Self-assembly of defined core-shell ellipsoidal particles at liquid interfaces
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Fig. S1. a) Hydrodynamic diameter (Dny) and (b) zeta potential for the respective particle
dispersions measured with dynamic light scattering. (i) Pure spherical polystyrene (PS) particles.
(1) After mixing PS particles with 166 kD PV A and subsequent removal of non-adsorbed PVA by
centrifugation and redispersion in water, an increase in the Dy and decrease in zeta potential is
observed, indicating the formation of a polymeric shell of physisorbed PVA. (ii1) Washing these
particles with an IPA/H,0O mixture removes the physisorbed PVA, as evidenced by the decrease
in Dy and increase in zeta potential, returning to the value of the pure PS dispersion. (iv) When PS
particles are mixed with 360 kDa PVP and the excess PVP is removed by centrifugation and
redispersion in water, the hydrodynamic diameter increases and the zeta potential decreases,
similar to the PVA case, indicating a physisorbed polymer shell. (v) After cleaning with the
IPA/H20 mixture, the Dy remains higher and the zeta potential lower than that of the pure PS
particles, suggesting that the polymer shell at least partially persists even after washing.



Fig. S2. Scanning electron microscopy (SEM) images of the ellipses used in Fig. 3. a) PS
ellipsoidal particles containing a PVP shell. b) PMMA ellipsoidal particles with a PVP shell. c)
Pure PS ellipsoidal particles with no shell.
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Fig. S3. Shell thickness % as a function of aspect ratio for PS-PVP particles (brown) and PMMA -
PVP particles (black). The shell thickness / is determined by measuring the center-to-center

distance for ellipsoidal particles in a side-to-side arrangement from optical microscopy images and
subtracting the corresponding short-axis measurements obtained from SEM images.



1. Steric interaction between core-shell ellipsoidal particles

As discussed in the main paper, to model steric interactions between core-shell particles in our
Monte Carlo (MC) simulations, we assume the shells are impenetrable and treat the core-shell
particles at liquid interfaces as hard ellipses with long and short axis lengths of a’ = a + h and
b" = b + h respectively, where h is the experimentally measured shell thickness, a = RyAR?/3,
b = RyAR™/3 are the long and short axis lengths of the ellipsoidal core respectively, R, is the
radius of the original unstretched spherical core and AR = a/b is the aspect ratio of the final
stretched ellipsoidal core. This approach for modelling steric repulsions requires us to know the
contact separation o, between hard ellipses, which is given in the Berne-Pechukas model [1] by
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and oy = 2(a + h), o, = 2(b + h) are the length and width of the hard ellipse respectively. Note
that for prolate ellipsoidal particles, the Berne-Perchukas model for o, is accurate to within 2%.

[2]

2. Capillary interaction between core-shell ellipsoidal particles

As discussed in the main paper, we assume that the capillary interactions between the core-shell
ellipsoidal particles are due to quadrupolar contact line undulations on the ellipsoidal cores and
this interaction is a function of the centre-to-centre separation of the interacting ellipsoidal
particles 7, and the azimuthal angle that the long axis of each particle makes to the centre-to-
centre ¢4, ¢, as shown in Fig. S4. In this section, we follow ref. [3] and calculate the capillary
interaction energy between two ellipsoid cores V(ry,, @4, ¢9,) by treating the contact line
undulations on the cores as capillary quadrupoles in elliptical coordinates.

Assuming particle-centred coordinate systems and that the x and y axis of the Cartesian coordinate
system are aligned along the long and short axis of the ellipsoidal particles respectively in the
interfacial plane, the elliptical coordinates (s, t) are related to the Cartesian coordinates (x, y) by
the transformations

x = a cosh(s) cos(t) (52)
y = a sinh(s) sin(t) (83)



where s, t are analogous to radial and polar coordinates respectively in circular polar coordinates
and «a is a scale factor (with dimensions of length) that determines the eccentricity of the constant-
s lines in the elliptical coordinate system. Following ref. [3], we assume that the projection of the
contact line on the interfacial plane corresponds to the outline the ellipsoidal core projected on the
interfacial plane is given by the ellipse s = s,. Making these assumptions, one can show that

a=bJARZ—1  (54)
so = tanh™1(1/AR). (55)

Fig. S4. The coordinates specifying the configuration of two interacting ellipsoidal particles at a
liquid interface. The ellipses represent the projection of the contact line on each ellipsoidal
particles on the interfacial plane while P;, P, denote the centres of the two ellipsoidal particles on
the interfacial plane.

A key parameter in calculating the capillary interaction is the position of the centre of particle 2
(P2) in a coordinate system where the centre of particle 1 (P1) is the origin. If we denote the
position of P2 in Cartesian coordinates as (x’,y"), from Fig. S4, we see that x' = ry, cos @4, y' =
—T7y, sin ;. Substituting this result into Equations (S2), (S3) and rearranging, we can write the
position of P2 in elliptical coordinates (s*,t*) in terms of r;, and ¢, as
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Finally, the interaction energy between the two elliptical quadrupoles is given by ref. [3]

V(riz, 01, 02) = —ZyﬂazHe cosh(sy) sinh(sy) [C11 cos(2¢; — 2¢,)
— C31 5in(2¢9; — 2¢,)] (58)



where y is the interfacial tension of the fluid interface, H, is the amplitude of the elliptical
quadrupolar and
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where s, t* are given by Equations (S6), (S7).

Note that in Equations (S8) — (S10), we have corrected some typographical errors in the
corresponding equations in ref. [3]. Specifically, in Equation (S8), there is a minus between the
two terms inside the square bracket (not a plus as shown in ref. [3]), while in Equations (S9), (S10),
the denominator on the right hand side contains an extra factor of cos? ¢, (which is missing in ref.
[3]). Note also that, in spite of this extra factor, C{;, C3; do not diverge for ¢, — + /2 but tend
towards finite limiting values. To avoid any numerical instabilities in our calculations, we therefore
set C{,, C;4 to be equal to these limiting values for ¢, very close to + /2.



a) AR =2 b) AR =3 c) AR = 4

1072 1071 r r 100 .
.~ SS Theory ‘~_\ Mo SS Theory
N 103 L TT Theory ~ 1072 ‘\_\ ~ 107! "\_\ TT Theory
g A SS SE e] Q 10-2 SS SE
= i .« TTSE 2107 T = o TTSE
-4 - s _ NN
g 10 T o - ~ 1073 o)
= = = 100 \
| 10 I 10-5 | 10-5
1076 = 107 o 107 :
2 3 4 6 10 20 2 3 4 6 10 20 2 34 6 10 20 30
rz/b rz2l/b rn»/b

Fig. S5. Comparison of elliptical quadrupole model with Surface Evolver simulations for the
capillary interaction energy as a function of centre-to-centre separation ry, for ellipsoidal particles
with no shells and contact angle 6, = 40° with aspect ratio (a) AR = 2; (b) AR = 3; (c) AR = 4.
Note that in all cases we plot —V in the vertical axis. We compare theory (solid lines) to simulations
(data points) for ellipsoidal particles in the side-to-side configuration (red) and tip-to-tip
configuration (blue). The red and blue vertical dashed lines represent the contact separation for the
side-to-side and tip-to-tip configuration respectively while the dashed black line represents the
quadrupolar power law. The values of the fitting parameter H, used to fit theory to simulation for
the different AR are given in Table S1.

In Fig. S5a,b,c, we compare our theoretical model, i.e., Equations (S6)-(S10), with Surface Evolver
simulations for the interaction energy as a function of 1y, for ellipsoidal particles with no shells
and contact angle 6,, = 40° which have aspect ratios AR = 2,3,4 respectively. Specifically, we
compare theory (solid lines) to simulations (data points) for ellipsoidal particles in the side-to-side
(orange) and tip-to-tip configuration (green). We use H, as a fitting parameter to fit the theory to
the simulation data and the fitted values of H, for the different AR are given in Table S1. We see
that the theoretical model captures the key features of the numerical data almost quantitatively,
including the far-field quadrupolar scaling of V~ — 1/7, (dashed black lines) and the near-field
deviations from this scaling. The fitted values of H, also agree with the amplitude of contact line
undulations H, calculated directly from Surface Evolver simulations of isolated ellipsoidal
particles to within a factor of around 2, where we define the amplitude to be Hy =
(Zmax — Zmin)/ 2, 1.€., half the difference in the maximum height z,,,,, and minimum height z,,;,,
of the contact line (see Table S1). The good agreement between theory and simulations in Fig. S5
and Table S1 confirms that modelling the contact line undulations on the ellipsoid cores as
elliptical quadrupoles is a good approximation.

As discussed in the main paper, the importance of capillary interactions relative to the thermal
energy is characterized by the normalized temperature T* = kT /yHZ. In Table S1, we list the
values of T for ellipsoidal particles with AR = 2,3,4 where we assume that R, = 0.55 um, T =
300K and y = 70 mN-m™'. We see that in all cases T* < 1 and that T* decreases with increasing
AR. Since all the experimental ellipsoidal particles have AR > 2.5 and T will be lower for
ellipsoidal particles with larger R, (since H, is proportional to R;), we conclude that all
experimental systems we are studying in this paper are in the low temperature regime where T* <
1.



Table S1: The amplitude of quadrupolar contact line undulations for ellipsoidal particles with
0., = 40° and different aspect ratios AR obtained from fitting the elliptical quadrupole model to
the Surface Evolver simulation data in Fig. S5 (H,) and calculated directly from Surface Evolver
simulations of isolated ellipsoidal particles (Hy = (Zmax — Zmin)/2, Where Zpax, Zmin are the
maximum and minimum heights respectively of the contact line). We also list the normalized
temperature T* = kgT/yH?2 for the ellipsoidal particles assuming R, = 0.55 pm, T = 300 K and
y =70 mN-m™,

Aspect Ratio AR H, Hy T
2 0.0205b 0.0506b 7.4 % 1074
3 0.0445b 0.0878b 2.1x 107
4 0.0690b 0.115b 1.0 x 1074
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