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anus particles have two sides that have
different, often opposite, surface pro-
perties.' * Each side of the Janus par-
ticles can be modified independently to tai-
lor their assembly behaviors in a fluid.> '
Janus particles also have been studied as
autonomous motors that can propel them-
selves through fluids under the influence of
an external field or a catalytic reaction.’> "’
Moreover, amphiphilic Janus spheres have
been shown to adsorb strongly to fluid—
fluid interfaces, making them effective
emulsion stabilizers." 18720
Recent progress has enabled the synthe-
sis of nonspherical Janus particles, which
possess an additional degree of freedom in
tuning the particle characteristics.'’' =2
For example, Janus paramagnetic ellipsoids
have been shown to exhibit unique re-
sponses to a rotating magnetic field.?? The
aspect ratio of these ellipsoidal particles can
be readily tuned using a mechanical stretch-
ing method.>*73% A study has also shown
that Janus magnetic nanorods spontane-
ously assemble at the interface of water-
in-oil emulsions to form magnetic field-
responsive colloidosomes. The stability of
these colloidosomes were shown to depend
on the aspect ratio of the nanorods.?” An-
other type of nonspherical Janus particles
that have garnered much interest recently
is Janus dumbbells, which comprise two
partially fused spheres.?*~2>37 By indepen-
dently controlling the size ratio of the two
spheres and the wettability of each sphere,
their assembly behavior in a fluid can be
controlled. A recent study has suggested
the use of the “packing parameter” concept
to describe their assembly behavior, analo-
gous to the packing parameter argument
that has successfully described the assem-
bly of amphiphilic molecules.?*>2
One of the most intriguing applications of
Janus particles is the stabilization of multi-
phasic fluid mixtures such as emulsions
and bubbles because these particles attach
to the interfaces more efficiently than their
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ABSTRACT We study the equilibrium ori-
entation of nonspherical Janus particles at an
oil —water interface. Two types of nonspherical
Janus particles are considered: Janus ellipsoids
and Janus dumbbells. To find their equilibrium
orientation, we calculate and minimize the
attachment energy of each Janus particle as a
function of its orientation angle with respect to the oil—water interface. We find that the
equilibrium orientation of the interface trapped Janus particles strongly depends on the
particle characteristics, such as their size, aspect ratio, and surface properties. In general,
nonspherical Janus particles adopt the upright orientation (i.e., the long axis of ellipsoids or
dumbbells is perpendicular to the interface) if the difference in the wettability of the two sides
is large or if the particle aspect ratio is close to 1. In contrast, Janus particles with a large aspect
ratio or a small difference in the wettability of the two regions tend to have a tilted orientation
at equilibrium. Moreover, we find that Janus ellipsoids, under appropriate conditions, can be
kinetically trapped in a metastable state due to the presence of a secondary energy minimum.
In contrast, Janus dumbbells possess only a primary energy minimum, indicating that these
particles prefer to be in a single orientation. The absence of a secondary minimum is
potentially advantageous for obtaining particle layers at fluid—fluid interfaces with uniform
orientation. Our calculation provides a detailed guidance for synthesizing nonspherical Janus
particles that can be used as effective solid surfactants for the stabilization of multiphasic fluid
mixtures and the modification of the rheological properties of fluid interfaces.

KEYWORDS: colloid -interface - attachment energy - Janus particle - equilibrium
orientation

homogeneous counterparts 2181927313941

Recent studies strongly suggest that the
geometry as well as the surface properties
of nonspherical Janus particles have a signifi-
cant influence on their surface activity.?’>'*?
Understanding the effect of geometry and
surface properties will be critical in effectively
utilizing these particles as solid surfactants in
the stabilization of multiphasic systems.?*
Despite the importance of geometry and
surface wettability, few design criteria cur-
rently exist that can aid the synthesis of
nonspherical Janus particles that can func-
tion as effective solid surfactants. For exam-
ple, the importance of controlling the particle
size is not well understood. It is not clearly
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Figure 1. (a) Geometry of nonspherical Janus particles at a
planar oil-water interface. The apolar region of Janus
particles is represented by the shaded region. The aspect
ratio of a Janus ellipsoid is defined as AR, = ¢/a, where cand a
denote the radii of long- and short-axes (e.g., AR. = 1 is a
sphere). Janus dumbbells consist of two partially fused
spheres with a center-to-center (blue dots) separation of d
between them. The aspect ratio of a Janus dumbbell is
defined as ARy = (2R + d)/2R, where R is the radius of the
polar and apolar spheres (e.g., ARq = 1 and 2 correspond to a
sphere and two contacting spheres, respectively). Each Janus
particle rotates by 6, around a rotational axis represented by
the center of mass (red point) in each case. (b) 6 and 6p are
the three-phase contact angles of apolar and polar spherical
particles at the oil—water interface, respectively. (c) A Janus
ellipsoid at the oil—water interface; different colors represent
four different particle surface—fluid interfaces: (black) apolar
surface in contact with oil (Spo), (red) apolar surface in contact
with water (Saw), (blue) polar surface in contact with oil (Spo),
and (cyan) polar surface in contact with water (Spy). The white
dotted line indicates the cross-sectional area of the particle
intersected by the oil—water interface (S)).

known whether it is advantageous to synthesize and
use nanometer-scale nonspherical Janus particles as
opposed to micrometer-scale particles. Most theoreti-
cal work, to date, has focused on understanding the
behavior of spherical Janus particles, such as their equi-
librium orientation, at fluid—fluid interfaces,'~*'8194041
We believe it is critical, at this stage, to provide a
quantitative analysis of the equilibrium orientation of
nonspherical Janus particles to enable effective utilization
of this unique family of colloids.

In this paper, we determine the equilibrium orientation
of Janus particles with chemical (i.e., surface energy) and
geometric (i.e., ellipsoids and dumbbells) heterogeneity at
an oil—water interface. We numerically calculate the sur-
face area of the particle in each fluid phase and the area of
the oil—water interface occupied by the particle. The
calculated area and the surface energy of the two sides
of Janus particles determine the attachment energy as a
function of orientation angle with respect to the interface.
We study the effect of the aspect ratio, surface wettability,
and size of nonspherical Janus particles on their equilib-
rium orientation. The results presented in this study
provide critical guidelines and insights into synthesizing
nonspherical Janus particles for applications involving
fluid—fluid interfaces.

RESULTS AND DISCUSSION

Geometry and Surface Properties of Nonspherical Janus
Particles. We study the equilibrium orientation of Janus
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ellipsoids and dumbbells trapped at an oil—water
interface. As described above, these Janus particles
have been recently synthesized, and their behavior
and properties have been shown to depend strongly
on their geometry and wettability.> 2>’ The geome-
tries of Janus ellipsoids and dumbbells used in this
study are shown in Figure 1a. Unless otherwise noted,
the surface area of both the ellipsoids and the dumb-
bells is set to So = 472(10 nm)?, which corresponds to
that of a sphere with the radius of 10 nm.

The Janus ellipsoids and dumbbells we study in this
work have two regions of opposite surface wettability:
apolar and polar (Figure 1a). The boundary between
the two regions is called the Janus boundary.** The
Janus boundary of Janus ellipsoids is located at the
intersection of the surface of the ellipsoid and the
plane that is perpendicular to ellipsoid's long axis
and that contains the ellipsoid's center of mass.** The
boundary between the two spheres comprising Janus
dumbbells is the Janus boundary.?*?* Each Janus
particle rotates with respect to a pivot represented
by a red dot in Figure 1a. The orientation angle (6,) is
defined as the angle between the long-axis of a Janus
particle in the upright orientation and that in a rotated
orientation. For example, orientation angles of 6, = 0°
and 90° correspond to the Janus boundary being
parallel (upright orientation) and perpendicular
(horizontal orientation) to the oil—water interface,
respectively.

The surface wettability of the apolar and polar
regions of Janus particles is represented by the three-
phase contact angles, 6, and p, respectively, as shown
in Figure 1b. The calculations presented in this study
are based on the two regions of opposite wettability
(i.e., apolar and polar), represented by 0, =90° + 3 and
0p = 90° — B. This indicates that the center of mass of
these Janus particles, at equilibrium, will be located at
the oil—water interface, regardless of the values of
p and 6,. Therefore, the vertical displacement of the
Janus particles is negligible. For a given orientation of a
Janus particle at the oil—water interface, the surface of
a Janus particle is divided into four regions as shown in
Figure 1c. The corresponding surface areas are numeri-
cally calculated as will be discussed in the Methods
section.

In this study, we assume that the superphase is
decane (oil) and the subphase is water. This decane—
water interface system has been widely used for study-
ing the behavior of particles at fluid—fluid inter-
faces.*® " The interfacial tension (yow = 50 mN/m)
between the two fluids has been measured by the
pendant drop method.*>*” Note that other fluid—fluid
interfaces (e.g., air—water interface) can be used in our
calculations by using the appropriate values of inter-
facial tension (e.g., yaw = 72 mM/m) and surface
energy.
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Figure 2. (a) Three-dimensional (3D) contour plot of attachment energy (AE) of Janus ellipsoids with 3 = 30° as a function of
aspect ratio (AR.) and rotational angle (6,). Each green symbol on the contour surface represents the global energy minimum
(AEq) for a given value of AR, between 1 and 10. (b) Equilibrium orientations (6, ) as a function of AR.. The schematics of
spheres and ellipsoids in Figure 2b show their equilibrium orientations at the oil—water interface.
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Figure 3. (a) Variation of the equilibrium (6,,.q) and metastable orientations (0,,meta) Of Janus ellipsoids with AR, = 5 and
¢ =10 nm as a function of /3. (b) Attachment energy (AE) as a function of 6, and /5. The inset is a magnified plot to illustrate the
magnitude of the energy barrier between equilibrium and metastable orientations. (c) Magnitude of the energy barriers from
upright (6,,eq ~ 0°) to tilted (0, oq # 0°) and from tilted to upright orientations as a function of 3. (d) Effect of the size of Janus
ellipsoids on AE, — AE.q and AE;, — AEpeta- The green dotted line represents a guide line for 5 kgT.

Janus Ellipsoids. The aspect ratio of Janus ellipsoids
has a significant influence on their equilibrium orienta-
tion. We illustrate this observation using Janus ellip-
soids with 8 = 30°.* The attachment energy of Janus
ellipsoids as a function of orientation angle (6,) and
aspect ratio (AR,) is shown in Figure 2a.* The equilib-
rium energy minima (AE.,) as a function of AR. are
represented by green symbols on the three-dimensional
(3D) contour surface. The global energy minimum
(AEqq) for AR. = 1 (i.e, spherical Janus particle) occurs at
Oreq ~ 0° however, as AR. is increased above 3.3, the
equilibrium orientation (6,.,) becomes larger than 80°,
which we discuss in detail below.

As shown in Figure 2b, for a spherical Janus particle
(ARe = 1, 5 = 30°), the equilibrium orientation, deter-
mined by locating the global energy minimum, corre-
sponds to the case with the Janus boundary pinned
at the oil—water interface, and the apolar and polar
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hemispheres exposed to the oil and water phases,
respectively (i.e., O,eq ~ 0° in Figure 2b). This result is
consistent with previous results based on experi-
ments***° and theoretical considerations.>'®'93940 |f
the spherical Janus particle is rotated out of its equi-
librium position, which can be conveniently performed
in a theoretical calculation, the magnitude of attach-
ment energy linearly decreases (Figure 2a) as a func-
tion of rotation angle (6,).

The aspect ratio (AR.) of Janus ellipsoids (3 = 30°)
has a significant impact on their equilibrium orienta-
tion (0,.q) as summarized in Figure 2b. For AR, be-
tween 1 and 3.3, the oil—water interface is pinned at
the Janus boundary. The Janus boundary abruptly
rotates out of the oil—water interface plane (i.e,, tilted
orientation) for higher values of AR, (ie., AR, = 4).
In the case of a Janus ellipsoid with the aspect ratio
of AR. = 5, the Janus boundary of the particle at

VOL.6 = NO.1 = 782-790 = 2012

A N /7;\‘
NANO

WWww.acsnano.org

784



equilibrium is no longer in the same plane as the
oil—water interface (i.e., 0,.q ~ 83°) as seen in
Figure 2b. This result suggests that as AR, increases, the
equilibrium orientation of Janus ellipsoids is dominated
by the tendency to increase the cross-sectional area (S, in
Figure 1c) of the particle intersected by the oil—water
interface and, in turn, the magnitude of the attachment
energy (see eq 7).

The equilibrium orientation of a high aspect ratio
Janus ellipsoid (AR, = 5) depends strongly on the
wettability of the two regions (ie., (5). As shown in
Figure 3a, if the difference in the wettability of the
apolar and polar regions is large (i.e., f = 35°), the AE,q
is observed at 0, .q = 0°, which is the upright orienta-
tion. If the wettability difference is not very large
(i.e., f < 35°), such Janus ellipsoids prefer to be in a
tilted orientation with its long-axis almost parallel to
the oil—water interface (Figure 3a). This drastic change
in the equilibrium orientation (i.e.,, from the tilted
orientation to the upright one) for the high values of
f is due to the particle's tendency to maximize the
magnitude of the attachment energy by increasing the
interfacial area between each region of the particle and
its preferred fluid phase (i.e., apolar in oil, Spo, and polar
in water, Spy, in Figure 1c (see also eq 7)).

Interestingly, for the high aspect ratio Janus ellip-
soids with AR =5 and ¢ = 10 nm, two energy minima
are found as a function of orientation angle (6,). This
result indicates that these Janus ellipsoids can
be kinetically trapped in a metastable orientation
(i.e., secondary minimum). Figure 3b shows the attach-
ment energy profiles (AE) as a function of 6, and . The
primary and secondary energy minima as well as the
energy barrier (AE,) between the equilibrium and meta-
stable states appear when f3 is between 1° and 43°
(Figure 3a,b). As shown in Figure 3a, for 35° < 8 < 43°,
the equilibrium orientation is observed at 0, ~ 0° at
which the particle is stable in the upright orientation with
the Janus boundary pinned at the oil—water interface; the
corresponding attachment energy is AE.q (Figure 3b). A
metastable state is observed at 6, et = 80°, close to the
horizontal orientation, where the attachment energy is
AE eta (Figure 3b). In contrast, for 1° < 5 < 32°, the tilted
and upright orientations correspond to the equilibrium
and metastable energy states, respectively. For 3 > 50°,
only primary energy minimum exists at the upright
orientation; thus, these Janus ellipsoids do not have
metastable orientations (Figure 3a).

The orientation of Janus ellipsoids is predicted to be
significantly influenced by the magnitude of the en-
ergy barrier between the equilibrium and metastable
states. For Janus ellipsoids with 5 =35° and AR, =5, the
difference in the attachment energy between the
equilibrium and metastable orientations is very small
(|AEeq — AEmera| & 2kgT); however, the magnitude of
the energy barrier from the equilibrium orientation to
the metastable one (AE, — AE.q) and that from the
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metastable to equilibrium states (AE, — AEneta) are
approximately 45 kgT (Figure 3c), which is large enough
that a spontaneous transition between the two orien-
tations driven by the thermal fluctuation (kgT) is
unlikely to occur. In contrast, for 5 = 10°, the magnitude
of the energy barrier from the metastable to equilibri-
um orientations (i.e., from the upright to the tilted
orientation) and from the equilibrium to metastable
states (i.e., from the tilted to the upright orientation)
is AEp — AEnmeta ~ 3kgT and AE, — AE.q ~ 400kgT,
respectively (Figure 3c); therefore, there is a high
probability for a spontaneous transition from the up-
right to the tilted orientation to take place, whereas the
reverse transition (i.e., from the tilted to the upright
orientation) would be highly unlikely.

The likelihood of Janus ellipsoids undergoing a
spontaneous transition between the metastable and
equilibrium orientations depends strongly on the par-
ticle size. The attachment energy increases with the
particle size at a constant AR, and is given by AE(c) =
AE(co) x (c/co)? for Janus ellipsoids where ¢ is the long-
axis radius of an ellipsoid of which surface area is
So = 4m(10 nm)>? (Figure 1). As shown in Figure 3d,
the magnitude of the energy barrier from upright to
tilted orientations and that from tilted to upright
orientations is less than 5kgT (green dotted line in
Figure 3d) when the size of the Janus ellipsoids
(32° = 8 < 40° AR, = 5) is ¢ < 3 nm. This estimation
suggests that these small particles reversibly and
spontaneously switch their orientations between the up-
right and tilted states driven by the thermal fluctuation,
kgT. It is important to note that while Janus ellipsoids with
¢ = 3 nm are irreversibly attached to the oil—water
interface (e.g., AEeq ~ 70kgT—85kgT), Janus ellipsoids with
¢ =1 nm or smaller could be spontaneously detached
from the interface due to relatively small attachment
energy (AE.q < 10kgT).>'>* As the size of the Janus
ellipsoids increases, the spontaneous and reversible tran-
sition between the two orientations becomes less likely. In
the case of a Janus ellipsoid with c=5nm, AR, =5,and 3 =
10°, for example, AE,—AE et is smaller than 1kgT, sug-
gesting the high probability of switching its orientation
from the upright orientation (metastable state) to the tilted
one (equilibrium state). The probability for the reverse
transition (i.e., from tilted to upright orientation), however,
is less likely due to the higher energy barrier (AE, — AEeq~
100kgT). For larger particles (e.g., ¢ > 20 nm), thermally
activated spontaneous transitions between the two orien-
tations are unlikely. Thus, some of these larger Janus
ellipsoids will adopt the metastable orientation at the
oil—water interface.

The distribution of Janus ellipsoids' (AR, = 5 and
J = 40°) orientation at the interface can be quantita-
tively determined using the Metropolis Monte Carlo
simulations (see Methods section) as a function of
particle size. As shown in Figure 4a, for larger particles
(c > 10 nm), the probability of each orientation
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Figure 5. Phase diagram illustrating the effect of AR, and 3
on the orientation of Janus ellipsoids at the oil—water
interface. The yellow and violet dashed lines correspond
to the plots in Figure 2b and Figure 3a, respectively.

(i.e., Peq (upright) and P, (tilted)) is related to the value
of 6, (i.e., orientation angle corresponding to AE,,
see Figure 3b), and is given by P (upright) = 6, ,,/m and
P (tilted) = (w — 6, p)/7 (dashed lines in Figure 4a). In
contrast, in the case of small Janus ellipsoids (c < 10 nm)
the energy barrier is comparable to the thermal energy,
kgT. Thus, small Janus ellipsoids in a tilted orientation (i.e.,
metastable state) can overcome the energy barrier (AEy)
and adopt the upright equilibrium orientation. The histo-
gram in Figure 4b also shows that the fraction of Janus
ellipsoids trapped in the metastable orientation decreases
with the size of Janus ellipsoids.

The effect of AR, and f3 on the orientation of Janus
ellipsoids at the oil—water interface can be summa-
rized on a phase diagram shown in Figure 5.In general,
Janus ellipsoids adopt the upright equilibrium orienta-
tion without metastable states at a high 5 and a low
ARq (light green). Outside this region of single orienta-
tion, a coexisting region of two orientations is ob-
served, which can be further divided into two areas.
In the area shown in pink, the equilibrium and meta-
stable orientations of interface-trapped Janus ellip-
soids correspond to the upright and tilted states,
respectively. In the other area shown in light blue,
Janus ellipsoids adopt tilted and upright orientations
as the equilibrium and metastable states, respectively.
Notably, only a tilted orientation would be observed in
an extreme case in which a Janus ellipsoid with a high
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aspect ratio and a very small wettability difference (e.g.,
B =0.1° and AR, = 10) is trapped at the fluid—fluid
interface (not shown in Figure 5). The coexisting
regions (light blue and pink areas) become single
orientation-dominated regions as the particles be-
come smaller because small particles in metastable
states are able to adopt their equilibrium orientation by
overcoming the energy barrier between the equilibri-
um and metastable states (Figure 4).

Janus Dumbbells. Dumbbell particles present a unique
opportunity to independently vary the geometry and
amphiphilicity of Janus particles, analogous to the
packing geometry and the hydrophilic—lipophilic bal-
ance (HLB) of molecular surfactants, respectively. 23238
Recent studies have demonstrated the possibility of
tuning these characteristics.>>** Thus, we investigate
the effect of particle geometry and surface properties
on the equilibrium orientation of Janus dumbbells.

As shown in Figure 6a, the aspect ratio (ARy) of
Janus dumbbells (8 = 30°) significantly affects their
equilibrium orientations (notably, for ARy = 1, the
energy profile is identical to the case of a Janus sphere
or Janus ellipsoid with ARe = 1 in Figure 2a). As ARy
increases, the Janus boundary rotates out of the oil—
water interface plane at equilibrium (Figure 6b and c). It
is interesting that the global energy minimum of Janus
dumbbells, when 1.6 < ARy < 2, occurs at 33° < Oy ¢q =
58° (Figure 6¢); that is, Janus dumbbells adopt tilted
orientations. As ARy is increased, the particle minimizes
the attachment energy (eq 7) by increasing S;, similar to
Janus ellipsoids (Figure 2b).

The equilibrium state of Janus dumbbells with
ARy = 1.5 changes from a tilted orientation to the
upright one for high values of . The equilibrium angle
(Or.eq) Of the particle decreases as f3 is increased, and
the particle eventually prefers the upright orientation
when f is approximately 40° or larger, as shown in
Figure 6f (note that the equilibrium orientations, 6, ¢,
as a function of 3 are found by minimizing the attach-
ment energy in Figure 6d and e). This implies thatin the
case of Janus dumbbells with a large 3, the configura-
tion is dominated by maximizing the contact area
between each region of the particle and its preferred
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Figure 7. Phase diagram illustrating the effect of ARy and
on the orientation of Janus dumbbells at the oil—water
interface. The yellow and blue dashed lines correspond to
the plots in Figure 6¢ and f, respectively.

fluid phase (i.e., polar in water, Spyy and apolarin oil, Spo
in Figure 1c and also see eq 7).

The effect of ARy and 3 on the equilibrium orienta-
tion of Janus dumbbells can be summarized as shown
in Figure 7. Janus dumbbells prefer the upright orien-
tation at a small ARy and a large 3, whereas they adopt
a tilted orientation under the opposite conditions.
Interestingly, unlike Janus ellipsoids, the attachment
energy profiles of Janus dumbbells do not possess
secondary energy minima. We hypothesize that the
absence of a coexisting region in the phase diagram of
Janus dumbbells is due to the unique geometry of
these particles (i.e., thin “waist” at the Janus boundary).
To validate this hypothesis, we compare the attach-
ment energies of Janus dumbbells and spherocylin-
ders with the same aspect ratio and surface area
(see Figure S4 for detailed discussion in Supporting
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Information). Indeed, we find that Janus spherocylin-
ders, under appropriate conditions, have a secondary
energy minimum, similar to the case of Janus ellipsoids
(Figure S4 in Supporting Information). This result sup-
ports our hypothesis that the thin waist of the Janus
dumbbells suppresses the existence of metastable
orientations.

CONCLUSIONS AND OUTLOOK

We have studied the equilibrium orientation of
geometrically and chemically anisotropic particles at
an oil—water interface. Our approach enables the
prediction of the orientation of nonspherical Janus
particles (i.e., ellipsoids and dumbbells) as a function
of particle size, aspect ratio, and surface properties. We
verified that the flat interface assumption facilitates the
determination of the equilibrium orientation of these
nonspherical Janus particles at the fluid surface. In
general, a larger difference in the wettability of the
two regions of Janus particles and a smaller aspect
ratio favor the upright orientation. Notably, the exis-
tence of the primary and secondary energy minima for
Janus ellipsoids indicates that these particles could
become kinetically trapped in a metastable state. In
this case, our calculation demonstrates that it is critical
to control the particle size, at the nanoscale, to enable
these particles to overcome energy barrier between
the two minima and to adopt their equilibrium orien-
tation. In contrast, only primary energy minimum exists
for Janus dumbbells, suggesting that, experimentally,
the orientation of Janus dumbbells should be more
homogeneous than that of Janus ellipsoids.
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The orientation of nonspherical Janus particles
likely will have important influence on their ability
to stabilize emulsions and modify the rheological
properties of fluid interfaces. Thus, the results pre-
sented in this study provide important guidance to
designing Janus particles with geometry and sur-
face properties suitable for specific applications.
The effect of interfacial curvature and packing

METHODS

Attachment Energy Calculation. The attachment energy of a
Janus particle from a single fluid phase to a flat oil—water
interface is given by

AEw = E; — Ew from the water phase (1)

AEo = E —Eo from the oil phase (2

where the subscripts I, W, and O denote the interface, water, and
oil, respectively.>'®'%>* E,,, and Eo represent the surface free
energy of the system when the particle is completely sub-
merged in water and in oil, respectively. E; represents the
surface free energy of the system when the particle is attached
to the interface. Each surface free energy term can be expressed
as

Ew = Sayaw +SeVpw + SOV\( 1. ow
Eo = Sa¥a0 +Sp¥po + Sow' " vow ®3)
E = SaoYa0 + Saw?aw + SpoYpo + Sew¥ew + Sow'vow

where y; is the interfacial tension between i and j, and
the subscripts, A and P indicate apolar and polar surfaces of
the Janus particle, respectively.>'®'® 5o,V and S represent
the surface area of the oil—water interface in the absence and in
the presence of the Janus particle, respectively. When the
particle attaches to the oil—water interface, the surface area
exposed to each fluid phase becomes Sp = Saw + Sao and Sp =
Spw + Spo. Combining eq 1 and 2 with eq 3 yields,

AEw = Sao(Yao — Vaw) +SpolVpo — Vew) — SiYow (4

AEo = Saw(Yaw — Vao) +Spw(Vew — ¥po) — Sivow 5)

where §, is the area of the oil—water interface occupied by the
particle when it is attached to the interface (ie, S, = Sow'" —
Sow™®). Young's equations for homogeneous polar and apolar
spherical particles are given by

Yow €0 Op = Yoo — Vpw (6)
Yow €05 A = Va0 — Vaw

where 6p and 6, are the three-phase contact angles of polar and
apolar particles, respectively (see Figure 1b). On the basis of
eqs 4—6, the attachment energy from the water and oil phase
can be expressed as

AE|W = yOW(SAO cos OA +5p0 cos op — 5|) (7)

AE|0 = — VOW(SAW cos GA + SPW Ccos OP +5|) (8)

The equilibrium orientation of the Janus particle is deter-
mined by minimizing AE,y or AEjo as a function of orientation
angle (0,). A detailed procedure is described below. Note that
eq 7 and 8 will result in the same equilibrium orientation (i.e., cos
6= —cos 0p). Unless otherwise noted, we use eq 7 to determine
the equilibrium orientation of nonspherical Janus particles.

Surface Area Calculation. We numerically calculate the surface
area of an interface-trapped nonspherical Janus particle
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geometry (e.g., asymmetric Janus dumbbells) on
the interfacial behavior of multiple Janus particles
and, in turn, on the stability of nonspherical Janus
particle-covered fluid interfaces warrants further
study.*'*3°% Qur current efforts focus on generating
particles with controlled anisotropy and surface
properties to experimentally investigate their inter-
facial orientation,'7-222325:27.29.3132

exposed to each fluid phase. A large number of random points
(N¢or) are homogeneously generated on the particle surface. The
fraction of the points (P; = N;/No) that are found in one of four
possible conditions—apolar surface in oil (i= A and j = O), apolar
surface in water (i = A and j = W), polar surface in oil (i = P and
j=0),and polar surface in water (i = P and j = W)—enables the
calculation of the surface area using Sj; = PjSiot (Stor = total
surface area). In this process, we assume that the contact line
between the particle and the interface is smooth.>'®' The effect
of line tension at the contact line is negligible since we consider
particles that are larger than 1 nm."®'? We also neglect the effect
of gravity-induced interface deformation, which may be impor-
tant for particles that are larger than hundreds of micrometers.>®
To facilitate the estimation of equilibrium orientation of non-
spherical Janus particles at the oil—water interface, we perform
the calculation of attachment energy assuming that the oil—
water interface around a Janus particle remains flat (the valida-
tion of this assumption is described in Supporting Information).
Equilibrium Orientation. To find the equilibrium orientation of a
Janus particle at an oil—water interface, we calculate the attach-
ment energy (AE) using eq 7. Note that the use of either eq 7 or
eq 8 results in the same equilibrium orientation, as discussed
above. For a nonspherical Janus particle at a flat interface with a
given set of parameters (i.e, a constant 5 and AR, for Janus
ellipsoids, and a constant 5 and ARy for Janus dumbbells), we
calculate the attachment energy as a function of 6, with the
increment of less than 1°; the equilibrium orientation angle (6 )
can be found by finding the minimum attachment energy (AE.).
Orientation Angle Distribution of Janus Ellipsoids. Metropolis
Monte Carlo (MC) simulation is used to estimate the probability
distribution of orientation angle of Janus ellipsoids (Figure 4).
We assume that the particles initially have a random orientation
(0—2m). Particles are allowed to undergo random rotation
(df,mc = £4°), and the probability of each random angular
displacement is determined using the energy profile we calcu-
lated. We assume that the vertical displacement is negligible
(i.e., cos Oy = —cos 6p), as discussed earlier. To obtain the
statistical confidence, the number of particles simulated is larger
than 500. We use at least 500 MC cycles to determine the
orientation of a Janus particle at the oil—water interface.
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