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ABSTRACT OF THE THESIS
Hollow Janus Cylinders at Liquid Interfaces
by ROBERT WEIR
Thesis Director:

Shahab Shojaei-Zadeh

In this dissertation, capillary-induced interactions and self-assembly behavior of
amphiphilic hollow Janus cylinders at an air-water interface is numerically investigated.
First, preferred orientation of a single hollow Janus cylinder is determined as a function
of amphiphilicity and aspect ratio. When the cylinder is horizontal (long axis parallel to
the interface), the shape of the deformed interface and the resulting capillary-induced
interactions between a pair of cylinders is examined. In addition, preferred tip-to-tip or
side-by-side assembly behavior of a pair of cylinders is determined by minimizing the
total interfacial energy of the system. The preferred assembly behavior of a pair of
hollow Janus cylinders is side-by-side for higher amphiphilicities, but as the
amphiphilicity is reduced, tip-to-tip orientation becomes similarly preferable. The case of
hollow Janus cylinders is also compared with their homogeneous counterparts as well as
with solid homogeneous and solid Janus cylinders. The significant difference between
Janus and homogeneous hollow cylinders is that the preferred orientation of a

homogeneous hollow cylinder is horizontal with respect to the interface for given contact



angles and at large aspect ratios. Meanwhile hollow Janus cylinders with large aspect
ratios and amphiphilicities (# > 20) prefer a vertical orientation (piercing the interface).
The preferred orientation of a single solid Janus cylinder behaves similarly to its hollow
counterpart except it prefers a vertical orientation at higher amphiphilicities. In
comparison, single hollow and solid homogeneous cylinders have almost similar
preferred orientation. The outcome of this study may provide insight on self-assembly
behavior of model hollow particles, such as carbon nanotubes, at liquid interfaces for
fabrication of functional monolayers or for use as interface stabilizers in foam and

emulsions.



Acknowledgements

First, 1 would like to thank my advisor, Dr. Shahab Shojaei-Zadeh for allowing
me to conduct research under his tutelage. He pushed me in all the right directions and
without his help | would have never finished my M.S studies. | also want to thank my

thesis committee members, Dr. Drazer and Dr. Diez for reviewing my thesis.

| want to thank Dr. German Drazer for his support and insight on research during
our group meetings. | am grateful to Dr. Hossein Rezvantalab and Dr. Ken Brakke for
their help with my Surface Evolver code. | also want to thank my lab-mates and group
members for all their support over the years: Stephen Rowe, Sigi Du, Tianya Yin, David

Cunningham, and Isabel Liberis.

| want to thank my parents for supporting me during my time at Rutgers, without
them | would have never made it this far. They allowed me to focus on my studies and
succeed to the best of my abilities. Lastly, 1 want to thank my girlfriend, Jeanine for
supporting me and putting up with all of my long hours of work. Without her 1 would

have never been able to complete this degree.



Table of Contents

Contents

ABSTRACT OF THE THESIS ... ettt sttt st ii
ACKNOWIBAGEIMENTS ...ttt ettt st e e st e e sa e besra et e sbeensesteessensesrnensenes iv
LiST OF HTUSEFATIONS. ...ttt Vi
(O 0 F=T o] =1 OSSOSO PSSO PR PRUSOORRURUROOPON 1
INEFOAUCTION. ...ttt ettt e e bttt be b e bt nnes 1
1.1 JANUS PAFTICIES...c.eeeeeeeee ettt neen 1
1.2 Particles at an INTEITACE ........cooviriiirieie s 2
1.3 CUITENT RESEANTH ...ttt 4
(O T 10 (-] TSRS 5
SIMUIALION IMETNOM........eoiiiiiiiee ettt sttt et ebe s b e 5
(O 0 F=1 o] (=] G SO S U PRSP SRRROPROUPURPRORPIN 11
Hollow HOmMOGENEOUS CYIINUEIS......cc.iiiiiiieieieieeeeeerseee et 11
CRAPLEE 4 ...ttt ettt e st e et e et e s be e st e be e ae et e s be e st e etesbeentesteeaaentesaeenes 16
Solid HOMOGENEOUS CYIINAELS .......ccuveviiieeeiecteetesteete ettt sttt et s re s 16
CRAPLEE B ..ttt st e st e et e b e s be st et e e ae et e be e b e ebeebeentesteeaaentesanenes 20
HOIOW JANUS CYIINUEIS......eeiiiieieieeeeteee ettt sttt e e sreessesreeseesessaensesseeneas 20
(O T T (-] TSP 26
Y] [T I F= T U R @3] 1T o [T TSR 26
(O T 10 (-] OO USRS 30
Conclusions and FULUIe OULIOOK. ..........cereireirieirieirieesie ettt 30
RETEIEINCES. ...ttt ettt ettt ettt 32



List of Illustrations

Figure 1. Different shapes of Janus particles, (a) spherical, (b,c) cylindrical, (d,e) disc-
shaped, and (f-1) various dumbbell-shaped Janus particles.t..............cooveeeeiieeeien, 2

Figure 2. Schematic of a droplet on a substrate in Surface Evolver, the numbers in the
circles represent the vertices and the numbers in the squares represent the edges........... 6

Figure 3. Droplet evolved using surface evolver refinement code based on the model in

Figure 4. Schematic of a Janus cylinder (hollow or solid) tilting about the interface

measured with angle with angle &, from the vertical direction....................coceeenvenn.n. 8

Figure 5. Schematic of the position of the center of the hollow Janus cylinder (H) with
respect to the INterface. .. .. ..o e 10

Figure 6. Top-view schematic of two interacting hollow Janus cylinders used to
determine their preferred orientation................oooiiiiiiiiii e 11

Figure 7. Orientation as a function of aspect ratio for a single homogeneous hollow
cylinder with contact angle = 30, 80, and 150°...........ccoiiiiiiiiii e 12

Figure 8. Interfacial energy of hollow cylinders as a function of H/R for contact angles
=30, 80, 8N 150 . ..ot 13

Figure 9. Interface deformation for a homogeneous hollow cylinder of contact 80° on top
(@), and below (b) of the Interface. .........oovvviriiir i, 15

Figure 10. Capillary energy vs. spacing for homogeneous hollow cylinders with contact
angle #=80°, AR=25and5 andH/R=1.0and-1.0...............cooiiiiiiiiininnn.. 16

Figure 11. Preferred in-plane orientation of a pair of homogenous hollow cylinders with
contact angle 8 =80 and 150°, AR=5,and H/IR=-1.0.............cooiiiiiiiiiiii, 16

Figure 12. Orientation of solid homogeneous cylinder as a function of aspect ratio for
contact angles @ =30, 80, and 150°. ... ..ottt 17

Vi



Figure 13. Interface deformation of a single homogeneous solid cylinder with contact
angle & =80° and aspect ratio AR = 5., .. .. it 19

Figure 14. (a) Capillary energy for two interacting homogeneous solid cylinders with
contact angle # = 80°, AR = 5, and H/R = 0. (b) Preferred orientation of a pair of
homogenous solid cylinders with contact angle 6 = 80°, AR =5,and H/R=0............. 20

Figure 15. Orientation with respect to the interface as a function of aspect ratio for single

hollow Janus cylinders with amphiphilicity of B = 10, 15,and 20°.......................... 21

Figure 16. Hollow Janus cylinder tilted about the interface with orientation angle & =
0°, aspect ratio AR =5, and amphiphilicity f=30°%........ccooiiiiii 22

Figure 17. Capillary bridge formed as a pair of hollow Janus cylinders with
amphiphilicity g = 30° are attracting each other. Blue corresponds to the hydrophilic

portion of the partiCles. ... ... 23

Figure 18. Interfacial energy of a single hollow Janus cylinder as a function of H/R for
amphiphilicities £ =10and 15°. ... ..o 23

Figure 19. The capillary energy vs. spacing between two hollow Janus cylinders with
amphiphilicities £ =10, 30, and 50°. ... ..ot 24

Figure 20. Interface deformation around a single hollow Janus cylinder with

amphiphilicity B = 30° and aspect ratio AR = 8.......ciiiiiiii 25

Figure 21. Preferred in-plane orientation for a pair of hollow Janus cylinders with £ = 10,
15,30,and 50°, AR =5, and H/R = -1.0.....ooeinii e 26

Figure 22. Interface deformation around a pair of hollow Janus cylinders with

amiphiphilicity b = 30°, aspect ratio AR =5, and in-plane orientation angle ¢ = 120....26

Figure 23. Orientation with respect to the interface as a function of aspect ratio for a

single solid Janus cylinder with amphiphilicity g = 10, 30, and 50°......................... 27

Figure 24. Interface deformation around a single solid Janus cylinder with amphiphilicity
B=30%and aspect ratio AR = 8..... ..ottt 28

Vii



Figure 25. The capillary energy vs. spacing between two solid Janus cylinders with
amphiphilicities £=10and 30°. ... ..ot 29

Figure 26. Preferred in-plane orientation for a pair of solid Janus cylinders with g = 10

and 30°, AR =8, and H/R = 0. oo e 30

viii



Chapter 1

Introduction

1. Introduction

1.1 Janus Particles

The idea of Janus particles were first introduced by De Gennes in 1991.% These
particles were named after the roman god Janus, who is depicted as having two faces. De
Gennes observed that particles with two different sides of wettability uniquely aggregate
at an interface. Janus particles are unique among particles, due to their asymmetric
surface properties they can self-assemble into complex structures." A wide variety of

different geometries of Janus particles have been fabricated, as shown in figure 1. While
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Figure 1 - Different shapes of Janus particles, (a) spherical, (b,c) cylindrical, (d,e) disc-
shaped, and (f-1) various dumbbell-shaped Janus particles.

most of our focus is on Janus particles with different wetabilities, they may also be
asymmetric with respect to electrical, magnetic, optical, and catalytic properties. Due to
their versatile characteristics, Janus particles have already been used in optical probes,

drug carriers, and emulsion stabilizers.®* > 78



1.2 Particles at an Interface

Two of the most important properties of Janus particles are their ability to self-
assemble into complex monolayers and their ability to stabilize foams and emulsions by
adsorption at liquid-fluid interfaces. Controlled self-assembly at an interface of Janus
spheres, cylinders and discs was first observed by Miiller et al..® ** 1213 Thijs led to
more in-depth looks at the mechanics of how these Janus particles self-assemble. Janus

particles have also been shown to assemble in bulk fluids as well.** > 267

Foam and emulsion stability is a research area that has been extensively studied
due to the considerable importance of properties such as functionality and shelf life of
these complex fluids, which depend on their ability to remain phase-separated.
Conventionally, surfactants have been used as stabilizers, as they adsorb to the interfaces
between the dispersed and continuous phases and increase the kinetic stability of the
substances by providing steric and electrostatic repulsion between dispersed phase
droplets.'® Surfactant molecules exhibit equilibrium between the interface and the bulk.*
Another method of stabilization is the use of solid particles instead of surfactants.
Colloidal particles at a fluid-fluid interface work similarly to surfactants and are harder to
detach from the interface; their adsorption is effectively irreversible in nature.” Spherical
and cylindrical particles in particular have been the focus of research in particle
stabilization of foams and emulsions. Micrometer sized spherical particles attached to an
oil-water interface remain stable against thermal fluctuations;* the long range capillary
attraction between these particles can also be tuned by an electrostatic field.?* Spherical

particles at an air-water interface exhibit spontaneous assembly into meso-structures,? 2*

25.26.2T\vhile solid cylinders spontaneously assemble into a tip-to-tip orientation and form



rigid straight chains.?® The capillary force between these cylinders can be calculated by
using their translational and angular velocity to satisfy force and torque balances.?®
Research has also been done on numerical models studying the assembly of vertical

cylinders piercing an interface and the interface deformation due to these cylinders.*® %

Though homogeneous particles engender better stability in foams and emulsions
than do surfactants, they are still only Kinetically stable, since the free energy of
formation is positive.*? Recently, anisotropic particles have been shown (theoretically) to
create thermodynamically stable emulsions, which would significantly increase the
longevity of these complex fluids.®® Anisotropy in particles can include patchiness, aspect

ratio, and faceting.*

Various geometries of Janus particles have been studied to help increase
stabilization of foams and emulsions. In general, the preferred orientation of Janus
particles at an interface depends on particle shape, aspect ratio and surface chemistry.*
The most commonly studied shape of Janus particle is spherical. Several works have
investigated the equilibrium orientation and capillary interactions between Janus
spheres. 193 36.37.38.39.90. A janus sphere at an interface prefers to orient itself in such a
way that each area on the particle is wet by its favorite fluid.®"* * Janus ellipsoids have
preferred orientation that depends on the particle aspect ratio and hydrophobicity.** Solid
Janus cylinders can have a preferred orientation similar to that of a sphere, where each
area is wet by its favorite fluid, or to that of an ellipsoid, where it is tilted at the interface;

the observed behavior depends on the aspect ratio of the cylinder.*?



1.3 Current Research

In the present work we introduce a new class of particle, hollow Janus cylinders.
We investigate the interfacial deformations caused by homogeneous and hollow Janus
cylinders and homogeneous and solid Janus cylinders at an air-water interface. The
interface is deformed due to a combined effect of surface wettability and geometry. We
calculate the surface tension of neighboring fluids and the area wet by each of the fluids
to solve for the interfacial energy. We then characterize the attraction and repulsion of a
pair of cylinders at an air-water interface. By doing so, we can determine maximum
distance of interaction and how they prefer to assemble. We use this interfacial energy to
determine the preferred orientation by varying the angle ¢ between the two cylinders and
computing the interfacial energy of each configuration; the angle that minimizes this

energy corresponds to the preferred orientation.

This thesis is organized as follows: In chapter 2, we discuss our model and
simulation methodology. In chapter 3 we discuss the results of hollow homogeneous
cylinders at an air-water. In chapter 4 we focus on solid homogeneous cylinders and how
they compare to hollow cylinders. In chapter 5 we investigate the interactions of hollow
Janus cylinders, and finally in chapter 6 we compare these hollow Janus cylinders to solid
Janus cylinders. In each of these sections we focus on the preferred orientation of single
cylinders and the interaction between pairs of cylinders. In chapter 7 we summarize the

results and the implications of our work.



Chapter 2

Simulation Method

2. Simulation Method

We use Surface Evolver to investigate interface deformation and capillary
interactions between hollow cylinders at an air-water interface. This FEM program has
been used to investigate capillary interactions between Janus and patchy particles at an
interface.®> * ** Surface evolver uses different optimization methods such gradient
descent, hessian matrix, and conjugate gradient to study surfaces shaped by forces and
constraints.*® While we use Surface Evolver to study particles at an interface, it can also

be used for modeling of soap bubbles, foams and liquid solder.*®

Models are set up so the first step is to define vertices in your domain box.
Vertices are defined by giving them coordinates in the X, y, and z plane. These vertices

able to be constrained based on your system. Vertices are the basis of all of the models in

(o=

Figure 2 — Schematic of a droplet on a substrate in Surface Evolver. The numbers in the
circles represent the vertices and the numbers in the squares represent the edges.



surface evolver, which make up the core of our simulations. Once all of the vertices have
been placed into the model, the next step is to connect them via edges. Edges are
connected between two vertices and start to create the initial geometry. Constraints are
applied similarly to edges as they were vertices. Finally groups of edges are connected
together to create the facets of the model. These facets are where the surface tension is
defined. An example of a droplet on a substrate is shown in Figure 2. In this example
edges 13-14-15-16 are connected into one face, which represent the surface that the
droplet is sitting on. The surface is set using the “fix” command on the vertices, edges
and facet. This command removes the variable of deformation and movement of the
surface. The droplet is defined by using 6 facets as shown in Figure 2. Only one of the
facets is in contact with the solid surface, the rest are in contact with air. To set these
characteristics, each facet must be specified a surface tension with whatever it is adjacent
to. The five facets in contact with air will be specified with water-air surface tension, the
facet in contact with the surface will be specified based on the contact angle. Once the
vertices, edges, facets and all their constraints are specified, we can add in volume of our

liquid, gravity and density, depending on what our simulation calls for.

Once the model is completed, you may begin the refinement code. The refinement
code needs to be changed for every model. This code is used to make our models
approach their minimum energetic state. If we run our refinement code on the droplet on
a substrate the cube with deform to the minimum energetic state; which looks like a

€6 9%

droplet as shown in figure 3. One of the most common refinement commands is “r”,

which refines the triangulation of your model. The command “g” is the input for gradient

descent iterations, “V” is vertex averaging which computes the new position of the



vertices based on adjacent faces, “u” is equiangulation which polishes up the

triangulation of the model, and “U” is used to turn on conjugate gradient mode.

Figure 3 — Droplet evolved using surface evolver refinement code based on the model in

figure 2.

7 Water

Hydrophilic

Figure 4 — Schematic of a Janus cylinder (hollow or solid) tilting about the interface
measured with angle 6, from the vertical direction.



After explaining how surface evolver works we turn our attention to how Janus
cylinders are created in Surface Evolver. A Janus Cylinder is placed in predefined
orientation based on cylinder geometry and surface wettability. The Janus cylinder will
deform the interface to satisfy wetting conditions. Surface Evolver finds the deformation
profile by calculating the minimum surface energy of the system. The optimization

methods include gradient descent and conjugate gradient.

Single cylinders are rotated around the z-axis as seen in figure 4. The geometric
parameters include cylinder length L, outer radius R, and orientation angle 6, The
orientation angle ranges from 0° to 90°, where 0° corresponds to vertical and 90° to
horizontal orientation. For hollow Janus cylinders, amphiphilicity, the difference between

the hydrophobic and hydrophilic contact angles, is described by f as:

eHydrophobic =90°+ B

BHydrophillic =90°—-p 1)

The aspect ratio AR of the cylinder is defined as the ratio of the length to outer radius,
AR =L/R. The total interfacial energy of the hollow and solid Janus cylinders is described

as:

E = YaaAaa + Vpalpa + YowApw + YowApw + YawAaw 2

Where E represents the total surface energy, y represents the interfacial tension, and A
represents the area wetted by a designated fluid. The subscripts a and p represent the

hydrophilic and hydrophobic areas of the cylinder. The subscripts A and W represent the



air and water phases, respectively. The areas wetted by fluids include inside, outside,

front and rear face of the cylinder.

To find out the preferred position H (with respect to the interface) of a Janus cylinder
at 6, = 90°, we let the cylinder move in the y-direction, as shown in figure 5. The outer
boundary of the interface is pinned to allow the interface to deform around the cylinders.
This process allows us to determine the preferred position of the cylinder as a function of

contact angle.

Hydrophilic R

[ #

Air
Water

y

L.. "

Figure 5 — Schematic of the position of the center of the hollow Janus cylinder (H) with
respect to the interface.

Pairs of homogeneous and Janus cylinders are placed at the interface and are

separated from each other by d. their center-to-center distance. The separation distance
between the cylinders after which they no longer interact with each other via capillary

interactions is used to nondimensionalize the capillary energy as:

E-E
ECapillary = yTLf (4)
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where E is the interfacial energy at a given spacing, and E; is the interfacial energy when
cylinders are far apart and do not interact with each other, and R and L are the outer

radius and length of the cylinders, respectively.

To determine the preferred assembly orientation of a pair of cylinders at the interface, we
minimize their interfacial energy as they approach each other with angle ¢, as shown in

figure 6. This angle ranges from 0° for side-by-side to 180° for tip-to-tip orientation.

Figure 6 — Top-view schematic of two interacting hollow Janus cylinders used to
determine their preferred in-plane orientation.
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Chapter 3

Hollow Homogeneous Cylinders

3. Homogeneous Hollow Cylinders

We begin by examining the preferred orientation of a single homogeneous hollow
cylinder. The cylinder is rotated about the interface as seen in figure 4 and its preferred
orientation is a function of aspect ratio and contact angle. We vary aspect ratio from AR
=1to AR = 10 and use three different contact angles, 6 = 30, 80, 150°. From the results
shown in figure 7, we observe that for a contact angle of 30° and aspect ratios less than 3
the cylinder prefers an orientation angle of 0°(vertical to the interface). At larger aspect

ratios, orientation angle of 90°(parallel to the interface) is preferred. Similarly, for contact
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Figure 7 — Orientation as a function of aspect ratio for a single homogeneous hollow
cylinder with contact angle 6 = 30, 80, and 150°.
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angle of 80°, the cylinder prefers a horizontal orientation for AR < 1 and a vertical
orientation for AR > 1. For contact angle of 150° the cylinder prefers an orientation angle

of 90° regardless of the aspect ratio.

The preferred position of a hollow homogeneous cylinder parallel to the interface is
investigated. Three different contact angles of 30, 80, and 150° and aspect ratio of 5 is
considered. The edges of the interface are pinned in the domain box and the cylinder is
free to move up and down so that the interface around the cylinder can deform to
minimize the interfacial energy. The results from varying the height H of the cylinders
with different contact angles can be seen in figure 8. At a hydrophobic contact angle of
150°, the cylinder prefers to sit on top of the interface at H/R = -1.0 as water does not get

into the hollow cylinder. At a hydrophilic contact angle of 30° the cylinder prefers to sit
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Figure 8 — Interfacial energy of hollow cylinders as a function of H/R for contact angles
6 =30, 80, and 150°.
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below the interface at H/R = 1.0, where water prefers to fill the inside of the cylinder. In
the case of 80° contact angle, we see a metastable state in which the cylinder prefers to sit
on top of the interface at H/R = -1.0, as water does not get into the hollow cylinder. In
this case however, if the cylinder is pushed under the water, it adopts a new equilibrium

position at H/R = 1.0 as shown in the inset in figure 8.

Homogeneous hollow cylinders experience two different variations of interface
deformation depending on their contact angle. For a cylinder sitting on top of the
interface, there is a rise in the interface at the sides and a depression at the front and back,
as shown in figure 9(a). When the cylinder is below the interface, the opposite occurs; the

interface rises on the front/back and depresses on the sides, as shown in figure 7(b).

For two approaching homogeneous hollow cylinders, the capillary energy is
characterized as a function of aspect ratio and position with respect to the interface. The
contact angle is set to 80°, the height with respect to the interface is H/R = -1.0 and 1.0,
and aspect ratio of 2.5 and 5. The results are shown figure 10. For cylinders of similar
aspect ratio and separation distance(dc.), the pair with H/R = -1.0 have a greater attraction
for each other. For cylinders of similar H/R at the same d, the pair of larger AR has a
greater attraction, due to a larger deformation in the interface. The preferred orientation
of two homogeneous hollow cylinders as they rotate about each other within the
interfacial plane is determined for aspect ratio of AR =5, contact angles of 80 and 150°,
and the height of the cylinder with respect to the interface of H/R = -1.0. We vary ¢in a
range from O (side-by-side) to 180 (tip-to-tip), and at each angle, the cylinders are just
touching each other. We note that hollow cylinders prefer side-by-side arrangement, until

capillary energy overcomes the barrier (AE, figure 11) after which tip-to-tip orientation
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becomes favorable. This barrier exists around ¢~140—-150° for both hydrophilic and

hydrophobic cylinders.

Figure 9 — Interface deformation for a homogeneous hollow cylinder of contact 80° on
top (a) and below (b) of the interface.
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Figure 10 — Capillary energy vs. spacing for homogeneous hollow cylinders with contact
angle 6 =80°, AR=2.5and 5, and H/R = 1.0 and -1.0.
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Figure 11 — Preferred in-plane orientation of a pair of homogenous hollow cylinders with
contact angle 6 = 80 and 150°, AR =5, and H/R = -1.0.
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Chapter 4
Solid Homogeneous Cylinders

4. Solid Homogeneous Cylinders
To compare the behavior of hollow homogeneous cylinders with their solid
counterparts we investigate the preferred orientation of homogeneous solid cylinders.
Similar to the hollow homogeneous cylinders, we vary the orientation angle as well as the
aspect ratio for three different contact angles ¢ = 30, 80, and 150°. As shown in figure 12,

solid homogeneous cylinders behave very similarly to their hollow counterparts. For

100 LA L L B L L J’
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Figure 12 — Orientation of solid homogeneous cylinder as a function of aspect ratio for

contact angles @ = 30, 80, and 150°.
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small aspect ratios of < 2, cylinders with contact angles 6 = 30 and 150° prefer a vertical
orientation, and for aspect ratios larger than 2, they prefer a horizontal orientation. For
contact angle 6 = 80° and an aspect ratio of 1, the cylinder prefers to sit vertically. At

aspect ratios AR > 1, they prefer a horizontal orientation.

We compare the interface deformation and H/R of hollow cylinders with respect
to the interface with their solid counterparts. When both hollow and solid cylinders are
hydrophilic, they experience similar interface deformation; there is an interfacial rise in
the front and back, and a depression on the sides, as shown in figure 13. For hydrophobic
cylinders, the interfacial deformation is the opposite. The H/R of solid cylinders is
initially set to 0. The solid cylinder simulations can move with respect to the interface

until it reaches it preferred position.

The capillary energy between a pair of solid homogeneous cylinders and the
preferred in-plane orientation is investigated. For cylinders with aspect ratio of AR =5
and contact angle of 80°. This aspect ratio was chosen to ensure that the solid

homogeneous cylinders are positioned parallel to the interface. The results of the

Figure 13 — Interface deformation of a single homogeneous solid cylinder with contact
angle 6 = 80° and aspect ratio AR = 5.
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capillary energy as a function of their distance is shown in figure 14 (a). The capillary
energy shows that the two cylinders attract each other. The preferred in-plane orientation
results are shown in figure 14(b). A pair of solid homogeneous cylinders clearly prefers
the tip-to-tip orientation. This is in contrast to a pair of hollow homogeneous cylinders as

they could orient as tip-to-tip or side-by-side.
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Figure 14 — (a) Capillary energy for two interacting homogeneous solid cylinders with
contact angle 6 = 80°, AR =5, and H/R = 0. (b) Preferred orientation of a pair of
homogenous solid cylinders with contact angle 6 = 80°, AR =5, and H/R = 0.
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Chapter 5

Hollow Janus Cylinders

5. Hollow Janus Cylinders

Having investigated hollow and solid homogeneous cylinders, we now turn our
attention to hollow Janus cylinders. First, we will investigate the preferred equilibrium
orientation of a single hollow Janus cylinder. The cylinder is rotated around the y-axis
(figure 15). We vary the aspect ratio from AR = 1 to 10, the rotation angle 6, from
horizontally aligned along the interface to sitting perpendicular to it, and the
amphiphilicity g = 10, 15, and 20°. The preferred orientation changes with
amphiphilicity, from an orientation parallel to the interface (6= 90°) for p = 10° to 6 =

0° for higher g values as shown in figure 16. We observe that the preferred orientation is

Figure 15 — Hollow Janus cylinder tilted about the interface with orientation angle &
= 0°, aspect ratio AR =5, and amphiphilicity p= 30°.



21

sensitive to the aspect ratio at AR = 2 for amphiphilicty of § = 15°. As p increases, the

affinity of hydrophilic and hydrophobic sides of the cylinder to be wet by their favorite

= 0° is preferred at higher g values. Interface

fluids increases, explaining why &

deformation around a single hollow Janus cylinder when the orientation is parallel to the
interface (6 = 90°) is shown in figure 20.

The interface deformation around hollow Janus cylinders is shown in figure 17.
Hollow Janus cylinders experience similar interface deformations when they are sitting
on top of the interface at H/R = -1.0. On the sides of the cylinders where the surface is
hydrophilic, the interface experiences a rise, and on the hydrophobic surface the interface
experiences a depression. On the front and the back of the cylinder, regardless of whether
it is hydrophobic or hydrophilic, the interface experiences a depression. We vary the

position of the hollow Janus cylinder with respect to the interface, using an aspect ratio of

AR =5 and amphiphilicities g = 10 and 15°. The results in figure 18 show that the
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Figure 16 — Orientation with respect to the interface as a function of aspect ratio for
single hollow Janus cylinders with amphiphilicity of g = 10, 15, and 20°.
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Figure 17 — Capillary bridge formed as a pair of hollow Janus cylinders with
amphiphilicity p = 30°, are attracting each other. Blue corresponds to the hydrophilic
portion of the particles.
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Figure 18 — Interfacial energy of a single hollow Janus cylinder as a function of H/R
for amphiphilicities = 10 and 15°.
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cylinders prefer to either sit on top of the interface at H/R = -1.0 and not have the inside
wetted, or to be completely submerged under the interface at H/R = 1.0 and have the

inside filled with water.

The capillary energy between a pair of hollow Janus cylinders with an aspect ratio
of AR =5 and three different amphiphilicities of g = 10, 30, 50° is shown in figure 19.
The cylinders are positioned at height H/R = -1.0 with respect to the interface. Evidently,
the capillary attraction is stronger for Janus cylinders of higher amphiphilicity as they

approach each other.
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Figure 19 — The capillary energy vs. spacing between two hollow Janus cylinders with
amphiphilicities B = 10, 30, and 50°.

To determine the preferred assembly orientation of a pair of hollow Janus
cylinders, we have calculated the capillary energy as a function of angle ¢ (see figure 6).
The cylinders have an aspect ratio of 5, height with respect to the interface of H/R = -1.0,

and four amphiphilicities of g = 10, 15, 30, and 50°. As demonstrated in figure 21, for
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higher amphiphilicity of g = 30° and 50° the cylinders prefer a side-by-side orientation, ¢
= 0. When amphiphilicity is decreased to p = 10 and 15°, the cylinders show equal
preference to side-by-side (¢ = 0) as they do to tip-to-tip (¢ = 180) orientation. The
interface deformation around the hollow Janus cylinders is shown in figure 22. This is
consistent with the case of two homogeneous hollow cylinders, where side-by-side and

tip-to-tip orientations have equal preference.

Figure 20 — Interface deformation around a single hollow Janus cylinder with
amphiphilicity g = 30° and aspect ratio AR = 8.
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Figure 21 - Preferred in-plane orientation for a pair of hollow Janus cylinders with § = 10,
15, 30, and 50°, AR =5, and H/R = -1.0.

Figure 22 — Interface deformation around a pair of hollow Janus cylinders with
amiphiphilicity b = 30°, aspect ratio AR =5, and in-plane orientation angle ¢ = 120.
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Chapter 6

Solid Janus Cylinders

6. Solid Janus Cylinders

We investigate the behavior of solid Janus cylinders to compare with hollow
Janus ones. We begin by studying the preferred equilibrium orientation of a single solid

Janus cylinder at an interface. We vary the aspect ratio and rotation angle & discussed in
For

the previous section. The amphiphilicity is tuned to g = 10, 30, and 50°.

amphiphilicity of g = 10°, when the aspect ratio AR is < 2, the cylinder prefers a vertical
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Figure 23 — Orientation with respect to the interface as a function of aspect ratio for a
single solid Janus cylinder with amphiphilicity g = 10, 30, and 50°.
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orientation (6 = 0°).For aspects ratios AR greater than or equal to 3, the cylinder prefers
a horizontal orientation (& = 90°). Amphiphilicity of g = 30° behaves in a similar
manner, except it prefers a vertical orientation at aspect ratios < 6, and horizontal
orientations at aspect ratios > 7. For amphiphilicity g = 50°, the cylinder always prefers
vertical orientation, regardless of aspect ratio, as shown in figure 23. We note that solid
Janus cylinders follow the same pattern as hollow Janus cylinders in that as the

amphiphilicity increases, the cylinders prefer to take a vertical orientation to be wet

Figure 24 — Interface deformation around a single solid Janus cylinder with
amphiphilicity g = 30° and aspect ratio AR = 8.

exposed to their favorite fluids. When solid Janus cylinders take a horizontal orientation
(6 = 90°), the interface deforms in such a way that the sides and the front which are
hydrophilic see a rise and the sides and the back which are hydrophobic see a depression,

as shown in figure 24.
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Figure 25 — The capillary energy vs. spacing between two solid Janus cylinders with
amphiphilicities £ = 10 and 30°.

The capillary interactions between a pair of solid Janus cylinders are studied. We
use an aspect ratio of AR = 8 and amphiphiliticies of # = 10 and 30°, as this combination
results in a horizontal orientation at the interface. The cylinders are initially placed at H/R
= 0. Solid Janus cylinders with higher amphiliphicity have a larger attraction to each
other, as shown in figure 25. These results are consistent with the capillary interactions

exhibited by hollow Janus cylinders.

Finally, we determine the preferred in-plane assembly of a pair of solid Janus
cylinders using the same approach used in previous sections. The cylinders have an
aspect ratio of 8, initial height with respect to the interface of H/R = 0, and
amphiphilicities of = 10 and 30°. At lower amphiphillicities, when the cylinder is closer

to a homogeneous one, solid Janus cylinders prefer tip-to-tip orientation (¢ = 180). As the
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amphiphilicity increases a side-by-side orientation (¢ = 0) becomes the dominant
orientation, as shown in figure 26. This preferred assembly of solid Janus cylinders is
similar to that of hollow cylinders for large amphiphilicities, as they both greatly prefer a

side-by-side orientation.
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Figure 26 — Preferred in-plane orientation for a pair of solid Janus cylinders with g =10 and
30°, AR =8, and H/R = 0.
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Chapter 7

Conclusions and Future Outlook

7. Conclusions and Future Outlook
We have investigated the interface deformation and interactions between hollow
Janus cylinders at an air-water interface. We demonstrated for a single Janus cylinder the
preferred orientation is dependent on amphiphilicity and aspect ratio. At low
amphiphilicities, cylinders prefer a horizontal orientation (6, = 90°), and at larger
amphiphilicites the cylinders prefer are vertical orientation (6, = 0°). The critical point at
which hollow Janus cylinders change orientation from horizontal to vertical is at

amphiphilicity g = 15°, and from aspect ratio AR =2 to AR = 3.

For a pair of hollow Janus cylinders, the capillary energy is characterized as a
function of varying positions with respect to the interface. As amphiphilicity is increased,
the attraction between hollow Janus cylinders is increased as well. As these cylinders
move further apart (d../R > 3.5), it is clear that amphiphilicity does not affect their
attraction to each other for a given aspect ratio and height of the cylinder with respect to
the interface. The preferred orientation between hollow Janus cylinders as they rotate in
a plane was also investigated. It was shown that as the amphiphilicity was increased, the
hollow Janus cylinders experienced a greater affinity for side-by-side orientation. As the
amphiphilicity is decreased and gets closer to homogeneous, the hollow Janus cylinders
exhibit a similar preference to side-by-side as they do tip-to-tip orientation. Simulations

of hollow homogeneous cylinders were used to confirm these results and showed that at a
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contact angle of 80° these cylinders had similar preference as to those of small

amphiphilicities in hollow Janus cylinders.

In the future, we plan to expand upon various aspects of our current work.
Different variations of Janus cylinders will be studied, and the effect of asymmetry with
respect to the Janus nature will be explored. Independently varying the amphiphilicites of
the inside and outside of hollow cylinders as well as changing the patchiness along the
length of the cylinders will provide further information about the dynamics of these
particles. Finally, we plan to model cylinders of much smaller dimensions, incorporating
forces that are significant at the nano-scale, to obtain insight regarding the effect of size
on the self-assembly dynamics. These results would be relevant to various applications,
such as the characterization of the interfacial behavior of carbon nanotubes. While this
work has helped us develop an understanding of Janus cylinder behavior at an interface,
additional simulations are necessary to improve upon this knowledge base and further the

real-life applicability of this research.
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