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Abstract: We investigate the equilibrium orientation and adsorption process of a single, ellipsoidal
Janus particle at a fluid—fluid interface. The particle surface comprises equally sized parts that are
hydrophobic or hydrophilic. We present free energy models to predict the equilibrium orientation
and compare the theoretical predictions with lattice Boltzmann simulations. We find that the
deformation of the fluid interface strongly influences the equilibrium orientation of the Janus ellipsoid.
The adsorption process of the Janus ellipsoid can lead to different final orientations determined by
the interplay of particle aspect ratio and particle wettablity contrast.
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1. Introduction

Janus particles have drawn great attention recently for their potential in various applications,
such as micro-swimmers, stabilizers of emulsions, and catalysis [1-5]. The special characteristics
of these particles include their anisotropic physical (e.g., optical, electric, or magnetic) or chemical
(e.g., wetting or catalytic) properties at well-defined areas on their surface. Amphiphilic Janus particles
are characterized by opposite wetting abilities at their hemispheres in different surface regions and
have been shown to attach strongly at fluid—fluid interfaces [6—10]. Binks et al. [10] compared the
free energy of homogeneous spherical particles and Janus spherical particles in contact with a fluid
interface. They found that the free energy of amphiphilic Janus particles can be 3 times larger than that
of homogeneous particles. Furthermore, Janus particles retain strong adsorption at interfaces even for
average contact angles of 0° and 180°. Thus, Janus particles are generally expected to be more efficient
emulsion stabilizers than homogeneous colloidal particles [9,11,12].

The understanding of the equilibrium orientation and the adsorption dynamics of Janus particles
at fluid interfaces are critical to enable their optimal utilization. Park et al. theoretically studied the
configurations of Janus ellipsoids at a fluid interface [7,8], and found that the orientation of ellipsoidal
Janus particles is affected by the particle aspect ratio and the Janus character given by the wettability
contrast. In their model, they used a flat-interface approach, where the dynamic deformation of
interface during the adsorption process is neglected. However, numerical studies of ellipsoidal Janus
particles at fluid interfaces demonstrated that the interface deforms around the particle and thus,
the interface deformation is expected to affect the equilibrium orientation of particles [9,13-15].
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Here, we present a simplified free energy model of an ellipsoidal Janus particle at a non-deforming
fluid—fluid interface and then extend it by taking into account the interface deformation. The theoretical
models are used to predict the equilibrium orientation of the particle, and are compared to our
numerical results obtained from lattice Boltzmann simulations. Moreover, we numerically study the
adsorption process of a Janus ellipsoid with varying the particle aspect ratio and the Janus character,
i.e., the wettability contrast.

The remainder of this paper is organized as follows. In Section 2, we introduce our simulation
method and setup, followed by a comparison of the simplified free energy model with simulations
in Section 3. Section 4 extends towards deformable interfaces. In Section 5, we demonstrate how the
adsorption trajectories of an ellipsoidal Janus particle depend on the interplay between particle aspect
ratio and wettability contrast. Finally, we conclude the paper with a short summary.

2. Simulation Method

Here, we summarize the main ingredients of our simulation method. A more detailed description
can be found in our previous publications on particle-laden multicomponent flows [16-20]. We use the
lattice Boltzmann (LB) method [21] to simulate two immiscible fluids ¢, ¢’ where the discrete form of
the Boltzmann equation can be written as

fi(x+CiAt t+ At) = f{(x,t) + Q5 (x, t). (1)

Here, f£(x,t) is the single-particle distribution function for fluid component ¢ with discrete lattice
velocity ¢; at time f located at lattice position x. We use a D3Q19 lattice, i.e., a 3D lattice with a lattice
constant Ax and nineteen velocity directions. At is the timestep and

fE 1) = [0 (x 1), 8 (x, 1))

Qixt) =~ (T/AD)

)

is the Bhatnagar-Gross-Krook (BGK) collision operator [22]. The density is defined as
p°(x,t) = po L; ff(x, t), where py is a reference density. 7¢ is the relaxation time for the component
cand f;(p°, ii°) is the equilibrium distribution function. i°(x, t) = ¥; f¢(x,t)¢;/p(x, t) is the local
velocity. The kinematic viscosity can be calculated as

T° 1
V= 2t (At - 2), 3)

where ¢ = % &% is the speed of sound. In the following, we choose Ax = At = py = 1 for simplicity.
Furthermore, in all simulations, the relaxation time is set to 7° = 1.

We use the method introduced by Shan and Chen for the simulation of a multicomponent fluid
mixture [23]. Every species has its own distribution function following Equation (1) and an interaction
between the different components is introduced as

F(ot) = =¥00 1) Y g Y ¥ (X, 1) (X = x). @)

The resulting force is included in the equilibrium distribution function (Equation (2)) by shifting
the velocity ii°(x, t). . is the interaction parameter between the fluid components ¢ and ¢’ and defines
the surface tension and ¥¢(x, t) = po[1 — exp(—p°(x,t)/po)] is a functional defining the equation of
state of the system.

The particles follow Newton’s equations of motion and are discretized on the lattice. They are
coupled to both fluid species by a modified bounce-back boundary condition which was originally
introduced by Ladd [24-29]. If the particle moves, some lattice nodes become free and others become
occupied. The momentum of the fluid on the newly occupied nodes is transferred to the particle.



Colloids Interfaces 2020, 4, 55 3o0f15

A newly freed node (located at x) is filled with the average density of the Ngyn neighboring fluid lattice
nodes x;, for each component c,

0°(x, 1) ——Zp X + Cipp ) (5)

The fluid interaction forces also act between a node in the outer shell of a particle and its
neighboring point outside of the particle. Since this would lead to an increase of the fluid density
around the particle, the nodes in the outer shell of the particle are filled with a virtual fluid
corresponding to the average of the value in the neighboring free nodes for each fluid component:
05 (x,t) = p°(x,t). This can be used to control the wettability properties of the particle surface for
the special case of two fluid species which will be named red and blue. We define the parameter Ap
and call it particle color. For positive values of Ap, we add it to the fluid component c, p%;., = p + Ap,
while for negative values, we add its absolute value to another fluid component ¢/, pf,/irt -+ |Apl.

Our simulation setup is illustrated in Figure 1 and consists of a cubic volume composed of two
equally sized layers of two immiscible fluids such as oil and water with density 0.7 each. With setting
the coupling constant g..» = 0.1, we obtain a surface tension of ¢, ~ 0.041 in lattice Boltzmann units
and our fluids form a flat fluid-fluid interface. The system is confined by walls at the top and the
bottom. Periodic boundary conditions apply in the x- and z-direction parallel to the interface.

Fluid 2
Fluid 1 .

Figure 1. A single ellipsoidal Janus particle touching a fluid-fluid interface: & is the distance between
the particle center and the flat fluid interface, ¢ is the particle orientation. Fluid 1 is defined as the fluid
in which the particle is immersed in the beginning and fluid 2 is the fluid into which the particle enters.
The dark area of the Janus particle prefers fluid 2 whereas the white area prefers fluid 1. The left particle
is in the “preferred initial orientation” (PIO, 0 < ¥y < 90°) and the right particle in the “unpreferred
initial orientation” (UIO, 90° < ¢y < 180°).

We restrict ourselves to symmetric ellipsoidal Janus prolate spheroids with an aspect ratio
m. R and R, are the parallel radius (semi-major axis) and orthogonal radius (semi-minor axis)
of the ellipsoid, respectively (The parallel radius is chosen as R = 8 if not defined otherwise.).
The particle surface is divided into two equal proportions: a more non-polar region with a contact
angle 6p = 90° + A and a more polar region with a contact angle 8p = 90° — Af. The Janus influence
is given by the parameter Af. Both areas of different wettability have exactly the same size. The position
and the orientation of the particle with respect to the undeformed, flat interface are characterized by
the variables ¢ and ¢, respectively. ¢ is the distance between the undeformed interface and the particle
center in units of R, { = h/R) and 8 is the polar angle and given as the angle between the main axis
and the interface normal. The particle is initially placed so that it just touches the flat interface with
different initial orientations ¢y = #(t = 0) and initial positions ¢y = ¢(t = 0).

The particle can be placed in two different ways as shown in Figure 1. It adsorbs to the interface
between the fluids 1 and 2. Here, fluid 1 is defined as the fluid where the particle is immersed at
the start of the simulation and fluid 2 is the fluid in which the particle enters during the adsorption
process. The Janus particle is divided into an area which prefers fluid 1 (white area in Figure 1) and
one preferring fluid 2 (dark area in Figure 1). This leads to two possible situations of the initial particle
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7

orientation for the adsorbing process: the first orientation range is the “preferred initial orientation”
(PIO) with 0 < ¢9 < 90° (left particle in Figure 1), where the wetting area preferring fluid 2 touches
the interface and enters fluid 2. The next one is the “unpreferred initial orientation” (UIO) with
90° < B < 180° (right particle in Figure 1), where the oppositely wetting area is at the interface.
In case of ¥y = 90°, the border between both wetting areas touches the interface. ¥ is defined as the
effective polar angle and given as

9, for ¥ < 90°
9 - or ¥ < ®)
180° — ¢, for ¢ > 90°.
Five reference values for the effective initial orientation 196 are chosen as
196 =ny22.5°,ny = {0,1,2,3,4}. ?)

All these initial orientations 9, are taken for the PIO and the UIO. ¢} = (107%)° is chosen as
an additional orientation and only useful for the PIO as a hint if the upright orientation (¢ = 0) is a
minimum of the free energy.

3. A Simplified Free Energy Model for Janus Particles

In this section we present a simplified free energy model for a single Janus particle at a flat fluid
interface. The following two assumptions are made: first, we consider an undeformable, flat interface.
Second, only the extreme particle orientations parallel and orthogonal to the interface are taken
into account. The upright orientation is the one where each wetting area is fully immersed in its
preferred fluid. This orientation is expected if the Janus effect dominates. The parallel orientation
is the orientation, where the particle occupies as much interfacial area as possible. This orientation
is expected if the shape of the particle dominates. This model is referred to in the following as the
“simplified Janus model”.

The free energy of the system is given as

F(,0) =onAn+ Y, Y. oA 8)
i=1,2 j=A,P

in which A and ¢ are the interface areas and the interfacial tensions, respectively. The numbers 1 and 2
denote the two fluids whereas P and A denote the polar and non-polar region of the particle surface,
respectively.

We consider the initial state where the particle is fully immersed in fluid 1 which changes
Equation (8) to

1
Fo = 012Agat + EAeu(Um +0o1p), )

where A is the total area of the ellipsoid surface and Agj, is the area of the flat fluid interface in
absence of the particle. Here, Fy is the free energy of the reference state where the particle is immersed
in the bulk and away from the interface. For the final particle orientation parallel to the interface
(Ofina1 = 90°), Equation (8) changes to

1
Fi = (Afat — A))o12 + 1Al ( Y (oip + Uz‘A)) , (10)
i=1,2

in which Ag, — A is the remaining fluid—fluid interface after the particle adsorption and A is the area
of the fluid—fluid interface excluded by the particle oriented parallel to the interface. The free energy
difference is given as AF = F| — Fo = —Ajon2 + }IAell(Zi:A,p(UZZ‘ — 0y;)). Using Young’s equation
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012 cosf = 03 — 01, which holds for both of the two wetting areas of the particle independently,

we obtain
1
A]:H =012 <4Aell ( Z COSG,’) — A|> . (11)
i=A,P
Furthermore, assuming cos 4 = — cos 8p to simplify Equation (11), we get

A.FH = *0’12AH. (12)

For the particle orientation parallel to the interface normal, the free energy is given as F, =
(Afar — AL )op + %Aell (014 +02p). A} is the excluded interfacial area due to a particle with orthogonal
orientation. In the same way as above, we get AF| = F| — Fop = —A 010+ %Aeu(a'zp — o1p) and
reach the following relation:

1
A]:J_ = —012 (2Aell sin A@ + AJ_) ’ (13)

with cosp = sin Af. In order to find the orientation of the stable point of the Janus particle at the
interface, it is necessary to find the global minimum of the free energy. The transition value of A above
which the particle orientation parallel to the interface normal minimizes the free energy is defined as
A6;. Comparing Equations (12) and (13) leads to the following value of Af; for the transition point:

2(A - A
sin AG; — 24 — A1) (14)
Ae
Thus, sin Af; depends on the aspect ratio via the three interfacial areas, which are given as
1 m [ Vm?—1
EAEH = ﬂRi (1 + Warcslﬂ <m>> ,
15
AL = 7TR2 , ( )
AH = ﬂRLRH = ﬂmRi.
This changes Equation (14) to the following relation for A6 (m):
m—1
sin AGy = . (16)
(1 + m";_l arcsin ( : mnifl))

This result relates the Janus parameter at the transition point to the aspect ratio of the particle.
As an example, for m = 2, we obtain Af; ~ 17°. The function given in Equation (16) is shown in
Figure 2 for the range of the aspect ratio which is used in the simulation of the particle adsorption
below (1 < m < 6). The parallel orientation minimizes the free energy below the line and the upright
orientation above.

In the following, we compare the predictions from the simplified model to our simulations.
We follow several paths through the m-Af phase diagram from Figure 2 and compare the equilibrium
orientation with the final particle orientations obtained from the simulation. At first, we follow the
lines along a constant aspect ratio m with a varying Janus parameter Af. This corresponds to a vertical
line through the phase diagram.
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ABy°]

Figure 2. The phase diagram (Af;-m) obtained from the “simplified Janus model”. In the area above the
line, the upright orientation is the stable state whereas below the line, the particle orientation parallel
to the interface is the stable state. The line represents Equation (16).

It is shown for m = 1.5 in Figure 3 and for several values of m > 2 in Figure 4a. As illustrated
in Figure 3, the values of the Janus parameter Af can be divided into three ranges. The ranges are
confined by dashed, vertical lines. In the left range, the tilted orientation is the stable point. In the
centered range, we observe both tilted and upright orientations in our simulations. Therefore, it cannot
be concluded if the tilted orientation or the upright orientation minimizes the free energy. In the right
range, the upright orientation is the only final orientation found from the simulation. The left and
the centered range can be distinguished by using the simulation results: the adsorption trajectory of
interest is the one with 9 = (107%)° (for the initial orientations see Equation (7) and the accompanying
text). If the adsorption trajectory for this initial orientation ends up in a tilted orientation, it is assumed
that this orientation represents the global minimum of the free energy. If this trajectory ends up in the
upright orientation, then it is not possible to see directly from the simulation results which of the two
orientations minimizes the free energy. The horizontal line through the phase diagram corresponds to
a constant Af and is shown in Figure 4b. In the simulation, the Janus parameter is restricted to the
range of 0 < Af < 24.4°.

90 Fi 7 ' i ' .
80 f | e I
70 | .
60 | -
50 | -
40 -
30 | -
20 -
10 f -
0 - - - - - -

0 5 10 15 20 25

A0[°]

'&up[O]

Figure 3. Final orientation of a Janus particle for m = 1.5. A tilted (red dashed line) and an upright
(red solid line) orientation of the particle are shown depending on the Janus parameter Af. The vertical
dashed lines divide the range of Af into three regions. In the left region, it can be concluded from the
simulation results that the tilted orientation is the global minimum. In the right region, the upright
orientation is the only one which is found. In the central region, both tilted and upright orientations
are found in the simulation results. It cannot be seen which one corresponds to the energetic minimum.
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Figure 4. (a) The final value of the angle ¢y, after the adsorption of the particle to the fluid interface
in the tilted state is shown for a constant aspect ratio 7 and as a function of the Janus parameter Af.
(b) The final angle ¢y of the particle after the adsorption to a fluid interface in the tilted state is shown
for a constant Af and depending on m.

At first, we consider the upright orientation where the Janus effect dominates. Figure 3 shows that
the upright state can be reproduced for m = 1.5 and A# > 15.6°. This is indicated by the second black
line in Figure 3. In this range, the upright orientation is the only orientation which is found, and thus,
it can be concluded that this is the equilibrium orientation. The simulation results can reproduce the
upright orientation only for m = 1.5 exactly.

The following step is to reproduce the parallel orientation & = 90°. An orientation close to 90° is
shown in the left range of Figure 3 as well as in both plots in Figure 4. The lines in Figures 3 and 4a
show directly that the parallel orientation is exactly reached in the limit of A@ = 0. Instead of the
parallel orientation, there is a range of tilted orientations which contains the parallel orientation in
some limits. It can be assumed from Figure 4b by extrapolation that the parallel orientation is reached
in the limit of m — co.

As shown in Figure 2, the transition point between both orientations is predicted by the “simplified
Janus model” for m = 1.5 as Af; ~ 10.7°. This transition point cannot be explicitly reproduced due to
the extension of the centered range in Figure 3, i.e., the value of 10.7° lies within the centered range.
For m > 1.5 the range of area of a minimum with the upright orientation cannot be seen. Therefore,
it is not possible to reproduce a separation line there.

4. Extended Free Energy Model

The simplified free energy model described above is not sufficient to predict the final states of
the particle at the interface. Thus, we extend it to allow for a free rotation of the particle and take
into account the interface deformation. As it is impossible to calculate all areas of the fluid interface
analytically, we use a Monte Carlo integration of those areas from Equation (8) which are not solvable
analytically. The results of the simulation for the particle configuration and the shape of the interface
are used to obtain their values.

The free energy given in Equations (8) and (9) is rewritten as

AF(,0) = F—Fo=012(sin(A8) (Aunpr — Apr) — Aex)- (17)

The areas Apr and Aunpr are the interfacial areas between each wetting region on the one side
and its preferred and unpreferred fluid on the other side, respectively, whereas Aex is the interfacial
area excluded by the adsorbed particle, which is split into a contribution from a flat interface A.¢ and
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a contribution taking account to the difference caused by the interface deformation AA;s4.¢. Then,
we obtain

AF(E,0) = o12(sin(A0) (Aunpr — Apr) — Aef + AAjsdes)- (18)

In order to be able to compare these interfacial areas, they are considered in units of R2.
The interfacial areas between a given wetting area of the particle surface and a given fluid fulfill
the relation Apr + Aunpr = %Aell/ and Equation (18) can be simplified to

1
AF(E,0) = o1p <Aell <2 - ﬂe11> cos(8;) — Aef + AAifdef) , (19)

with the fraction of the preferred interfacial area ao; = 2Apr/ Aepp- This reduces the problem to the
calculation of the three interfacial areas a4y, Aef, and AAjsqer- Here, Agp is the excluded area of the flat
fluid interface due to the adsorbed particle, written as

nRﬁ
. (20)
m\/sinz(ﬂ) + m? cos?(9)

Aef =

The final contributing interfacial area AA;¢gof depends on the interface deformation indicated by
h. h is the local level of the interface compared to the undeformed flat interface. In the limit of small
deformation, the general shape of the interface deformation is given by [30-32]

r

h(?’, ¢p) = AO In }’0(4)p)

" i (m(f ,,)) (Am cos((Ppp — Agn)) + By sin(i(¢p — M), (21)

where Aj; and By are the amplitudes of the contributions in the multipole expansion. ro(¢p) is the
contact radius and depends generally on ¢, for a non spherical particle. A¢y is the phase shift of
the angle ¢,. 1 is the order of the multipole. We note that multipole expansions have been used
to investigate the interface deformation induced by titled spherical Janus particles and ellipsoidal
particles with aspect ratio between 2 to 3 at a fluid—fluid interface [33,34]. The theoretical analysis of
capillary interactions based on polar multipoles is in good quantitative agreement with simulation
results for small interface deformations. Therefore, in the limit of small interface deformation, the polar
multipoles provide a reasonably accurate estimate of the interface shape. The monopole (11 = 0) is
only important if the gravitational force acting on the particle is not negligible and in this manner
leads to an interface deformation [35,36]. For homogeneous ellisoidal particles and rough particles,
the leading term is the quadrupole term (i1 = 2) [37]. However, the final state of a symmetric Janus
particle at a flat fluid interface is found to have a leading order of a hexapolar symmetry of the interface
deformation around an ellipsoidal particle in a tilted orientation [15,38]. In this case, Equation (21)
with 1 = 3 and B3 = A¢y (171 = 3) = 0 reduces to

7’0(4710)

r

3
h(r, ¢p) = ( ) Az cos(3¢y) forr > ro(¢p), (22)
in which ro(¢p) is the contact line, where the fluid interface touches the particle surface. For a flat
interface, the following relation can be obtained from a geometrical consideration as

ro(¢pp) = \/ R : (23)

sin® (¢ )i + cos?(¢p)

Here, mp; = R/R is the aspect ratio of the ellipse created by the three phase contact line of
the particle surface and the fluid—fluid interface and R and R are the two radii of this ellipse. It is
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assumed that Equation (23) is approximately fulfilled for particle configurations with an interface
deformation. According to Equation (22), h depends on the angle ¢;,, and thus, V1 is given as

0 .10
Vh —ergh + e(pp;%h
. 24
3 . A3R3(1+ (1+m3,) cos(2¢y)) sin(¢p) . (24)
— rT(Ag cos(3¢p))é, — Y R o Py
r4(cos?(¢p) + m5,; sin(¢p) )*

With the relation for the orthogonal unit vectors &, - é% = 0 and Equation (23) for r(, the square
of Vh from Equation (24) is given as

(Vh)?> = A%R(’ <9(cos(3¢p))2 +

r8(sin? (¢ )m3, + cos? (¢y))3

(1+ (14 m3;) cos(2¢))> sin2(<PP)) (25)
(cos?(¢p) + m%d sinz(qbp))2 g

in which Az can be obtained from our lattice Boltzmann simulations. We note that our lattice Boltzmann
simulations are capable of capturing interface deformations fully without assuming the magnitude of
the deformations under given particle-fluid contact angle boundary conditions. The interface area
AAjgef can be written as

1 Rmax((f)p) 27 2
Mg = 5 [0 [ (VHrdgar (26)
—ro(dy) =
A2 RO
= 123( 7%6) (9 + Ynum (m24) ). (27)
max

Here, Ynum is the result of a numerical integration. We make use of the separation between the
spacial and the angular dependence and define the cut-off radius of the integration along the radial
coordinate as Rpax.

After the derivation of the necessary equations, we define dimensionless quantities.
A dimensionless expression for the free energy is defined as AI' = AF/ (mrlzRﬁ). The interfacial
areas and the parameters of the interface deformation are made dimensionless as A; = A;/ Rﬁ and

Ay = A3/ R, respectively. Using these definitions and assuming Rmax is oo, Equation (19) changes to

1 1 <~ i )
Al = — ((2 - aeu> Aen sin(Af) — Aef + AAifdef)
e oo (2 1 (1 V1i—m=2
= 5 el sin(A0) 2 + 1_m2 n 1-vV1-—m2 28)

1 A2
- +ﬁ(9+Ynum(m2d))'
m\/sinz(ﬁ) + m? cos?(0)

For the upright orientation, the free energy can be calculated exactly as shown in Equation (13).
For the tilted orientation, the factor a¢) cannot be calculated analytically. It is calculated with the Monte
Carlo method where we generate a large amount of random numbers located on the surface of the
ellipsoid and calculate the fraction of the random numbers located in the specific regions. The factor
Aj is read out from the interface deformation obtained by the simulation. The result of Equation (28)
for the tilted orientation is compared with the one for the upright orientation in order to find the global
minimum of the free energy.

Figure 5a shows the dimensionless free energy Al as a function of Af for m = 2. It compares
the values of AT for the tilted state and the upright state. A transition point is found at Af; ~ 20°.
For Af < A0, the geometry dominates and the upright orientation minimizes the free energy. For larger
values of the Janus parameter, the wettability effect dominates and the upright orientation poses the
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free energy minimum. The phase diagram depending on Af and m is shown in Figure 5b. The results
are obtained from the simulation of a Janus particle adsorption to a flat interface and Equation (28).
The study is done in the ranges of 0 < A < 25° and 1.5 < m < 6. The regions where the shape
dominates and is in the tilted state are shown by red squares. The Janus dominated regions with
the upright orientation as the free energy minimum are shown by blue circles. For m > 3, the tilted
state is found in the whole simulated region. For smaller aspect ratios, transition points are found.
The transition value of A increases with an increasing aspect ratio m.

'0.2 T T T T
tilted ] L
upright @

-0.3 E

. 04 — 1
3 =) ]
< 10| m m [ I
-0.5
5r m [ [
-0.6 |
OF m [ | [
0 5 10 15 20 25 1.5 2 2.5 3
AB[°] m
(a) (b)

Figure 5. (a) The dimensionless free energy AI' (see Equation (28)) is shown for the tilted state as well
for the upright state for m = 2. A transition point is found at Af; ~ 20°. For A < Af, the tilted state
minimizes the free energy. The upright state minimizes the free energy above A6;. (b) The regions in
the m-Af phase diagram, where the tilted and upright state minimize the free energy, are shown by
squares and circles, respectively. The black line separates both areas.

5. Adsorption Trajectories

Finally, we study the trajectories of the adsorption of a single Janus particle to a flat fluid interface.
We present three different situations where the interplay between particle shape and wettability
difference has a different impact. The three examples differ in the choice of the two parameters
m and A6.

The first situation with the parameters m = 2 and Af ~ 2° is depicted by the snapshots in Figure 6
and the adsorption trajectories in Figure 7a. The dashed and dotted lines in Figure 7a show the
adsorption trajectories for the “preferred initial orientation” (P10, see Figure 1) and the “unpreferred
initial orientation” (UIO), respectively. The square indicates the ending point of both dashed and
dotted lines. The circle and blue triangles show the exclusive end points of dashed and dotted lines,
respectively. The solid lines indicate the points where the particle touches the interface. This is the
initial condition for the PIO and the UIO as shown in Figure 1. The Roman numerals relate the points
for the final states in Figure 7a to the sketches in Figure 7b.
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(@) (b) (©) (d) (e)

Figure 6. Snapshots of the adsorption process of an ellipsoidal Janus particle at a fluid—fluid interface
as obtained from our simulations. The insets (a—e) correspond to different timesteps of the simulation,
where (a) depits the initial and (e) the final state.

801 Fluid 2
60 | C, '
£
40 Fluid 1
20 +
Fluid 2
0 L
-1 -0.5 0 0.5 1
£ [parallel particle radius] Fluid 1
(a) (b)

Figure 7. (a) Adsorption trajectories (¢'-¢-plot) of a single Janus particle at a flat interface for m = 2
and Af ~ 2°. The dashed and dotted lines represent the trajectories for the PIO and UIO, respectively.
The following types of end points or final states (characterized by ¢ and ¢') are shown: The square
indicates the end point of both dashed and dotted lines. The circle and triangles show the exclusive
end points of dashed and dotted lines, respectively. The Roman numerals relate the points for the final
states to the following sketches: (b) Sketch of the tilted state (“I”,0 < ¢’ < 90 and & = 0) corresponding
to the square in (a) (upper end point) and the metastable states for different cases of the upright
orientation # = 0 (“II”). Left particle: every wetting area is immersed completely in its preferred fluid.
¢ =0, = 0 (related to the circle in (a)). Middle (“III”) and right (“IV”) particle: one wetting area is
completely and the other one partly inside its unpreferred fluid. ¢ = 180°, +8unpr (related to both
triangles in (a) and given in Equation (29)). The interface is flat for all three final states.

All trajectories with 9, > 0 end up in a tilted state (as shown by the square in Figure 7a and state
“I” in Figure 7b) characterized by the final position of {up = 0. The final orientation is tilted and close
to the parallel orientation found for a particle with a uniformly wetting surface. This is close to the
state with the largest interfacial area occupation. The latter was achieved in the case for a uniformly
wetting particle, where the particle is oriented parallel to the interface. Even the line of 8 = (1074)°
ends up in state “I” suggesting the existence of a free energy maximum for Janus particles. This is in
agreement with Figure 5b.

For the trajectories of the initial orientation of ¢, = 0, the particle does not rotate, but stays in the
upright orientation. One needs to distinguish between the PIO (¢p = 0) and the UIO (¢ = 180°). In the
PIO, the particle ends at the point ¢ = 0 and &, = 0.This state is indicated by the circle in Figure 7a
and the left particle (state “II”) in Figure 7b. Each wetting area is completely immersed in its preferred
fluid and the border between both wetting areas is exactly in contact with the interface. The interface
is undeformed in this state. In the UIO, the final position splits as +Cunpr for the two adsorption
trajectories coming from both sides of the interface. {unpr is the absolute value of the position for the
upright orientation in the UIO. For a positive sign of o, the particle ends up in a distance of unpr
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above the interface and for a negative sign of {p in a distance of {unpr below the interface. This state is
indicated by the two triangles in Figure 7a for both values of {unpr and the centered and right particle
in Figure 7b. A relation for {unpr can be obtained from the geometrical consideration of an ellipsoidal

particle as
mR tan(A0)

Gunpr = V1+m?tan?(A6)

In this configuration (¢p = 180° and +{unpr), the Young equation can be fulfilled by a flat fluid
interface. In the recent example with m = 2, A8 = 1.95°, and RH = 1 (the latter one due to the fact
that Sunpr is like ¢ in units of RH ), we obtain {unpr = 6.8 x 102 from Equation (29). This is close to the
value from the simulation ynpr ~ 9.5 x 1072 (the blue triangle in Figure 7a). The deviation is a result
of the discretization of the particle on the lattice.

(29)

Figure 8a shows the adsorption trajectories for m = 2 and A0 ~ 19.5°. The Janus effect is
stronger as compared to the previous example. Furthermore, the structure of end points is more
complex. In addition to the upper point 9y (state “I”) and the upright point dyprignt (states “II”, “III”,
and “IV”), there is an additional end point related to the orientation ¢,;441 (“second tilted orientation”,
state “V”). It is a tilted orientation similar to the one of state “I”, but with a different value of the angle.
Its value is located between the two other orientations as Dupright < Umiddle < Bup- The final point
of a given adsorption trajectory depends on the initial orientation as follows: for the PIO, the final
position is given as ¢ = 0 for all initial orientations. The trajectories for the two upper starting angles
(9p > 67.5°) end up in the upper final point (state “I”). The trajectory of ¢y = 45° ends up (as the only
one from the considered initial orientations defined in Equation (7)) in the “second tilted orientation”.
The trajectories for the two lower values of ¢y end up in the upright orientation dypign: (state “II”).
In contrast to the situation of Figure 7a, there is an extended range of initial orientations which end up
finally in the upright orientation.

80 80 I J
60 60 J
% 40 F E 40 r
20 20 F
0L : (O : ; "
0 -1 -0.5 0 0.5 1
& [parallel particle radius] € [parallel particle radius]
(a) (b)

Figure 8. 9’-Z-plots for the adsorption of a single Janus with different values of m and Af. Line and
end point colors are identical to Figure 7a. The Roman numerals relate the points for the final states in
Figure 7b. State “V” is a tilted state similar to state “I”, but with a different angle ¢. (a) (A6 ~ 19.5°,
m = 2) The structure of the ¢-¢ plot is more complicated as compared to Figure 7a. For the PIO,
there are two different tilted states. Furthermore, the range of initial orientations for the final upright
orientation is extended. (b) (m = 1.5 and A6 ~ 19.5°) Only one final point exists for the upright
position &gnq = ﬁupright = 0 as shown by the left particle in Figure 7b.

For the UIO, the ending point structure is completely different from the PIO. The trajectories
for the reference orientations ¢, < 22.5° end up in the upper final point. For an initial orientation of
U9 = 180°, the particle keeps its orientation during the adsorption process. The position is predicted
from Equation (29) Cunpr ~ 5.78 X 10~! and from the simulation results Sunpr = 6.22 X 10~1. All UIO
trajectories of ¢y # 180° end up in ¢ = 0. Note that state “V” can be found in several regions in the
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m-Af diagram. It is shown in the calculations in Section 4 that there is no region in the m-Af diagram
where state “V” minimizes the free energy.

A fully Janus dominated case is shown in Figure 8b for m = 1.5 and A ~ 19.5°. All studied
trajectories end up in the upright orientation (state “II"”). There is no tilted state found for any of the
initial orientations. The anisotropy is so weak that the free energy gain due to the excluded interfacial
area A,y for a final orientation of ¢ > 0 is small. However, the Janus effect (Af) is sufficiently strong to
enforce an orientation where each wetting area is in its preferred fluid. We note that in the case of very
rough particles, the particles can be arrested in long-lived metastable positions due to the pinning of
the contact line on the particle surface [39,40].

6. Conclusions

We studied the equilibrium configuration and adsorption process of ellipsoidal Janus particles
at a fluid—fluid interface. We presented free energy models with and without consideration of the
deformation of the fluid interface and compared the final states of the particle at the fluid interface
obtained from the lattice Boltzmann simulations with the predictions from the free energy calculation.
The model without interface deformation is only able to predict the simulation results within a specific
range, whereas the improved model, which takes into account the full rotation of the particle and the
deformability of the interface, shows a good agreement with our simulation results.

We show that the equilibrium state of a Janus ellipsoid, which is determined by the minimum of
the free energy, is a tilted orientation for large aspect ratios and small wettability differences, where the
shape dominates. In case of small aspect ratio and large wettability difference, the Janus effect
dominates and the particle is in an upright orientation. Thus, the equilibrium state of an ellipsoidal
Janus particle at a fluid interface can be tuned by the choice of aspect ratio and wettability contrast.

Finally, we studied the adsorption trajectories of ellipsoidal Janus particles for three representative
cases of the particle aspect ratio and wettability contrast. The interplay of these two parameters does
not only influence the final state the system will achieve, but also determines the complex dynamics
of the rotation and movement of the particle. Furthermore, we demonstrated that the adsorption
trajectory of a symmetric, ellipsoidal Janus particle can show up to three metastable points whereas
the uniformly wetting counterpart is known to have only a single metastable point.
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