system containing ~ 64000 CG beads with PME. However,
some of these simulations were performed on the Blacklight supercomputer where we could
achieve around 250 ns/day with 96 2.27 GHz Intel Xeon X7560 processors for the same system

described above.

3.3. Results and Discussion

3.3.1. Self-Assembly of CTAC surfactants with NPs

Simulations of NPs with different surface properties yielded different NPSCs. NPs with a
neutral, hydrophobic surface formed a corona-like monolayer structure made up of 156 CTA* tail
groups of the surfactants physically adsorbed onto the surface of the particle (Fig. 3.1c). In
contrast, NPs with negative surface charge formed a double layered vesicle-like structure made up
of 324 CTA" surfactants with the cationic surfactant head groups electrostatically bound to the

surface of the particle (Fig. 3.1d)112. Figure 3.2 shows a closer look at the bilayer structure.
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Figure 3.1: (a) Hydrophobic NP with an uncharged surface and core (C1 particle type) (yellow).
(b) Metal NP with a charged CG surface (QO particle type) (yellow) and an uncharged core (C1
particle type) (green). (c, d) Snapshots of the self-assembled NPSCs. CG water, ions and excess
surfactants are not shown for the sake of clarity. Color scheme: NPs (yellow), CTA* head group
(violet) and CTA" tail groups (cyan). (c) Corona-like monolayer with the tail groups of CTA*
physically adsorbed on to the NP surface. (d) Vesicle-like bilayer with the head groups of the inner
layer electrostatically attracted to the NP surface and the tail groups of the outer layer interlinked

with the tail groups of the inner layer.
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Figure 3.2: (Left) Snapshot showing a closer look at the vesicular structure. Surfactants that

obstruct a direct visualization of the inner layer were removed for clarity. Concentric circles are

used to depict the two different layers of the NPSC. (Right) Side view of same snapshot.

The effect of surface charge on the self-assembly process was studied by varying the
surface charge density (o) while keeping all other simulation parameters constant. Six different
CG MD simulations were performed for ¢ values of 0, -0.33, -0.66, -1.0, -1.5 and -2.0 e.
Corresponding values of Debye length, 1/k, and the zeta potential, {, were estimated by using
DLVO theory!2 113 and reported in Table 3.2. The Debye length is a function of the ionic strength
of the solution and is defined in Chapter 1 (Eq. 1.2). The dimensionless electric potential (scaled

by keT/e) of the particle, i, is defined as
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eo, P ’ka
keegkgT P " ka 1,-T,Ka

where e is the elementary charge carried by an electron (1.6 x 10-1° C), op is the particle charge
density in units of charge per unit area, k is the inverse of Debye length, €is the relative permittivity
of the solvent, €o is the relative permittivity of free space, kg is the Boltzmann constant (1.38 x 10°

23 m? kg s? K1, Tis the absolute temperature and a is the particle radius and t1 and t2 are defined

as follows:
1, = 2sinh (fzﬂ) ~ 1, (3-2)

7, = 4tanh (&) -y, (3-3)

Table 3.2. Debye length (1/k) and Zeta potential () for different values of NP surface charge

density (o).
Surface charge density (o) Debye length (1/x) nm Zeta potential ({) mV
0.00 0.47 0.00
-0.33 0.45 -28.98
-0.66 0.43 -39.90
-1.00 0.42 -46.75
-1.50 0.40 -53.25
-2.00 0.38 -57.89
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Figure 3.3: Effect of zeta potential () on metal NP-surfactant bilayer formation. The radial
distribution function gsurr Of the surfactant head groups as a function of distance r from the center
of mass of'the NP for four different values of ||, namely 0 mV(red), 28.98 mV (green), 39.90 mV
(blue) and 46.75 mV (pink). The first peak, at a distance almost equal to the radius of the NP,
indicates the inner layer and the second peak indicates the outer layer of the vesicle. Representative

snapshots of the system att = 1ps are shown for each case.

The radial distribution function, gsur (r), of the surfactant head groups from the center of

mass of the NP is plotted n Fig. 3.3 for increasing values of |{|. For { = 0 mV, the particle is
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uncharged. Resultantly, there is no electrostatic interaction between the surfactant head groups and
the particle as indicated by a single peak at a distance of 7 nm from the particle surface. As || is
increased, two distinct peaks appear in gsurf (r). The first peak is sharp and represents the first layer
of the surfactant head groups that are bound to the NP surface while the second peak is shorter and
broader and represents the head groups that constitute the second layer of the vesicle. Upon further
increasing , both peaks become taller and sharper, and for { = -57.89 mV, a well-defined double
layer assembly of surfactants is formed around the NP. In this range of ( values, colloidal
suspensions are stable and particles remain well-separated in solution'2. Hence, in a suspension
consisting of multiple particles, such self-assembly can be expected to result in the formation of a
stable dispersion of NPSCs. It is also important to note that NPSC formation does not occur in the
case of positively charged NPs due to electrostatic repulsion between cationic surfactants and the
NP surface. However, experiment-based hypothesis for NP-micelle interactions indicate that
surfactants can self-assemble with cationic NPs through a tail-on approach which is driven by
depletion forces. This is however not the case in our simulations and more detailed investigations
of such systems might be needed to observe predicted behavior. As mentioned earlier, for the scope

of this thesis, we will only consider negatively charged NP surfaces.

3.3.1.1. Kinetics of NPSC Formation

The kinetics of NPSC formation can be visualized from the MD trajectories. Here we
discuss the kinetics of surfactant adsorption on the NP surface for zeta potential { = -46.75 mV
(Fig. 3.4). It is clearly observed that the inner layer (brown) is formed very rapidly (see inset)

because of the strong electrostatic attraction between the surfactant head groups and the oppositely
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charged NP surface. After the first 10-20 ns, a plateau is observed, suggesting that the surface

coverage on the NP is sufficiently large to prevent further surfactant adsorption.
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Figure 3.4: Plot of the number of surfactants adsorbed onto the NP surface vs. time during the
formation of the bilayer. The growth of the inner layer (brown), outer layer (orange) and the entire
bilayer (green) are all shown separately. The inset shows the growth kinetics of the inner layer

during the first 10ns of simulation.

However, the outer layer of surfactants (orange) continues to grow because of the presence
of free surfactant molecules and small micellar aggregates until the bilayer is saturated. The sudden

step increase in the number of surfactants seen is a manifestation of surfactant aggregates
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associating with the growing bilayer. As shown in Fig. 3.4, the adsorption of surfactants on the NP
surface is characterized by two distinct regimes: a rapid adsorption regime in the first ~1 ns
followed by a slower regime of ~10 ns before the number of adsorbed surfactants eventually
reaches a plateau. This is consistent with experimental observations that suggest that the Kkinetics
of adsorption of CTAB molecules typically follows a two-step mechanism, where fast monomer

adsorption is followed by slower surface rearrangement!14,

Figure 3.5: Junction formation between a NPSC and rodlike micelle. Snapshots of the CGMD
simulation system before and after junction formation for the (a, b) corona-like NPSC and (c, d)
vesicle-like NPSC. In order to differentiate between the CTA+ surfactants of each species they
have been colored differently. CTA+ in the micelle is represented by red head groups and pink tail
groups whereas CTA+ in the NPSC is represented by violet head groups and cyan tail groups. NP

(yellow), Sal- (orange), Na+ (green) and CI- (tan) counter ions are also shown.
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3.3.2. Self-Assembly of NPSCs with Rodlike Micelles

In all simulations, we observed that the interaction of rodlike micelles with either a corona-
like structure or a vesicular structure, in the presence of NaSal salt, resulted in the formation of
stable junctions primarily through the opening up of the endcap of the micelle. Figure 3.5 shows
representative snapshots of this process before and after junction formation for both the corona-
like and vesicle-like particles. The formation of such junctions is a consequence of the higher free
energy of the micellar endcaps and salt-induced screening of the electrostatic repulsion between
the surfactant head groups of the NPSC and the micelle. This mechanism of junction formation is
consistent with the inference from isothermal titration calorimetry and scattering experiments by
Helgeson et al.?8 that CTAB surfactants can adsorb onto the NP surface and further interact with
WLMs in the bulk to form stable junctions in the presence of sodium nitrate salt. Jodar-Reyes and
Leermakers?®: 30 have developed a self-consistent field theoretic framework to model the
interactions between linear rodlike micelles and surfactant covered surfaces. Their predictions
suggest that for moderately hydrophilic surfaces with a bilayer of surfactants on the surface, the
formation of micellar stalks at the solid-solution interface can favor junction formation. These
stalks are thermodynamically stable when the micellar endcap energy exceeds the energy required
for adsorption of the stalks on the surface. Helgeson and Wagner!!® have also derived a statistical
mechanical model that takes into account the end-adsorption of WLMs, and is capable of
predicting, a priori, the suspension microstructure and colloidal phase behavior for a wide range
of WLM-NP solutions. The CGMD simulations discussed above clearly demonstrate the formation

of electrostatically stabilized junction formation in such systems.
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Figure 3.6: Surfactant exchange rates during junction formation. A plot of the total number

of surfactants present in the (a) vesicle-like (blue) and (b) corona-like (blue) (right hand side Y-

axis) and the micelle (red) (left hand side Y-axis) as a function of time clearly indicating the net

transfer of surfactants from the micelle to the NPSC. Dotted black line in both cases indicates a 't

dependence which suggests a diffusion-limited exchange process.
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3.3.2.1. Surfactant Exchange Dynamics

We quantified the surfactant exchange between the micelle and NPSC during the bridging
process. The criterion to determine whether a surfactant is part of the micelle or the NPSC was
obtained from the appropriate peak locations in the radial distribution function of the surfactant
head groups with respect to the center of mass of the NP, i.e., the second peak for a vesicle (5.2
nm) and the only peak for a corona (4 nm). All surfactants with centers of mass that fell within the
above cut-offs were considered to be parts of the NPSC. For both the corona and vesicular
structures, there was a net transfer of surfactants from the micelle to the NPSC as shown in Fig.
3.6 where the total number of surfactants present in the micelle, corona or vesicle is plotted as a

function of time.

Surfactant exchange is a direct consequence of the endcap opening and bridging process
whereby surfactants are free to move between the two structures. The net transfer of surfactants
from the micelle to the NPSC is dictated by the number of surfactants that can be accommodated
within the monolayer or bilayer. The exchange process has a pronounced diffusive regime,
signified by a square root dependence on time of the number of surfactants exchanged. The
diffusive regime is = 200 ns for the corona and is significantly longer (= 600 ns) for the vesicle.
The plateau following the diffusive regime indicates saturation of the NP-surfactant complexes.
The temporal fluctuations in the number of surfactants in the plateau regime imply that surfactants
continue to be exchanged between the NPSC and the micelle, suggesting a state of dynamic
equilibrium. Note that the relatively long time scales of the NPSC-micelle complexation process

underscore the importance of performing MD simulations over microsecond time scales.
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3.3.2.2. Energetics of Junction Formation

The summation of the pairwise potential energies of the NP, CTA* and Sal, denoted here
by @, was calculated as a function of time during the junction formation process. As shown in Fig.
3.7, aclear transition from ahigher energy state (before junction formation) to a lower energy state
(after junction formation) can be observed. The initial system consists of a spherical NPSC and a
rod-like micelle with two end caps. Merger of these two structures results in the disruption of the
spherical symmetry of the surfactant assembly onthe NPSC as well as in the loss of one of the end
caps of the micelle, both of which result in a rearrangement of surfactants in the NPSC-micelle
composite. This indirectly influences the total energy of the system, as reflected in the observed

decrease in the total pair-potential energy, .

For the bilayer-micelle bridging process, the difference in pair-potential energy A®
between the initial and final states, averaged over three simulation runs, is ~1050 kJ/mol (~ 420

ksT). Corresponding value of A® for the corona-micelle junction formation is =~ 565 kJ/mol (~
227 ksT), which is almost one half of the energy change in the bilayer case. Further, micelle end
cap energy, Ecap, has been estimated to be on the order of ~10 keT’. Therefore, it is clear that the
energy required for the formation of end caps is greater than the energy required for junction
formation which means that the junctions are thermodynamically stable. In both cases, A®/ksT >>
1, suggesting that the electrostatically stabilized NPSC-micelle complexes are immune to breakage
by thermal fluctuations. MD simulations were performed to verify that these structures remained
intact over a period of 1 ps. The remarkably long shelf life and maintenance of optical properties
over the period of weeks of plasmonic nanogels formed by the self-assembly of WLMs and noble

metal NPs could be attributed to the stability of the NP-micelle junctions.
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Figure 3.7: Energetics of junction formation. A plot of the summation of pair potential energies
@ of the NP, CTA* and Sal complex as a function of time indicating a decrease in @ of ~1050
kJ/mol associated with junction formation in the case of a vesicle-like NPSC bridging with a

rodlike micelle.

3.4. Conclusions

Coarse-grained molecular dynamics (CG MD) simulations have been developed to study
the self-assembly of metallic as well as hydrophobic NPs with CTAC surfactant micelles. We find
that negatively charged metal NPs form a vesicular structure with a bilayer of surfactants on their

surface. The surfactant head groups are electrostatically attracted to the NP surface leaving the tail
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groups exposed to the solvent. This results in a large free energy penalty which results in a second
layer of surfactants that self-assemble such that the tail groups of the two layers are interdigitated.
Alternatively, uncharged, hydrophobic NPs form a corona-like monolayer with the tail groups of
surfactants adsorbed onto the surface of the NP. The effect of surface charge, which is
characterized by the zeta potential, on the stability of the bilayer was investigated and it was found
that the bilayer is stable for { < -45 mV. Radial distribution functions along with representative
snapshots of the system show the formation of patchy admicelles at relatively lower surface

charges and complete bilayers at (| > 45 mV.

Further, it was found that NPSCs, upon interacting with rodlike micelles in the presence of
NaSal salt, form stable junctions primarily through the opening up of the end cap of the micelle.
This mechanism of self-assembly is consistent with, and confirms, hypothesis from self-consiste nt
field theories and titration calorimetry measurements. Surfactant exchange between the micelle
and NPSC was found to be a diffusion-limited process before it reaches a state of dynamic
equilibrium. Stabilization energy of the NPSC-micelle complex was calculated to be ~O (100 kgT)
which is much less than the micelle end cap energy and consistent with the experimentally
observed long shelf life of plasmonic nanogels formed by the self-assembly of WLMs and noble
metal NPs24. In Chapter 4, the methodology developed here is extended to solutions containing
multiple NPs and micelles which will allow us to systematically probe the flow-microstructure

coupling and rheology of such systems through MD simulations.
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Chapter 4

Microstructure and Rheology of Nanoparticle-Wormlike Micelle

Mixtures

4.1. Introduction

Self-assembly in surfactant solutions is known to result in diverse micelle morphologies
that include spheres, cylinders, bilayers and highly ordered liquid crystal structures. Among these,
wormlike micelles (WLMs) have generated great fundamental and practical interest because of
their easily tunable microstructure and rich rheological behavior. Due to their structural similarity
to polymers, the constitutive behavior of WLMs is governed by reptation dynamics along with the
equilibrium dissociation and recombination process! 116, The size, morphology and entangle ment
density of WLMs greatly depends upon the surfactant concentration, chemical environment,
temperature, and flow shear. Such solutions could exhibit Newtonian, shear thinning, or shear
thickening behavior, which is accompanied by shear-induced structure (SIS) formation or shear
banding. WLMs are ubiquitous and find applications in various consumer products, such as soaps,
cosmetics and detergents?, hydrofracking fluids®, and active nanomaterials that can be used for

energy harvesting and nanoparticle templating.

The effect of added salt on the growth of charged micelles is well understood!®: 16117,
Several experiments, molecular simulations and theories have shown that the presence of salt at
sufficient concentrations can promote sphere-to-rod transition and aid the formation of longer
micelles. Further, it has been shown that organic, hydrotropic salts such as sodium salicylate

(NaSal) tend to screen the electrostatic repulsion between the surfactant head groups more
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effectively because of their bulky ring structure and therefore can promote fusion of micelles, SIS

formation and shear thickening at much lower salt/surfactant ratios!® 19,21,

Recent studies have shown that the addition of nanoparticles (NPs) to WLM solutions can
not only add functionality to the resulting material but also result in changes in microstructure,
phase behavior, and rheology. Further, it has been shown that these NPscan associate themselves
with the micellar end caps to form a compact double network of entanglements that produces a
significant buildup in viscosity and viscoelasticity. Previous studies have presented contradictory
ways in which colloidal particles self-assemble with WLMs. Bandopadhyay and Sood!!® claim
that the association comes from electrostatic interactions between the particle surface and the
surfactant head group and that the viscosity varies non-monotonically with NP concentration.
Netteshiem et al.1%4 suggest that the NPs materially participate in the WLM network and that the
viscosity increase is monotonic. The primary difference in the above studies was in the surface

chemistry of the NPs.

Although myriads of experiments have been performed on micellar systems and micelle -
NP mixtures?4 28.112 113 ‘molecular explorations of the microstructure-rheology coupling in such
systems are still lacking. Briels etal.’® have studied the structure, dynamics and rheology of WLM
solutions through stochastic simulations for which parameters were obtained from fully atomistic
simulations. Sangwai et al.1® 44 have shown the sphere-to-rod transition and binary interactions of
cationic  cetyltrimethylammonium chloride (CTAC) micelles using coarse-grained molecular
dynamics (CG MD) simulations and Dhakal et al.!” have performed large-scale equilibrium
simulations that demonstrated the anomalous viscosity variations in CTAC/NaSal micellar

solutions. Further, in chapter 2, we have also shown that such CG models can effectively capture
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the non-equilibrium configurational dynamics and scission of cylindrical and semiflexible

wormlike micelles under shear and uniaxial extensional flow.

In chapter 3, we have studied the self-assembly of NP-surfactant complexes with rodlike
CTAC micelles through faithful CGMD simulations'?°. Our results suggested that it was favorable
to form stable NP-micelle junctions through a mechanism by which the micelle end cap bridges to
the surfactant-covered NP surface. The effect of NP surface chemistry and charge on the dynamics,
energetics and nature of self-assembly was also discussed. In this chapter, we present a more
systematic study of the structure and rheology of mixtures of CTAC/NaSal micelles and negative ly
charged NPs in the presence of explicit hydrodynamics and long-range electrostatic interactions.
The effect of particle volume fraction (pp) and salt/surfactant ratio, R, on the equilibrium structure
and zero-shear viscosity is discussed. Further, a non-linear shear thinning regime is identified
accompanied by a shear-induced isotropic to nematic transition beyond Wi ~ 1. Finally, the

evolution of the first normal stress difference, N1, as a function of time and Wi is also discussed.

4.2. Simulation Methods

4.2.1. The CG MD Model

In this study, we perform all our simulations using the LAMMPS MD package!?? and the
Martini force field developed by Marrink et al.”2 The CG models for CTA* and Sal have been
described in great detail in previous chapters. However, the NP model described in Chapter 3 is
slightly modified in this study. In Chapter 3, we used a nanoparticle that consisted of several CG
beads that made up the inner core of the NP. These CG beads do not contribute to the self-assemb ly

and unnecessarily increase computational time, thereby reducing simulation efficiency. This
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reduction in efficiency is not significant when we have only one particle in the system, which was
the case in Chapter 3. Now, we are trying to simulate several NPsin solution and therefore, getting
rid of all the inner CG beads would reduce the number of beads in the simulation by thousands.
Further, the NPs used previously were faceted rather than being perfect spheres. While there are
arguments to suggest that NPsare never perfect spheres in solution, in order to explore the effects
of nanoscale curvature we would like to model a perfectly spherical NP. Therefore, the NP was
modeled in such a way that it had a non-interacting core which was made up of a single bead that
was slightly smaller than the diameter of the NP and a negatively charged surface which consisted
of many small beads with fractional charges on them. The core bead only had Lennard-Jones (LJ)
type interactions with all constituent species and no coulombic interactions were assigned to it. All
the other CG beads in the system had both LJ and coulombic interactions with a global cut-off of
1.4 nm for both types. The interaction between the surface beads and the core bead was defined

by means of a Morse potential, which is of the form,

V(r) = Dyle 2200 — 2e7er0] (41

where Do = 119.5 KCal/mol is the depth of the potential well, o = 0.7 angstroms controls the width
of the well, ro=2.22 nm is the equilibrium distance between the two beads and rc = 2.55 nm is the
cut-off beyond which no interactions are calculated. These values were estimated on a trial and
error basis and were chosen to make sure that the charged surface beads did not escape from the
potential well at any point during the simulation. The size of the NP, d, was kept constant in all

our simulations and d = 4.5 nm. The choice of NP size was based on the fact that 4-5 nm is the
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smallest possible size that can be synthesized experimentally in a monodispersed fashion22.
Further, 4.5 nm is also roughly equal to the average diameter of a CTAC micelle in aqueous
solution. Due to the presence of several charged species in our system, we calculate long-range
electrostatic interactions using the particle-particle particle-mesh (PPPM) solver!2® which is very
similar to the particle-mesh Ewald (PME) technique (used in Chapter 1 & 2) but has the advantage

of being faster for system sizes on the order of 10000 beads?4.

4.2.2. Viscosity Calculation from MD Simulations

The shear viscosity of a fluid can be determined very easily using experimental techniques
such as rheometry. Knowledge of the viscosity of a fluid under a given set of conditions is
important not only from a processing and handling perspective, but also from the point of view of
computational modeling and force field development. Most parameters that are used for
parametrizing force fields for MD simulations are thermodynamic in nature. Viscosity is a Kinetic
property of a fluid and it influences the diffusion and conformational changes of molecules that
are solvated in the fluid. This makes it a very useful quantity in terms of model development. There
are several methods that can be used to determine the shear viscosity of a fluid using MD
simulations. Equilibrium methods utilize pressure or momentum fluctuations in the system!2°
whereas non-equilibrium methods make use of steady-state shear flow to estimate shear

viscosity126, A quick overview of the equilibrium and non-equilibrium methods is given below.

42.2.1. Equilibrium MD: Pressure Fluctuations
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The shear viscosity of a liquid is related to the fluctuations of the off-diagonal elements of
the pressure or stress tensor. The viscosity can be calculated from an equilibrium simulation by

integrating the Green-Kubo formula?:

N =y (T ()T (tg + )t (4-2)

where Vs the volume of the simulation box, kg is the Boltzmann constant and T is the

absolute temperature. This can be reformulated in the form of an Einstein relation:

p=lim 2L ([, ()d))  (@-9)

t—>oo 2 kBT dt

Equilibrium methods converge very slowly because the pressure fluctuations are extremely
large in MD simulations due to the small size of the system. The temporal autocorrelation of the

pressure scales as t=3/2, and therefore accurate estimations of viscosity would require long time

scale simulations.

422.2. Non-equilibrium MD (NEMD): SLLOD Algorithm
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The most widely used non-equilibrium approach for viscosity calculations is the SLLOD
algorithm?28, The system is subjected to a shear velocity and the momentum flux or shear stress is

measured as a response to the imposed shear strain. The viscosity at a given shear rate is given by:

n(y) = -1 (4-4)

where T;; is an off diagonal component of the stress tensor such that i is the flow direction and j is
the gradient direction. For this method, a modified form of the Lees-Edwards sliding brick
boundary condition is utilized and for charged systems, a modification of the Ewald summation is
also necessary. The disadvantage of this method is that it imposes a linear velocity profile at the
atomistic level which is not necessarily the case in experiments. Further, in order to achieve a
Couette flow behavior, the equations of motion are modified in a non-Hamiltonian way. This can

result in an overall rotation in the system.

4.2.23. Reverse NEMD (RNEMD)

The RNEMD approach uses the Muller-Plathe algorithm!2® in which an unphysical
momentum exchange is done between two particles in different regions of the simulation box. The
system responds to the unphysical imposed momentum flux by establishing areal momentum flow
in the opposite direction. This sets up velocity profiles in the upper and lower halves of the
simulation box. The slope of the resulting velocity profiles is used to estimate the shear rate. The

number of particles that swap momentum and the frequency of momentum swapping are the two
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parameters that control the resulting velocity profile. This is exactly opposite to the traditional

NEMD technique in which the momentum flux is a response to the imposed shear velocity.

One disadvantage of using this method is that it works only for a small range of shear
rates'30, For very high momentum flux, we observe a non-linear, parabolic velocity profile and at
low momentum flux the resulting profile is again non-linear with very large fluctuations. However,
we the range of shear rates that are accessible using this method is sufficient for the scope of this
study. Another reason for choosing this method over the traditional NEMD method was due to a
limitation in LAMMPS. In order to be able to compute long-range electrostatic interactions using
the PPPM solver in LAMMPS the simulation box needs to remain orthogonal at all times. Using
conventional NEMD simulations would deform the box due to the imposed velocity and therefore

make it non-orthogonal.

4.2.3. MD Simulations of WLM-NP Solutions

In this work, we fixed the surfactant concentration Cp =0.25 M. The size of our simulation
box was roughly 27 nm on each dimension which resulted in a total of 3000 CG surfactant
molecules. We perform simulations at four different values of R namely 0.1, 0.33, 0.67 and 1.0.
Further, for each value of R, we perform 14 different simulations by gradually increasing ¢,, from
0to 6%. Apart from the CTA*, Sal and NPs the system also consisted of ~130000 CG water beads
out of which ~15% were replaced with the antifreeze water molecule to prevent freezing at room
temperature. Appropriate number of Na* and CI counterions were added to maintain electrical
neutrality in the system. The total number of CG beads in the system varied between ~ 155000 and

165000 depending upon the salt concentration and NP volume fraction. Figure 4.1 shows a
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schematic of the nanoparticle, the flow field and the simulation box. The time step used for all our
simulations was 10 fs. Periodic boundary conditions were assigned in all three directions. A total
of 56 equilibrium simulations were run in an NVT ensemble at 300 K for roughly 300-400ns each.
Once the equilibrium simulations were completed, we performed 20 different RNEMD
simulations on each case, which resulted in a total of 1120 simulations. Each RNEMD simulation
was performed for ~ 30-40 ns which was sufficient to obtain quantities such as shear viscosity, #

and N1. The flow was along the x-direction and the gradient was along the z-direction.
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Figure 4.4: (a) Schematic of nanoparticles (yellow core and orange surface) used in simulations.
(b) Schematic of the velocity profile in the shear gradient plane in a RNEMD simulation. (c)
Schematic of the micelle-NP complex used to study the rheology. CTA* (cyan tails and yellow

heads), Sal (red) and NP surface (orange) are shown. Water and other ions removed for clarity.
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4.3. Results and Discussion

4.3.1. Equilibrium Rheology

We observe that at a fixed surfactant concentration the zero-shear viscosity increases
monotonically with increasing NP concentration for all values of R (Fig. 4.2). Further, at the
simulated surfactant concentration, this viscosity increase is independent of the salt concentration
and increases linearly with ¢,. This is consistent with experimental observations of Helgeson et
al.?® in which 30nm silica NPs were added to CTAB/NaNO3 mixtures in the semi-dilute and

entangled regimes.
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Figure 5: Zero-shear viscosity 7, asa function of ¢, for different values of R and for afixed C),, =

0.25 M. 1, increases linearly with ¢, and non-monotonically with increase in R.
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Figure 4.6: Microstructures observed in simulations at various nanoparticle concentrations for

R = 0.1. Number of micelle-NP junction increases with the NP concentration.
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Figure 4.7: Microstructures observed in simulations at various nanoparticle concentrations for

R = 1.0. Number of micelle-NP junction increases and micelle branches vanish with ¢,,.
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At low salt concentrations, the solution is composed of rod-like and worm-like micellar
aggregates. In such solutions, addition of NPs results in the formation of micelle-NP junctions
which results in the effective lengthening of micellar aggregates. As more particles are added to
the system, several of these micelle-NP junctions connect with each other thereby creating
entanglements in dilute solutions which are otherwise non-entangled. This in turn manifests as an
increase in viscosity and viscoelasticity. Fig. 4.3 shows an array of micellar structures for Cp =
0.25M, R =0.1and ¢, in the range of 0.002-0.056. Note that in Fig. 4.3 only a few of the largest
aggregates are shown and that the actual system has a lot of smaller aggregates, free surfactants,
salt, counterions and water that have been removed for the sake of clarity. Another point to note is
that the particle sizes in all our simulations were constant and that the images in each panel are
scaled differently. This means that structures at lower NP concentrations might seem comparable
in size to structures at higher NP volume fractions when in reality they are actually much smaller.
Similarly, for R =1, we can see that when ¢,, = 0 the system consists of long, branched micellar
fragments (Fig. 4.4). However, as ¢, is gradually increased to 0.056 the micellar branches
disappear and the system is essentially composed of multi-connected, entangled micelle-NP
junctions. However, micelle-NP branches observed here are structurally different from the
branches observed in micelles at higher concentrations in the absence of NPs. Branching in
micellar solutions has been shown to result in a decrease in viscosity due to a faster stress
relaxation mechanism that arises due to the presence of sliding junctions'3l. On the other hand,
micelle-NP branches are more rigid and the sliding mechanism does not apply to these branch
points. This results in an increase in the viscosity and is much greater than the Einstein viscosity

predicted for a dilute suspension of spherest® which is given by:
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Axn(l+2¢)  (4-5)

where 17 is the effective viscosity of a colloidal suspension, 7 is the viscosity of the ambient

flud and ¢ is the volume fraction of spheres in the suspension.

13 | — NN distance = 2.8*¢ '
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Figure 4.8: Nearest neighbor (NN) distance as a function of ¢, for R = 1shows that NN distance

~p,/*. The red line indicates  the fit.

This further confirms that the NPs effectively participate in the WLM network and occupy
an effective volume much greater than the actual volume fraction of NPs in solution, thus

contributing to a significant buildup in the viscosity. Unlike in experiments, MD simulations can
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provide us with a direct estimate of the particle functionality and it is observed that each NP can
have 3-4 micelles physically adsorbed on its surface. This is again consistent with the results

reported in literature?®. We also plot the nearest neighbor distance for the NPsand observe that the
NPs are well dispersed and the nearest-neighbor distance scales as ~ ¢, 1/3 (Fig. 4.5). In other
words, the distance (units of length) follows a power law relation with ¢, (units of volume) with

an exponent of -1/3, which is intuitive.

We also observe that 7o varies non-monotonically with the salt concentration (R) for the
given surfactant concentration. At R = 0.1 the system is composed primarily of WLMs and a few
rod-like micellar aggregates. At R = 0.33 onset of branching results in a slight decrease in solution
viscosity. At the microstructural level, this is the point at which the effective charge of the micelle
reverses due to the amount of counterions adsorbed on its surface. These observations have been
reported for several surfactant systems. At R = 0.67, more branched structures are formed which
further decreases the viscosity. However, at R = 1, sufficient salt is present in the system to
facilitate the merger of several branched micelles and a multi-connected elastic network is formed
as a result of which the viscosity goes up again. The increase in viscosity from the branched state
to the network stage is attributed to the increased rigidity of the network. This behavior has been

observed for CTAB/NaSal systems both via experiments and molecular simulations®’: 18,

4.3.2. Shear Rheology

In order to estimate the shear viscosity, we perform RNEMD simulations that span 3-4

decades of shear rates for solutions at Cp=0.25 Mand R=0.1, 0.33,0.67 and 1.0 for all ¢, values
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ranging from 0 to 6%. We calculated the stress across the shear-gradient plane, t

Xz

velocity profile

in the shearing direction and normal stress differences which are defined as follows!32.

Nl STy — Tz = 1]72 (4'6)

NZ =Ty — Ty = 2)}2 (4'7)

where N1and N2are the first and second normal stress difference respectively. 7;; are components
of the stress tensor with i,j = x,y,z, and ¥,, ¥, are first and second normal stress difference
coefficients, respectively. For simple viscoelastic fluids with fading memory, at low shear rates,
the normal stress differences depend quadratically on shear rate and the shear stress is linear in
shear rate. This behavior can be observed for the CTAB/NaSal/NP systems as well (Fig. 4.6).

Therefore, by definition, ¥, and ¥, will be a constant for low shear rates and then decrease rapidly.

In a typical simulation, approximate values can be assumed for the shear rate, y ~ 10° st
density, p =~ 103 kgnr3, shear viscosity, n =~ 0.02 Pa. s and the box size L ~ 27 nm. The Reynolds

number (Re) is given by:

Re =22L  (4.8)

For the values listed above, Re ~ 0.04. At such alow Reynolds number, one would expect

the inertial forces being negligible as compared to the viscous forces and one would expect laminar

80



flows with a smooth constant fluid motion. In such a laminar flow regime, the relevant
dimensionless quantity is the Weissenberg number defined as Wi = yt, , where t is the longest
relaxation time of the microstructure. For the rest of the discussion, we used Wi to define the

deformation rate.
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Figure 4.9: Shear stress and Normal stress as a function of Wi for Wi < 1. Shear stress scales

linearly and N1 scales quadratically. The dotted lines are the corresponding curve fit.

Plots of shear stress as a function of apparent shear rates from a simulation of R = 0.1 and

@, = 0.002 are shown in Fig. 4.7. Over the range of shear rates studied, the shear stress is asingle

valued function of the shear strain, which is further justified by a uniform wvelocity profile at

different shear rates (Fig. 4.8). This clearly illustrates that shear banding instabilities are absent in
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our simulations. Shear banding is a commonly observed flow-instability which has been observed
in several systems including WLMs®6: 67,133,134 "highly entangled polymers!3S: 136 associative

polymer networks!37- 138 ‘and both hard!3% and soft!4° colloidal suspensions.
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Figure 4.11: Velocity profile at three different shear rates (Left to right) Wi = 0.25, Wi = 4.76,

and Wi = 22.1.
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Shear banding can be considered as an inhomogeneity of the local shear rate of a material
in shear flow. In other words, it is the separation of the flow field into two fluid layers, one having
a high local shear rate and the other with a low local shear rate. It is also associated with other
rheological phenomena of complex fluids such as shear-induced phase separation, wall slip etc. In
our simulations, we do not observe shear banding behavior for micelle-NP solutions. Therefore,

we can estimate the shear viscosity (77) over the entire range of shear rates simply as:

T

n=-; (4-9)

where ¢ is the shear stress and y is the shear rate.

Fig. 4.6 shows that the shear stress in the fluid increases linearly with the shear rate for
small deformation and increases non-linearly above a critical shear rates, y,. The former linear
regime is a signature of Newtonian behavior while the latter is a direct evidence of the non-
Newtonian behavior. This transition occurs approximately at Wi ~ 1 and is a characteristic of
systems consisting of NPs suspended in viscoelastic medial#1- 142, Such a shear thinning behavior
has been attributed in the literature to the alignment of micelles in the flow direction which we

will discuss in detail in the following sections!43,

For less than 1 vol. % nanoparticles, the addition of NPs does not substantially affect the
shear viscosity of the solution (Fig. 4.8). This is because, at these volume fractions, the system
consists of only 1-3 NPs which is not enough to cause apparent changes in the average length or

entanglement density of the micellar solution. However, beyond 1-2 vol. % sufficient number of
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NPs are present in the system to cause effective lengthening of micelles and increase in network

density. It is also clear that the increase in ¢, shifts the critical shear rate for the onset of non-

Newtonian behavior to lower shear rates. This is consistent with experimental observations and as

pointed out by Gliessle and coworkers!44, this could be because of the presence of solid particles

in solution as a result of which the average shear rate of the micelle phase has to be greater than

the bulk shear rate of the micelle-NP solution.
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Figure 4.12: Shear viscosity as a function of shear rate for various salt and NP concentrations (a)

R=10.1,(b) R=0.33,(c)R=0.67,and (d) R = 1.0.
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In the range of shear rates accessible through RNEMD simulations, it is possible to observe
asmall Newtonian regime at lower volume fraction of NPswhereas for systems where ¢, > 4%
it is not possible to access critical shear rates that indicate the onset of shear thinning. At moderate
shear rates, shear thinning in WLM-NP solutions is initiated by the shear-induced flow-alignment
and tumbling dynamics of WLMs and micelle-NP junctions in solution. At higher shear rates, the
micelle-NP junctions are ripped apart by the flow and the viscosity converges to the solvent
viscosity for all solutions. We characterize the flow-alignment in our simulations using a nematic

order parameter. The orientational order is described by a second rank ordering tensor which is

defined as,

where 4 is a unit vector associated with each micelle and Ni, is the total number of micelles in the
system. The NPsare not considered in the calculation of nematic order because they are spherical.
Typically, in isotropic systems, we would expect the nematic order (S) = 0. However, this is not
possible in MD simulations due to finite size effects. Our simulations consist of ~ O (10) micelles

and at these length scales it is reasonable to assume that the system is isotropic for (S) < 0.2.
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Nematic Order <S>

Nematic Order <S>

Figure 4.13: (a) Nematic order as a function of time at different shear rates at C,, = 0.25 M and
R = 0.33. (b) Nematic order as a function of Wi. Insets show representative snapshots of the

isotropic and nematic state.
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Fig. 4.9 shows a plot of the nematic order as a function of time and Wi for the case of R =

0.33and ¢, = 0.03. The trends observed here are qualitatively similar for all systems that were

investigated in this study. Beyond a critical shear rate, we observe that flow induces micellar
alignment which is characterized by a gradual increase in the nematic order. This effect becomes
significant atWi > 1. Beyond Wi =1, the micelle-NP network is disrupted by the shear flow leading
to breakage of micelle-NP junctions and therefore an increase in the number of micelles in solution.
Therefore, more micelles undergo flow-alignment and resultantly there is a significant increase in

the nematic order. This behavior occurs at all values of R and ¢,,.

We further characterized the rheological properties the solution by calculating normal
stress differences N1 and N2 which are the primary elastic properties of a viscoelastic solution. Fig.
4.10 shows a plot of N1 as a function of (a) time and (b) Wifor R=0.1and ¢, = 0.002. The non-
linear behavior appearing in the stress vs. strain relation or the viscosity is also manifested in the
normal differences plots. At low shear rates, in the diffusive limit, the system remains fairly
isotropic and N1 tends to zero i.e., the system is Newtonian. However, beyond the critical shear
rate, flow-induced ordering results in a sharp increase in N1. We observe that N1 increases linearly
with Wi on a semi logarithmic scale. This is again consistent with experimental observations for a
canonical surfactant solution (CPyCIl-NaSal) which differs only in the length of the hydrocarbon
chain of surfactant as compared to the one used in this paper'#4. Similarly, the second normal stress
difference N2is zero in the regime |, and it increases linearly on the semi logarithmic scale in the
non-Newtonian regime. Itis interesting to note that N2 has the same sign as N1 and is smaller by a

factor of 2.
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Figure 4.14: First normal stress difference N1 vs (a) time at different shear rates and (b) Wi.
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4.4. Conclusions

We have investigated the microstructure and rheology of solutions containing cationic surfactant
micelles and negatively charged spherical nanoparticles in the presence of hydrotropic sodium
salicylate salt using coarse-grained MD simulations. Our simulations were performed under
conditions of explicit hydrodynamic interactions and long-ranged electrostatic interactions.
Addition of NPs to WLM solutions resulted in the formation of electrostatically stabilized NP-
micelle junctions. The formation of such junctions produced a linear increase in the solution
viscosity due to effective lengthening of micellar structures. At R = 0.1, the system consists of
nonentangled wormlike aggregates. At low ¢,, the addition of NPs to this solution resulted in
effective lengthening of structures due to the formation of physically cross-linked micelle-NP
clusters. At higher ¢, the presence of several micelle-NP junctions resulted in the formation of
entanglements in an otherwise nonentangled system. At R = 1, the equilibrium structure of the
micellar solution already consists of several branches and the increase in viscosity with increase
in ¢, can be rationalized based on two simultaneous effects: (i) effective lengthening of micelles
and (i) decrease in number of micellar branch points. In NP-micelle solutions, micellar branches
were replaced by more rigid NP-mediated branch points which are physically different from
micellar branches and do not undergo the sliding mechanism. These observations are in excellent
agreement with experimental predictions by Helgeson et al. We also observed a non-monotonic
dependence of solution viscosity on R. This can be rationalized using the above-mentioned
branching arguments and is discussed in detail in our previous work on micelle solutions in the

absence of NPs.
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Non-equilibrium MD simulations spanning several decades were performed, using the
Muller-Plathe algorithm, to explore the non-Newtonian rheological behavior of micelle-NP
solutions. At low ¢,, we observed a small Newtonian regime followed by the onset of shear
thinning. We observed shear thinning for all systems across the entire range of salt concentrations
and NP volume fractions that were investigated in this study. The critical shear rate for the onset
of shear thinning was found to decrease with increasing volume fraction. This is again consistent
with experimental observations. Shear thinning was also accompanied by flow-alignment and
collective advection of micelle-NP networks. Flow-induced anisotropy was quantitatively
captured by calculating a nematic order parameter which clearly shows a transition from isotropic
(diffusive) to nematic (flow-aligned) state. The first normal stress difference, N1, was calculated

from MD simulations and was found to be positive and increases with increase in Wi.

It would be interesting to look at the effects of NP size, shape and surface charge on the
microstructure and rheology of such solutions. Another interesting study could be the effect of
changing the NP surface chemistry, for e.g., making it completely uncharged and hydrophobic.
We have previously shown that both surface charge and surface chemistry have a significant effect
on the nature of the self-assembly in micelle-NP solutions. The impact and consequences of these
parameters on the rheology of micelle-NP solutions could potentially be of great interest and
importance and is the subject of ongoing investigation. A thorough understanding of the structure,
dynamics and rheology of such systems can prove to be extremely useful especially in applications
where NPs are added to viscoelastic media to provide specific functionality such as in

hydrofracking fluids, consumer products and plasmonic nanogels.
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Chapter 5

Influence of salt type and concentration on the morphology of

surfactant micelles

5.1. Introduction

It is well established that, above the critical micelle concentration (CMC), amphiphilic
surfactant molecules tend to self-assemble into supramolecular nanostructures which are referred
to as micelles. The driving force for micelle formation is the noncovalent interactions between the
tail groups and the head groups of the surfactants and the solvent. These supramolecular structures
can include various morphologies ranging from simple spheres and cylinders to wormlike
structures and bilayers. Self-assembly in ionic surfactants, such as the one studied in this thesis,
are extremely sensitive to the presence of counterions in solution. Several studies have shown that
the mixing of ionic surfactants with inorganic or organic salts such as sodium chloride (NaCl),
sodium nitrate (NaNO3), potassium bromide (KBr), sodium salicylate (NaSal) and 3-hydroxy-
naphthalene-2-carboxylate (SHNC) results in the screening of electrostatic repulsion between the
surfactant head groups due to the presence of oppositely charged counterions. This can
consequently change the micelle packing parameter (defined in chapter 1) by reducing the effective

surface area of the head group and promote the formation of longer rodlike micelles.

Organic salts such as NaSal and SHNC are amphiphilic in nature due to the presence of a
hydrophobic ring structure (tail group) and a negatively charged hydrophilic head group. While
they are incapable of forming micelles in solution they can help to solubilize organic molecules in

water and hence are referred to as hydrotropic salts. Several studies of mixtures of cationic
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surfactants and anionic hydrotropic salts have shown that such salts can promote the growth of
wormlike micelles at much lower salt/surfactant ratios than other inorganic salts. In particular,
experiments  on  solutions  of  cetyltrimethylammonium chlorile  (CTAC) and
cetyltrimethylammonium bromide (CTAB) indicate that aromatic anions like salicylate (Sal) are
much more effective in inducing wormlike micelle formation than are simple inorganic anions,
such as chloride (CI) and bromide (Br’). The threshold salt concentration for the appearance of
rodlike or threadlike micelles was found to be about 1.18 M for NaCland 0.06 M for NaBr, but as
low as 0.15 mM for NaSal. Different ion binding mechanisms have been suggested to elucidate
these phenomena. The halide ions, such as CI or Br-, are believed to be adsorbed on the surface of
the micelles due to weak or moderately weak interactions with the surfactant cations. On the other
hand, nuclear magnetic resonance (NMR) experiments and atomistic and coarse-grained (CG)
molecular dynamics (MD) simulations suggest that aromatic counterions like Sal penetrate into
the micelle and bind strongly with the surfactant head groups, promoting the micelle shape

transition at much lower salt concentrations.

More recently, studies have shown that mixtures of cationic surfactants and SHNC salt are
extremely sensitive to conditions such as temperature, ionic strength and flow. Kalur et al.}4> have
observed an increase in the zero-shear viscosity with increasing temperatures for systems
containing erucyl bis-(hydroxyethyl)methylammonium chloride (EHAC) and SHNC salt. They
explained this anomaly from the perspective of a temperature dependent counterion binding
efficiency. These solutions have also shown pronounced birefringence phenomenal4é, Mishra et
al.»7 have outlined the phase behavior of CTAB/SHNC solutions for a fixed CTAB concentration
(60 mM) and varying the salt/surfactant ratio. They were able to observe transitions from spherical

and rodlike aggregates, followed by a liquid crystalline lamellar phase which then formed a
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multilamellar vesicular structure. Further addition of salt resulted in inhibition of micelle growth
and reduction in entanglement density. Interestingly, it has been noted that the CTAB/SHNC
system behaves very similarly to the CTAB/Sodium dodecyl sulfate (SDS) system!48, SDS is an

anionic surfactant and SHNC is also structurally similar, albeit with a shorter tail.

Since cationic surfactant micelles display anomalous viscosity behavior with respect to the
concentration of hydrotropic salts in solution'4®, it is important to understand the fundamental
coupling between the underlying microstructure and the observed rheology. Interestingly, the
phase behavior of CTAB/NaSal systems is very different from that of the CTAB/SHNC system
although the chemical structure of both salts are very similar. The only difference in their structures
is that the SHNC molecule has an additional fused benzene ring or a naphthalene ring. Hydrogen
Nuclear Magnetic Resonance (HNMR) measurements suggest that due to the closer proximity
between the carboxyl and hydroxyl groups in SHNC molecules, they form stronger cation-nt and
n-7 interaction bonds which adversely affect micelle size and shapel®C. Therefore, it is safe to
hypothesize that the unique phase behavior of SHNC-cationic surfactant solutions is a result of the
naphthalene structure as well as the strong hydrophobicity of the HNC- ion. However, till date,
there are no molecular explorations of the phase behavior of such systems. The next couple of
paragraphs details several attempts to model the effect of salt/counterions on the self-assembly and

rheology of micelle solutions.

Maillet et alt®! performed short (~3 ns) atomistic MD simulations of preassembled
spherical and cylindrical micelles of n-nonyltrimethylammonium chloride (C9TAC) and erucyl
bis[2-hydroxyethyl]methylammonium chloride (EMAC). The cylindrical micelles were shown to
be stabilized with sodium salicylate (NaSal), while at high concentrations of sodium chloride

(NaCl) the cylindrical micelle broke into smaller cylindrical fragments. In a notable work by
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Marrink et al.l%2, atomistic MD simulations of spontaneous formation of micelles of
dodecylphosphocholine (DPC) surfactant molecules in the absence of salt were carried out.
Formation of a long threadlike micelle was preferred through the periodic boundaries when the
size of the surfactant aggregate was comparable to the size of the simulation box. It was pointed
out that a small simulation box induces artifacts in the dynamics of micellar aggregate formation
due to spatial correlations or long hydrophobic interactions at the periodic boundaries.
Piotrovskaya et al.1>2 analyzed the penetration of different additives such as acetone, 2-propanol,
and sodium benzoate into the threadlike micelles of CTAC to estimate their effects on the stability
of structures. Wang and Larson?® used atomistic MD simulations to study the stability of an
infinitely long threadlike micelle of CTAC in the presence of sodium salicylate and sodium
chloride salts. The effect of different salts on the kinetics of shape fluctuations and transitions was
estimated using relatively long (~10 ns) simulations. In a recent work, the structural properties of
both spontaneously formed and preassembled micelles of nonionic dimethyldodecylamine-Noxide
(DDAOQ) upon addition of ethyl butyrate-like oil molecules were studied'®*. The oil molecules

induced a near-spherical shape in DDAO micelles which were otherwise somewhat elongated.

Lattice models with Monte Carlo simulations have been developed to study the phase
behavior of surfactants and determine their critical micelle concentrations®® 156.157 Further, CG
models of dimer surfactants represented by two types of particles (head and tail) with Lennard-
Jones interactions have been utilized to predict the structural phase behavior and dynamical
equilibrium of micelles'®8. Implicit solvation has been widely used in both atomistic and CG
systems to improve the sampling of micellar structures for longer time and length scales!®9 160,
Finitely extensible nonlinear elastic (FENE) potentials used with dissipative particle dynamics or

even molecular dynamics have been explored for large-scale simulations of micellar self-
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assemblies to study rheological properties of wormlike micelles®l: 162 While these studies are
capable of making qualitative predictions of the phase behavior and rheological properties of
micelles, they do not account for the effect of the chemical specificity of the intermolecular
interactions among the surfactant, salt, and water molecules. Recently, Sangwai et al.1% 44 used a
MARTINI based CG model to show that the sphere-to-rod transition and the coalescence of two
spherical micelles to form a single rod-like micelle was better facilitated by the presence of

hydrotropic salts such as NaSal as compared to NaCl salt.

In this chapter, we present results from equilibrium CGMD simulations of CTAC
surfactants with three different salt types, namely, NaCl, NaSal and SHNC, at a fixed surfactant
concentration and over a wide range of salt concentrations. The dynamics of micelle formation,
range of observed micellar structures and the zero-shear viscosity of these solutions are presented.

Finally, outlines for future work in this topic are discussed.

5.2. Simulation Methods

5.2.1. Effect of Salt Concentrationon Micelle Growth Kinetics

All simulations were performed using the GROMACS MD simulation package (Version
4.6.5). In order to study the effect of salt concentration on the micelle growth kinetics, the model
system that we chose is the CTAC/NaSal system. The CG models used in this study are described
in detail in Chapter 2. We fixed the surfactant concentration at C, = 0.14 M and varied the salt
concentration such that the salt/surfactant ratio, R, ranged between 0 and 2. The size of the
simulation box was ~ 27nm on each side. Therefore, the system consisted of 1500 CTAC

surfactants, ~130000 water molecules out of which 10% were replaced by the antifreeze CG water
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molecule in order to prevent freezing at room temperature. We performed equilibrium MD
simulations for R =01, R=0.3, R =06, R=09, R =12, R=1.6 and R = 1.9. For each
value of R, we performed 10 simulations, each with a different random initial configuration. This
was done in order to obtain sufficient statistics and error bars because micelle growth Kinetics can
depend heavily on the initial configuration of molecules in the system. Finally, an equivalent
amount of Na+and CI- ions were added to the system to maintain electrical charge neutrality. The
system was then energy minimized using the steepest descent method followed by an NPT
simulation for 50 ns with a time step of 20 fs at a temperature of 300 K and a pressure of 1 atm.
Temperature coupling was done using the velocity rescaling method and pressure coupling was
done using the Berendsen barostat. The neighbor list cut off was set at 1.4 nm and short range
Lennard-Jones and Coulombic interactions were cut off at 1.2 nm using the potential-shift-verlet
scheme in GROMACS. Long ranged electrostatic interactions were evaluated using the particle
mesh Ewald (PME) method. Periodic boundary conditions were applied in all three orthogonal
directions. Finally, a production run of 300 ns was performed for each of the simulations.

Therefore, the sum total of all the simulations performed for this study adds up to 21 s.

5.2.2. Effectof Salt Type on Micelle Growth

We performed a second set of simulations to study the effect of salt type on the growth
Kinetics and zero shear viscosity of CTAC surfactants. Three different salts, namely, NaCl, NaSal
and SHNC, were used in this study. The data for the CTAC/NaSal system was obtained from a
recently published work by Dhakal and Sureshkumarl’ and we performed CG MD simulations of

CTAC/NaCl and CTAC/SHNC systems at the same conditions as described in their work. This
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will enable us to make a comparison of the microstructures and equilibbrium rheology of such
systems under varying salt concentrations and types. For all three salt types, the surfactant
concentration was fixed at ~0.34 M and the salt/surfactant ratio, R, was varied between 0 and 3.
Simulations consisted of 4000 CTAC surfactants in a cubic box of side ~27 nm. Equilibration of
the system was performed for ~50 ns and production runs sampled t > 400 ns. The number of

micelles as well as the average size of the clusters were tracked as a function of time.

The zero shear viscosity for each of the systems was calculated using atime decomposition
method proposed by Zhang et al.163 The method uses the traditional Green-Kubo formalism but
makes use of several short independent trajectories as compared to the single long trajectory that
is used more commonly for such calculations. For each short trajectory, the shear viscosity is
calculated based on the Green-Kubo relation (defined in eq. 4.1). The averaged running integral,
(n(t)), and the standard deviation is calculated as a function of time and fitted to a double

exponential function of the form

n() = Aar, (1 —e 1)+ A(1 — @)1, (1 — e7t/72) (5-1)

where A, o, 11, T2 are fitting parameters. The advantage of using this method is that while
typical Green-Kubo integrals require integration owver infinite time, here we can use a finite cutoff
time, teut, which is determined by using the relative values of the running integral and the standard
deviation. Zhang et al.163 suggest that a good choice for teu is when the standard deviation, o (t) is

about 40% of the running integral, < n(t) >.
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5.3. Results and Discussion

5.3.1. Micelle Growth Kinetics: Effect of Salt Concentration

The kinetics of micelle formation and growth depends factors such as the surfactant
concentration, salt concentration, temperature, pressure, and pH and has been studied by several
researchers from an experimental as well as theoretical point of view. Understanding the effect of
factors such as temperature and salt concentration on the rate of micelle formation might be useful
in terms of developing standard protocols for molecular simulations of such systems. For example,
knowledge of the timescales associated with micelle formation, growth, scission and
recombination can provide valuable information not only from a scientific understanding
perspective, but also regarding the timescales necessary for sufficient sampling of thermodynamic
states in such systems using molecular dynamics simulations. Micelle kinetics is typically
governed by a fast process which is related to the average time for surfactant exchange between
micelles (~ns), and a slower process related to micelle breakage and end cap formation (~ ms)164,
The longer the timescale of such processes, the more stable is the micelle structure. Commercial
surfactants such as sodium dodecyl sulfate (SDS) have surfactant exchange times on the order of
microseconds which is an indication of their remarkable stability®°>. Experimental techniques such
as temperature jump, ultrasonic absorption, EPR, or shock tube method have been used to detect

the surfactant exchange time in micelle solutions66. 167,

In our simulations of CTAC/NaSal systems, we track the number of micelles, Nm, in
solution as a function of time for R =0.1,R=03,R=06,R=09,R=12,R=16andR =

1.9. For all simulations, we observe that Nm follows a power law scaling with time given by:
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N,, ~ NO,t=® (5-2)

where N2 is the number of micelles att = 0and a is the power law exponent which is a function
of R. Figure 5.1 shows the number of micelles asa function of time for R = 0.1 and R = 0.9 which
clearly show a power law dependence with time and Fig. 5.2 shows a plot of the power law

exponent a(R) as a function of R.
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Figure 5.15: Number of micelles Nm as a function of time for R = 0.1 and R = 0.9. Plots of Nm

at other values of (R) are not shown for clarity.

The observed power law in the growth kinetics of surfactant micelles has been reported previously
and suggests that there are at least two stages in the kinetics of micelle formation. The initial stage

is rapid and is characterized by nucleation and coalescence of surfactant molecules and smaller
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micellar aggregates. As micelles become longer and fewer in number, there is a dramatic reduction

in the growth rate due to the longer timescales associated with micelle fusion and/or scission.
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Figure 5.16: Dependence of the power law exponent a(R) on the salt/surfactant ratio, R. Error

bars indicate data averaged over 10 different simulations for each data point.

Figure 5.2 suggests that the power law exponent a(R) increases with increase in R until R = 1,
after which it decreases again. A higher value of o means that the rate of micelle formation is faster
and a lower value suggests that the growth rate is slower. The observed behavior can be
rationalized by the fact that initially, at R = 0.1, due to the lack of sufficient electrostatic screening,
cationic head groups repel each other and reduce the growth rate of micelles in solution. As R is
increased, the growth Kinetics in these micelle solutions gradually increases until R=1. At this
point, equimolar amounts of salt and surfactant are present in the system leading to efficient
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screening of the electrostatic repulsion which in turn enhances the growth kinetics. Beyond this
point, the excess salt in the system probably results in an inversion of the micellar charge which

in turn reduces the growth kinetics?”.

5.3.2. Zero-Shear Viscosity

The zero-shear viscosity of CTAC/NaSal systems and CTAC/NaCl systems has been
investigated extensively using rheological characterizations, cryo-TEM imaging'®8, mesoscopic
theories'® and more recently, using CG MD simulations. CG MD simulations clearly show that
the anomalous double peak in the zero-shear viscosity of CTAC/NaSal systems is closely related
to the molecular structure of the fluid and that the interplay between the various non-bonded
interactions in the system results in a wide variety of micelle morphologies!’. At low R, the
micelles are typically spheres or short rodlike aggregates. As R increases, there is a rapid increase
in the size of these rodlike aggregates which results in the formation of wormlike micelles. The
rapid increase in micelle length directly corresponds to the sharp increase in the solution viscosity.
However, beyond a certain salt concentration (R=0.8), the onset of branching in micellar systems
gives rise to a faster stress relaxation mechanism by which micelle branches can slide along the
contour of the micelle. This results in a rapid decrease in the viscosity. On further addition of sal,
a second peak appears due to the formation of a rigid elastic network which is a consequence of
coalescence of branched micelles. Finally, the excess counterions in solution tend to disintegrate

the network due to electrostatic attraction of cationic surfactant molecules.

Here we study the zero-shear viscosity of CTAC/SHNC system and attempt to compare it

with the observations for CTAC/NaSal system. Figure. 5.3 shows a plot of the zero-shear viscosity
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of CTAC/SHNC system as a function of R. Over the range of R studied in this work, we do not

observe a double peak in the zero-shear viscosity for CTAC/SHNC systems.
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Figure 5.17: Zero-shear viscosity (10) for CTAC/SHNC system as a function of R showing a 35%

increase in no with the addition of salt. Line is just a guide to the eye.

At R = 0.1, the system consisted of linear, rodlike and semiflexible micelles. At R = 0.25,

although we observe one instance of micellar branching, the system predominantly consists of
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longer wormlike micelles which results in a slight increase in the viscosity. For R > 0.5, the
viscosity increases more sharply until R > 1.5 beyond which there is a decrease in 7. We find
that the CTAC/SHNC system exhibits a very different phase behavior as compared to the
CTAC/NaSal system. For 0.5 > R > 1.5 surfactants tend to self-assemble into semi-lamellar
structures which may or may not be connected by wormlike micelles. In some cases, even small
vesicular structures were observed. This is primarily due to the naphthalene ring of SHNC which
strongly binds to the micellar surface and changes the effective head group area of the surfactants
thereby increasing the geometric packing parameter to values close to 1. Such semi-lamellar
structures have not been observed before and it may be interesting to explore such structures in
more detail in the future. Representative snapshots of the largest aggregate in the system are shown

in Fig. 5.4 to illustrate the above argument.
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Figure 5.18: Snapshots of the largest self-assembled structure for €, = 0.34 M and (a) R = 0.1,
(b)R =0.25,(c)R=1.2,(d)R =1.6and (e) R = 2.0. Coloring scheme is as follows: CTA+ tail

group (cyan), head group (yellow) and SHNC salt (red).

5.4. Conclusions

In this chapter, we studied the effect of salt concentration and type on the kinetics of micelle
formation. The number of micelles in solution was found to have a power law relationship with
time suggesting that micelle formation is a two-step process. The first step is rapid and is

characterized by nucleation and coalescence of surfactant monomers as well as smaller micellar
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aggregates (less than aggregation number of CTAC). The second step is much slower and is
associated with micelle breakage and recombination which occurs over longer timescales. The
power law exponent o was found to be strongly dependent on the salt/surfactant ratio, R. It was
found that the growth rate of micelles in solution reaches a peak at equimolar concentrations of
surfactant and salt. This is consistent with current literature® which suggests that at R=1, sufficient
salt is present in the system to efficiently screen the electrostatic repulsion between the head groups
which results in coalescence as well as faster dynamics. Equilibrium viscosity of CTAC/SHNC
system was calculated using atime decomposition method which is based on the traditional Green-
Kubo formalism. Unlike CTAC/NaSal systems, CTAC/SHNC systems do not display a double
peak in the zero-shear viscosity, #xo. Initially, 7o increases with increase in R but for R > 1.8,
sufficient salt is present in the system to force a transition from sheet-like structures to entangled
micelle networks which leads to a reduction in the solution viscosity. We also report new
observations of semi-lamellar sheet-like micelle structures in CTAC/SHNC systems for 0.5 <
R < 1.5. The origin of such structures and their effect on the macroscopic properties of the fluid
are potentially interesting topics of study. A thorough understanding of the CTAC/SHNC system
over awide range of physicochemical conditions will require synergistic efforts from experiments,
theory and molecular simulations. We hope that the results presented here will motivate further
investigations of such systems using experimental techniques such as high-resolution atomic force

microscopy, cryo-TEM measurements and so on.
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Chapter 6

Summary and Future Work

6.1. Introduction

Surfactant micelles are commonly used in several industrial and consumer products?.
Despite decades of research, experiments have not been able to provide sufficient spatial and
temporal resolution to study the structure, dynamics, self-assembly and rheology of surfactant
micelles at the molecular level. Understanding the coupling between the microstructure and the
macroscopic properties in such systems is a key towards manufacturing precisely architectured
micellar fluids for tailored applications. Such applications include targeted drug delivery,
detergency!’?, enhanced oil-recovery?, turbulent drag reduction® and creating soft templates for
nanoparticle synthesis®6. Micellar fluids are intrinsically multiscale in nature and investigations of
equilibrium and non-equilibrium properties of such solutions would require techniques that are
equally multi-scaled. Further, the microstructure and phase behavior of micellar fluids is strongly
dependent on the surfactant concentration, chemical environment, i.e., salt concentration and type,
pH, temperature, type of solvent, flow conditions and other external stimuli such as electrical and
optical fields. Efforts have been made to study the effect of each of the above mentioned properties
through several material characterization techniques including rheology, small-angle X-ray
scattering, small-angle neutron scattering, titration calorimetry, and nuclear magnetic resonance
(NMR). Theoretical investigations of such systems have focused on kinetics of micelle formation,
identifying timescales associated with surfactant dissociation and recombination, length
distributions, apriori predictions of micelle morphology and phase behavior, and several

equilibrium and non-equilibrium phenomena.
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More recently, rapid advancements in the area of distributed computing and the
development of efficient algorithms that can utilize the parallel computing environment have made
it possible for us to investigate polymeric and micellar systems using multiscale modeling
methods. Many molecular dynamics (MD) simulation studies have attempted to investigate the
effects of different salts on the sphere to rod transition of micelles. Maillet et al.15! performed short
(~3 ns) atomistic MD simulations of preassembled spherical and cylindrical micelles of n-
nonyltrimethylammonium chloride (C9TAC) and erucyl bis[2-hydroxyethyl]methylammonium
chloride (EMAC). Marrink et al.152 performed atomistic MD simulations of spontaneous formation
of micelles of dodecylphosphocholine (DPC) surfactant molecules in the absence of salt and
reported that the formation of a long threadlike micelle was preferred through the periodic
boundaries when the size of the surfactant aggregate was comparable to the size of the simulation
box. Piotrovskaya et al.153 analyzed the penetration of different additives such as acetone, 2-
propanol, and sodium benzoate into the threadlike micelles of CTAC to estimate their effects on
the stability of structures. Wang and Larson?® used atomistic MD simulations to study the stability
of an infinitely long threadlike micelle of CTAC in the presence of sodium salicylate and sodium
chloride salts. The effect of different salts on the Kinetics of shape fluctuations and transitions was
estimated using relatively long (~10 ns) simulations. In a recent work, the structural properties of
both spontaneously formed and preassembled micelles of nonionic dimethyldodecylamine-Noxide
(DDAQ) upon addition of oil-like molecules were studied. The oil molecules induced a near-

spherical shape in DDAO micelles which were otherwise somewhat elongated.

To overcome the limitations of time and length scales in atomistic MD, different coarse-
grained schemes have been used to model surfactant self-assemblies. Continuum-level models can

access long timescales and make qualitative and semi-quantitative predictions of steady-state
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behavior as well as flow instabilities, such as shear banding, in worm-like micelle solutions. These
models attempt to capture macroscopic fields such as shear stress, velocity, viscosity and pressure
and neglect molecular details such as structure, self-assembly and configurational dynamics of
surfactant micelles in solutions. Stochastic simulations such as Brownian dynamics and dissipative
particle dynamics simulations have also been performed on such systems where parameters for the
stochastic simulation, such as the persistence length of the micelle, were obtained from short time

scale fully atomistic simulations?®.

Lattice models with Monte Carlo simulations have been developed to study the phase
behavior of surfactants and determine their critical micelle concentrations62, Further, CG models
of dimer surfactants represented by two types of particles (head and tail) with Lennard-Jones
interactions have been utilized to predict the structural phase behavior and dynamical equilibrium
of micelles. Implicit solvation has been widely used in both atomistic and CG systems to improve
the sampling of micellar structures for longer time and length scalest®l. Finitely extensible
nonlinear elastic (FENE) potentials used with dissipative particle dynamics or even molecular
dynamics have been explored for large-scale simulations of micellar self-assemblies to study
rheological properties of wormlike micelles. While these studies are capable of making qualitative
predictions of the phase behavior and rheological properties of micelles, they do not account for
the effect of the chemical specificity of the intermolecular interactions among the surfactant, salt,

and water molecules.

The goals of this thesis were to present a rigorous coarse-grained molecular model for a
typical surfactant such as cetyltrimethylammonium chloride (CTAC) and hydrotropic salts such
as sodium salicylate (NaSal) and 3-hydroxy naphthalene-2-carboxylate (SHNC), which could

account for chemical detail as well as access long timescales. Further, the ability of the CGMD
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framework to investigate the structure, dynamics, rheology and self-assembly of surfactant
micelles and micelle-nanoparticle solutions at the molecular level has been elucidated. The
important results and conclusions have been described in detail in each of the next four sections
below. In the final section, we motivate new approaches to study the rheology of these fluids, for
e.g. linear viscoelastic behavior, using molecular simulations and provide recommendations for

future work in the area.

6.2. Configurational Dynamics and Scission of a Rodlike Micelle

In Chapter 2, the configuration dynamics of asingle rodlike cationic surfactant micelle was
studied using coarse-grained molecular dynamics (CGMD) simulations. Our simulations included
long ranged electrostatic interactions through particle mesh Ewald summations, and solvent
polarizability and hydrodynamic interactions through an explicit polarizable water model.
Equilibrium properties such as the timescale of rotational diffusion, t,, and the orientational
relaxation time, 7, of the micelle were estimated. While the diffusion timescale was found to be
on the order of microseconds, the orientational relaxation was found to be approximately 28.7 ns,
which is two orders of magnitude lesser. An appropriate criterion to distinguish between the
Brownian (diffusive) regime and the flow-aligned regime was identified as the Weissenberg
number which is defined as, Wi = yt,. CGMD simulations are capable of accurately predicting
the stretching and tumbling dynamics of a single rodlike micelle in shear flow. The probability
distribution function (PDF) of the in-plane orientational angle, 4, was found to be slightly biased
to positive 6 values and could be fitted to a shifted Gaussian for Wi > 1. The full width at half

maximum of the Gaussian follows a power law relation with Wi with an exponent of -0.31. For
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Wi > 1, the tail of the PDF of the out-of-plane angle, ¢, was found to scale as 2. The tumbling
frequency also follows a power law relation with Wi for Wi > 1. The power law exponent has
been found to approach 0.67 and this is in excellent agreement with predictions for rodlike and

semiflexible polymers in shear flow.

A relationship between micelle pair potential energy, @, and length, I, was estimated
through structure relaxation simulations on flow-aligned, stretched micelles. A linear dependence
of ® on | was found which yielded a micelle stretching force of = 650 kJ/mol/nm. This
corresponded to a force of ~1 nN per molecule which is similar to van der Waals forces estimated
through atomic force microscopy experiments in Gecko feet. Finally, for Wi > 1, we show that
micelle scission occurs due to a mechanism by which flow-induced micelle stretching results in
reduced electrostatic screening of micellar head groups which results in micelle breakage. The
energy barrier for micelle scission was found to be ~ 2500-2700 kJmol!. Thus, consistent with
experimental observations, we conclude that for Wi ~ 0(1), flow-alignment can result in shear-
induced structure formation and for Wi > 1, flow-induced micelle scission would result in shear

thinning.
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6.3. Self-Assembly at the Nanoparticle-Surfactant Interface

The addition of noble metal nanoparticles to wormlike micelle solutions has been shown
to provide arobust route to manufacture multicomponent plasmonic nanogels with tunable optical
properties and rich rheological behavior. The nanoparticle shape, size and material are all
important factors in controlling the wavelength at which light is absorbed or emitted. The light
trapping ability of metal nanoparticles is a consequence of localized surface plasmon resonance, a
phenomenon by which the free conduction electrons in the particle surface collectively oscillate
with the same frequency as that of the incident radiation. While rheological characterizations,
cryogenic transmission electron microscopy (cryo-TEM) experiments and small-angle X-ray
scattering measurements provide insight into the microstructure of such solutions, the underlying
mechanisms of self-assembly between the nanoparticles and micellar aggregates is poorly

understood.

In Chapter 3, we have performed CGMD simulations of nanoparticles and surfactants in
aqueous solution to uncover the equilibrium structure and self-assembly mechanisms in micelle-
nanoparticle solutions. Our simulations indicated that surfactants tend to self-assemble with both
hydrophobic and charged, hydrophilic nanoparticle surfaces. In the case of a hydrophobic surface,
self-assembly occurred in a tail-on fashion with the surfactants forming a corona-like monolayer
around the nanoparticle. Conversely, for a negatively charged particle surface, the cationic head
groups of the particle are electrostatically attracted to the nanoparticle surface leaving the tail
groups exposed to the water. Since this is energetically unfavorable, asecond layer of surfactants
was formed with the tail groups of the two layers interdigitated with each other. The kinetics of
self-assembly was also discussed. The self-assembly process consisted of two regimes: a rapid

adsorption regime followed by a slower regime of surface rearrangement.
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These nanoparticle-surfactant complexes further interacted with rodlike micelles in the
presence of NaSal salt to form electrostatically stabilized micelle-nanoparticle junctions.
Consistent with existing hypothesis, junction formation was shown to occur via an end cap
attachment mechanism which results in the micelle losing one end cap and the nanoparticle losing
its spherical symmetry. Both these events would result in the rearrangement of surfactants within
the nanoparticle-surfactant-micelle composite structure. The dynamics of surfactant exchange was
found to have two regimes: a diffusive regime which had a net transfer of surfactants from the
micelle to the nanoparticle-surfactant complex followed by a plateau indicating saturation of the
particle surface and the existence of a dynamic equilibrium where the average number of
surfactants in each structure was constant. The energetics of junction formation was also
investigated. Junction formation resulted in a decrease in the pair potential energy of the composite
structure by ~ O(100 kgT). This is much greater than the end cap energy of the micelle which is
estimated to be ~ O(10 ksT). Further, these estimates of the pair potential energy suggest that these
fluids are immune to breakage by thermal fluctuations which is consistent with the experimentally

observed long shelf life of plasmonic nanogels.

6.4. Rheology of Micelle-Nanoparticle Solutions

Wormlike micelles are widely used in a number of different industrial and consumer
products and processes where they come in contact with colloidal species. Still, relatively little is
understood regarding the interactions between WLMs and colloids both at equilibrium and,
especially, under flow. Limited previous studies have reported a number of often contradictory

ways in which colloids affect the rheology of micellar fluids. Some colloids lead to a monotonic
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increase in viscosity, whereas for others it is non-monotonic. Some fluids exhibit a transition from
Maxwellian to non-Maxwellian linear viscoelasticity with particle addition. Some show the
opposite trend, and some maintain Maxwellian behavior throughout. Conversely, the presence of
WLMs significantly affects the interactions between, and stability of, colloidal particles. This
potentially new class of WLM-mediated colloidal interactions has been relatively unexplored, and
the nature of the resulting colloidal phase behavior is poorly understood. In Chapter 3, we
uncovered the self-assembly mechanisms in micelle-nanoparticle solutions. In Chapter 4, we
performed large-scale equilibrium and non-equilibrium MD simulations to explore the structure

and rheology of these solutions.

We first utilized equilibrium simulations to study the influence of salt concentration and
surfactant concentration on the zero shear viscosity of wormlike micelle solutions. The surfactant
concentration and the nanoparticle diameter were fixed at 0.25 M and 4.5 nm for all our

simulations. In the range of salt-to-surfactant ratios, R, and nanoparticle volume fractions, ¢,

studied, we observed the following behavior. Zero shear viscosity, n,, was found to vary non-
monotonically with the salt concentration. Specifically, 7, was found to decrease for R = 0.33
and further decrease for R = 0.67. On further addition of salt, n, was found to increase slightly.
The decrease in viscosity is attributed to the onset of micelle branching which is known to reduce
the solution viscosity. Further addition of salt results in the merger of several branched micelles
resulting in the formation of an elastic network which resulted in anincrease in the viscosity. Next,
we observed that 7, increased linearly with increase in ¢, for all salt concentrations, which is in
good agreement with experimental observations. The viscosity increase was closely related to the
changes in the microstructure of the fluid due to the presence of the nanoparticles. It was noted

that, for R = 0.1, the system consisted of rodlike and wormlike micellar aggregates and there were
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no instances of branching or entanglements in these systems. However, with increase in ¢, these
micellar aggregates self-assembled with the nanoparticles to form patchy micelle-nanoparticle
junctions which resulted in the effective lengthening of the micellar structures. On further increase
in ¢,, several nanoparticle-micelle junctions are formed which resulted in the formation of
entangled micelle-nanoparticle networks. Thus the addition of nanoparticles to micellar fluids can
result in effective lengthening of micelles and also create entanglements in an otherwise non-
entangled fluid. Both these phenomena resulted in an increase in n,. In branched micellar systems,
for e.g., R = 1.0, apart from the effective lengthening of micelles, the replacement of micellar

branch points with nanoparticle- mediated branches was found to result in an increase in 7,.

Next, we performed thousands of non-equilibrium MD (NEMD) simulations to study the
rheological behavior of micelle- nanoparticle solutions. We utilized the Muller-Plathe algorithm to
perform reverse NEMD simulations and calculated quantities such as the shear rate, shear stress,
shear viscosity, orientational order and normal stress differences. Wormlike micelle solutions have
been shown to exhibit Newtonian, shear thinning, shear thickening, rheopexy and shear banding
behavior. In our simulations we observed a Newtonian regime and a shear thinning regime for all
salt concentrations and volume fractions. The onset of shear thinning behavior was shifted to lower
shear rates with increasing ¢,,, which is due to the presence of solid particles in a fiuid medium
which results in the apparent shear rate being lesser than the shear rate of the micelle phase. Shear
thinning was accompanied by flow-induced isotropic-to-nematic transition in micelle-nanoparticle
solutions. We did not observe shear banding instabilities in our simulations as evidenced by the
shear stress which remained a single-valued function of the shear rate for all systems. This is
possibly due to the presence of the nanoparticles which tend to suppress the orientational order in

such solutions. We also calculated the first and second normal stress differences from our

114



simulations. It was observed that at low shear rates, i.e., Wi < 1, the shear stress scales linearly
with Wi and the first normal stress difference scales quadratically with Wi. This indicated that
wormlike micelle-nanoparticle solutions modeled in this study display behavior that is typical of
a simple viscoelastic fluid. For Wi > 1, there is a sharp transition to a non-linear regime which
suggested that flow is sufficiently strong to align micelles in the direction of the flow and increase
orientational order. The increase in orientational order was directly captured by the nematic order
parameter. Further, a sharp increase in the normal stress and a sharp decrease in the shear viscosity
clearly suggested that flow-induced alignment and micelle scission results in shear thinning

behavior. This is again consistent with the results presented for rodlike micelles in Chapter 2.

6.5. Effect of Salt Type and Concentration on Micelle Formation

In chapter 5, we studied the effect of salt concentration and type on the growth kinetics and
zero-shear viscosity of CTAC surfactants using CD MD simulations. We demonstrate a two-step
micelle formation process: a fast step which is characterized by nucleation and aggregation of
monomers and small aggregates, and aslow step which corresponds to micelle recombination and
scission timescales. Further, a power law scaling was obtained for the number of micelles as a
function of time and the exponent was plotted as a function of the salt concentration. We find that
the growth rate of micelles reaches a peak value at R=1. This suggests that at equimolar
concentrations of surfactant and salt, efficient screening of the electrostatic repulsion results in
faster aggregation. We also studied CTAC/SHNC systems and estimated the zero-shear viscosity
as a function of R. Our simulations suggest that the behavior of CTAC/SHNC systems are

distinctly different from CTAC/NaSal systems although the two salts have very similar chemical
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structures. CTAC/SHNC systems do not produce a double peak in the zero-shear viscosity with
gradual increase in salt concentration. We observed a 35% increase in the zero-shear viscosity over
the range of concentrations studied. A closer look at the molecular origins of the viscosity increase
revealed an interesting morphology which has not been previously identified in literature. For
C, =034 Mand 0.5 < R < 1.5, CTAC/SHNC systems tend to form semi-lamellar sheet-like
structures which tend to break down into entangled micellar networks at even higher salt
concentrations. Further, anomalous rheological behavior such as an increase in viscosity with
increasing temperature has been observed for CTAB/SHNC system via experiments'#4®. The

molecular origins of this behavior is not well understood and could be the focus of future work.

6.6. Recommendations for Future Work

6.6.1. Effect of nanoparticle charge, surface chemistry and size on the self-

assembly and rheology of wormlike micelle-nanoparticle solutions

In chapter 3, we have studied the effect of nanoparticle surface charge and surface
chemistry on the self-assembly and structure of nanoparticles in surfactant solutions. However, the
effect of these parameters on the rheology of micelle-nanoparticle solutions has not been
investigated. We have demonstrated that the CGMD framework described in this work is capable
of capturing typically observed equilibrium and non-equilibrium behavior for wormlike micellar
fluds and systems in which nanoparticles are dispersed in such fluids. A more thorough
investigation of the nanoparticle charge, surface chemistry and size on the microstructure and
rheology of such fluids is required to explain the following questions. How would nanopartic le

size affect their self-assembly behavior? Would junction formation occur for extremely small
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particles (~ 1 nm)? Or would these particles diffuse freely in solution like ions? Would large
particles behave as macro-ions and promote the formation of multiple junctions? In other words,
how would the size of the particle affect the particle functionality? Experiments have suggested
that micron-sized particles do not show the same changes in rheological behavior. Does that mean
that there is a limited size range over which rheological modifications are observed? Is there a
reliable multi-scaled approach to study such systems? These questions definitely need to be
addressed using multiscale computational modeling methods as well as novel experimental
techniques. Advances in high-resolution cryo-TEM and atomic force microscopy measureme nts

provide a promising route to explore some of these questions.

Moreover, in this work, we only studied a cationic surfactant system and its interactions
with various salts, nanoparticles and solvent. Further research could also focus on the interactions
between different surfactant architectures and tailored nanoparticle surfaces. From a computatio nal
perspective, studying such complex rheological behavior in non-ionic surfactant systems might be
more efficient. This is because ionic systems require the inclusion of long-ranged electrostatic
calculations which consumes the majority of the computing time. Simulations of non-ionic systems
can provide a speedup of up to ~30% for systems that consist of roughly 1 million particles. A
more exotic and interesting study could involve simulations of polydispersed nanoparticles as well

as particles of different shapes and surface chemistries in the same solution.

6.6.2. Linear Viscoelasticity

Viscoelastic materials are those which combine the properties of elastic solids and viscous

fluids. Elastic materials can be considered as having a perfect memory of their non-deformed initial
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state. Therefore, any deformation in the material due to an applied stress would completely vanish
as soon as the applied stress is removed. However, viscous liquids have no memory of their non-
deformed initial configuration. So when the shear stress is released it remains in its last
configuration. In viscoelastic materials, the stress would gradually decay in time, a phenomenon
which is referred to as stress relaxation. Oscillatory shear flow experiments have become the
predominant tool to study the linear viscoelasticity in soft materials132. In oscillatory shear flow,

we apply a sinusoidal shear strain which is given by:

y(©) = ypsin(wt)  (6-1)

The resulting shear rate is therefore given by:

y(t) = y,wcos(wt) (6-2)

The shear stress is also sinusoidal with the same frequency, but leads the strain by a phase angle,

d.

o(t) = gysin(wt + 6) (6-3)

Here, y(¢t) is the instantaneous shear strain, y, is the amplitude or the peak displacement, w is the

angular frequency of oscillation, y(t) is the shear rate at time t,and o (t) is the shear stress at t.
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Wormlike micelles as well as colloidal suspensions in wormlike micelles exhibit linear
viscoelastic behavior. While current experimental techniques can provide great insight into the
linear viscoelastic behavior of known fluids, they cannot provide details regarding the underlying
flud microstructure. The important questions are: Is it possible to perform CGMD simulations of
oscillatory shear flow in such solutions? How reliable are these methods for studying viscoelastic
behavior? If so, can these simulations be further used to study model surfactant and polymer
systems? Do current MD simulations packages possess the capabilities to do such calculations?

Initial progress towards this end has been made and a brief description is provided below.

Currently the GROMACS package does not have the capability to run oscillatory shear
flow calculations and although the LAMMPS package does have the necessary infrastructure it is
limited to nonionic systems. Therefore, in order to perform oscillatory shear flow calculations for
jonic systems, we have modified the source code of the GROMACS 4.6.5 MD package and
included new parameters that can create sinusoidal strains. While these codes have not been
extensively tested on complex fluids, initial results seem promising. Currently, we have identified
one serious limitation in using these methods to perform small-amplitude oscillatory shear (SAOS)
simulations. In SAQS experiments, the maximum allowable strain is ~ 5%. At such small strain
values, it is difficult to get apparent changes in the stress tensor due to the presence of large
fluctuations in pressure for small simulation boxes. However, the code does seem to work for
large-amplitude oscillatory shear (LAOS) simulations, as evidenced by a phase shifted sinusoidal
stress response of a model wormlike micelle fluid (Fig. 6.1). Further refinement of the algorithm
and detailed validation of the method is required before we can study complex fiuid behavior.

However, the approach is novel and promising.
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Figure 6.19: Plots of shear stress and shear strain as a function of time for a model surfactant
micelle system in large-amplitude oscillatory shear flow using MD simulations. The stress

response is sinusoidal and leads the applied strain by a phase angle, 6

6.6.3. CGMD Simulations Using Implicit Solvent Models

Till date, one of the biggest challenges in the area of multiscale computational modeling
and simulation of complex fluids and soft materials, at the molecular level, has been the
incorporation of hydrodynamic forces. These solvent mediated interactions are crucial in

determining the microstructure, self-assembly, dynamics, rheology and phase behavior of complex
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fluids. However, they also consume a large majority of the computational time and resources
needed to simulate such systems. So, in some ways, the presence of an explicit solvent in MD
simulations is a necessary evil. Recently, a lot of work has been done in trying to create implicit
solvent models for various biomolecules as well as commercial surfactants. These models can
facilitate tremendous acceleration in computing time and would allow us to access much longer

timescales on systems that consists of particles on the order of a few millions.

Currently, these implicit models are capable of predicting the structure of micellar fluids,
lipid bilayers and proteins in water. However, it has been shown that the implicit solvent model
for MARTINI CG force fields requires unphysical values for the dielectric constant of the solvent
which makes it a little difficult to use it to make accurate, reliable predictions’ 172, Further, the
other problem with this approach is that it is not able to accurately capture the dynamics of
molecules that are not part of an aggregate. For example, in micellar solutions, the dynamics of a
surfactant present within a micellar aggregate is captured fairly accurately whereas a free
surfactant in solution has been observed to move too fast due to the absence of hydrodynamic
viscous forces on it. Future research should focus on overcoming such limitations by using more
sophisticated algorithms and developing better, more accurate force fields for implicit solvent
models. Advancements in this area would allow us to implement truly multiscale models on several

systems of interest in the area of biology, physics, chemistry and materials science.

6.6.4. Extensional Rheology of Micelle-Nanoparticle Solutions

The extensional response of viscoelastic fluids can differ substantially from that in shear

flow. In particular, the viscosity can grow more strongly at larger stretching rates than at smaller
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ones due to a phenomenon referred to as strain hardening. Wormlike micelles have been shown to
exhibit strain hardening behavior under several conditions. Experiments have also shown that the
addition of spherical particles to polymer melts causes a reduction in strain hardening in such
solutions!”3. Recently, Dhakal et al.1’4 have performed CGMD simulations of a single rodlike and
wormlike micelle subjected to uniaxial extensional flow. New mechanisms such as counterion
induced chain stiffening and flow-induced migration of counterions leading to micelle scission
were identified which were previously not known. This clearly shows that MD simulations of
micellar and micelle- nanoparticle systems can provide detailed insight into the interactions that

govern the structure and dynamics of these materials.

Several important questions are raised here. How does the addition of nanoparticles change
the dynamics and stability of wormlike micelles in extensional flow? Can CGMD simulations of
uniaxial extensional flow of micelle-NP junctions reveal microstructural details regarding scission
and redistribution of counterions in such systems? What is the mechanism of breakage of micelle-
NP junctions in shear and extensional flow fields? What other physicochemical conditions can
affect the stability of these junctions? Can we explore the dynamics of more biologically relevant
morphologies such as vesicles and branched micelles under extensional flow? All these questions
remain and could prove to be exceptionally promising research directions. One would imagine that
with advancements in distributed computing platforms and efficient algorithms, these

investigations will surely be made possible in the near future.
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