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Soft matter systems deal with particles or collections of particles that respond
to applied forces with a non-linear response. Examples include polymers, colloids,
vesicles, gels, emulsions, micelles and capsules. It is therefore unsurprising that these
soft particles are ubiquitous: present in our everyday life, biologically important, and
found in many industrial processes. To these systems, flow plays an essential role
technologically (e.g. electrospinning, microfluidics, and directed self-assembly),
biologically (e.g., blood flow), and industrially (e.g. polymer extruders and pumping
of nuclear waste).
Utilizing non-equilibrium coarse-grained molecular dynamics (CGMD), we
have explored time and length scales of self-assembled polymeric micelles and
polymer grafted nanoparticles (PGNs) beyond the computational realm of atomistic
MD. We first showed that concentrated polymeric micelle suspensions strongly
organize into 2D patterns normal to the flow direction. The precise lattice formed was
found to be dependent upon micelle concentration and the rate of the applied shear, in
agreement with literature in the high shear regime. It was also shown, for the first
time, that individual micelles exhibit rich dynamical behavior under flow, including
tank-treading, trembling, tumbling, stretching and contraction, and rotation.

Current work has addressed the latter, the dynamical behavior in the dilute
regime of polymeric micelles and PGNs – that is, individual soft particles subjected to
shear flow. Understanding these dynamics is interesting fundamentally, but also in the
aforementioned applications where soft particles are closely packed. This work has
shown that the presence of these soft particles induces a strong disturbance to the
otherwise linear shear field, and the shape and extent of this disturbance is a function
of a characteristic relaxation time (corona length) and rate of applied shear. Finally,
the shape fluctuations, flow-alignment, rotation, and tank-treading of these particles
have also been characterized in detail and are compared to the more well-understood
dynamics of vesicles and star polymers.
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CHAPTER 1

1 INTRODUCTION
1.1

Introduction
This introduction gives a brief overview of the topics investigated in the

chapters that will follow. We include here important results from published literature,
as well some of the shortcomings or gaps in these studies that we will address later.
The overall organization of this chapter follows the organization of the main results
chapters: shear-ordering of colloidal systems, flow disturbances around soft particles,
and concluding with dynamics of these soft particles.
With few exceptions, all work presented here deals with flows that fall into the
realm of simple shear. In other words: any flow where the unperturbed fluid has a
velocity in a single direction and whose magnitude varies linearly in the perpendicular
direction. Though this restriction may seem of little practical interest, its importance
becomes clear when one considers that simple shear exists nearly always near
interfaces in a general flow. Flow through blood vessels and the channels of
microfluidic devices are a few ubiquitous examples. Another example that our group
is particularly interested in is electrospinning, where shear flow is present at the
fluid/air interface of the viscoelastic jet.
1.2

Shear-ordering of block copolymer nanocomposites
As the backbone of this work, block copolymers (BCPs) deserve special

attention. BCPs are single-chained molecules that consist of two or more distinct

17

polymer groups. A diblock copolymer, for example, would consist of the union of an
A and B-type homopolymer, sometimes requiring a non-repeating junction block.
Similarly, a triblock copolymer could consist of a union of A, B, and A-type blocks, in
that order, or A, B, and C-type blocks. The number-prefix is not derived from the
number of block types, but rather the number of distinct block regions. In other words,
both an A-B-C and A-B-A molecule would be considered triblock copolymers.
The utility of block copolymers arises from their ability to self-organize either
in polymer melts, or in selective solvents. Many of the mass-produced block
copolymers are derived from ethylene oxide (EO) and propylene oxide (PO) groups,
the latter being less soluble in water. The difference in the solubility is a desirable
property as it is the driving force for self-organization in equilibrium. The exact
morphology formed during self-organization, or self-assembly, is a strong functions of
solvent, temperature, polymer chemistry, and concentration of the polymer in solution
[1], [2]. A phase diagram for P104 (EO18PO58EO18) in solution is shown in Figure 1-1
for illustration. For this BAB-type triblock copolymer, the A-type polymer minimizes
its contact with the solvent, forming the core of, for instance, a spherical micelle.
Interestingly, self-assembly is only observed below a certain temperature (about 80C
for P104). Above this temperature, entropic effects dominate, and polymers do not
self-assemble. Another important feature is that the morphology depends primarily on
concentration. As one increases the concentration, the P104 polymers transition into
worm-like micelles (with a hexagonal packing), and at high concentrations, into
lamella (layers with 1-dimensional order). Some regions contain two phases, and are
labeled as such (2𝛷).
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Figure 1-1 – Phase diagram for P104 in solution determined from static light

Figure 2. Phase diagram of the system P 104.
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Ackerson [5]. Morphologically and at low concentrations, spherical micelles behave in
much the same way as hard spheres, exhibiting long-range order under the right shear
conditions [6]–[9]. It was later found that these well-ordered micelle systems could
also be used to template nanoparticles [10]–[12]. Nanoparticles may be templated by
either including them within the hydrophobic region of the micelles (i.e. making the
nanoparticles hydrophobic), or by simply placing them into the external matrix. In the
latter approach,
the result is
a binary crystal, much like the one illustrated in Figure
778
POZZO, HOLLABAUGH, AND WALKER
1-3. An accurate way to determine the microstructure is through in-situ small-angle
neutron scattering experiments with a specially designed couette cell [13] – a resulting
scattering pattern is shown in Figure 1-4. The scattering patterns are consistent with
HCP alignment with the flow direction, as proposed by Loose and Ackerson, but
cannot reveal how the layers slip by one another.

FIG. 13. Schematic of phase behavior of samples after addition of nanoparticles. The structures are shown as

function
of !a"effect
particle of
sizenanoparticle
and !b" particle concentration.
Figure a1-2
– The
load in ordered micelle solutions [10].

and turbid states is also observed. In these samples !Fig. 5", a transparent phase develops
at the bottom of the container and a turbid phase is situated at the top. Both phases are
isotropic, do not show birefringence between crossed polarizers, and we believe that they
consist of a transparent glass that is overloaded with particles and a turbid crystalline
phase that slowly separates macroscopically.
The rheological observations made for this model nanocomposite system are consis20 that are highlighted in Fig. 13!b". Temperatent with the concentration-dependent phases
ture sweep experiments show that the influence of nanoparticle addition is largely dependent on the relative concentrations between particles and polymer. The results show a

Figure 1-3 – Cartoon of a face-centered cubic (FCC) binary crystal. For the
micelle/nanoparticle

shear-ordering

systems,

the

smaller

particles

nanoparticles (~7nm) and the larger particles represent micelles (~25nm).
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Figure 10. SANS
patterns
scattering of a nanocomposite
containing 25
wt % F127
the matrix
and 2 wt % of dispersed
BSA at 25 °C.
Figure
1-4for– the
Small-angle
neutron scattering
results
for insilica
nanoparticles
(left) and
The scattering patterns are collected for the templated protein phase (polymer matched 12% D2O) and for the micelle crystal phase (protein matched
40% D2O).

for the surrounding micelle matrix (right) at two different shear rates [13].

crystals (Figure 1). Therefore, for a specific applied strain, the
the templated protein phase of the same nanocomposite sample
stress buildup is expected to be larger in nanocomposite samples
are shown at contrast matching conditions. Unlike the silica,
than in pure micelle crystals which can more efficiently release
the proteins are monodisperse and lead to improved overall
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have been
performed
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that
the stress by sliding layers.
For the
this reason,
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that thatalignment
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The polymer
in this work
a lower strain (or strain rate) will be sufficient to provide a
(Pluronic F127) does not interact with the proteins, and thus
suitable aligning force. This also explains the increase in
we should only expect that there will be steric interactions.34
type
and
strength
of
the
shear
field,
as
well
as the size of the nanoparticles are
modulus and the lower compliance values that are observed for
In Figure 10 it is evident that the hexagonal pattern correspondnanocomposites at moderate particle loadings in comparison to
ing to the templated proteins is much sharper than that of the
11
the pure micelle
crystals.factors
silica particles.
Thishave
is duedifficulty
in part to theelucidating
monodispersity of the
important
governing nanoparticle templating,
they
The second observation that is made from Figure 9 is that,
proteins. Similar alignment is obtained when lysozyme is
at increasingly higher shear rates, the powder fraction of the
dispersed in micelle crystals (data not shown). Our ability to
the microscopic
mechanisms
controlling
the
degree
of with
order.
result, full
silica nanocomposite
starts to increase
while the powder
fraction
see similar
behavior
both As
silicaananoparticles
and globular
for the neat micelle crystal reaches a constant value close to
proteins demonstrates the simplicity and versatility of this
20% powder.
This loss of organization
is analogous
to the shear
method inelusive.
organizing Computational
nanosized particle additives
into crystalline
controllability
of these
nanocomposites
remains
methods,
melting effect that is observed in colloidal crystals at very high
lattices with long-range order and a dominant orientation.
shear rates.8,17,22 Any of these flow mechanisms will have a
The observation of a sharp hexagonal pattern corresponding
especially
coarse-grained
dynamics,
a means
to explore
these of the
characteristic
time scale associated
with it. Anmolecular
order-disorder
to the provide
first hexagonal
ring indicates
that the structure
transition is expected when the imposed strain is increased at a
templated particles is not pure FCC but rather FCC/HCP or pure
rate that cannot be supported by the flow mechanism. At high
HCP. The scattering corresponding to the micelle crystal phase
rates, the micelles are unable to accommodate themselves in
also shows the expected hexagonal patterns with the first two
an equilibrium state (low energy) before they are displaced again
hexagonal rings being clearly resolved. Interestingly, the shearby the external field, and this leads to a disordering effect.
22 aligned patterns corresponding to the micelle crystal phase of
Figure 10 shows the scattering patterns corresponding to a
this sample have a similar type of Bragg peak anisotropy as
nanocomposite with BSA proteins as the templated particles.
that of the neat micelle crystal (Figure 5) and opposite to the
The scattering corresponding to both the micelle crystal and
nanocomposite that contains silica (Figure 7). This result

otherwise inaccessible time and length scales, given that the methods are first
validated against experimental results.
Unique to the work that is presented here, is that we explore micelle ordering
in the non-equilibrium regime. The number of publications covering equilibrium states
of similar systems is far greater, and, in fact, there is are no known publications prior
to this work on the shear-ordering of micelle nanoparticle composite systems.
1.3

Flow induced disturbances of soft particles in simple shear fields
An object placed in a flow field will necessarily affect a change, or a

disturbance, to the flow, which in turn may influence positioning and behavior of
surrounding objects – in this case, micelles and nanoparticles.

Under certain

conditions, the resulting steady-state flow can be known analytically. Stokes flow
around an ideal sphere is one of the simplest examples (Figure 1-5). In contrast,
deformable and non-spherical objects present a considerable challenge. Axisymmetric
ellipsoids have been extensively studied [14]–[16], with the seminal paper on the
subject first published by Jeffery in 1922 [14]. His work demonstrated that ellipsoidal
particles, at low shear rates, undergo periodic rotation and precession, forming closed
paths (relative to the flow) that were later coined Jeffery orbits. Most importantly, the
flow around isolated rigid ellipsoids is therefore time-transient, as the orientation of
the ellipsoid is time-transient.
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ellipsoidal deformation has forced the most significant recent progress to be in
numerical models, such as efforts by the Misbah group [20], [21]. Thus, it is
unsurprising that the flow around other soft particles, including micelles, is even less
understood.
Stationary shear flow around bodies at finite Reynolds number
1
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3. Simple shear flow around cylinder and sphere at varying Re
The flows caused by a cylinder and sphere in simple shear over a range of Reynolds
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of the bodies from this condition provide an important baseline for comparison with
results at finite Re. The streamlines are shown in figure 5. Unlike the case for uniform
flow past a body in two dimensions, there is no net force on the cylinder here and thus
there exists a solution for the Stokes flow. The relevant formulae can be described in
a single form for both fixed and free bodies25
by considering a general rotation rate of
the body. For the cylinder, these are
⎫
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vesicles, and references [22]–[24] are a few good examples. In contrast, at the scale of
polymeric micelles, there are only a handful of publications that have attempted to
model or simulate flow effects or dynamics. The bulk of these studies have been
aimed at star polymers.
Star polymers serve as good tools for comparison as they are similar to micelles
in their size, deformability, and chemical composition. Most of the available
knowledge of these systems has come from Gompper’s group in Germany. Their
simulations have suggested that star polymers in shear flows induce a rotational
velocity disturbance and exhibit dynamics similar to other soft bodies in shear. These
phenomena are further characterized by the grafting density, and to a lesser extent, the
size, of the star polymers [25]–[28]. An example of the flow around two star polymers
of different grafting densities is shown in Figure 1-7. Note the rotational flow around
the stars, the straddling in-plane stagnation points and finally the corresponding
counter-rotating vortices on either side. This flow is only qualitatively similar to the
numerical solutions for ellipsoids held at fixed inclination angles. A similar method
has been employed to study branched polymers, with the simplest branch polymer
being a star polymer [29].
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motion near a star polymer

To our knowledge, there are no existing publications addressing flow
disturbances arising from the presence of micelles. Furthermore, it is difficult to
directly experimentally validate dynamic behavior at these exceedingly small length
and time scales. For these reasons, the focus here is develop a qualitative
understanding of these systems and draw comparisons to similar systems such as
vesicles and star polymers. At a minimum, we hope that our work here will provide
motive for further exploratory studies, and perhaps, one day, evaluation through novel
experimental techniques.
1.4

Dynamics of soft particles in shear flow
As the previous section has clearly shown, soft bodies, whether vesicles or star

polymers, induce measurable flow disturbances through both obstruction and dynamic
motion. The latter, the dynamic aspects, encompass a broad spectrum of behaviors
which may include tumbling, trembling, stretching and contraction, tank-treading, and
sometimes fusion and fission.
DNA is a good example illustrating many of these behaviors. As with vesicles,
DNA’s biological importance and relatively large size has made it the subject of many
experimental and theoretical investigations. In the quiescent state, DNA will adopt a
conformation that greatly depends on temperature and solvent conditions. For
example, lambda bacteriophage DNA in a sugar solution adopts an elliptical
conformation with a hydrodynamic diameter of ~ 2nm [30], [31]. Under shear, the
DNA molecule may undergo a variety of behavior depending on the strength of the
applied field. Stretching always occurs, with elongation in the direction of shear or
along an axis slightly inclined. Contraction may follow, collapsing the DNA back into
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its spherical conformation. Often this pattern of stretching and contraction is periodic
in the steady state, which would then be termed a “trembling” behavior. The DNA
molecule may also tumble in the flow, where the end-to-end length remains relatively
constant, but the end-to-end vector rotates. Figure 1-8 gives an example of some of
these behaviors for DNA in shear flow [30].

Figure 1-8 – DNA in shear flow, taken from [30]. Left shows a cartoon of several
different behaviors the polymer participates in depending on the Weissenberg number.
The right figure shows snapshots at different times of the polymer a Wi = 19. Each
column shows a different transitory behavior; from left to right: tumbling, mass
propagation, and stretching/collapsing (trembling).
Many of the behaviors seen in single polymer chains are also seen in fluid
vesicles. Fluid vesicles lack the one dimensionality of polymer chains but retain the
viscoelasticity as they are merely an encapsulation of a fluid by a flexible, elastic
membrane. Like DNA, vesicles have also been studied extensively, in part, owing to
their both their biological importance and larger size. However, it is important to note

29

that vesicles range in diameter from nanometers (liposomes) to hundreds of microns in
(red blood cells). They also accommodate an additional behavior that would not be
well defined in single-polymer dynamics: tank-treading. Figure 1-9 provides an
illustration of the primary dynamic regimes seen for fluid vesicles.
!!!!!!!!!

!!!!!!!!!!

Figure 1-9 – (Left) Snapshots of a fluid vesicle in three different dynamic regimes.
(Right) Inclination angle (top) and an asphericity parameter (bottom) for the three
different regimes. The three regimes are, from top-to-bottom (left) and left to right
(right): steady tank-treading, tumbling, and trembling [24].
Understanding vesicle systems is important in, for example, blood rheology,
where strong shear forces are present near the vessel walls. Models have been
developed to attempt to capture qualitatively and quantitatively the characteristics of
the dynamics, as well as the transitions as a function of key parameters. The dynamics
of a vesicle are commonly- modeled by three parameters: the viscosity contrast (the
ratio of the viscosities for the encapsulated fluid and surrounding fluid), the swelling
parameter, and the shape relaxation time [32], [33].

The aforementioned Keller

Skalak model [19], originally developed for tank-treading ellipsoids, qualitatively
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captures the physics for vesicles in shear flow quite well, and quantitatively in two
dimensions [33]. This is a surprising result, since shape deformations (beyond the
idealized ellipsoidal vesicle) occur in realistic systems. Boundary integral and
advected-field (AF) methods have also been somewhat successful at capturing and
predicting the physics of deformable vesicles, using a minimal number of adjustable
parameters. The energy dissipation in the surrounding fluid using the AF method is
shown in Figure 1-10
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Figure 1-10 – Contour plot of energy dissipation surrounding a vesicle modeled using
the advected-field (AF) method at four different viscosity ratios, r = 2, 4, 6 and 7.8.
Lighter colors indicate greater dissipation. Taken from [33].
Star polymer dynamics have also been investigated using multiparticle
collision dynamics method mentioned previously [25], [26], [28]. Unlike vesicles,
there is no corresponding ratio of viscosities to characterize the star polymer behavior.
Nonetheless, these studies have shown that star polymers may exhibit many of same
behaviors seen in fluid vesicles. Rather than a ratio of viscosities, an increased
functionality (the number of polymer arms) results in a transition from polymer-like to
capsule-like dynamics.

Moreover, these studies have successfully collapsed the

predominant behavior -- tank-treading at a constant inclination angle -- using a
characteristic relaxation time, as shown in Figure 1-11. More interestingly, there are
two distinct regions of rotation: one at low Wi, where the stars rotate proportionally to
the applied shear, and one at high Wi, where the rotation rate becomes sub-linear. We
will explore this phenomena and its importance in polymeric micelles in more detail in
the final chapter of this work.

32

Figure 1-11 – Normalized rotational frequency about the vorticity axis for simulated
star polymers as a function of functionality-corrected Weisenberg number. The data
collapse onto one master curve. Taken from [25].
Inspired by the simulation work done with star and branched polymers, we
apply the tools of analysis by those authors to dilute systems of polymeric micelles.
The similarity between micelles and star polymers leads us to suspect that the
dynamics we see should be similar at comparable Weissenberg values and that our
data should also collapse under a suitable choice of a relaxation time. However, the
differences that do exist, most notably the deformable core of the micelle, present new
challenges that in this analysis that we will try to address. To this end, we also look at
an intermediary: a colloid particle with polymers tethered to its surface. This type of
particle has the tremendous advantage of tune-able “softness” through varying the
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length of the tethered polymers. No literature exists, to our knowledge, addressing the
dynamics of either tethered nanoparticles or micelles.
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CHAPTER 2

2 SHEAR ORDERING OF MICELLE-NANOPARTICLE SYSTEMS UDNERGOING
SHEAR

2.1

Introduction
Amphiphilic block-copolymers (BCPs) are well-known to self-assemble into

micelles in solution. The micelle geometry is a function of controllable parameters
including temperature, polymer structure/chemistry, concentration of polymer in
solution, and the affinity of polymer blocks towards the solvent. Many of these
structures exhibit lyotropic behavior, forming cubic, hexagonal or lamellae phases [1],
[2]. For example, spherical micelles will assemble into face-centered cubic (FCC) or
body-centered cubic (BCC) structures in an analogous fashion to concentrated
colloidal suspensions [3], [4]. Under an applied shear field, these cubic micelle
structures have been shown to align into a single crystal orientation, generally with the
hexagonal planes parallel to the shear direction[5], [6]. When nanoparticles are
included in the solution, they can become templated by the micelles, given that the
nanoparticles are small enough to fit into the interstitial spaces within the micelle
lattice[7]. These so-called shear-induced binary crystals are analogous to the
arrangement of Na (micelles) and Cl atoms (nanoparticles) in the FCC NaCl crystal.
Shear induced ordering is an example of directed assembly; these methods
applied to nanoparticles are of great interest due to the interesting and sometimes
unexpected behavior of the ordered assembly. The periodic spacing and resulting
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interactions can lead to new optical, electronic, and magnetic properties that have
promising applications in sensors and nanoelectronics [8]–[10]. Furthermore, the topdown nature of shear-directed assembly affords a scalable synthesis for obtaining
nanostructured materials and can be controlled by a number of accessible parameters.
Controllability of the degree of ordering and the type of lattice formed can be
achieved by varying the strength and type of shear applied. Small-angle neutron
scattering (SANS) experiments have shown that nanoparticle/micelle suspensions are
mostly oriented to a single direction at even low shear rates (1-10s-1)[7], [11]. The
degree of ordering is further improved by then applying large-amplitude oscillatory
shear (LAOS). However, oscillatory shear alone fails to orientate the binary crystal
from its powdered state.
Limited simulation work has focused on the shear-induced templating
properties of these micelle solutions. Many studies have investigated the equilibrium
structures formed in solution [12], [13] but only few have looked at shear effects on
micelle-forming block copolymer solutions [14], [15]. In regards to structure, these
works have generally reproduced, at least qualitatively, the results from in-situ SANS
shear experiments – showing sliding of hexagonal planes (spheres) and a six-fold
pattern in the shear direction for both spheres and elongated micelles. Modeling work
has also predicted these sliding mechanics as well as zig-zagging mechanisms in
analogous colloidal crystals[16]. Lacking from these studies are the dynamic aspects
and the effects from the presence of nanoparticles. Understanding the flow
mechanisms and behavior of polymeric micelles in the presence of nanoparticles is
essential to gaining control of the ordered phases.
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While molecular dynamics (MD) would be the most accurate approach to
understanding dynamics at this level, the required computational time imposes serious
limitations on the time and length scales. Instead, a coarse-grained molecular
dynamics (CGMD) approach offers a framework in which dynamic simulations of
meso- and multi-scale systems are computationally tractable. At the heart of this
model is the grouping of atoms or molecules into single particles – this is the
coarsening of the system. As a direct result, the intrinsic length and time scales are
increased as functions of the model’s coarseness. Thus, the potentially long time
scales inherit of dynamic simulations and the disparity in length scales between
solvent and nanoparticles (~ 𝑂(10)), make CGMD a natural choice to study these
systems.
The aim of this work is to employ CGMD to examine, at the mesoscale, the
dynamics of the ordered phases produced in neat block copolymer solutions and with
the inclusion of nanoparticles. We begin by studying how the structure and geometry
of block copolymer micelle forming solutions are affected by shear under a variety of
concentrations and hydrophilic block lengths. We then make note of the anisotropic
flows surrounding micelles under steady shear and the importance of this flow for
nanoparticle stability. Finally, we consider the inclusion of nanoparticles in these
solutions, their dynamics, and how they affect the micelle structures.
2.2
2.2.1

Model Details
Interaction Potentials
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To study the dynamics of micelle templated nanoparticle systems, we employ
CGMD in a form based on the MARTINI model [17], [18]. A solvent particle in this
model represents four real water molecules with a diameter σ = 4.7 Å. The real unit
equivalents of the reduced units used in this model are presented in Table 2-1.
MD Unit

Real Value

MD Unit

Definition

Real Value

𝝈

4.7 Å

𝝉

𝝈 𝒎 𝝐  

1.78 ps

𝝐

5 kJ/mol

𝑷∗

𝝐/𝝈𝟑

8.00 x 107 MPa

𝒎

72.06 g/mol

𝑻∗

𝝐/𝒌𝑩

600K

Table 2-1 MD Reduced Units
All polymers studied here are constructed as diblock copolymers with a
hydrophilic and a hydrophobic block with monomer groupings equal in mass and size
to the solvent particles. Solvent and polymer particles are modeled with a 12-6
Lennard-Jones (LJ) potential using a GROMACS style tail correction from r1 = 1.9149
to 2.5 such that the energy is zero at the cut-off radius (rc)
𝑈!" 𝑟 =   4𝜖

𝑆!" 𝑟 =    𝐴
𝑟 − 𝑟!
3

𝜎 !"
𝜎 !
−
  
𝑟
𝑟
+ 𝑆!" 𝑟 ,              𝑟 < 𝑟!

Equation 2-1

𝐶        𝑟 < 𝑟!

!

+

𝐵
𝑟 − 𝑟!
4

!

+ 𝐶        𝑟! < 𝑟 < 𝑟!

Equation 2-2

where subscripts 𝑖𝑗 indicate the pair interaction between two different particles 𝑖 and 𝑗.
Bonded monomer particles are held together with a finitely extensible nonlinear elastic
(FENE) potential
𝑈!"#" 𝑟 =    −0.5𝐾𝑅!! ln 1 −
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𝑟
𝑅!

!

Equation 2-3

in addition to a more short-ranged and purely repulsive 12-6 Lennard-Jones – the
Weeks-Chandler-Andersen (WCA) potential:

𝑈!" 𝑟 =   

4𝜖

𝜎
𝑟

!"

−

0            𝑟 >

𝜎
𝑟

!

!

            𝑟 < 2! 𝜎

!
2! 𝜎                        

Equation 2-4

FENE parameters 𝐾 and 𝑅! define the strength (energy/distance2) and bond range
(distance) respectively. These were set to 𝐾 = 30.0  𝜖/𝜎 ! and 𝑅! = 1.5  𝜎 to mimic
polymer behavior and to prevent bond dissociation[19].
!
Nanoparticles interact via the standard colloid potential 𝑈!! 𝑟 = 𝑈!!
𝑟 +
!
!
!
𝑈!!
𝑟 , where 𝑈!!
is the attractive NP-NP interaction and 𝑈!!
is the repulsive

portion. The colloidal interaction assumes the nanoparticles are made up of a uniform
distribution of Lennard-Jones particles with σn and ϵnn as parameters. For two spherical
particles of equal radius 𝑎, the attractive portion has the form
!
𝑈!!
𝑟 =    −

𝐴!!
2𝑎!
2𝑎!
+
6 𝑟 ! − 4𝑎!
𝑟!
𝑟 ! − 4𝑎!
+ ln
𝑟!

Equation 2-5

where Ann = 4π2ϵnnρ1ρ2σn6 is the Hamaker constant for nanoparticles in this
formulation[20]. The values ρ1 and ρ2 are number densities LJ atoms making up each
nanoparticle. Thus, colloidal interactions depend not only on the size of the
nanoparticles, but also on the size and density of the constituent LJ atoms. In our
simulations, we set ρ1 and ρ2 equal to each other and to the solvent density (𝜌𝜎 ! =
0.869) implying that 𝐴!! = 29.81𝜖!! . The repulsive portion of the potential is [21]
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𝐴!! 𝜎  !! 𝑟 ! − 14𝑟𝑎 + 54𝑎!
  
37800 𝑟
𝑟 − 2𝑎 !
(𝑟 ! + 14𝑟𝑎 + 54𝑎! ) 2 𝑟 ! − 30𝑎!
+
−
.
𝑟 + 2𝑎 !
𝑟!

!
13𝑈!!
𝑟 =    −

Equation 2-6

The same type of interaction can be derived for solvent/polymer-nanoparticle
interactions. However, we have instead used a radially shifted LJ potential for these
types of interactions as it allows for better control over the depth and position of the
potential’s minimum
𝑈!" 𝑟 =   4𝜖

𝜎
𝑟 − 𝑟!!!"#

!"

𝜎
−
𝑟 − 𝑟!!!"#

!

          𝑟 < 𝑟! + 𝑟!!!"# .

Equation 2-7

The potential is infinite for values of r less than rshift.

Key

Explanation of interaction potentials

I

12-6 LJ: 𝝐 = 𝟏. 𝟎, 𝝈 = 𝟏. 𝟎, 𝒓𝒄 = 𝟐. 𝟓

II

12-6 LJ: 𝝐 = 𝟎. 𝟐𝟓, 𝝈 = 𝟏. 𝟎, 𝒓𝒄 = 𝟐𝟏/𝟔

III. A

Shifted 12-6 LJ: as (I), 𝒓𝒔𝒉𝒊𝒇𝒕 = (𝒂 + 𝝈)/𝟐

III. R

Shifted 12-6 LJ: as (II), 𝒓𝒔𝒉𝒊𝒇𝒕 = (𝒂 + 𝝈)/𝟐

IV

Hamaker: 𝝆 = 𝝆𝒘 , 𝝈𝒏 = 𝟏. 𝟎, and 𝝐𝒏 = 𝟏. 𝟎.

*

Gromacs tail correction: 𝑟 = 1.915  𝑡𝑜  2.5.

^

𝜖 = 0.8

Table 2-2 - Details of interaction parameters used in this paper.

W
A

W

A

B

NP

I*

II

I*

III.A

I*

II

III.R

II^

III.A

B
NP

IV
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Table 2-3 – Interaction matrix; W = Water/Solvent, A = A-type copolymer, B = Btype copolymer, and C = colloid.
Interactions between particles are tuned by changing 𝜖 in the Lennard-Jones
potential or the 𝜖 of the fictitious particles that make up the nanoparticles (effectively
changing the Hamaker constant Ann). A summary of all interaction parameters are
shown in Table 2-2 and Table 2-3. Neutral interactions, such as solvent-solvent (W-W,
A-A, B-W) have an interaction energy of 𝜖 =   1.0  𝑘𝑇. Hydrophobic interactions (AW, A-B) are created using a purely-repulsive Lennard-Jones potential with 𝜖 =
0.25  𝑘𝑇. The B-B interaction was initially given a neutral A-A-like interaction, but
this led to a collapsed corona as opposed to the desired solvent-swollen corona. For
this reason, the B-B interaction was chosen to be repulsive with 𝜖 = 0.8  𝑘𝑇. These
parameters were ultimately chosen by trial and error to produce the expected micelle
morphologies as a function of concentration and were matched qualitatively with
experimental results available in the literature[22]. Colloidal interactions can also be
tuned by careful choice of ϵnn in the Hamaker constant 𝐴!! . An increase (or decrease)
in 𝜖!! corresponds to an increase (or decrease) in the attractiveness of the NP-NP
interactions. Purely repulsive NP-NP interactions are obtained by truncating the
colloidal potential at its minimum. Finally, nanoparticle-solvent/polymer interactions
can be tuned through ϵ in the radially shifted Uns potential. The nanoparticles in this
paper were given a strong solvent-NP (𝜖!" = 2.0) interaction to hydrate the particles
but not so strong that solvent layers formed at the nanoparticle surface.
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2.2.2

Dissipative particle dynamics
Temperature is kept constant using a dissipative particle dynamics (DPD)

thermostat [23]. In traditional DPD, the equations of motion are solved with two
additional forces
𝑑𝑝
=
𝑑𝑡

𝐹!"! +
!!!

𝐹!"! +   
!!!

𝐹!"!

Equation 2-8

!!!

The two forces added in addition to the conservative forces, 𝐹 ! , are the dissipative
force, 𝐹 ! , and the random force, 𝐹 ! , which serve as a heat sink and source,
respectively. The dissipative force acts along the vector connecting the particles and
has the form
𝐹!"! = −𝜁𝜔! 𝑟!" 𝑣!"    ⋅ 𝑟!" 𝑟!"

Equation 2-9

where 𝜁is a friction parameter and 𝜔 𝑟 is a weighting function. The friction parameter
was set to 1.0𝜏 !! , but measured transport properties were not found to be sensitive to
reasonable choices of 𝜁. The weighting function has the simple form 𝜔 𝑟 = 1 − 𝑟/𝑟!
with 𝑟! = 2.5𝜎. The random force is defined as
𝐹!"! = 𝜎! 𝜔 𝑟!" 𝜉!" 𝑟!"

Equation 2-10

where 𝜎! is a noise parameter representing the root mean square of the thermal
fluctuations and 𝜉!" is a Gaussian random number with zero mean and unit variance.
From the fluctuation-dissipation theorem
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𝜎! =

2𝑘! 𝑇𝜁

Equation 2-11

where 𝑘! is the Boltzman constant.
𝜔 𝑟 = 1 − 𝑟/𝑟!

Equation 2-12

DPD is chosen as a thermostat in these systems because it conserves momentum
between particles and therefore captures any hydrodynamic effects. With the DPD
parameters we used, shear rates above a value of 𝛾 = 0.1τ!! led to an increase in the
system temperature beyond the set point. The results of this work are therefore
restricted to shear rates an order of magnitude smaller (see Table 2-4).
2.3

Simulation Details
All simulations were performed using the open-source molecular dynamics

package LAMMPS distributed by Sandia National Labs.[24]
2.3.1

Method and validation
The simulation parameters discussed here are summarized in

Table 2-4.

A cubic

box of side length 33.28σ with periodic boundaries (PB) on all faces was used for all
results presented here unless otherwise stated. The box size was chosen to be large
enough to allow for multiple micelle formation and for larger structures to form under
shear, but small enough for the simulations to be computationally tractable. Shear was
applied through a constant triclinic deformation in LAMMPS with particle velocities
remapped when a shear-gradient boundary is crossed. This implementation is
equivalent to the classic Lees-Edwards boundary conditions.
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The system number density was chosen such that the solvent density in real
units is 1 g/cm3 (𝜌∗ 𝜎 !    =   0.868). This density is applied to the polymer-solvent
matrix and is held constant. With this constraint, the total number of matrix particles
decreases to compensate for the volume of added nanoparticles. All simulations are
relaxed from a random configuration using soft potentials. Further relaxation using
full 12-6 Lennard-Jones potentials is applied before setting the individual interaction
parameters. All relaxations are performed at 𝑇 ∗    =   1.0  𝑘! 𝑇 (600K) and all main-run
simulations are performed at 𝑇 ∗    =   0.5  𝑘! 𝑇  (300K). The time step used for MD
integration was 0.01𝜏 (17.6 fs) – a more conservative choice as compared to the 50 fs
time step used by Marrink et al.[17]

𝛔
𝛜/𝐤 𝐛

15.64
1
300

Real
Units
nm
g/cm3
K

0.0719

σ2/τ

1.484 x 10-9

m2/s

5.99

𝐏∗ ⋅ 𝛕

8.5 x 10-4

Symbol

Definition

𝑳
𝛒∗
𝐓∗

Box Length
Number Density
Temperature

33.28
0.8685
0.5

𝐃∗

Measured Solvent Diffusivity

𝛈∗𝟎

Measured Solvent Viscosity

𝛄

Shear Rate

MD Value MD Units

0.001-0.01

Real Value

𝝈
!𝟑

𝛕!𝟏

8

𝐏𝐚 ⋅ 𝐬
9

5.69 x (10 -10 )

𝐬 !𝟏

Table 2-4 – Simulation Parameters
The solvent was measured to have a diffusivity of D* = 0.0120 σ2/τ (1.484 x
10-9 m2/s) and a zero-shear viscosity of 𝜂!∗ = 5.99 P ∗ ⋅ τ (8.5 x 10-4 Pa ⋅ s). The actual
measured experimental values for water at 300K are D = 2.40 x 10-9 m2/s [25] and 𝜂!
= 8.53 x 10-4 Pa ⋅ s [26]. The small disagreement in the diffusivity is consistent with
the MARTINI model and is acceptable for our purposes.
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2.3.2

Structural analysis
Order in the systems studied here is quantified using a 2D static structure

factor in its explicit form
1
𝑆 𝒌 =
𝑁

!

!

𝑒 !!𝒌
!

𝒓𝒊 !𝒓𝒋

  

Equation 2-13

!

where 𝒌 is a 2D wave vector whose magnitude |𝒌| is limited to values of 𝑛𝜋/𝐿  due to
the periodic boundaries. The brackets indicate an average over many simulation
snapshots after steady-state has been reached. The positions r can be projected onto a
plane of choice – here they will always be projected onto the gradient-vorticity plane.
The structure factor models the scattering pattern that would be obtained from those
particles in a scattering experiment. Hence, the static structure factor is a natural
choice for direct comparison to published experimental results. The average is taken
over a number of snapshots during the steady-state duration and can be performed
over any set of particles. Here, structure factors are only calculated for micelle centers
of mass, which is generally acceptable because micelle projections are circular in the
plane of interest.
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Figure 2-1 – Example of a 2D density projection calculated by projecting the 3D
micelle-core density into two dimensions. Notice that brighter colors indicate greater
density in the flow direction – information which is not available in the core-only
projection.
In the formulation employed here, the structure factor only provides accurate
information about the spatial order in systems -- it does not give information about
micelle geometry. A method we employ to more clearly show both structural and
geometrical qualities is to “flatten” the system into a density-based contour map. This
result can then be replicated in both the x and y directions to clarify the order in the
system. A white-outlined box indicates the size of the actual simulation box in all such
figures. For this paper, the density projections are drawn only for the core particles.
Steinhardt bond-order parameters are used to quantify 3D structure -- they have the
form [27]
4𝜋
ψ! 𝑖 =   
2𝑙 + 1

!

𝑞!" 𝑖

!

Equation 2-14

!!!!

The complex vector 𝑞!" 𝑖 can be defined from the spherical harmonics 𝑌!" as
𝑞!" 𝑖 =

1
𝑁! 𝑖

!! !

𝑌!" (𝒓!" )

Equation 2-15

!!!

Here, 𝑁! is the number of nearest neighbors to particle 𝑖, which are determined by a
voronoi tessellation on micelle centers of mass. An average value < 𝜓! > is obtained
by considering all micelles in the system.
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2.4

Results and Discussion
The results here are divided into two main categories. First we discuss systems

of neat polymer solutions in the quiescent and sheared state followed by how flow
dynamics are important and affected by the micelle corona. Next, we discuss the
influence of nanoparticles on the morphology and structure of the micelles and the
stability of these systems.
2.4.1

Micelle formation in neat polymer solutions

2.4.1.1 Quiescent systems
In the quiescent state, simulated diblock copolymers (A6B12, A6B9, A6B6,
and A6B3) spontaneously assemble into micelle structures with a concentration
dependent morphology. The resultant micelles, regardless of the hydrophilic block
length, do not exhibit polymer exchange within the time frame of these simulations
(2000𝜏 or 3.56ns) and are thought to be kinetically frozen [28]. This conclusion is
supported by the fact that the application of shear induces micelle-micelle fusion
events and that these new, larger micelles are stable after the cessation of shear. A
kinetic limitation should not be an issue for the purposes of our study as we are more
interested in the behaviour of the micelles as a whole as opposed to their assembly
dynamics. In fact, a more efficient approach may be to treat the micelles as “soft”
colloids with effective interactions derived from all-atom or coarse-grained results in
an analogous fashion to work that has been done with star-polymers [29].
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Figure 2-2 – Snapshots for a 30% neat polymer solution at three stages of micelle
formation (solvent omitted for clarity). First is the random starting configuration.
Second is the non-sheared ‘equilibrated’ morphology. Third is the shear-induced
morphology at 𝛾 = 0.002𝜏 !! . In each case, the snapshots were chosen after the
system reached its stable state where the micelles were no longer changing in the
duration of the simulations.
2.4.1.2 Sheared Systems
Shear in these systems, even at the lowest rates tested (𝛾 = 0.001𝜏 !! ), is
substantial enough that convection dominates and micelles become deformed from
their equilibrium morphologies. Such tendencies can be described by the
dimensionless Péclet number (𝑃𝑒 = 𝛾𝑅! /𝐷! ) and Weissenberg number (𝑊𝑖 = 𝛾𝜏! );
here, 𝑅! is the average micelle radius, 𝐷! is the micelle diffusion coefficient
determined from mean-squared displacement data for micelle centers-of-mass
following the cessation of shear and 𝜏! is the longest relaxation time of the micelles.
At 𝛾 = 0.002𝜏 !! , values for 𝑃𝑒 generally fall between 𝑃𝑒 = 10 − 100 (for the solvent
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𝑃𝑒 = 0.04). From the simulations performed, the longest micelle relaxation times yield

values for 𝑊𝑖 between 3 and 10.
In the sheared state, the micelle solutions relax into concentration-dependent
stress minimizing configurations as seen in Figure 2-1. Six-fold symmetries are
usually observed in the gradient-vorticity plane (the other two planes often show
staggering of micelles and sliding plane formation, but no clear order). Both visual
inspection and the presence of higher order peaks in structure factor indicate the
highest degree of order for polymer concentrations of 40% and 100%. These systems
are composed of non-spherical micelles: the 40% solution having elongated micelles
with aspect ratios of 2-3:1 in the flow-direction whereas the 100% solution having
purely flow-aligned hexagonal cylinders (periodic boundary crossing). Despite these
differences, the micelle cross-sections are circular in the gradient-vorticity plane,
giving rise to similar 2D micelle arrangement. In contrast, the spherical micelles
observed in 30% solutions show slight oscillations between several simple six-fold
oblique lattice structures in the vorticity-gradient plane similar to previous simulation
work [14]. Interestingly, the 50 and 60% solutions are best approximated by a
quasicrystal truncated square tiling with the relatively smaller micelles forming the
octagonal vertices, and the largest, cylindrical micelle placed in the center.
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Figure 2-3 – Sheared (𝛾 = 0.002  𝜏 !! ) structures of BCP solutions formed as a
function of concentration. 10% (a) and 20% (b) states show no discernible lattice
configuration. (c) 30% shows an unstable oblique lattice while the 40% solution (d)
shows a stable oblique lattice. 50% (e) and 60% (f) solutions show a stable truncated
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square tiling with cylindrical micelles at the tile centers. (g) 80% shows a stable square
lattice and (h) 100% shows a stable hexagonal lattice.
The structure of the sheared state is dependent on the strength of the shear-field
as can be seen in Figure 2-4 and Figure 2-5. As shear rate is increased in a 30%
polymer solution, the micelles elongate, thereby reducing the size of their vorticitygradient cross-section. They further display strong six-fold symmetry in this same
plane. The six-fold pattern is similar to what is seen in experiments[5] and
simulations[14] where it is explained as the sliding of 2D hexagonally close-packed
(HCP) layers parallel to the flow-vorticity plane. Although we observe sliding planes,
we generally do not find 2D HCP order in any plane orthogonal to the gradientvorticity plane. This disagreement may be a consequence of the simulation box size
and is discussed further later. Although not shown, scattering peaks indicative of twofold symmetry appear in the vorticity-gradient plane as shear rate increases. When
shear rate is increased even further (0.008𝜏 !! ), parallel planes of micelles organize
perpendicular to the vorticity direction. This is a result also seen in previous
simulation work[14]. At this transition point, elongation of the micelle morphology in
the gradient-flow plane precludes organization into a neat 3D structure. However a
stable oblique lattice is seen in the vorticity-gradient plane with the (1,0) direction
parallel to the gradient direction.
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Figure 2-4 – (Left) Gradient-vorticity plane structures of BCP solutions formed at
lower shear rates (a) 0.001𝜏 !! , (b) 0.002𝜏 !! , and (c) 0.004𝜏 !! . The insets show
time-averaged structure factors in the same plane as the density projections. (Right)
Gradient-shear snapshots (with 3x3 duplicates for clarity) showing mostly spherical or
slightly elliptical micelle morphologies.
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Figure 2-5 – (Left) Gradient-vorticity plane structures of BCP solutions formed at
higher shear rates (a) 0.006𝜏 !! , (b) 0.008𝜏 !! , and (c) 0.01𝜏 !! . (Right) Gradientshear snapshots (with 3x3 duplicates for clarity) showing the sphere to elongated
morphology transition that occurs at higher shear rates.
2.4.1.3 The effect of the corona length
The role of the micelle corona was investigated by running both quiescent and simple
shear simulations on polymers with differing hydrophilic block lengths. The
hydrophobic block length and overall polymer particle concentration were kept
constant. Three corona lengths were probed in addition to the 12-particle block
(A6B12) and are shown in
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Figure 2-6: a 9-particle (A6B9), 6-particle (A6B6), and 3-particle (A6B3),
giving total polymer lengths of 15, 12, and 9 respectively.

Figure 2-6 – Schematic of different hydrophilic block lengths used in the corona
length study.

The quiescent behaviour of the A6B9 and A6B6 polymers was qualitatively
similar to the A6B12 system. Each formed 18-22 kinetically arrested micelles with
similar aggregate size distributions. In contrast, the shortest hydrophilic block length,
A6B3, formed only 8 micelles with a significant variation in aggregate size.
Shear applied at a rate of 𝛾 = 0.002𝜏 !! led to significant aggregation of the
quiescent micelles for all hydrophilic block lengths. In the A6B12 system, six
spherical micelles ultimately formed, each with similar aggregate sizes, whereas in the
9, 6, and 3 corona-length polymer systems, only five micelles formed with broader
size distributions. Each of the shorter corona systems also shows at least one micelle
elongated into the flow direction. Elongation in these systems is not surprising when
one considers the presence of the larger aggregates (relative to the A6B12 system).
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For example, the A6B6 polymer solution contained an aggregate of ~2700 particles,
compared to the largest aggregate in the A6B12 system of fewer than 2000 particles.

Figure 2-7 – Sheared (𝛾 = 0.002  𝜏 !! ) structures of BCP solutions formed as a
function of hydrophilic-block length. (a) A6B3 – Unstable oblique lattice; snapshot
here showing two-fold order. (b) A6B6 – Metastable square lattice, snapshot chosen to
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show square lattice, but other snapshots show a less or more ordered state. (c) A6B9 –
Stable truncated square tiling with cylindrical micelle at the tile center. (d) A6B12 –
Stable oblique lattice, indicated by the strong peaks in the time-averaged structure
factors.

Figure 2-7 shows the 2D lattice configurations formed under shear as a
function of the hydrophilic block length. Of the four corona lengths, the A6B12
system showed the highest degree of ordering, forming a stable oblique lattice
oscillating in and out of alignment. The shorter corona length systems also show order,
but to a lesser extent. In the case of the shortest corona, A6B3, the symmetry was only
two-fold, and fluctuated, whereas the A6B6 system formed a metastable square lattice.
Interestingly, the A6B9 system contained one large, nearly cylindrical micelle,
surrounded by smaller spherical micelles in a truncated square tiling. This structure is
similar to the structures that formed at concentrations of 50 and 60%, where a single
cylindrical micelle and several elongated micelles co-existed.
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2.4.1.4 Flow around micelles and the effect of the corona length

Figure 2-8 – Selected streamlines for a sheared (𝛾 = 0.002  𝜏 !! ) A6B12 micelle
containing 1764 polymer particles. The streamlines show the rotational behaviour of
the fluid surrounding the micelle. The inset figure demonstrates the tank-treading
behaviour by tracking two micelle polymers in time.
Micelles in our simulations participate in dynamic flow behaviour that includes
trembling, tank-treading, and stretching. Stretching and eventual fission/fusion
dynamics are generally restricted to highly non-spherical micelles or spherical
micelles undergoing a transition to an elongated, steady-state geometry. Trembling, or
a vacillating-breathing behaviour, is seen in many of the micelles and can be described
as an initial rotation of the micelle into declined orientation (negative inclination) to
the shear-field, followed by a compression of the micelle and a stretching into a
positive inclination. This behaviour is similar to what is observed with vesicles under
simple shear fields[30], [31]. Tank-treading is present for all micelles undergoing
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shear flow and leads to anisotropy in the surrounding solvent flow as shown in Figure
2-8 and Figure 2-9. This anisotropy is easily understood when one considers that the
corona is solvated, and hence, solvent particles are conveyed by the treading motion of
the corona. The resulting flow field forms two hyperbolic stagnation points in the
flow-direction that straddle the micelle. Outside of these stagnation points is a flow
reversal in the form of a counter-rotating vortex. These are flow characteristics similar
to that of a freely rotating sphere or elliptical cylinder in shear flow [32], [33] and
closely resemble simulated star-polymers at moderate Weissenberg numbers [34].
However, the presence of multiple micelles and moderate polymer concentrations
make our simulations significantly more complicated than previous flow studies.
Indeed, preliminary simulations on single micelles in the same shear field suggest that
the aforementioned trembling behaviour is a direct consequence of micelle-micelle
dynamics.

Figure 2-9 – Disturbance to a linear shear flow profile as a function of corona length
for selected micelles. The micelle sizes from left to right are: 1548, 1968, 1980 and
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1764 particles. Note that identical micelle sizes were not available across all four
systems. Top row shows the flow streamlines superimposed over a contour plot of the
magnitude of the deviation (for reference, the wall velocity would be 0.0287  𝜎/𝜏).
Bottom row shows the disturbance vector field superimposed over the angular
velocity.
Notably, stagnation points are only seen for small micelles and those with the
shortest corona length. Larger micelles (or larger coronas) have a correspondingly
larger disturbance field, as seen in Figure 2-9. The extent of this disturbance reaches
the periodic bounds of the simulation box and is therefore self-interacting. The micelle
self-image becomes the counter rotating vortex with a stagnation point on the
boundary. A larger simulation wherein the box size was doubled confirms that this is a
finite size effect, and not intrinsic nature resulting from the larger size of the micelle
or corona. In that simulation, two discrete flanking stagnation points appear with
corresponding regions of flow reversal.
2.4.2

Dynamics of Micelle/Nanoparticle Systems
Nanoparticles were added to several polymeric systems based on similarities to

previous experimental work and candidacy to serve as templates. For the 30%
solution, nanoparticles were varied in number and size to determine whether a
combination of the two parameters would yield a templated structure. As a starting
point, the one-to-one of assumption of a completely filled binary crystal lattice was
used. Since there are typically 5-7 micelles in the simulation box, the nanoparticle
number was varied between 2 and 10. Similarly, the diameter of the nanoparticles was
chosen based on the assumption that nanoparticles would be occupying these
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interstitial sites in the micelle lattice – the diameter being a function of the micelle
lattice formed.

In an FCC lattice, octahedral sites are 0.414 of the hard-sphere

diameter, and tetrahedral sites 0.225 of this diameter. The dense cores of the spherical
micelles have an approximate diameter of 10 σ. However, the diffuse corona
surrounding the core increases the effective diameter of the micelles, making it
difficult to define an exact micelle diameter. Nonetheless, the range of nanoparticle
diameters was broad with values between 4 and 10 σ.
2.4.2.1 The dynamic interaction between micelles and nanoparticles
In nearly all the sheared systems in which nanoparticles were added,
translational motion in the gradient-vorticity plane was significant, contrary to what is
observed with the neat micelle solutions. Furthermore, nanoparticles exhibited a
tendency to flow around the micelles as opposed to occupying stable positions relative
to the micelles. As previously described, the presence of a stagnation point relative to
any given micelle depends on the size of the micelle and the length of the corona.
Large micelles, or those having long coronal chains, tend to have flow-field
perturbations on the order of the simulation box length. Smaller micelles, or those
having short coronal chains, often have flanking stagnation points in-line with the flow
direction. In particular, the stagnation points around micelles in the A6B3 system have
been observed serving as metastable occupation sites for nanoparticles. However, for
the nanoparticles studied, occupation of these sites is transient, with perturbations
leading to translational motion away from the stagnation point as seen in Figure 2-10.
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Figure 2-10 – Examples of nanoparticle stability relative to several different A6B3type micelles. The light-to-dark paths indicate the position of the nanoparticle at
various times. (Left) A stable nanoparticle within the sample timeframe near the
stagnation point of a 1143 particle micelle. (Middle) A nanoparticle perturbed from an
initially metastable stagnation/vortex region surrounding a 1737 particle micelle.
(Right) An unstable nanoparticle moving between two micelle lanes.
The nanoparticles here are modelled with point-particle type potentials and
therefore lack any rotational freedom – another factor influencing nanoparticle
instability. As a result, perturbations can only be dissipated through translational
motion of the nanoparticle. For example, the observed rotational flow surrounding
stagnation points (see Figure 2-10) will have the tendency to dislodge particles whose
radius is comparable to the vortex unless they are somehow able to accommodate the
flow. This problem could be easily overcome by switching to a particle-surface model
for the nanoparticles whereby the flow could affect a torque and hence induce
rotational motion.
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2.4.2.2 B.2. The effect of NPs on micelle morphology and ordering
The presence of nanoparticles in the 30% polymer solutions affected micelle
structure, but no clear evidence of nanoparticle ordering was observed. Visual
inspection shows that the nanoparticles generally maintained freedom of movement
within the space between micelle cores (corona and solvent). Nanoparticle diffusion
has been suspected by other authors as an explanation for weaker nanoparticle
organization as seen in scattering experiments[11]. The nanoparticle movement we
observe is more dynamic than simple diffusive behaviour and is subject to the flow
fields previously noted.
In some cases, the micelles relaxed into more well defined structures when
compared to the nanoparticle-free system at the same concentration. Although all the
corona lengths were not tested with nanoparticles, the A6B3 system discussed in this
same context earlier showed a transition to a more well-ordered micelle state
following the inclusion of nanoparticles (see Figure 2-11). When 5 nanoparticles with
diameters of 6𝜎 were included, the micelles became hexagonally packed in the
gradient-vorticity plane. When larger 8𝜎 particles were added instead, the structure
became transitory, but the average structure factor still shows increased ordering.
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Figure 2-11 – The effect of nanoparticles on the structural organization of the A6B3
micelles. The nanoparticle-free system is included for reference. Note that 1.5 vol%
corresponds to five particles with diameters of 6.0𝜎, where as 3.6 vol% corresponds to
the same number of particles but with diameters of 8.0𝜎.
Nanoparticles with diameter 6σ and numbering 5 and 10 were included in a
40% polymer solution due to its propensity to form elongated/rod-like micelles and
very well defined order in the shear direction. The lengthened morphology of the
individual micelles and the overall higher concentration of polymer also reduce the
translational freedom of the nanoparticles. Again, our results show that the
nanoparticles still move relatively freely within the cavities and are not templated into
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a neat structure. However, the presence of nanoparticles in these solutions induced
aggregation of some micelles into boundary-crossing cylindrical morphologies. As a
direct consequence, the micelles reorganized into a shear-aligned close-packed
hexagonal configuration.
2.4.2.3 Post-shear micelle ordering
Three-dimensional order is observed in the A6B12 system and its smaller
counterpart, A3B6, following the cessation of shear. In the A6B12 system, the 3-D
structure is a simple rhombic crystal whereas a mixed crystal is seen for the A3B6
system. In both cases, calculated bond-order parameters of the centers of mass indicate
the development of 3-D order from a previously 2-D only configuration which can be
seen by the clear separation of bond-order parameters in Figure 2-12 following the
cessation of shear. A similar effect has been observed in simulations of soft-colloids in
supercooled liquids which develop into an FCC lattice following a sheared state where
2D hexagonal order is present with string formation in the flow direction[35].
The addition of 5 nanoparticles (1.5%vol) of diameter 6𝜎 to the A6B12
simulation yielded slightly different shear and post-shear results as compared to the
neat solution. In particular, a smaller number of larger micelles formed yielding a
broader size distribution. The sheared state shows a nearly perfect square lattice in the
gradient-vorticity plane as opposed to the six-fold structure seen in the neat solution.
Moreover, the cessation of shear allows the system to relax into a cubic organization,
with the smallest micelle existing as a defect. At this time, it is not clear as to whether
the presence of nanoparticles is responsible for the changes in the micelle morphology.
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Figure 2-12 – Comparison of shear and post-shear structure in a neat A6B12 solution
(left) and a A6B12 system with 5 (1.5%vol) diameter 6𝜎 nanoparticles (right). Below
are plotted bond-order parameters (Ψ! ) calculated from micelle centers of mass as a
function of timestep. Under shear, the bond-order parameters are constant and equal.
Following shear, there is sharp separation of the different Ψ! ’s, indicative of 3-D
organization. y-axis scales are the same; x-axis scales are different by a factor of two.
Notice the square lattice formed with the nanoparticles included instead of a rhombic
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lattice of the neat solution. Averaged bond-order parameters (Ψ! ) calculated from
micelle centers of mass as a function of timestep.
Shear cessation in the A6B3 system, with or without nanoparticles, does not
lead to any stable 3-D structure in our simulations. In fact, the 2-D order that existed
under shear deteriorates relatively quickly as diffusion forces takeover. The shorter
corona appears to decouple micelle-micelle interactions leading to increased
translational freedom and thereby precluding the possibility of a stable 3-D structure.
Another factor affecting the lack of a neat crystal structure is the broader distribution
of micelle sizes in the A6B3 system as compared to the A6B12 system or A3B6
systems.

Any

well-organized

structure

would

need

to

accommodate

the

inhomogeneous micelle sizes, and with the only six micelles, we would not expect to
see any such structure.
2.5

Conclusions
A coarse-grained molecular dynamics (CGMD) model is applied to systems of

amphiphilic diblock copolymers and nanoparticles to study their dynamic (shear)
behaviour. Self-assembly into micelles is a spontaneous process in this model. As a
function of concentration, the observed micelle morphologies agree qualitatively with
morphologies seen experimentally and in other simulation work for similar polymers.
When the hydrophobic polymer block is held at a constant length of 6 particles, the
length of the micelle corona plays an important role in the shear morphologies
obtained. Generally, more unstable structures are favoured when the corona is short.
Thus, the interactions between micelles with longer corona chains appear to be
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stabilizing at moderate shear rates. However, the shear-induced micelle dynamics,
especially the so-called “tank-treading” motion, leads to a flow disturbance similar to
that of stokes flow around a freely rotating ellipsoid or flow around star polymers at
moderate Weissenberg numbers. This disturbance is rotational and enhanced in
magnitude and radius with increasing corona length. The nanoparticles used in this
study are intrinsically irrotational and are therefore incapable of accommodating
rotational flow without translational motion and thus are generally unstable.
Nanoparticles do influence the micelle structures formed under shear despite their own
lack of organization. Indeed, the addition of a low volume fraction of moderately sized
nanoparticles appears to enhance the stability of an otherwise unstable 2D structure.
Future work should focus using nanoparticles with rotational freedom and shear rates
that do not create significant disturbances to the surrounding flow-field.
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CHAPTER 3
3. FLOW DISUTRBANCES AROUND SOFT PARTICLES

3.1

Introduction
Due to their broad spectrum of applications, dynamics of soft matter systems

which consist of micelles, colloids, or both, have been the focus of decades of
scientific inquiry. The bulk, or rheological properties of these systems have been the
topic of entire fields of study, whereas the behavior of individual soft particles in flow
has received relatively less attention. However, the understanding of the complex flow
around individual particles in these systems is often a prerequisite to understanding the
rheological behavior. Among these soft particles, vesicles are the subject of the
greatest quantity of published work, owing to their biological importance and
relatively larger size. This body of work has been supported experimentally [1], [2],
theoretically [3]–[5], and computationally [6], [7]. Other soft particles in shear flow
have been studied less extensively; these include: droplets, capsules, polymer-grafted
nanoparticles (PGNs), star polymers, and branched polymers.
Deformable bodies exhibit a rich set of behaviors when subjected to shear flow
including tank-treading, tumbling, trembling, stretching, collapse, and fission, and
many of these can occur simultaneously [1], [8], [9]. For example, vesicles transition
between tank-treading, tumbling, and trembling depending on shear rate, viscosity
ratio, membrane elasticity, and size. Shape restoring forces with characteristic
relaxation times play a determinant role in these dynamics[1]. Star-polymers are also
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thought to exhibit similar dynamic regimes, with relaxation times of the complex
polymer playing a key role [8], [9], although these systems are considerably less-well
understood. Micelles occupy a region between these two soft matter extremes: they
consist of a deformable hydrophobic core, like vesicles, and a hydrophilic corona of
polymer “arms”, like a star-polymer.
Though much of the work done on other soft particle systems has only
occurred in the last few decades, dynamics of individual polymeric micelles are still,
in large part, missing from this knowledgebase. Several authors have used
computational approaches to explore the behavior of concentrated micelle suspensions
[10], [11], as well as extensive experimental studies [12]–[15], but to our knowledge,
no one has yet thoroughly looked at the flow disturbance and dynamics of individual
micelles in shear flow.
In this paper, we employ a computational model to simulate various individual
particles, such as free colloids, colloids with tethered polymers, and polymeric
micelles, subjected to shear fields. Understanding the complex behavior of individual
micelles in response to flow is the first step in developing a complete model of how
micelles behave in more concentrated systems. To this end, we first validate our
coarse-grained molecular dynamics (CGMD) modeling by examining the dynamics of
a spherical colloid particle under shear, followed by the study of those of a colloid
with different lengths of tethered polymer chains on the surface under various flow
strengths. Finally, we investigate the dynamics of a single micelle with various corona
lengths under shear and compare them with those of colloids with tethered polymers.
Leveraging this data could lead to new methods toward the prediction and control
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macroscopic phenomena including shear-ordering/templating, shear-thinng, and other
rheological properties.
3.2
3.2.1

Methods and Models
Coarse Grained Model
To probe the dynamic behavior of individual micelles, we build on our existing

model for concentrated micelle suspensions[11]. As such, we employ a version of
coarse-grained molecular dynamics (CGMD) that allows us to explore the length and
time scales needed in non-equilibrium simulations. For the details of this model, we
refer the reader to our previous paper and will only outline the most pertinent features
and those unique to this work.
Our coarse-grained model has at its foundations the MARTINI force-field[16],
where water molecules are joined into a group of 4, forming a single solvent particle
of diameter σ = 4.7 Å ( σ being the distance parameter in the 12-6 Lennard-Jones (LJ)
potential). Polymers are formed by joining CG particles with a finitely-extensible nonelastic (FENE) bond. Hydrophilic and hydrophobic interactions were obtained by
tuning parameters of the LJ potentials [11]. A summary of parameters used in our
model is included in Table 3-1, Table 3-2, and Table 3-3.

MD Unit

Real Value

MD Unit

Definition

Real Value

𝝈

4.7 Å

𝝉

𝝈 𝒎 𝝐

1.78 ps

𝝐

5 kJ/mol

𝑷∗

𝝐/𝝈𝟑

8.00 x 107 MPa

𝒎

72.06 g/mol

𝑻∗
Table 3-1 – MD Units

𝝐/𝒌𝑩

600K
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Key
Explanation of interaction potentials
I
12-6 LJ: 𝝐 = 𝟏. 𝟎, 𝝈 = 𝟏. 𝟎, 𝒓𝒄 = 𝟐. 𝟓
II
12-6 LJ: 𝝐 = 𝟎. 𝟐𝟓, 𝝈 = 𝟏. 𝟎, 𝒓𝒄 = 𝟐𝟏/𝟔
*
Gromacs tail correction: 𝑟 = 1.915  𝑡𝑜  2.5.
^
𝜖 = 0.8
Table 3-2 – Details of interaction parameters used in this paper.

W
A

W

A

B

C

I*

II

I*

II

I*

II

N/A

II^

II

B
C

N/A

Table 3-3 – Interaction matrix; W = Water/Solvent, A = A-type copolymer, B = Btype copolymer, and C = colloid.
We thermostat the system with dissipative particle dynamics (DPD), wherein
the conservative forces have been replaced with the LJ forces previously
discussed[11], [17]. DPD is chosen over other thermostats because it conserves linear
momentum between particles and therefore captures hydrodynamic interactions. Our
tests have shown that, given the damping parameters in our DPD implementation,
shear rates above 𝛾 = 0.1τ!! result in an increase in temperature. However, the results
presented here are restricted to shear rates one full order of magnitude below this
limitation.
3.2.2

Simulation details
All simulations were performed using the open-source molecular dynamics

package LAMMPS distributed by Sandia National Labs [18].
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The simulation parameters discussed here are summarized in Table 3-4. A
cubic box of side length 41.93σ with periodic boundaries (PB) on all faces was used
for all results discussed here. This choice in box size is sufficient for finite size effects
to be negligible for the size of the soft objects examined here. Indeed, we do not see
noticeable changes in the flow behaviour as we increase the box size further. Shear
was applied through a constant triclinic deformation in LAMMPS with particle
velocities remapped when a shear-gradient boundary is crossed. This implementation
is equivalent to the classic Lees-Edwards boundary conditions.
Symbol
𝑳
𝛒∗
𝐓∗

Definition
Box Length
Number Density
Temperature

𝐃∗

Measured Solvent Diffusivity

0.0719

𝛈∗𝟎

Measured Solvent Viscosity

5.99

𝛄

Shear Rate

MD Value MD Units
41.925
𝝈
0.8685
𝛔!𝟑
0.5
𝛜/𝐤 𝐛

0.001-0.01

Real Value
19.70
1
300

Real Units
nm
g/cm3
K

σ2/τ

1.484 x 10-9

m2/s

𝐏∗ ⋅ 𝛕

8.5 x 10-4

𝛕

!𝟏

8

𝐏𝐚 ⋅ 𝐬
9

5.69 x (10 -10 )

𝐬 !𝟏

Table 3-4 – Simulation Parameters
The system number density was chosen such that the solvent density in real
units is 1 g/cm3 (𝜌∗ 𝜎 !    =   0.868). This density is applied to the polymer-solvent
matrix and is held constant. All simulations are relaxed from a random configuration
using soft potentials. Further relaxation using full 12-6 Lennard-Jones potentials is
applied before setting the individual interaction parameters. All relaxations are
performed at 𝑇 ∗    =   1.0  𝑘! 𝑇 (600K) and all main-run simulations are performed at
𝑇 ∗    =   0.5  𝑘! 𝑇  (300K). The time step used for MD integration was 0.01𝜏 (17.6 fs).
Construction simulations were necessary to control the exact characteristics of
the soft objects. For the polymeric micelle simulations, we choose a representative
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micelle from our previous work on concentrated suspensions. This micelle was selfassembled in those simulations, and comprises of 71 A6B12 diblock copolymers, for a
total of 1278 particles. The micelle was then thoroughly relaxed in a solvent bath
using the previously mentioned methods, with a total particle count of 64,000. To
obtain the necessary corona lengths, ranging from B1 to B9, the hydrophilic polymers
were “trimmed” by removing bonds and converting the freed polymer particles into
solvent particles, whereby the system was then relaxed further. The micelles here
comprise no more than 1.6% of the system, by weight.
Colloids were constructed to closely match the size and mass of the micelle
core and are composed of 314, 1. 0𝜎 diameter surface particles and have an overall
radius of 5𝜎. Surface particles have no intra-colloid interactions and form a rigid body
-- that is, surface forces are converted into torques and translations about the center of
mass. The colloid is made neutrally buoyant by ensuring the mass of the surface
particles is such that the total mass of the colloid is equal to the mass of the displaced
water particles, or
𝑁! 𝑚! = 𝜌!

4
𝜋 𝑅! + 𝑟!
3

where the subscript 𝑐 and 𝑤 represent colloid and solvent CG particles, respectively,
and R represents the colloid radius.
Colloids with coarse-grained polymers tethered to their surface provide a
reasonable model of polymer-grafted nanoparticles (PGNs) or “hairy nanoparticles” as
illustrated in the work of our colleagues Goyal and Escobedo[19]. PGNs use the
aforementioned colloid as their core. A series of construction simulations were
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employed to uniformly distribute B12 polymers on the surface, with a grafting density
of 22% (71 polymers). These were then trimmed in an identical fashion to the micelles
to obtain the desired corona length (B1-B9). Snapshots of each type of body discussed
here are shown in Figure 3-1.

Free Colloid!

Tethered Colloid!

Polymeric Micelle!

Figure 3-1– Examples of the three different types of objects studied in this paper.
Velocity fields are generated through the following procedure. First, raw
simulation data are re-mapped such that the observer follows the center-of-mass of the
soft body. Then, the system is discretized into bins, and velocities for every solvent
particle in every bin are computed by tracking the displacement of the particle
between two data time steps. Next, the procedure is repeated for every simulation data
snapshot available, using the same bins, and the results are added to previous values.
Finally, binned displacement data is normalized by the number of sample time steps
and converted into a velocity by the difference in time between time steps. In other
words, the velocity at any given bin is defined as
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1
𝒖 𝑖, 𝑗, 𝑘 =
𝑀−1

!!!

(𝒙!!! − 𝒙! )/(𝑁!"# )    
!!! !!"#

Equation 3-1

where M is the number of sample time steps, Nijk is the number of particles in bin
position (i, j, k), and x is the position of a particle. We found that 40 box-lengths of
accumulated strain, at a sampling interval of 50𝜏, was sufficient to obtain good data.
For 𝛾 = 0.001𝜏 !! that corresponds to 8,000,000 steps (800 samples) and for
𝛾 = 0.008𝜏 !! , 1,000,000 steps (100 samples).
Though it is well-established that spheres in shear flow may induce a velocity
disturbance in the vorticity direction, and at finite Re numbers, this disturbance is
more significant [20], the effect is small and our interest is primarily confined to the
flow-gradient plane. To that end, we take a slice approximately 5. 0𝜎 in width,
centered at the center-of-mass (COM) of the body in question, over which to average
the velocity data. Or
!!!

𝒖 𝑖, 𝑗 =
!!!

𝒖 𝑖, 𝑗, 𝑘
        
𝑤+1

Equation 3-2

where K and K+w form the bin-index bounds for the 5. 0𝜎 slice. The flow disturbance
is found by subtracting the undisturbed flow field from the measured field, i.e.
𝒖! = (𝒖 − 𝒖! ). For simple shear, 𝒖! is simply 𝑢! = 𝛾𝑦, with the other components
being zero. All velocity data are normalized by a characteristic velocity, |𝑢! | = 𝛾𝑎,
where 𝑎 is the colloid diameter, and is equal to 10𝜎, regardless of the type of soft
body considered.
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3.3

Results and Discussion
We present our results in order of increasing object “softness”. We first

validate our methods of measuring flow disturbances from shear fields by showing
results of a spherical colloid in shear flow and comparing these to the known behavior
of spheres in shear flow at low 𝑅𝑒 number. From here, we demonstrate how tethering
polymers to the surface of this rigid colloid to produce a polymer-grafted nanoparticle
(PGN) dramatically influences the observed flow behavior. Finally, we substitute the
PGN with a self-assembled, deformable micelle of similar radius and repeat the
analysis. Figure 3-9 shows an example of the flow characteristics for each type of
object discussed in this section.
3.3.1

Colloid
The shear range used in this study (0.001 – 0.01𝜏 !! ) is within the low

Reynolds number regime for a spherical colloid of diameter 10𝜎 (𝑅𝑒 ≈ 0.015 −
0.15). We therefore use the Stokes-flow solutions and low but finite Re number
numerical solutions as a benchmark for our results.
Figure 3-2 shows the velocity disturbance field generated by a single colloid in
a shear field.

These simulations were performed at a shear rate of 0.008𝜏 !!

(𝑃𝑒 ≈ 225, 𝑅𝑒 ≈ 0.12). Also shown in this figure are the Stokes solutions for a
spherical particle (note that in the Stokes flow solution, the size of the particle does
not affect the shape of the flow field). The stokes solutions take the form [20]
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1
1
5
𝛺𝑦
𝑢! = 𝑦 1 − 𝑟 !! + 𝑦 1 − 𝑟 !! − 𝑥 ! 𝑦 𝑟 !! − 𝑟 !! − !
2
2
2
𝑟

Equation 3-3

1
1
5
𝛺𝑦
𝑢! = 𝑥 1 − 𝑟 !! + 𝑥 1 − 𝑟 !! − 𝑥 ! 𝑦 𝑟 !! − 𝑟 !! − !
2
2
2
𝑟

Equation 3-4

5
𝑢! =    − 𝑥𝑦𝑧(𝑟 !! − 𝑟 !! )
2

Equation 3-5

where r is the distance from the sphere surface, and 𝛺 is vorticity of the shear field,
and is equal to 1/2 in the scaling used here. Setting 𝛺 to zero gives the fixed sphere
solution. Both cases are considered: one where the colloid is held fixed, and is not free
to translate or rotate, and the other where the colloid is not constrained in any way.
Because the unconstrained colloid rotates in response to a torque, it is termed a torquefree object, whereas the fixed colloid acquires a torque (equal and opposite to the force
required to prevent rotation).
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Figure 3-2 - Streamlines for velocity field and contour plots for velocity disturbance
magnitude are shown for fixed and free colloids. The left pane shows the stokes
solutions for a sphere under these conditions, and the right pane shows the CGMD
results obtained.
As Figure 3-2 clearly shows, our results agree quite well with the Stokes-flow
solutions, with only slight differences in the streamlines. The torque-free sphere
contrasts slightly in the positioning and extent of the closed streamlines as well as the
region of flow reversal. Although it has been shown that small departures from
𝑅𝑒 = 0 can lead to a collapse in the limiting closed streamlines and distance to the
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stagnation points[20], [21], we attribute these small deviations to the discrete nature of
the coarse-grained solvent and the flow measurement,

and perhaps the periodic

boundaries, rather than the effects of finite Re number.
3.3.2

Polymer-grafted Nanoparticles
Polymers tethered to the surface of the colloid surface induce a markedly

different response to the imposed shear as compared to the polymer-free colloid. The
deformability of the soft corona results, on average, in a non-spherical conformation
that becomes more pronounced at higher shear rates and with increasing the length of
the tethered polymer chains. We first present the effect of the flow strength on the
dynamics of polymer-grafted nanoparticles at a given tethered chain length. Figure 3-3
shows probability density profiles computed for the duration of the simulations for the
two shear extremes. At low shear, the ellipsoid profile is nearly spherical with a major
axis highly inclined to the flow direction. Conversely, at high shear the corona adopts
an elongated ellipsoidal conformation with a much lower inclination angle.
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y/L!
y/L!

PGN CB7!

x/L!

x/L!

Figure 3-3 – Time-averaged polymer probability density plots (top) and time-averaged
velocity disturbance fields (bottom) for the two shear extremes for B7 PGNs. Note
that the density data are calculated the entire omitted vorticity axis whereas velocity
field data are calculated within a vorticity-direction slice ~6 𝜎 wide, centered at the
center of mass. Snapshots of the PGNs are shown overlaid the disturbance fields.
The shift in inclination angle is an expected result. For vesicles and star
polymers in the tank-treading regime, a decrease in inclination angle has been
predicted, simulated, and observed throughout the literature [5], [6], [22]–[24]. For
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tank-treading ellipsoids, it is generally accepted that the inclination angle decreases
along with the sphericity index [5]. Simulation work on star polymers in shear has
revealed similar behavior, where the normally spherical distribution of arms becomes
ellipsoidal, tilted into the flow, and substantially reduced in the shear-gradient
direction [9], [25]. A decrease in the inclination angle was also associated with these
changes in the configurations of the arms.
A detailed view of the induced flow disturbance by the presence of a polymergrafted nanoparticle is also shown in Figure 3-3 and those as a function of tethered
length and shear rate, are collated into a matrix in Figure 3-4. There are two primary
features that can be identified from all the disturbance fields: one rotational, one
extensional, and both opposing the shear field. The source of these features arises as
the colloid rotates in the flow. Individual tethered polymers are brought either into or
out of the shear-gradient, or travel along the flow direction. Meanwhile, solvent in the
swollen corona is advected during this rotation. Because the rotation rate of the colloid
is necessarily slower than that of the rotational component of the applied shear field
(𝛺), the solvent rotating within the colloid’s corona produces a disturbance that has a
rotational component in the opposite direction (counter-clockwise).

In a similar

fashion, in the regions where polymers are brought into or out of the shear gradient
(i.e. at 𝑦   =   0.5, if  𝐶𝑂𝑀   =    (0.5, 0.5)) solvent is advected perpendicularly away from
the flow direction, leading to an extensional component opposite to that of the shear
field. The combined result is primarily a quadrupole disturbance.
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Figure 3-4 - Matrix showing the magnitude of the flow deviation as a function of both
corona length and shear rate for the PGN. Contour plots represent the magnitude of the
deviation from a linear field of the shear rate applied to the cell. Vector fields show the
directionality of the deviation in the 2D cross-section.
Within the shear regime we explore, there is very little effect on the flow
disturbance for short tethered polymers (< 3 bonded particles). This result is somewhat
trivial, as solvent particles do not become trapped and advected by the corona. As the
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tethered length increases, the shape of the flow disturbance becomes skewed into the
flow direction. Simultaneously, the extent of disturbance grows proportionally to the
contour length of the tethered polymers. Finally, there is change in the quadrupole
symmetry, with the leading and trailing edges providing the strongest disruption to the
linear shear profile.
Although the disruption to the symmetry that develops at long polymer/high
shear is evident in Figure 3-4, the differences can be more precisely characterized by
mapping the intensity of the disturbance as a function of an angle relative to the flow.
Figure 3-5 shows this data for both the PGNs and micelles. Focusing on PGNs at low
shear rates and short polymer lengths (top left), the intensity peaks are evenly spaced.
As the shear rate and polymer length increase (bottom left), the spacing between peaks
becomes uneven, corresponding to a decreased inclination angle of the colloid corona.
This effect is most pronounced at the higher shear rates, where in Figure 3-5, the first
and third peaks are seen to shift left, closer to the second and fourth peaks,
respectively, whereas the second and fourth peaks remain at 45 degrees inclined (or
declined) to the flow.
Figure 3-5 also shows more clearly the difference in magnitude of the flow
disturbance around the colloid. This effect is again most evident at the higher shear
rate, where we see a shift from peaks of equal magnitude at small tethered polymer
length, to a clear increase of the disturbance along the inclination axis (i.e. the first and
third peaks).
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avg. intensity of flow disturbance!

1"

3"
2"

4"

angle from flow direction (radians)!

Figure 3-5 - Intensity data from flow disturbance magnitudes for PGNs (left) and
polymeric micelles (right) as a function of angle from the flow. Here, an angle of 0
corresponds to the direction of the flow, and an angle of +/- 180 degrees corresponds
to the direction away from the flow.
3.3.3

Polymeric Micelles
Micelles are the “softest” particles presented here. Under shear, the micelles,

on average, deform into an elongated ellipsoid inclined to the flow as seen in Figure
3-6. The minor axis of this ellipsoid is compressed, and inclination angle is decreased,
as compared to the corresponding PGN. These differences are attributed to the
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deformable micelle core and ability of the individual polymers to freely diffuse within

y/L!

y/L!

the micelle.

x/L!

x/L!

Figure 3-6 – Time-averaged polymer probability density plots (top) and time-averaged
velocity disturbance fields (bottom) for the two shear extremes for A6B7 micelles.
Note that the density data are calculated the entire omitted vorticity axis whereas
velocity field data are calculated within a vorticity-direction slice ~6 𝜎 wide, centered
at the center of mass. Snapshots of the micelles are shown overlaid the disturbance
fields.
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As before, we have collated the disturbance field results for the micelles into a
matrix as shown in Figure 3-7. The general trend of an increased extent of disturbance
and the development of an asymmetry as we increase the corona length/shear strength
is retained from the PGN results. These aspects are also shown more quantitatively
with the intensity plots in Figure 3-5. To better understand the effects of shear and
corona length on flow disturbance, we employ the dimensionless Weissenberg number
𝑊𝑖 = 𝛾𝜏! , which relates the shear rate to the longest relaxation time 𝜏! of the micelle.
Here, 𝜏! is taken from long-time exponential decay of the correlation function
𝐶!! (𝑡) =

𝑹!! 𝑡 𝑹!! 0
𝑹!! 0 𝑹!! 0

Equation 3-6

where 𝑹!! is the end-to-end vector of an individual polymer and the average is taken
over all polymers [9], [26]. These measurements were performed on zero-shear
simulations for each micelle. We found that 𝜏! ∝ 𝐿!.!! , where L is the total contour
length of the polymer. From this, values for Wi have been computed and overlaid atop
the flow disturbance matrix in Figure 3-7. Unsurprisingly, the Wiessenberg number
follows the departure from a uniform quadrupole disturbance to a bimodal, skewed
disturbance, and occurs only when 𝑊𝑖 > 20.
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Figure 3-7 - Matrix showing the magnitude of the flow deviation as a function of both
corona length and shear rate for a micelle. Contour plots represent the magnitude of
the deviation from a linear field of the shear rate applied to the cell. Vector fields show
the directionality of the deviation in the 2D cross-section. Overlaid numeric values
correspond to the Wi number.
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avg. intensity of flow disturbance!

1"

3"

2"

4"

angle from flow direction (radians)!

Figure 3-8 – Intensity data from flow disturbance magnitudes for PGNs (left) and
polymeric micelles (right) as a function of angle from the flow. Here, an angle of 0
corresponds to the direction of the flow, and an angle of +/- 180 degrees corresponds
to the direction away from the flow.
There are important differences in the flow behavior between the two types of
particles presented here. First, it should be noted that we observe a number of timetransient differences in the inclination angle, gyration tensor, relaxation processes, and
shape parameters between the PGN and micelles, but due to their complexity and
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focus of this work, those results will be presented in detail in a separate publication.
For the micelles, the break in the quadrupole symmetry is even evident even for the
shortest corona micelle, A6B1, at the highest shear rate of 0.008𝜏 !! (𝑊𝑖 = 27.3).
This result contrasts with the equivalent PGN, in which we see no measurable
difference in the overall shape of the disturbance field (i.e. the quadrupole disturbance
is retained). Though the corona is short to non-existent for the A6B1 micelles, the
stretching and contracting of the soft core allow for significant interactions with the
solvent particles near the surface. In contrast, the colloid is rigid and solvent-surface
interactions are restricted to rotational motion. Similar observations hold for the A6B3
and CB3 systems. A summary of key differences is provided in Table 3-5.

Behavior

Flow disturbance

Observations

Colloid Rotational

Symmetric
Quadrupole

Closely matches Stokes-Flow
solutions

PGN

Symmetric
Quadrupole to
Bimodal Skewed

Quadrupole retained for short corona.
Pronounced disturbance/vorticity
shedding.

Symmetric
Quadrupole to
Bimodal Skewed

Break in quadrupole for short corona.
Predominately bimodal disturbance at
high Wi.

Rotational

Micelle Tank-Treading

Table 3-5 – Summary of important results
There are other more pronounced differences between PGNs and micelles and
their effect on the surrounding flow. At the higher shear rates, the primary disruption
to the shear field occurs in two places for both particles. These occur along the
inclination axis. Though the PGNs share this region of peak disturbance, they also
exhibit a strong flow disturbance along the colloid’s surface leading into these peaks.
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This ‘shedding’ behavior is best defined as occurring when the strongest disruption
(along the inclination axis) is attached back to the surface of the colloid, and deformed
outward into the flow direction. We see this shedding behavior more clearly in the
flow vorticity, as highlighted in Figure 3-9. Furthermore, the non-quadrupole micelle
disturbances are more strongly bimodal as compared to their PGN counterparts and
are illustrated in Figure 3-9.

Figure 3-9 - A comparison of the flow characteristics of a free colloid, a PGN (CB9)
and a micelle (A6B9), left to right, subjected to simple shear (  𝛾 = 0.008𝜏 !! ). The top
row shows the streamlines of the flow, with flow disturbance magnitudes as the
contour background. The bottom row shows the deviation velocity field with the
background contour field representing the relative magnitudes of the vorticity.
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The differences observed in the surrounding flow between the PGN and
micelle are consistent with what one would expect based on the constraints imposed
upon the associated polymers. In both cases, the individual polymers respond to the
shear field through stretching, rotation, and translation. In the micelle, solvent forces
maintain the micelle core structure while allowing freedom for polymers to diffuse
within this core. Additionally, the overall core shape responds to the shear field by
stretching, rotating, and compressing, resulting in a trembling motion. On the other
hand, the tethered polymers stretch and re-align, but their translational and rotational
behavior are limited by the movement and rotation of the rigid colloid. The shedding
behavior seen in the PGNs is then explained as a result of the difference in timescales
between the slower rotating colloid and the faster individual polymers realigning to
the flow.
Traversing Figure 3-9 from left to right best summarizes the important results
between the different bodies. Without a soft, deformable component, the free colloid
rotates in the flow, disturbing the linear shear field, and creates a region of closed
streamlines consistent with low Re solutions. As flexible, hydrophilic polymers are
tethered to the surface of this colloid, the extent of the disturbance expands, and the
deformability and time-scales associated with the polymers result in skewed
disturbances and inclination of the rotational flow. When the rigid body of the colloid
is replaced with the soft deformable core of a micelle, disturbance flow becomes
further exaggerated with an associated decrease in inclination angle owing to the
overall deformability.
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3.4

Conclusions
We have shown in this work that polymer-grafted nanoparticles and polymeric

micelles induce flow disturbances similar to those of other soft bodies in response to
simple shear flow. The extent of these disturbances are proportional to the contour
length of the corona, and the strongest deviations occur along the inclination axis –
which itself decreases between the two particles and with increasing shear. There are
differences in the exact shape of the quadrupole and bimodal disturbance fields that
we attribute to the deformability of the core portion of the soft body. For the
polymeric micelles, the quadrupole to bimodal transition is well predicted by the
Weissenberg number, and occurs for values greater than 20. These results may have
important implications for applications where high shear rates are present, such as
electro and centrifugal spinning processes. Further studies to characterize dynamic
behavior of individual micelles and their impact in multi/concentrated micelle systems
are currently underway.
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CHAPTER 4
4. DYNAMICS OF SOFT PARTICLES IN SHEAR FLOW
4.1

Introduction
Among soft particles, vesicles are the subject of the greatest quantity of

published work, owing to their biological importance and relatively larger size. This
body of work has been supported experimentally [1], [2], theoretically [3]–[5], and
computationally [6], [7]. Other soft particles in shear flow have been studied less
extensively; these include: polymer-grafted nanoparticles (PGNs)[8], star polymers
[9], branched polymers[10], among others.
Deformable bodies exhibit a rich set of behaviors when subjected to shear flow
including tank-treading, tumbling, trembling, stretching, collapse, and fission, and
many of these can occur simultaneously [1], [9], [11]. For example, vesicles transition
between tank-treading, tumbling, and trembling depending on shear rate, viscosity
ratio, membrane elasticity, and size. Shape restoring forces with characteristic
relaxation times play a determinant role in these dynamics [1]. Star-polymers are also
thought to exhibit similar dynamic regimes, with relaxation times of the complex
polymer playing a key role [9], [11], although these systems are considerably less-well
understood. Micelles occupy a region between these two soft matter extremes: they
consist of a deformable hydrophobic core, like vesicles, and a hydrophilic corona of
polymer “arms”, like a star-polymer. Meanwhile, PGNs lie somewhere between a
fully soft micelle, and a completely rigid particle, depending on the tethered polymer
length.
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Though much of the work done on other soft particle systems has only
occurred in the last few decades, dynamics of individual polymeric micelles are still,
in large part, missing from this knowledgebase. Several authors have used
computational approaches to explore the behavior of concentrated micelle suspensions
[12], [13], as well as extensive experimental work in the field of rheology [14]–[17].
To our knowledge, however, there are no comprehensive studies on the steady-state
dynamics of individual micelles and PGNs in shear flow.
In this paper, we analyze the dynamical behavior of soft PGNs and micelles in
equilibrium and under applied shear using coarse-grained molecular dynamics
(CGMD). The inclusion of PGNs in the analysis is two fold: one is fundamental, in
that their individual flow behavior has not been the scrutiny of any scientific studies;
one is practical, in that their “softness” is adjustable through changing the length of
tethered polymers, and therefore provide a means to isolate physical mechanisms at
play. Given the importance of relaxation phenomena in governing dynamics of
ultrasoft particles [10], [11], [18]–[20], we first perform a detailed study of the
dominant relaxation modes of both types of particles. In other soft particles, these
modes range from fast elastic relaxations of individual polymers to very slow
conformational relaxations governed by diffusive regimes. Since micelles and PGNs
are similar in many fundamental aspects to star polymers and vesicles, similar
relaxation modes and time scales are expected to be present. Proper treatment of
relaxation time scales allows for a meaningful analysis of dynamics. To that end, we
measure the primary steady-state dynamics that are present in other soft matter
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systems including shear-alignment, rotation and tank-treading, and shear-induced
deformation.
The remainder of this paper is organized as follows: we first provide an
overview of our computational model. We then proceed by introducing the methods of
our analysis on relaxation and dynamic characterization. Results are then presented, in
order, for relaxation phenomena, shape deformation, shear-alignment, and finally
rotational motion. In our conclusions, we summarize our important findings and
provide direction for future work.
4.2
4.2.1

Methods and Models
Coarse Grained Model
To probe the dynamic behavior of individual micelles and PGNs, we build on

our existing model for concentrated micelle suspensions[13]. As such, we employ a
version of coarse-grained molecular dynamics (CGMD) that allows us to explore the
length and time scales needed in non-equilibrium simulations. For the details of this
model, we refer the reader to our previous paper and will only outline the most
pertinent features and those unique to this work.
Our coarse-grained model has at its foundations the MARTINI force-field[21],
where water molecules are joined into a group of 4, forming a single solvent particle
of diameter σ = 4.7 Å ( σ being the distance parameter in the 12-6 Lennard-Jones (LJ)
potential). Polymers are formed by joining CG particles with a finitely-extensible nonelastic (FENE) bond. Hydrophilic and hydrophobic interactions were obtained by
tuning parameters of the LJ potentials [13]. A summary of parameters used in our
model is included in Table 4-1, Table 4-2, and Table 4-3.
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MD Unit

Real Value

MD Unit

Definition

Real Value

𝝈

4.7 Å

𝝉

𝝈 𝒎 𝝐

1.78 ps

𝝐

5 kJ/mol

𝑷∗

𝝐/𝝈𝟑

8.00 x 107 MPa

𝒎

72.06 g/mol
𝑻∗
𝝐/𝒌𝑩
Table 4-1 – MD Unit definitions

600K

Key Explanation of interaction potentials
I
12-6 LJ: 𝝐 = 𝟏. 𝟎, 𝝈 = 𝟏. 𝟎, 𝒓𝒄 = 𝟐. 𝟓
II
12-6 LJ: 𝝐 = 𝟎. 𝟐𝟓, 𝝈 = 𝟏. 𝟎, 𝒓𝒄 = 𝟐𝟏/𝟔
*
Gromacs tail correction: 𝑟 = 1.915  𝑡𝑜  2.5.
^
𝜖 = 0.8
Table 4-2 – Interaction parameters used in these simulations

W
A

W

A

B

C

I*

II

I*

II

I*

II

N/A

II^

II

B
C

N/A

Table 4-3 – Interaction matrix; W = Water/Solvent, A = A-type copolymer, B = Btype copolymer, and C = colloid.
We thermostat the system with dissipative particle dynamics (DPD), wherein
the conservative forces have been replaced with the LJ forces previously
discussed[13], [22]. DPD is chosen over other thermostats because it conserves linear
momentum between particles and therefore captures hydrodynamic interactions. Our
tests have shown that, given the damping parameters in our DPD implementation,
shear rates above 𝛾 = 0.1τ!! result in an increase in temperature. However, the results
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presented here are restricted to shear rates one full order of magnitude below this
limitation.

107

4.2.2

Simulation details
All simulations were performed using the open-source molecular dynamics

package LAMMPS distributed by Sandia National Labs [23].
The simulation parameters discussed here are summarized in Table 4-4. A
cubic box of side length 41.93σ with periodic boundaries (PB) on all faces was used
for all results discussed here. This choice in box size is sufficient for finite size effects
to be negligible for the size of the soft objects examined here. Indeed, we do not see
noticeable changes in the flow behaviour as we increase the box size further. Shear
was applied through a constant triclinic deformation in LAMMPS with particle
velocities remapped when a shear-gradient boundary is crossed. This implementation
is equivalent to the classic Lees-Edwards boundary conditions.
Symbol
𝑳
𝛒∗
𝐓∗

Definition
Box Length
Number Density
Temperature

𝐃∗

Measured Solvent Diffusivity

0.0719

𝛈∗𝟎

Measured Solvent Viscosity

5.99

𝛄

Shear Rate

MD Value MD Units
41.925
𝝈
0.8685
𝛔!𝟑
0.5
𝛜/𝐤 𝐛

0.001-0.03

Real Value
19.70
1
300

Real Units
nm
g/cm3
K

σ2/τ

1.484 x 10-9

m2/s

𝐏∗ ⋅ 𝛕

8.5 x 10-4

𝛕!𝟏

8

5.69 x10 – 1.7x10

𝐏𝐚 ⋅ 𝐬
10

𝐬 !𝟏

Table 4-4 – Summary of simulation parameters
The system number density was chosen such that the solvent density in real
units is 1 g/cm3 (𝜌∗ 𝜎 !    =   0.868). This density is applied to the polymer-solvent
matrix and is held constant. All simulations are relaxed from a random configuration
using soft potentials. Further relaxation using full 12-6 Lennard-Jones potentials is
applied before setting the individual interaction parameters. All relaxations are
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performed at 𝑇 ∗    =   1.0  𝑘! 𝑇 (600K) and all main-run simulations are performed at
𝑇 ∗    =   0.5  𝑘! 𝑇  (300K). The time step used for MD integration was 0.01𝜏 (17.6 fs).
Construction simulations were necessary to control the exact characteristics of
the soft objects. For the polymeric micelle simulations, we choose a representative
micelle from our previous work on concentrated suspensions. This micelle was selfassembled in those simulations, and comprises of 71 A6B12 diblock copolymers, for a
total of 1278 particles. The micelle was then thoroughly relaxed in a solvent bath
using the previously mentioned methods, with a total particle count of 64,000. To
obtain the necessary corona lengths, ranging from B1 to B9, the hydrophilic polymers
were “trimmed” by removing bonds and converting the freed polymer particles into
solvent particles, whereby the system was then relaxed further. The micelles here
comprise no more than 1.6% of the system, by weight.
Colloids were constructed to closely match the size and mass of the micelle
core and are composed of 314, 1. 0𝜎 diameter surface particles and have an overall
radius of 5𝜎. Surface particles have no intra-colloid interactions and form a rigid body
-- that is, surface forces are converted into torques and translations about the center of
mass. The colloid is made neutrally buoyant by ensuring the mass of the surface
particles is such that the total mass of the colloid is equal to the mass of the displaced
water particles, or
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𝑁! 𝑚! = 𝜌!

4
𝜋 𝑅! + 𝑟!
3

Equation 4-1

where the subscript 𝑐 and 𝑤 represent colloid and solvent CG particles, respectively,
and R represents the colloid radius.
Colloids with coarse-grained polymers tethered to their surface provide a
reasonable model of polymer-grafted nanoparticles, as illustrated in the work of our
colleagues Goyal and Escobedo [8]. PGNs employ the aforementioned colloid as their
core. A series of construction simulations were carried out to uniformly distribute B12
polymers on the surface, with a grafting density of 22% (71 polymers). These were
then trimmed in an identical fashion to the micelles to obtain the desired corona length
(B1-B9). Snapshots of each type of body discussed here are shown in Figure 4-1.

Free Colloid!

Tethered Colloid!

Polymeric Micelle!

Figure 4-1– Examples of the three different types of objects studied in this paper.
4.2.3

Methods of analysis
To calculate rotational diffusivity for the PGNs, we track the surface-to-center

vectors (𝑟!" ) for rigid body rotational motion. The periodic nature of the cosine
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function precludes direct computation of the angular displacement at any given time
step, so we define the net angular displacement using [8]
!

𝜙 𝑡 =   

𝛿𝜙𝑑𝑡

Equation 4-2

!

From these data, we then calculate the rotational diffusion via mean-squared
displacement relation
1
𝜙 ! (𝛥𝑡)
!"→! 4𝛥𝑡

𝐷! = lim

Equation 4-3

We may also compare these calculated values with the Stokes-Einstein relation for an
ideal sphere
𝐷!,!"#$% =

𝑘! 𝑇
8𝜋𝜂𝑅!

Equation 4-4

where 𝜂 is the fluid viscosity and R is the radius of the particle. The nanoparticles
which serve as the core of the PGNs presented here have an ideal rotational diffusivity
of 𝐷!,!"#$% = 2.65  ×  10!! 𝜏 !! computed from the measured solvent viscosity
𝜂 = 5.99𝑃∗ 𝜏 and nanoparticle radius 𝑅 = 5𝜎.
Equation 4-2 is also employed to quantify rotational motion of both micelles
and PGNs in the sheared state. End-to-center vectors 𝑟!" are used instead of surfaceto-center vectors for consistency between the measurements. In the case of an
untethered nanoparticle, these are identical quantities. Rotational motion 𝜔 = 𝑑𝜙/
𝑑𝑡  is only presented for motions about the vorticity axis, or 𝜔 = 𝜔! = 𝑑𝜙! /𝑑𝑡.
Many non-equilibrium characteristics of the soft particles can be characterized
by the gyration tensor
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𝐺!"

1
=
𝑁

!

(𝑟!,! − 𝑟!",! )(𝑟!,! − 𝑟!",! )
!!!

Equation 4-5

where the subscript CM indicates center of mass over the sum of N particles
constituting the soft particle. For the PGNs, this sum is computed over the tethered
polymers, which includes the surface bond points. Non-bonded surface particles are
not considered. Unless otherwise noted, all references to a gyration tensor refer to the
average gyration tensor, which is averaged over the length of the simulations.
Under shear flow, the eigenvalues of the gyration tensor can be used to define
an asphericity parameter
𝛿=

𝐺!
−1
𝐺!

Equation 4-6

where 𝐺! and 𝐺! refer to the largest and smallest eigenvalues, respectively. When the
particle is spherical, 𝐺! and 𝐺! are equal and the asphericity is zero and the quantity
diverges for a rod of infinite aspect ratio.
Finally, the gyration tensor can be used to compute an inclination angle 𝜒 or,
alternatively, an orientational resistance parameter 𝑚! with the expression

𝑚! = tan 2𝜒 =

2 𝐺!"
𝐺!! +    𝐺!!

Equation 4-7

where 𝐺!! and 𝐺!! are the tensor components in the flow and gradient directions,
respectively. It is important to recognize that this quantity diverges for spherical, or
near spherical particles. We therefore do not present data for low shear, short corona
length particles that are not deformed significantly by the flow.
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To better understand the dynamics in these systems, we measured the
characteristic relaxation time scales. These time scales serve to rescale shear rates into
the dimensionless Weisenberg values, 𝑊𝑖 = 𝜏! 𝛾. Relaxations involving polymer endto-end, end-to-center, or end-to-surface vectors are determined through a fit of an
exponential decay of their time-autocorrelation functions

𝐶! 𝑡 =

𝑹 𝑡 𝑹 0 −    𝑅
𝑅! − 𝑅 !

!

Equation 4-8

and the fit has the general form
𝐶! 𝑡 = 𝑎 ⋅ 𝑒 !!/!!

Equation 4-9

where 𝑹 is the vector quantity being correlated and 𝜏! is the relaxation time for this
quantity. The vector components may also be separated into separate correlations for
each primary direction, and the analysis is identical. Longer relaxation time scales can
also be approximated through the measured diffusion coefficients
1
𝜏!! ~
𝐷!

4.3

Equation 4-10

Results and Discussion
We first discuss the dominant relaxation time scales and how these are affected

by corona and tethered polymer lengths. With this context, we then show results for
micelle and PGN deformations both qualitatively and quantitatively as a function of
shear and Wi and compare these results against similar particles in the literature.
Finally, we conclude with an analysis on the tank-treading and rotational motion of the
two soft particles.
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4.3.1

Relaxation Phenomena
The micelles and PGNs studied here are similar in that they share a flexible,

hydrophilic corona, are of similar size, and have an equivalent number of polymer
“arms”.

They differ, critically, in that the PGNs are constructed around a rigid

nanoparticle whereas the micelle particle is self-assembled with a “soft” core, held
together by energetically favorable conditions. For dilute polymer solutions, or single
polymers in simulation, the relaxation of the end-to-end vector provides an appropriate
relaxation time scale with which study the polymer dynamics in flow[24]. This
analysis has also been successfully applied to branched and star polymers [9], [25].
Time autocorrelations for the micelle polymer end-to-end vectors, calculated
according to Equation 4-8, are shown in Figure 4-2. There appear to be at least two
relaxation modes contributing to the overall decay captured by the end-to-end
fluctuations; one is fast, appearing as a steep slope in Figure 4-2 at short times, and the
other is slow, emerging as the long-time linear portion of the curves. At very long
times, yet another regime emerges, but this is likely due to the poor statistics available
in the correlation analysis at long times.
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Figure 4-2 – Time autocorrelation functions for the end-to-end (left) and end-to-center
(right) vectors of the constituent polymers in the micelles. Shown are A6B1 (blue),
A6B3 (black), A6B5 (red), A6B7 (magenta), and A6B9 (black, dashed). All results are
taken from the zero-shear state. Inset shows the relaxation times extracted from the
correlation functions with a power law fit as a function of total polymer length.
The convolution of decays observed in Figure 4-2 are likely the result of a
slow rotational component, and a faster stretching and compressing component of the
individual corona arms. In star polymer simulations, end-to-center fluctuations are
used to measure rotational relaxations [24], [25]. Micelles, unlike star polymers, are
not a single bonded entity, and therefore end-to-end vectors are affected by an added
component of translational freedom within the core of the micelles. All things being
equal, we would therefore expect a somewhat faster relaxation in the micelle end-toend vectors. Slower decay of the end-to-center autocorrelations for micelles, where
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center refers to the center of mass, shown in Figure 4-2, support this conclusion.
Nonetheless, power law fits to the relaxation data are presently phenomenological, as
the complexities of the relaxation processes require further investigation.
A similar autocorrelation analysis (not shown) on the end-to-center vectors of
the PGNs reveals even stronger bimodal behavior with one very fast, distinct decay
mode, and one very slow, long decay mode. Unlike the micelles, PGNs can be easily
manipulated in such a way to isolate different relaxation phenomena. First, to
determine the contribution from the corona relaxing, we simulated polymer brushes on
flat surfaces and closely matched the grafting density to that of the PGNs. Polymer
lengths were varied from 𝑁! = 4 to 𝑁! = 18 and autocorrelation analyses were
completed on the end-to-end vectors to obtain the data in Figure 4-3. In addition, we
simulated PGNs in which the rigid core was frozen in space by zeroing out the forces
each time step. The relaxation results for the end-to-end (end-to-surface) vectors of
the polymers for the fixed colloid are also shown in Figure 4-3. These data suggest
that the contribution to the overall PGN relaxation from the individual polymers is
relatively small. Indeed, when the grafted polymers are very short (< 3 beads),
relaxation times are on the same order of magnitude as our sampling rate.
Interestingly, the spherical geometry results in a faster relaxation process as compared
to the flat surface.
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Figure 4-3 – (Top) Snapshots for the two model systems, isolating grafted polymer
relaxation behavior. (Bottom) Relaxation times 𝜏! for polymer grafted walls (PGWs)
(left) at matched grafting density to polymer grafted nanoparticles (right) plotted
against grafted polymer length. The relaxations for the PGNs are for the case in which
translation and rotational motions on the rigid core are removed from the simulations.
Isolating and accurately measuring rotational component of the relaxation is
more difficult due to the very large time scale of this relaxation process. Exponential
fits to the end-to-center autocorrelations yield results prone to statistical errors. The
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Stoke-Einstein computed rotational diffusivity of the untethered nanoparticle is
𝐷!,!"#$% = 2.65  ×  10!! 𝜏 !! . In other words, the time scale of rotation in the quiescent
state is 10! 𝜏—several orders of magnitude larger than the relaxation of the grafted
polymer chains. Furthermore, the rotational diffusivity is strongly affected by the
presence of even short grafted polymer chains. Figure 4-4 shows how the addition of 1
polymer bead, at a grafting density of 22%, reduces the rotational diffusivity by ~20%.
The addition of 3-bead polymers reduces the rotational diffusivity by ~65%. Some
insight can be gleaned by fitting the data based on the simplified assumption that the
thethered polymers only increase the effective radius of the particle
𝐷! 𝐿 =

𝑘! 𝑇
8𝜋𝜂 𝑅 + 𝛼𝐿

!

Equation 4-11

where 𝛼 ≈ 0.52 based on a least-squares fit. A physical interpretation of this
parameter would likely be related to the radius of gyration of a polymer with contour
length L, however, our assumptions in this fit are rather naive, and instead we use it as
a guide. It is noteworthy that for the longest tethered lengths, the rotational relaxation
time scales are of the order ~10! 𝜏, three orders of magnitude larger than the tethered
polymer relaxations, and ten times longer than our simulation runs.
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Figure 4-4 – (Left) Mean-squared angular displacement for different tethered polymer
lengths. (Right) Dimensionless rotational diffusion coefficients plotted against
tethered polymer length, 𝐷!,!"#$% = 2.65  ×  10!! 𝜏 !! .
4.3.2

Shape Deformations
Given that relaxation timescales are on the order of the applied shear, it is not

surprising that the simulated micelles and PGNs deform in the sheared steady-state. It
is worth clarifying the meaning of steady-state here. In most cases, the particles are
within a rotational or tank-treading regime, and acquire a single, stable inclination
angle. At the high end of the spectrum of shear we begin to see oscillatory
stretching/contracting (trembling) behavior in the micelles. The most dynamic
behavior is illustrated in the snapshots in Figure 4-5. However, these oscillations are
stable, and are therefore considered steady-state behavior. Figure 4-6 shows the
normalized diagonal components of the gyration tensor computed using Equation 4-5
for the extremes of each type of particle. When the corona length is short, and trivially
short for the PGN, we only see small deformations in the moderate shear-regime. For
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the PGN, there is no deviation in shape as the core is rigid, and the single bonded
particle does not contribute any significant perturbations. The equivalent micelle
exhibits diverging behavior of its flow and gradient axes, whereas the vorticity axes
contracts only modestly. When the corona lengths are on the same order as the core
radii, the effects of deformation are greatly enhanced. For the PGN, distortions similar
to the micelle emerge, with stretched flow, and contracted gradient axes. The micelle
deformations have become exaggerated, with stretching in the flow direction more
than double that of the quiescent state and correspondingly greater contraction in the

gradient

gradient direction.
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Figure 4-5 – Snapshots of A6B7 micelles demonstrating different dynamic regimes
occurring at low and high shear rates. In both cases, the micelles are tank-treading.

121

0.5

10

PGN-B1!

Micelle-A6B1!

PGN-B7!

Micelle-A6B7!

-0.3

10

0.5

10

-0.3

10

Figure 4-6 – Normalized diagonal components of the gyration tensor for the shortest
and longest tethered length for PGNs (left) and micelles (right) plotted against applied
shear. All quantities are time-averaged and measured in the steady-state.
The deformations as a function of shear are notably different between the two
particle types. Where the micelle stretching/contracting diverges, the corresponding
PGN behavior follows a power law at low shear, and then appears to approach limits.
These limits are a product of the rigid surface, and correspond to the maximum
stretched length of an individual polymer chain. The PGNs also differ in that the

122
greatest distortion is a contraction in the gradient axis, instead of a stretch along the
flow axis, as with the micelles. This result is simply due to the fact that the tethered
polymers entering the gradient re-orient into the flow, producing a much smaller
gyration component in the gradient direction as compared to their well-solvated,
extended state in equilibrium. The mechanisms in the micelle are similar, except that
the core is also free to deform in response to the shear forces. As a result, stretching is
dramatic, and actually grows exponentially with applied shear. In fact, data points in
Figure 4-6 for the A6B7 micelle are missing at the highest shear rate, due to repeated
breakage and recombination of the micelles (the latter being a result of the periodic
boundaries).
Simulations of star polymers reveal trends in the deformation process similar
to a combination of the PGN and micelle behavior. Star polymers deform
exponentially at low shear, transition to a power law at moderate shear, and finally
approach a limit at high shear. Additionally, they show the greatest deformations as a
stretch in the flow direction [9]. Star polymers, being single bonded entities, are
expected to reach limits in deformation – not unlike the PGN. However, star polymers
are not rigid bodies, and at low shears, where elastic bond forces are still small, one
would expect the deformations to be minimally affected by the common attachment
point. In this regime, and at high functionalities, they behave in much the same way as
micelle would.
The overall shape of the deformed particles can be further characterized by the
asphericity parameter defined in Equation 4-6. Asphericity values for both particles
are shown in Figure 4-7. We found that the data collapse onto a master curve, with
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appropriate choice of the previously discussed relaxation timescales, when plotted
against Wi. For the micelles, data collapsed reasonably using the relaxation of the endto-end vectors of the micelles, which includes rotational aspects. For the PGNs, data
collapsed very well using the isolated relaxation of the grafted polymer chains
discussed earlier. These master curves highlight some of the features discussed in
regard to Figure 4-6. In particular, when Wi values are very small, the particles show
no deformation in the flow. This is especially true for the shortest grafted nanoparticle
(CB1), where Wi values remain small regardless of the shear rate, owing to the very
fast relaxation of the single bonded polymer bead. At intermediate Wi, asphericity
increases with apower law dependence for both particles. At high Wi, asphericity can
be seen to turn exponential for the micelles, where as the PGN asphericity begins to
flatten out. These results are consistent with the observations made in Figure 4-6, but
more importantly demonstrate the importance of relaxation phenomena in governing
the dynamics of micelles and PGNs.
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Figure 4-7 – Asphericity parameters for micelles (top) and PGNs (bottom) plotted
against shear rate (left) and Wi (right). Wi values are computed by relaxation times
characteristic to each particle: a relaxation of the polymer end-to-end vector for the
micelles, and the isolated relaxation of the grafted polymers for the nanoparticles.
These same relaxation time scales can also be used to collapse data for the
measured flow-alignment, calculated according to Equation 4-7. These results are
shown in Figure 4-8 for both particles. Some data are not shown, and in particular, no
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data are shown for CB1, the shortest grafted polymer. This is because Equation 4-7
diverges when the particles are nearly spherical, and the time-averaged results are no
longer statistically meaningful. Generally, the inclination angle decreases with
increased shear rate and this is known behavior in polymers, star polymers, and
vesicles [26]–[30]. For fluid vesicles, the decrease in inclination angle can be modeled
as a function of the vesicles excess area, which increases with deformation, and
therefore shear rate [31].
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Figure 4-8 – Flow alignment, or orientational resistance, for PGNs (top) and micelles
(bottom). Note that the nature of this calculation is not well-suited for nearly-spherical
particles, and statistically noisy data have been excluded.
With this insight, it is interesting to note that the PGNs exhibit two distinct
phases of inclination – one decaying with 𝑊𝑖 !!.! and the other decaying with 𝑊𝑖 !!.! .
The transition occurs at approximately the same location where the asphericity
transitions from a growth ~𝑊𝑖 !.! to a slower growth of ~𝑊𝑖 !.! , which supports
inclination angle and excess area, or deformation, being highly correlated. Meanwhile,
the micelles exhibit only a single mode dependence following ~𝑊𝑖 !!.! . It is important
to point out that the 𝑊𝑖 definitions for micelles and PGNs are not equivalent, and
therefore only qualitative observations on their dependence on 𝑊𝑖 can be made. The
decrease in inclination angle fitting a single power law follows from the previous
discussion for PGNs. Unlike the PGNs, however, the micelle asphericity increases
exponentialy as a function of Wi throughout. Correspondingly, we only observe a
single slope in in the inclination angle dependence on Wi. It is clear in Figure 4-8 that
the micelle data do not collapse as well as the PGN data, and that in fact, the micelle
inclination angles may not follow a power law dependence on Wi. Resolving this
shortcoming requires a more rigorous analysis of the micelle relaxation phenomena.
4.3.3

Rotational Motion
The final, and perhaps most important behavior to the fluid dynamics, is the

rotation of the particles. Figure 4-9 shows the normalized rotational frequencies for
both particles as a function of shear rate and Wi. Note that both data sets collapse onto
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master curves against Wi, but that again, the micelle data do not collapse as well as the
PGN data. Here we have used the “rotational” relaxation time of the micelles
measured using autocorrelations of the end-to-center vectors and previously discussed,
whereas previously we had used end-to-end relaxations to collapse the data. Clearly,
this result strongly suggests the existence of a yet unidentified relaxation time that
would collapse both deformation and rotational data.

1
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Figure 4-9 – Normalized rotational frequencies for PGNs (top) and micelles (bottom)
plotted against shear rate (left) and collapsed into master curves against Wi (right).
From Figure 4-9, we see that for both PGNs and micelles the rotation rates
decrease away from their low-shear constant value. In other words, at low shear, the
particles rotate at a rate proportional to the applied shear, consistent with rods, linear
polymers, star polymers, droplets, vesicles, and capsules [9], [19], [32]. At higher
shear rates, this dependence becomes sub-linear, consistent with work seen on star
polymers [9]. It is also apparent that the micelles rotate at a slower rate than their PGN
counterparts, even at low shear rates. There are likely several reasons for this
difference. For one, the grafted particles rotate as a single body, despite their flexible
coronas, whereas the micelles tank-tread. This is an important distinction, particularly
at high shear rates. As the micelles become deformed into ellipsoids, rotation would
imply the ellipsoid flipping about the vorticity axis. Though we see some oscillation at
very high shear rates, we generally only observe time-independent, constant
inclination angle, behavior from the micelles. Thus, the micelle surface area increases
with shear rate, resulting in a larger contour length for the polymers to traverse, and
therefore slow “rotation” rates.
The PGNs rotate proportionally to applied shear at low Wi, and follow a power
law decay away of ~𝑊𝑖 !!.! beginning at about 𝑊𝑖 = 1.0, when relaxation timescales
become longer than the time scale of the applied shear. The shortest tethered polymer
particle does not deviate from its linear dependence on shear rate, again owing to the
fast relaxation time scales of the single bonded particle. This result also suggests that
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an untethered nanoparticle would exhibit only a linear dependence on shear rate in the
studied regime, which is consistent with the Stokes solutions. At higher Wi, though
the relationship becomes sub-linear, it does not deviate as quickly compared to the
micelles. Following that discussion, PGNs rotate and do not tank-tread. Thus the sublinear behavior would be a result of screening of the flow by the presence of the
polymers, an increased effective drag, and dissipation through individual polymer
fluctuations.
4.4

Conclusions
For the first time, PGN and micelle steady-state dynamics have been analyzed

in detail using coarse-grained molecular dynamics. We have shown that PGNs and
micelles, though similar in overall shape and size, exhibit different steady-state
dynamics owing to the differences in core construction. Compared to star polymers
and vesicles, micelles occupy a middle ground. The lack of strong bonds to maintain
micelle integrity means that shear forces tend to deform the micelles exponentially,
which also results in a steep decline in the inclination angle as a function of Wi.
Qualitatively, these results match the behavior seen for vesicles and diverge from star
and homopolymer results at high Wi. PGNs, on the other hand, were found to exhibit
dynamics similar to the micelles in the low Wi regime, but quickly became more star
polymer in nature as Wi increases. When Wi is small, the PGN deforms with
~𝑊𝑖 !.! and aligns with ~𝑊𝑖 !!.! ; when Wi is large, the exponents become smaller in
magnitude, 0.5 and −0.3, respectively.

We attributed these regimes to the

rearrangement of polymer beads at low Wi, and to the finitely extensible nature of the
bonds at high Wi.
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Rotational dynamics were shown to be fundamentally different between the
two particles. PGNs rotate while micelles tank-tread. Thus, micelles deviate from the
linear dependence on shear rate more quickly than their PGN equivalents. In both
cases though, we found a sub-linear deviation occurring at high Wi. This result is
consistent with the available literature on similar soft particles. Ultimately, the
differences between rotational dynamics at high Wi were attributed to the deformation
of the micelles, increasing the contour length for tank-treading, as compared to
unmodified rigid body rotation for the PGNs.
Though a thorough investigation into relaxation time scales was carried out,
we were unable to adequately capture the relaxation timescale important to the micelle
dynamics. More recent, unpublished work, strongly supports a multi-mode decay in
many of the measured relaxation processes. We expect further analysis to reveal both
the correct timescale, and its mechanism, such that the dynamics collapse onto single
master curves that are comparable, quantitatively, to the PGN results.
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