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exhibit non-volatile switching of their orientation in
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Abstract

We study the orientation of magnetic cylindrical particles adsorbed at a liquid
interface in an external field using analytical theory and high resolution finite ele-
ment simulations. Cylindrical particles are interesting since they possess multiple
locally stable orientations at the liquid interface so that the orientational transitions
induced by an external field will not disappear when the external field is removed,
i.e., the switching effect is non-volatile. We show that, in the absence of an external
field, as we reduce the aspect ratio « of the cylinders below a critical value (o, =~ 2)
the particles undergo spontaneous symmetry breaking from a stable side-on state to
one of two equivalent stable tilted states, similar to the spontaneous magnetisation
of a ferromagnet going through the Curie point. By tuning both the aspect ratio
and contact angle of the cylinders, we show that it is possible to engineer particles
that have one, two, three or four locally stable orientations. We also find that the
magnetic responses of cylinders with one or two stable states are similar to that
of paramagnets and ferromagnets respectively, while the magnetic response of sys-
tems with three or four stable states are even more complex and have no analogs in
simple magnetic systems. Magnetic cylinders at liquid interfaces therefore provide
a facile method for creating switchable functional monolayers where we can use an
external field to induce multiple non-volatile changes in particle orientation and
self-assembled structure.

1 Introduction

Particles adsorbed at fluid interfaces are of broad interest to a wide range of soft matter
systems, from particle stabilised emulsions and foams,"? to membrane and interfacial
proteins,® to functional surfaces for nanotechnology.*® Most of the research in this area

has focused on spherical or nearly spherical particles. However, with advances in the

*Author to whom correspondence should be addressed. Email: d.m.buzza@hull.ac.uk
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synthesis of colloidal particles, particles with other shapes have received increasing at-

10,11 oybes!2

tention over the last decade. These shapes include ellipsoids,®® cylinders,
and more exotic shapes.!® The behaviour of such anisotropic particles at fluid interfaces
is even richer than that of spherical particles for two reasons. Firstly, anisotropic parti-
cles can adopt multiple locally stable orientations at the liquid interface.'%'2°17 Secondly,
for non-neutrally wetting particles (i.e., contact angle 6, # 90°), the constant contact
angle requirement at the three phase contact line leads to significant deformations of the
liquid meniscus around the anisotropic particles and hence strong capillary interactions
between particles. 111820 Both the orientation of individual particles and the capillary
interaction between particles are strongly dependent on the shape of the anisotropic par-
ticle. For example, for ellipsoidal particles, the equilibrium orientation is always ‘side-on’

816 while for cylindrical particles, the

(i.e., particle long axis parallel to liquid interface),
equilibrium orientation can be ‘side-on’ or ‘end-on’ (i.e., particle long axis perpendicu-
lar to liquid interface).!® In addition, while the far-field capillary interactions between
both ellipsoidal and cylindrical particles are quadrupolar,® 151819 the near-field capil-
lary interactions are strongly shape dependent, causing ellipsoidal particles to prefer to
assemble side-to-side (identical ellipsoids) or at an angle (non-identical ellipsoids) and

cylindrical particles to prefer to assemble tip-to-tip.!®1%:21

By imposing external fields on particles at liquid interfaces such as electric,?? mag-

5,23,24 25,26

netic or interfacial curvature, it is possible to gain further control over the
assembly of particles at liquid interfaces, opening up exciting opportunities for creating
switchable functional surfaces. In this paper, we focus on controlling the orientation of
anisotropic particles using magnetic fields. Recent studies have shown that for magnetic
ellipsoidal particles adsorbed at a liquid interface, when an external field is applied per-
pendicular to the liquid interface, it is possible to stabilise tilted configurations of the
ellipsoidal particles, and above a critical field strength, the ellipsoidal particles undergo
an irreversible orientational transition to the end-on state.!* ' For neutrally wetting
ellipsoidal particles (6, = 90°) where quadrupolar deformations of the meniscus are ab-
sent, Davies et al.>?* have also shown in their seminal work that the tilted orientation
of the particles leads to dipolar capillary interactions between particles that can be used

to create a switchable system where the self-assembled structure can be controlled using

an external field.> However, one drawback of ellipsoidal particles is that because the
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side-on state is the only stable orientation in the absence of an external field, as soon
as the external field is removed, the ellipsoidal particles revert to the side-on state and
all memory of particle orientation and self-assembled structure is lost, i.e., the switching
effect is wvolatile.

In order to overcome this problem, in this paper we study the orientation of magnetic
cylindrical particles adsorbed at a liquid interface in an external field. The advantage of
cylindrical particles is that, because of the flat end of the cylinder, cylinders can possess
multiple locally stable orientations in the absence of an external field, including side-on
and end-on states as shown by Lewandowski et al.!% This means that for cylindrical par-
ticles, orientational transitions induced by an external field will not necessarily disappear
when the external field is removed, i.e., the switching effect can be non-volatile.

We will analyse this problem theoretically using both a simplified thermodynamic
model which assumes the liquid meniscus around the particle is flat and a high resolu-
tion finite element method (Surface Evolver?”) which accurately captures the meniscus
deformation around the particle. In contrast to previous studies which only considered
end-on and side-on states,!® we also consider all intermediate particle orientations and
find that the behaviour for cylindrical particles is even richer than hitherto anticipated.
For example, we find that even in the absence of an external field, cylindrical particles

can possess not only stable side-on and end-on states, but also stable tilted states, de-

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

pending on the aspect ratio @« = L/2r of the particle (where L and r are the length
and radius of the cylinder respectively). Our calculations show that tilted configurations
with perceptible tilt angles occur for aspect ratios in the range 0.5 < o < 2; this would
explain why these tilted states have not been observed previously in experimental stud-
ies, as only smaller and larger o were investigated in detail.!® Such tilted states have
been predicted for exotic anisotropic Janus particles,>**3% but to our knowledge this is
the first time that their existence has been discussed explicitly for anisotropic colloids
with homogeneous surface chemistry. In addition, by tuning both the aspect ratio a and
contact angle 6,,, we show that it is possible to engineer cylindrical particles to have two,
three or even four locally stable orientations which can be accessed by varying the ex-
ternal field. Such a system allows us to create switchable functional colloidal monolayers
where we can induce multiple non-volatile changes in optical, magnetic and mechanical

properties using an external field.
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Magnetic field, B A

Magnetic dipole, m

Figure 1: Configuration of a cylindrical particle adsorbed at an oil/water interface in
the presence of an external field B applied perpendicular to the interface. The variables
characterising the geometry of the tilted particle are discussed in the main text. The
image is generated from Surface Evolver simulations of a cylinder with contact angle
6., = 90°, aspect ratio a = 2.5, tilt angle #; = 45° and sharpness parameter n = 20 and
the deformation of the liquid meniscus has been taken into account.

The rest of this paper is organised as follows. In section 2, we discuss the thermo-
dynamics of the system and provide details of the flat interface model and the Surface
Evolver method. In section 3, we present results for the orientational behaviour of mag-
netic cylinders at liquid interfaces and discuss their relevance for creating switchable
functional surfaces and the feasibility of realising these results experimentally. Finally in

section 4 we summarise our key conclusions.

2 Theoretical Methods
2.1 Thermodynamic Model

We consider a cylindrical particle with length L and radius r adsorbed at an interface
between two immiscible liquids (Figure 1). For convenience, we will refer to the top liquid
as ‘oil” and the bottom liquid as ‘water’ in what follows. The cylinder has an embedded
magnetic dipole m along the long axis of the particle and the particle is tilted such that
the magnetic dipole is at an angle #;, with respect to the unperturbed interface. The
aspect ratio of the cylindrical particle is defined as a« = L/2r, and the magnetic dipole

interacts with an external magnetic field B applied perpendicular to the interface.
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The total free energy of the three phase system is given by
-Fint = Voonw + ’YpoApo + 'prpr — mBsin 915 (1)

where Youw,Vpo:Ypw are the interfacial tensions and Ag,,Aps,Ay, are the areas of the
oil/water, particle/oil and particle/water interfaces respectively. The free energy in eq.(1)
can be simplified to the dimensionless form!6

= o F int
nt —
fYowAp

= Apy + cos 0, A, — Bsin; (2)

where Ay, = Apw/Ay, Ay = Apo/A, are the dimensionless oil/water and particle/oil
areas respectively, A, is the surface area of the cylindrical particle, B = mB/v,,A, is
the dimensionless magnetic field strength and 6, is the contact angle of the oil/water
interface at the particle surface. Obviously we can readily convert the dimensionless free
energy to the free energy in units of kg7 by multiplying the dimensionless free energy
with the factor v,,A4,/kgT for the relevant particle.

Minimizing Fj,; with respect to 6, for a given value of B allows us to determine
the equilibrium tilt angle of the particle for a given magnetic field strength. Note that

minimizing F,, is equivalent to solving the equation

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

1 0Fy, —
cos 0, 00, (3)
where
Fy = A,y + cos Gwng (4)

is the free energy contribution from the interfacial tension terms. Thus by calculating

afst
004

the interfacial energy F, and as a function of #;, we can determine the equilibrium
tilt angle for a given B via eq.(3).!® This is the method we use to calculate the magnetic
response of the cylindrical systems in this paper, including equilibrium tilt angles, critical
fields and critical angles (see Supplementary Information).

The interfacial free energy F, is calculated in two ways in this paper. In the first
approach, following Bresme and Faraudo, we assume that the oil/water meniscus around
the adsorbed cylinder is flat.'* This simplifying assumption allows us to calculate A,
analytically and we will use this method to study the case of neutrally wetting cylinders

(0, = 90°) where the A,, term in eq.(4) can be neglected. In the second approach,

we calculate both Zpo and A,, numerically using the finite element method Surface


http://dx.doi.org/10.1039/C6SM00136J

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

Soft Matter

Page 6 of 30

View Article Online
DOI: 10.1039/C65SM00136J

Evolver.?” This approach allows us to accurately model the deformation of the oil /water
meniscus around the particle and we will use this method to analyse both neutrally

wetting and non-neutrally wetting cylinders (6, # 90°).

2.2 Flat Interface Model

In this subsection, we calculate the interfacial free energy (eq.(4)) for a cylinder of length
L, radius r, assuming the liquid interface remains flat in the presence of the adsorbed
cylinder. To simplify our calculation, we consider the neutrally wetting case 6, = 90°
where the cylinder centre is located at the interface plane and the particle rotates about
its centre and we can neglect the A, term in eq.(4). In the flat interface model, the area

of the oil/water interface in the presence of the adsorbed particle is simply given by
AO’LU - AO - Ast (5)

where Ag is an (uninteresting) constant representing the total area of the oil/water inter-
face in the absence of the adsorbed particle and A,; is the intersection area between the
cylinder and the flat interface. Our task is therefore to calculate A,; as a function of tilt
angle 6;. Without loss of generality, we assume that the particle centre is at the origin,
the interfacial normal is in the z direction, the particle rotates about the z-axis and the
long axis of the cylinder is in the y direction when it is in the side-on state (Figure 2).

We first define the critical tilt angle S as the angle where the liquid interface just
intersects the flat ends of the cylinder (Figure 2(c),(d)). From simple geometry, tan =
2r/L. For 0; > (3, the liquid interface does not intersect the flat ends of the cylinder
(Figure 2(a)) and the intersection between the interface and the cylinder is therefore an
ellipse with semi-minor axis @ = r and semi-major axis b = r/sinf; (Figure 2(b)). In
this case, the intersection area is given by

wr?

Ay = mab =

(6, > B) (6)

sin,’
For 0, < 3, the liquid interface intersects the ends of the cylinder (Figure 2(e)) and the
intersection between the interface and the cylinder is therefore an ellipse with semi-minor
axis a = r and semi-major axis b = r/sin 6, which is truncated at y = b (Figure 2(f)),

where b = L/(2cos6,). Noting that the equation for the ellipse is (x/r)% + (y/b)? = 1,
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Figure 2: Configuration of a cylinder with 6,, = 90° at an oil/water interface for different
tilt angles, assuming the oil/water interface remains flat. Here 8 = tan=!2r/L is the
critical tilt angle where the liquid interface just intersects the flat ends of the cylinder.
(a), (c), (e) represent the side view of the cylinder while (b), (d), (f) represent the
intersection between the flat interface and the cylinder.

the intersection area in this case is given by

Ay = 4/ dy—4a/ \/1—§dy
- I lvimrers 2 ) e < )

where f(6;) = atané,.

2.3 Surface Evolver Method

In this subsection, we provide details for the finite element package Surface Evolver?” that
we use to calculate the interfacial free energy and equilibrium meniscus shape around
a cylindrical particle. One problem with using finite element methods to analyse the
orientational behaviour of cylinders is that the method becomes numerically unstable

when the three phase contact line crosses the sharp edge of the cylinder. To overcome

this problem, we approximate the cylinder using the super-ellipsoid equation®®

22 22\ 2y 2
A - =1
() + (3)

where 7 is the sharpness parameter, with n = 1 and n = oo corresponding to an ellipsoid

(8)

and a cylinder with infinitely sharp edges respectively. In our calculations, we use n = 20
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which corresponds to a cylinder with slightly rounded edges (see fig.1); we find that this
value of 7 represents a good compromise between numerical accuracy and stability (see
Supplementary Information). From an experimental point of view, studying cylinders
with slightly rounded edges is also interesting in its own right since cylinders with in-
finitely sharp edges are an idealised limiting case and real cylinders will inevitably have
slightly rounded edges.

In our simulations, the cylinder is gradually tilted from 0° to 90° in 1° increments;
only tilt angles 0° < 8, < 90° need to be explicitly calculated since, in the absence of an
external field, the orientational free energy is symmetric about 6; = 0°. The oil-water
and particle-oil interfaces are divided into a mesh of small triangles which are displaced
to minimise the interfacial energy subject to appropriate constraints. Specifically, we
apply the super-ellipsoid equation (eq.(8)) on the vertices representing the particle and
the contact line where the particle meets the oil-water interface. For computational
convenience and without loss of generality, the centre of the particle is fixed at the
origin of coordinate system used and the interface is free to move vertically to satisfy
the contact angle.’® Also, the homogeneous Neumann boundary condition is used at
the outer boundary of the simulation domain to ensure a flat interface far from the

L' We calculate the area of the interface by adding up the individual facets

particle.!
of the triangulated mesh. We compared results for n = 1 (i.e., ellipsoidal particle) with
previously published results'® to confirm that the method gave the same results. In order
to achieve good numerical accuracy we used a mesh that has a higher level of refinement
close to the particle. In the last stages of the evolution we change the model type from
linear to quadratic which adds vertices at the midpoints of each edge followed by further
minimisation which allows us to evaluate the areas with high accuracy. For example, for
particles with an aspect ratio o = 2.5, contact angle 6,, = 90° and tilt angle 8; = 45°, we
used 140000 triangles to represent the surface and 848 vertices to represent the contact
line; the specific number of triangles and vertices used was varied depending on the values
of a, 6, and ;. We use a square simulation box which has length 12 x L for a > 1, or
length 12 x r for a < 1, and we work in units of length where r = 1. In order to confirm
that finite size constraints are negligible, for selected simulations, the simulation cell size

was increased by 50% and yielded essentially the same results for the critical tilt angles

(within 0.5%) and critical field strength (within 0.3%).
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Figure 3: (a)-(c) Dimensionless free energy (relative to the end-on configuration) as a
function of tilt angle for cylindrical particles in the absence of an external field with
contact angle 6,, = 90° and different aspect ratios « calculated from flat interface theory
(dashed line) and Surface Evolver simulations with n = 20 (solid line); (d)-(h) Equi-
librium configurations of the particle for the different values of o obtained from Surface
Evolver simulations. The specific tilt angles are (d) 0°; (e) —36.4°; (f) +36.4°; (g) —82.6°;
(h) +82.6°.

3 Results and Discussion

3.1 Neutrally Wetting Cylinders (¢, = 90°)

We first study the equilibrium orientation of neutrally wetting cylinders adsorbed at the
interface in the absence of an external field. In contrast to previous studies which only
considered the side-on and end-on states,'® we also consider all intermediate particle

orientations. In Figure 3(a)-(c), we plot the dimensionless free energy vs. tilt angle 6, for

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

0., = 90° for three different aspect ratios a = 2.5, 1.0, 0.25 respectively. The dashed lines
are the predictions of the flat interface model while the solid lines are the predictions of
Surface Evolver which takes into account the deformation of the meniscus. Figure 3(d)-
(h) are the equilibrium orientations for the different values of a predicted by Surface
Evolver. Focussing first of all on the predictions of the flat interface theory, we see that
for large o (e.g., o = 2.5, Figure 3(a)), the side-on state (; = 0°) is the equilibrium state,
i.e., the global minima of the free energy. In addition, as we decrease «, the side-on state
becomes less stable relative to the end-on state (6; = 90°) such that for small « (e.g.,
a = 0.25, Figure 3(c)) the end-on state is more stable than the side-on state. These
results are in good agreement with previous studies.!”

However our fuller analysis reveals the surprising result that for small aspect ratios «
(below a critical value a, & 2), the equilibrium state is not the end-on state anticipated

in previous studies,'? but a tilted configuration (Figure 3(b),(c)). Furthermore, the equi-
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librium tilt angle increases with decreasing « such that for very small « the equilibrium
tilt angle is very close to 6; = 90°. All the qualitative features predicted by the flat inter-
face theory are corroborated by the Surface Evolver results (Figure 3(a)-(c) solid lines),
with the quantitative differences between the two theories being due to the fact that
Surface Evolver explicitly accounts for interfacial deformation and uses slightly rounded
edges. Note that both flat interface theory and the Surface Evolver calculations predict
that tilted configurations with perceptible tilt angles only occur for aspect ratios in the
range 0.5 < a < 2; this would explain why these tilted states have not been observed
previously in experimental studies of neutrally wetting cylinders,!® as only smaller and
larger o were investigated in detail in these studies.

We note the striking resemblance between the free energy curves in Figure 3 and
those for spontaneous symmetry breaking in ferromagnets under zero field conditions.3!
Making this analogy between the two systems, the side-on state (Figure 3(a)) corre-
sponds to the paramagnetic state, the tilted state (Figure 3(b),(c)) corresponds to the
ferromagnetic state and the aspect ratio a plays the role of temperature. We emphasize
that this analogy is purely mathematical since we are performing single particle simula-
tions throughout this paper, while in real ferromagnets, the spontaneous magnetisation is
due to many-body interactions between neighbouring magnetic dipoles. Notwithstanding
this important physical difference between the two systems, our mathematical analogy
is nevertheless useful in helping us anticipate the magnetic response of single cylinders
at liquid interfaces. Specifically, it suggests that the response of cylinders with a > a
and o < a, to an external magnetic field should be similar to that of paramagnets and
ferromagnets respectively, an expectation which is confirmed later on (see Figure 5).

By performing a series expansion (i.e., Landau expansion) of Fl; in 6, about 6, = 0°

for the flat interface theory (i.e., using eqs.(5),(7) in eq.(4)) to quadratic order, we find

2

3r(1+ 2 (@~ 30 )

Fst = const +

Noting that the critical aspect ratio is the aspect ratio where the quadratic coefficient
in the Landau expansion vanishes, eq.(9) predicts that a, = v/3. This value for o, from
the flat interface theory is slightly lower that the value deduced from our Surface Evolver
calculations for neutrally wetting cylinders, i.e., a, = 2.3 (see Figure 11 and Table 2 in
Supplementary Information).

An interesting question concerns the symmetry of meniscus deformations around par-

10
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Figure 4: Surface Evolver results for (a) the meniscus deformation (contour plot) and
(b) contact line around a cylindrical particle in the equilibrium tilted configuration with
O, = 90°, @« = 1, n = 20 (6, = 36.4°). Note the clear hexapolar symmetry of the
deformation.

ticles in the equilibrium tilted state for &« < a,. Naively, one might expect the leading

order deformation to be dipolar. However, dipolar deformations are forbidden as there

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

is no external torque acting on the particle at equilibrium.’®3? In Figure 4(a),(b), we
plot the Surface Evolver results for the deformation field and contact line respectively
around a cylindrical particle in the equilibrium tilted state with 8,, = 90° and o = 1.
We see that the deformation is in fact neither dipolar nor quadrupolar but hexapolar.
Under zero bond number conditions (i.e., where gravity is negligible), the leading order

distortion that is allowed is quadrupolar,!®32

and indeed for simple anisotropic shapes
like ellipsoids, the leading order distortion is always quadrupolar.5® However, for more
complex particles shapes, it is possible to have leading order deformations which are of a
higher order multipole. For example, the leading order distortion for cuboidal particles
has recently been shown to be octupolar.!” The theoretical framework for the interaction
between capillary multipoles of arbitrary order has been worked out by Danov et al.??

Next, we consider the response of neutrally wetting cylindrical particles to an external

field applied perpendicular to the liquid interface. In Figure 5(a), we plot the Surface

11
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Evolver results for the free energy as a function of tilt angle for cylinders with a@ = 2.5 >
a.. At zero field, the equilibrium state is the side-on state (black curve), but as we
increase the field strength, the equilibrium state shifts to a tilted state with finite tilt
angle (e.g., blue curve), with the equilibrium tilt angle increasing with increasing field
strength. As the field strength is further increased above a critical field B, the free
energy curve develops a second minima at 6; = 90° corresponding to the end-on state,
and at a field strength of B = By = 0.288, the free energy of the tilted state becomes
equal to that of the end-on state (green curve, see inset). At this point, the particle
in principle undergoes a first order phase transition from the tilted state to the end-on
state. The filled circles on the green curve with tilt angles 6, = 33.8° and 90° are therefore
binodal points of the system. However, for micron sized particles (which is the focus of
this paper), the very large energy barrier between the two local minima means that in
practice there is significant hysteresis in the orientational transition.'® Specifically, for
increasing magnetic fields, the particle only undergoes an irreversible transition from the
tilted state to the end-on state when B = B.,, where the local minima for the tilted
state disappears (red curve, see inset), while for decreasing field strengths, the particle
only undergoes an irreversible transition from the end-on state to the tilted state when
B = B,, where the local minima for the end-on state disappears (blue curve). The
open circle on the red curve with tilt angle 6.0 = 43.1° and the end on state (6; = 90°)
on the blue curve are therefore spinodal points of the system. Analogous behaviour to
everything discussed above also occurs for B < 0.

The magnetic response the long cylinder (a > a) is summarised in Figure 5(b) where
we plot the Surface Evolver results for the locally stable tilt angle (sin6,) as a function
of the external field (B) (see Supplementary Information for details of how the magnetic
response was calculated). We note that, as anticipated earlier for @ > a, the response
of the cylinder is paramagnetic-like at low fields (|B| < B.;), with the equilibrium tilt
angle 6; (or sinf;) playing the role of magnetisation in magnetic systems.>* Specifically
as we increase the magnetic field from negative to positive values, the tilt angle increases
continuously from negative to positive. On the other hand, the response of the system
exhibits significant hysteresis at higher fields (|B.1| < |B| < |Be|) as discussed earlier.

From the point of view of creating switchable materials, the key feature of Figure

5(b) is the fact that any particle orientations induced by an external field will disappear

12
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Figure 5: Surface Evolver results for the magnetic response of cylinders with 6, = 90°,
n = 20. (a),(c) Dimensionless free energy as a function of tilt angle for different field
strengths for: (a) a = 2.5; (¢) a = 1.0. The insets in (a) and (c¢) zoom in on the large tilt
angle region of the free energy curves where there is a first order orientational transition
between the tilted and end-on states at large fields. (b), (d) Locally stable tilt angle
as a function of field strength for: (b) @ = 2.5; (d) @ = 1.0. In (b), (d), the vertical
lines represent irreversible orientational transitions, with the direction of the transition
as indicated by the arrows. For all the other solid lines in (b), (d), it is possible to change
the tilt angle along the line in either direction by changing the external field. In (a)-
(d), the filled and open circles represent binodal and spinodal points of the orientational
transitions respectively. Note that in (a), there is a spinodal point at the end-on state

(0; = 90°) on the blue curve. See main text for details.
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when the external field is removed (6; = 0 for B = 0), i.e., the switching effect is volatile.
The magnetic response of neutrally wetting long cylinders is thus qualitatively the same
as that of ellipsoidal particles.'* 16

In Figure 5(c), we plot the Surface Evolver results for the free energy as a function of
tilt angle for cylinders with a = 1.0 < a,.. As discussed earlier, at zero field the cylinder
can adopt either one of two equivalent tilted states (filled circles on black curve). For
definiteness, let us assume that the particle is initially in the tilted state with negative
tilt angle. As we increase the field strength, the degeneracy between the two tilted states
is broken and the negative tilted state is no longer the global minimum. In principle
therefore, the particle should undergo a first order phase transition to the positive tilted
state. The filled circles in the zero-field free energy curve which have tilt angles of +6, are
therefore binodal points of the system. However, the very large energy barrier between the
local minima for micron sized particles means that in practice the orientational transition
does not occur until the field strength is equal to B, where the local minima for the
negative tilted state merges with the energy barrier and the local minima disappears
(open circle on blue curve). The open circle on the blue curve which has a tilt angle of
—0., are therefore spinodal points of the system for positive external field. Similarly,
if the particle is in the positive tilted state, upon decreasing the external field, the
orientational transition to the negative tilted state does not occur until the field strength
is equal to —B,;. To complete the picture, as we increase the field strength above B3 (or
decrease the field strength below —B,3), there is a further (small) first order orientational
transition in the large field regime (see inset to Figure 5(c)) which leads to a small degree
of hysteresis in the magnetic response between By < |B| < B.s (Figure 5(d)).

The magnetic response the short cylinder (o < ) is summarised in Figure 5(d) where
we plot the Surface Evolver results for the locally stable tilt angle (sin,) as a function
of the external field (B). The most striking feature of Figure 5(d) is the fact that the
response of short cylinders at low fields (|B| < B.s) is ferromagnetic-like rather than
paramagnetic-like. Specifically, assuming the cylinder is initially in the negative tilted
state, as we increase the magnetic field from negative to positive, thermodynamically the
tilt angle undergoes a reversible, discontinuous transition from —f, to +6, at B = 0 (i.e.,

bottom filled circle to top filled circle in Figure 5(d)). However, as discussed earlier, in

practice the tilt angle undergoes an irreversible transition to the positive tilted state only
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when the magnetic field exceeds B, (i.e., bottom open circle in Figure 5(d)). Analogous
behaviour is also observed when we decrease the magnetic field starting from the positive
tilted state.

Applying the terminology for ferromagnetic systems to Figure 5(d), the tilt angles at
the binodal points, i.e., 6y (filled circles in Figure 5(d)), correspond to the ‘remnance’
of the cylinder while the magnetic field at the spinodal points, i.e., B.; (open circles in
Figure 5(d)), corresponds to the ‘coercivity’ of the system.>* From the point of view of
creating switchable materials, the key feature of Figure 5(d) is the fact that the system
possesses two locally stable orientations (corresponding to the filled circles) which do not
disappear when the the external field is removed and which can be accessed by varying
the external field, i.e., the switching effect is non-volatile. This means that neutrally
wetting short cylinders (o < a.) can be used to create switchable functional surfaces
with non-volatile switching.

In Figure 6, we study the magnetic response of neutrally wetting cylinders to low
external fields over a more comprehensive range of o values, both above and below «a.
Specifically, we plot the Surface Evolver results for the stationary tilt angles (i.e., tilt
angles corresponding to minima or maxima of the free energy curves) as a function of the
external field B for different values of a, with the solid (dashed) lines corresponding to

locally stable (unstable) tilt angles. The filled and unfilled circles in Figure 6 correspond

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

to the binodal and spinodal points respectively when o < .. Note that the solid curves
between the binodal and spinodal points are metastable while the rest of the solid curves
are stable. Details of how the magnetic response for different o was calculated, including
the tilt angles and magnetic fields at the binodal and spinodal points, are provided in
Supplementary Information.

The magnetic response curves in Figure 6 clearly resemble the magnetisation curves
for a ferromagnet as it goes through the Curie temperature. Specifically, for a > «., the
magnetic response is paramagnetic-like (c.f. Figure 5(b)) while for a < ., the response
becomes ferromagnetic-like (c.f. Figure 5(d)). Note that in Figure 6 we have explicitly
plotted the unstable part of the magnetic response curves (dashed lines). In reality,
micron sized magnetic cylinders will undergo an irreversible orientational transition when
the magnetic field is reduced below the left most spinodal point or increased above the

right most spinodal point (see Figure 5(d)).
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Figure 6: Surface Evolver results for the stationary tilt angles (i.e., tilt angles corre-
sponding to minima or maxima of the free energy curves) as a function of the external
field B in the low field regime for different values of « for neutrally wetting cylinders with
n = 20. The solid (dashed) lines corresponding to locally stable (unstable) tilt angles.
The filled and unfilled circles correspond to the binodal and spinodal points respectively
when o < a.. Note that the solid curves between the binodal and spinodal points are
metastable while the rest of the solid curves are stable. See main text for details.
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Figure 7: Phase diagram for orientational transitions of neutrally wetting magnetic cylin-
ders in the B — « plane calculated from Surface Evolver, including the binodal line (solid
line), the spinodal line (dashed line) and the critical point. The thermodynamically
stable tilt angle above (below) the B = 0 line is positive (negative).

In Figure 7 we plot the phase diagram for orientational transitions of neutrally wetting
magnetic cylinders in the B —a plane, including the binodal line (solid line), the spinodal

line (dashed line) and the critical point (0, a..). Referring to the phase diagram, for B > 0

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

and B < 0, the thermodynamically stable tilt angle is positive and negative respectively.
For magnetic cylinders with a > «., as we increase the magnetic field from negative
to positive, the tilt angle changes continuously from negative to positive. In contrast,
for magnetic cylinders with o < a,, as we increase the magnetic field from negative
to positive, thermodynamically, the tilt angle changes discontinuously from negative to
positive at the binodal line. However, for micron sized magnetic cylinders, kinetically,
the tilt angle will change discontinuously from negative to positive only at the upper
spinodal line. For all values of «, analogous behaviour also occurs as we decrease the
magnetic field from positive to negative. Finally, we can find the locally stable tilt angle
in all the cases discussed above by using the magnetic response curve for the relevant «
value given in Figure 6.

In order to analyse the response of the meniscus deformation to particle tilt, in Figure

8 we plot Surface Evolver results for the difference in the maximal and minimal height
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Az/r

Figure 8: The difference in the maximal and minimal height along the contact line
(normalised with respect to r) Az/r as a function of tilt angle for neutrally wetting
cylinders for different values of o. Tilt angles which are accessible (inaccessible) through
varying the external field are plotted as solid (dashed) lines. See main text for details.

along the contact line at the particle (normalised with respect to 7), i.e., Az/r, as a
function of tilt angle for cylinders with 6,, = 90° and different values of a. Only positive
values of 6; are considered in Figure 8 since the plots are symmetric about 6, = 0°.
We note that Az/r can be measured experimentally using phase shift interferometry
(PSI).173 Referring to Figure 5(b) and (d), only some tilt angles 6; are accessible through
varying the external field, specifically [0;| < [0.o| for a > a. and [0.4] < |0;] < |03 for
a < a. and the accessible (inaccessible) tilt angles are plotted as solid (dashed) lines in
Figure 8. We see that for v > a,, the Az/r curves do not exhibit any minima (except
for the trivial one at 6; = 0°), while for @ < «., the curves exhibit a minima at the
equilibrium tilt angle for that . The minima in Az/r thus serve as a signature for
equilibrium tilted states which can be readily verified experimentally.

To further analyse the response of the meniscus deformation on particle tilt, in Figure
9 we plot Surface Evolver results for the area enclosed by the undulating contact line
projected onto the unperturbed interfacial plane S as a function of tilt angle for cylinders
with 6, = 90° and for the same range of o as shown in Figure 8. The projected area .S for

each « is normalised with respect to the projected area at zero tilt angle Sy. Once again,
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Figure 9: Surface Evolver results for the (normalised) projected area enclosed by the
undulating contact line as a function of tilt angle for neutrally wetting cylinders with
the same range of a as shown in Figure 8. Tilt angles which are accessible (inaccessible)
through varying the external field are plotted as solid (dashed) lines. See main text for
details.

only positive values of #; are considered in Figure 9 since the plots are symmetric about
0; = 0° and accessible (inaccessible) tilt angles are plotted as solid (dashed) lines. Note

that the quantity S/Sy can also be measured experimentally using PSI under reflection

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

illumination.'”5 We see that for a > «., the S/S; curves do not exhibit any maxima
(except for the trivial one at §; = 0°), while for & < «, each curve exhibits a broad
maxima at the equilibrium tilt angle for that a. The maxima in S/Sy thus serve as an

additional signature for tilted states which can be readily verified experimentally.

3.2 Non-neutrally Wetting Cylinders (6, # 90°)

We next study the orientation and magnetic response of non-neutrally wetting particles.
Lewandowski et al.!? showed that for a given aspect ratio o, changing the contact angle
0, away from 90° stabilises the end-on state relative to the side-on state. This is because
when 6, # 90°, the contact line in the end-on state is positioned at the corner of the
cylinder so that, as we change 6,, away from 90°, the area of liquid interface removed by
the cylinder is essentially unchanged for the end-on state, but it is decreased for the side-

on state. This means that we can use 6,,, in addition to «a, to engineer the orientational

19


http://dx.doi.org/10.1039/C6SM00136J

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

Soft Matter

Page 20 of 30

View Article Online
DOI: 10.1039/C65SM00136J

a=2.5 o=1.0 a=0.5
(a) (b) (©)
0.00 0.00 0.10
o g q QL 0.08
S B 00 g -001 g
S LE & £ 0.06
o X
T 0 = 00 5=
z & 5 & 004
D TE2-0.09 . ]
(129 1:9 0.03 1" 0.02
012 -0.04 0.00
9 60 -30 0 30 60 90 90 60 -30 0 30 60 90 9 60 -30 0 30 60 90
) 0, 0
(d) (e) ()
0012 0.08
o o o ()
=] ' 0.008 g 006
— 2003 £ %
T 19 1 1= 0.04
A = 0.004 =~
o 2006 < = 00
= =58 %8
009 0.000 0.00
90 60 -30 0 30 60 90 90 60 -30 0 30 60 90 90 -60 30 0 30 60 90
8 6, )

Figure 10: Surface Evolver results for the dimensionless free energy (relative to the end-
on state) as a function of tilt angle for cylinders in the absence of an external field with
n = 20 and different aspect ratios o and contact angles 6,,,.

free energy landscape, and hence the magnetic response, of cylindrical particles.

In Figure 10 we plot Surface Evolver results for the dimensionless free energy as a
function of tilt angle for contact angles 6,, = 100°, 110° and aspect ratios o = 2.5,1.0,0.5
in the absence of an external field. In Figure 2 in Supplementary Information, the free
energy curves are plotted over the same range of a and 6, but for more intermediate
values in order to obtain a higher resolution picture of how changing 6, and « impacts
the orientational free energy landscape. From these results, we see that for a given
0., # 90°, as we reduce a below a critical value a., the free energy curve at small tilt
angles undergoes spontanecous symmetry breaking into two equivalent tilted states as
before. However, these results also suggest that increasing the contact angle away from
0, = 90° leads to a decrease in .

In order to determine the value of a. at each contact angle 6,,, we performed Surface
Evolver simulations at small 8; with a resolution of 0.1 in «. The critical aspect ratio was
then determined from the value of a where the curvature at 6; = 0 changed sign. The
results for a. as a function of 6, are tabulated in the Supplementary Information. Note
that we only need to perform simulations for 6,, > 90° since the «, values are symmetric
about 6, = 90°. These results confirm that a. indeed decreases as we change the contact
angle away from 6, = 90°. Note that for 6, > 105° and small values of a, the shape
of the free energy curve at small tilt angles #; becomes increasingly complex such that a

simple curvature analysis of the free energy curves at 6; = 0° from which «. is derived
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Figure 11: Phase diagram for magnetic cylinders in the a — 6,, plane for zero external
field calculated from Surface Evolver, including the critical line for the side-on to tilted
state transition.

is no longer very meaningful (see last row of Figure 2 in Supplementary Information).
We have therefore only calculated a,. for contact angles in the range 6, = 75° — 105°.
In Figure 11, we plot the phase diagram for magnetic cylinders in the o — 6,, plane for

zero external field, including the critical line for the side-on to tilted state transition.

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

Note that the phase diagram in Figure 11 looks very different from the one given in ref.!°

.19 only considered cylinders in the end-on or side on states

because the authors in re
while we have included the possibility of the cylinders being in intermediate tilted states.

Next, from Figures 3 and 10 and Figure 2 in Supplementary Information, we see that
for a given «, increasing 6, stabilises the end-on state relative to the side-on state, in
good agreement with the predictions of Lewandowski et al.! However, by analysing all
particle orientations and not just the end-on and side-on states, our calculations show
that increasing 6, also causes the end-on state to become locally stable, e.g., compare
Figure 10(a) to Figure 10(d) and Figure 3(b) to Figure 10(b). Indeed for @ = 0.5,
increasing the contact angle from 6, = 100° to 6,, = 110° causes the end-on state to
become the globally stable state (Figure 10(f)). Thus, by tuning both 6, and «, we

can design cylindrical systems with more than two stable orientations and hence create

switchable materials with unique magnetic responses that have no analogs in simple
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paramagnetic or ferromagnetic systems.

We first consider the case a = 2.5 and 6, = 110° (Figure 10(d)). Since o > «., the
side-on state is stable while the fact that 6, = 110° means that the two end-on states
are also (locally) stable. We therefore have a system with three stable orientations in the
absence of an external field. The response of this system to an external field is shown
in Figure 12(a). For definiteness, let us assume that the magnetic cylinder is initially
in the negative end-on state (f; = —90°) in zero field, i.e., bottom filled circle in Figure
12(a). As we increase the external field, the cylinder remains in the negative end-on
state until the field is equal to the critical value B, when the cylinder undergoes an
irreversible transition to a positive tilted state. At this point, if we decrease the field to
zero, we can access the side-on state of the cylinder, i.e., the middle filled circle in Figure
12(a). On the other hand, if we increase the field from B,,, the equilibrium tilt angle
will increase until the field is equal to the critical value B.o, when the particle undergoes
an irreversible transition to the positive end-on state (6; = 90°). At this point, if we
decrease the field to zero, the positive end-on state remains stable, i.e., top filled circle
in Figure 12(a). Analogous behaviour to everything discussed above will also occur for
B < 0 (see Figure 12(a)).

We next consider the case a = 1.0 and 6,, = 100° (Figure 10(b)). Since a < a,
two equivalent tilted states are stable while the fact that 6, = 100° means that the
two end-on states are also stable. Note that although the dimensionless energy barrier
stabilising the end-on states are small (AFW ~ 2.5 x 107%), for micron sized particles
(say r = lum) at an oil/water interface (say v = 30mN/m), this barrier corresponds to
a value of 4 x 10*%kgT so that the end-on state is thermally stable. We therefore have a
system with four stable orientations in the absence of an external field. The response of
this system to an external field is shown in Figure 12(b). For definiteness, let us assume
that the magnetic cylinder is initially in the negative end-on state (6; = —90°) in zero
field, i.e., bottom filled circle in Figure 12(b). As we increase the external field, the
cylinder remains in the negative end-on state until the field is equal to the critical value
B.1, when the cylinder undergoes an irreversible transition to a negative tilted state. At
this point, if we decrease the field to zero, we can access the negative tilted state of the
cylinder corresponding to the second filled circle from the bottom in Figure 12(b). On the

other hand, if we increase the field from B.;, the equilibrium tilt angle will increase until
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Figure 12: Surface Evolver results for the locally stable tilt angle as a function of field
strength for cylinders with n = 20 and different combinations of a and 6,,. (a) a = 2.5,
0, = 110°; (b) a = 1.0, 6, = 100°; (c) a = 1.0, 6, = 110°. The vertical lines represent
irreversible orientational transitions, with the direction of the transition as indicated by
the arrows. For all the other solid lines, it is possible to change the tilt angle along
the line in either direction by changing the external field. The filled circles represent
locally stable particle orientations at zero field. In (c), the dashed lines and open circles
represent parts of the magnetic response that are not accessible once the external field
exceeds B.;. See main text for details.

23


http://dx.doi.org/10.1039/C6SM00136J

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

Soft Matter

Page 24 of 30

View Article Online
DOI: 10.1039/C65SM00136J

the field is equal to the critical value B.s, when the particle undergoes an irreversible
transition to a positive tilted state. At this point, if we decrease the field to zero, we can
access the positive tilted state of the cylinder corresponding to the third filled circle from
the bottom in Figure 12(b). On the other hand, if we increase the field from By, the
equilibrium tilt angle will increase until the field is equal to the critical value B3, when
the particle undergoes an irreversible transition to a positive tilted state. At this point,
if we decrease the field to zero, the positive end-on state remains stable, i.e., top filled
circle in Figure 12(b). Once again, analogous behaviour to everything discussed above
will also occur for B < 0 (see Figure 12(b)).

Finally, we consider the case = 1.0 and 6,, = 110° (Figure 10(e)). The orienta-
tional energy landscape in this case is very complex, with five stable orientations in the
absence of an external field, including the side-on state, two tilted states and two end-on
states. However, from the magnetic response of this system in Figure 12(c), we see that,
regardless of the initial state of the cylinder, once the magnetic field exceeds the critical
value B3, only the two end-on states (i.e., filled circles in Figure 12(c)) are accessible
while the other three states (i.e., open circles in Figure 12(c)) are no longer accessible.
In summary, from the point of view of creating non-volatile switchable materials, the
key feature of Figure 12 is the fact that it is possible to use both a and 6, to engineer
cylinders that have three or even four locally stable orientations which can be accessed
by varying the external field.

We now assess the feasibility of inducing the above orientational transitions experi-
mentally. For definiteness, we will focus on the three stable state system shown in Figure
12(a). For a typical micron-sized system possessing a permanent magnetic dipole, we
use parameters for anisotropic maghemite (y-FeyO3) particles.?®37 Assuming cylinders
with radius » = 1pum and aspect ratio a = 2.5, this yields a magnetic dipole moment
m =5 x 10712A-m~2. The dimensionless critical field for the tilt to perpendicular transi-
tion is By ~ 0.2. Using a typical oil/water tension of v,, = 30mN/m, this translates to
a magnetic field of B = 0.05T, which is readily achievable experimentally. Interestingly,
the estimated magnetic field required to induce reorientation of cylindrical particles is of
the same order as those predicted in ref.!® for ellipsoidal particles made from the same
material with a similar size and aspect ratio. This fact points to the generality of the

predicted orientational transitions and the feasibility of observing such transitions in a
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variety of particle shapes.

Finally, although the primary focus of this paper has been to use an external field
to control the orientation of individual cylindrical particles at a liquid interface, since
orientation is coupled to meniscus deformation and hence capillary interactions between
particles, we can also use an external field to control the self-assembly of multiple particle
systems. Switchable self-assembly has already been demonstrated in the work of Davies
et al. for magnetic ellipsoids® and we can exploit the same effect to control the self-
assembly of magnetic cylinders. For example, for the three state system shown in Figure
12(a), the particles interact with each other via quadrupolar capillary interactions when
they are in the side-on state!! but they do not interact with each other in the end-on
state because the meniscus is flat in this case. Similarly, for the four state system shown
in Figure 12(b), the particles interact with each other via hexapolar capillary interactions
when they are in the tilted state (Figure 4)3% but they do not interact with each other
in the end-on state. The key advantage of using cylinders instead of ellipsoids in this
context is that the switching of the self-assembly for cylinders is again non-volatile. For
future work, we will study both orientation and capillary deformations in multiple particle

systems.

4 Conclusion

Published on 16 May 2016. Downloaded by University of Hull on 17/05/2016 15:17:08.

We have studied the influence of an external magnetic field on the orientation of single
magnetic cylinders at a liquid interface using a simple flat interface model as well as high
resolution Surface Evolver simulations which take into account the deformation of the
liquid meniscus around the particle. We have shown that, in the absence of an external
field, as we reduce the aspect ratio a of the cylinders below a critical value, the parti-
cles undergo spontaneous symmetry breaking from a stable side-on state to one of two
equivalent stable tilted states, similar to the spontaneous magnetisation of a ferromagnet
going through the Curie point. Similar tilted states have been predicted for anisotropic

3,2830 hut to our knowledge this is the first time that their existence has

Janus particles,
been discussed explicitly for anisotropic colloids with homogeneous surface chemistry.
Furthermore, by tuning both the aspect ratio and contact angle of the cylinder, we have
shown that it is possible to engineer particles that have one, two, three or four locally

stable orientations and that it is possible to induce non-volatile transitions between these
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states by varying the external field. We found that that the magnetic response of systems
with one or two stable states is similar to that of paramagnets and ferromagnets respec-
tively, while the magnetic response of systems with three or four stable states have no
analogs in simple magnetic systems. We have also shown that for micron sized cylinders
with realistic magnetic moments, the critical fields required to access the different stable
orientations are accessible experimentally. Finally, although this paper focusses on using
external fields to control the orientation of individual magnetic cylinders, since particle
orientation at a liquid interface is coupled to capillary interactions between particles, it
is also possible to use an external field to control the self-assembly of multiple cylin-
ders. Magnetic cylinders at liquid interfaces therefore provide an exciting new approach
for creating switchable functional surfaces where we can use an external field to induce
multiple non-volatile changes in optical, magnetic and mechanical properties. Note that
the detailed structure of the self-assembled aggregates is governed by near-field capillary

1819.21 and many body forces®® but our understanding of how these forces

interactions
control the self-assembly of anisotropic particles is still at an early stage. For future
work, we will study both orientation and capillary deformations in systems consisting of
multiple anisotropic particles.
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Magnetic cylindrical particles at liquid interfaces
exhibit non-volatile switching of their orientation
in an external field.

Magnetic field, B A
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