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ABSTRACT

We studied the evaporation-induced formation of supraparticles from dispersions of elongated
colloidal particles using experiments and computer simulations. Aqueous droplets containing
a dispersion of ellipsoidal and spherical polystyrene particles were dried on superamphiphobic
surfaces at different humidity that lead to varying evaporation rates. Supraparticles made from
only ellipsoidal particles showed short-range lateral ordering at the supraparticle surface and
random orientations in the interior, regardless of the evaporation rate. Particle-based
simulations corroborated the experimental observations in the evaporation-limited
regime (Pe > 1) and showed an increase in the local nematic ordering as the diffusion-limited
regime (Pe < 1) was reached. A thin shell of ellipsoids was observed at the surface when
supraparticles were made from binary mixtures of ellipsoids and spheres. Image analysis
revealed that the supraparticle porosity increased with increasing aspect ratio of the ellipsoids.

INTRODUCTION

Colloidal particles can assemble into supraparticles of various sizes, architectures, and
compositions.'? The material properties of supraparticles can be engineered through the choice
of the colloidal “building blocks™ as well as their composition and arrangement within the
supraparticle. Multiple types of materials, ranging from nanometer-sized quantum dots® or
metal organic frameworks* to micrometer-sized polystyrene (PS) particles,’ with different
shape and chemistry can be used as building blocks to create supraparticles. The supraparticles
may have emergent properties that surpass the mere sum of their parts, arising from the
interactions between different types of building blocks.!? Therefore, supraparticles are
versatile materials with potential applications in many fields of science and technology,
including catalysis,'® gas adsorption and sensing,* drug encapsulation and delivery,'%!!
photonics'?>~!* and energy production and storage.!>!°

Wet self-assembly methods have been commonly used to fabricate supraparticles by forming
them inside or around droplet templates, such as emulsion droplets suspended in liquid
media.'>!72% However, these methods have certain drawbacks, including the need for
additional processing liquids that require proper disposal as well as only limited control over
the final supraparticle morphology. Dry self-assembly methods offer an alternative approach
where supraparticles are obtained by evaporating droplets into air.!>! These techniques do not
need additional processing liquids and simplify the collection of the assembled supraparticles.?!
Commonly used dry self-assembly methods include Leidenfrost levitation?>?* and spray-
drying,”*2°in which droplets dry in a contact free environment. These methods are typically
performed at high temperatures, where evaporation takes only a few seconds. Therefore,
studying structure formation with these techniques in real time is difficult and requires complex
instruments, such as rotating anode-based X-ray sources or small-angle X-ray scattering.3%!
Further, the fast evaporation conditions make it quite difficult to control the final supraparticle
shape and the distribution of the colloidal particles inside the supraparticle.?? For levitated
droplets, additional parameters such as the thermal conductivity of the substrate can introduce
challenges in controlling the resulting supraparticle shapes.3%3

Alternatively, supraparticles can be fabricated by evaporating droplets supported on solid
substrates. The wetting property of the substrate is important, as it directly determines the
deposition characteristics in the contact region. Superamphiphobic surfaces repel water and
also nonpolar liquids, surfactants, and protein solutions. Droplets on such surfaces acquire high
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contact angles (CA > 150°) and roll off easily (tilting angle < 10°), while the interfacial area
between the liquid and solid is extremely small (< V?/3, where V is the droplet volume).33-3
Further, superamphiphobic surfaces typically have a highly porous structure, which allows the
liquid to evaporate through the substrate, leading to almost radially symmetric evaporation. As
a result, the method suppresses contact line pinning and hence the coffee-ring effect,’’3% as
well as temperature-induced Marangoni flow inside the droplet.** In contrast to Leidenfrost
levitation and spray-drying, evaporation from superamphiphobic surfaces occurs at much
longer timescales, which also makes studying the structure formation of supraparticles more
convenient.*!

Conventionally, spherical particles have been used to fabricate supraparticles of various
structures and compositions by tuning the particle concentrations and processing parameters
such as the evaporation rate.!»>!*1-43 Examples include supraparticles having a core-shell
morphology of larger (core) and smaller (shell) PS spheres,” PLGA/ciprofloxacin
supraparticles prepared in solvents of various polarity,!' multicomponent spherical mesoporous
supraparticles of metal oxides such as TiO2/SnO2 and TiO2/Zn0,* and supraparticles with non-
spherical shape induced by the addition of salt.*! The shape of the colloidal particles themselves
is a powerful but still largely unexplored handle for controlling supraparticle structure.*46
Experiments*’ and simulations*® of bulk systems have shown that rod-like particles tend to
pack into more open random structures compared to their spherical counterparts. Simulations
of sphere-rod mixtures in the bulk also revealed demixing transitions under the right
conditions® and decreasing packing with increasing rod aspect ratios.’® Recently, Jacucci et
al. fabricated spherical supraparticles from silica nanorods via emulsion evaporation, and
obtained a core-shell morphology, with a disordered core and an ordered shell.>! The surface
ordering of the nanorods was tuned from smectic to isotropic by adding salt into the dispersion,
which resulted in a decrease of reflectance. It was noted that the light scattering efficiency
could be further improved upon increasing the range of nanorod ordering.>! Van der Hoeven
et al. assembled silica-coated gold nanorod supraparticles to enhance the Raman scattering of
analyte molecules. Gold nanorods exhibited superior and highly tunable plasmonic properties
compared to spheres due to their longitudinal surface plasmon resonance in the visible and
near-infrared spectrum.’> Wang et al. showed that drying droplets containing lanthanide
fluoride nanoplatelets could be utilized to fabricate supraparticles with tailored optoelectronic
properties.>

Although these prior works have hinted at the possibilities of using anisotropic building blocks
for creating supraparticles, systematic studies investigating the influence of the aspect ratio of
the colloidal particles, mixing colloidal particles with different aspect ratios, and evaporation
rate on structure formation are still lacking. To better understand these aspects and to develop
design strategies, we performed experiments and simulations on the formation of supraparticles
composed of ellipsoidal particles and mixtures of spherical and ellipsoidal particles. In the
experiments, we used PS colloidal particles to differentiate the effect of topology from the
effect of materials properties. As the density of an aqueous PS dispersion is close to that of
water, and ellipsoidal particles- having similar interaction potentials and surface chemistry-
can be prepared from PS, we were able to focus on the physics of supraparticle formation. We
found that (i) the ordering of the ellipsoids could be tuned by changing the evaporation rate,
(i1) ellipsoids tended to form a thin shell with short-range orientational order on the surface,
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and (iii) supraparticle porosity tended to increase with increasing ellipsoid aspect ratio due to
random packing in the interior.

EXPERIMENTAL METHODS

Materials. Methyl trichlorosilane (TCMS, 99%) and hexadecane (Reagent Plus, 99%) were
purchased from Sigma Aldrich. 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (PFDTS, 96%)
was purchased from Alfa Aesar. N-Hexane (>95%), toluene (>99.8%), acetone (>99.8%), and
isopropyl alcohol (IPA, >99.8%) were purchased from Fisher Chemical. Ethanol (>99.8%) was
provided by Honeywell Research Chemicals. Ultrapure water with a resistivity of 18.2 MQ-cm
was obtained using a Sartorius Arium 611 VF water purification system. Glass slides 25 x 75
mm? in size were provided by Menzel-Gléser, Germany. PS particles (zeta potential = -56 mV,
with -COOH groups on the surface) with a diameter of 408 nm (polydispersity index 0.034)
were synthesized by the copolymerization of styrene and acrylic acid using surfactant-free
emulsion polymerization.3* The synthesized particles were purified by several centrifugation
cycles and were finally redispersed in ultrapure water. Polyvinyl alcohol (PVA, Mw 115000
g/mol, degree of hydrolysis 86.5 — 89%) was purchased from VWR Chemicals. Anionic
surfactant sodium dodecyl sulphate (SDS) was purchased from MP Biomedicals.

Preparation of superamphiphobic surfaces. The silicone nanofilaments-based
superamphiphobic surfaces were prepared as described before.?33° Glass slides were sonicated
in toluene, acetone, and ethanol and dried by nitrogen flow. Then, glass slides were oxygen
plasma treated at 30 W for 2 min (Diener Electronic Femto). The activated glass slides were
immersed in 360 mL toluene with 166 ppm water content in a Teflon box. The water content
of toluene was measured with a Karl Fischer coulometer (Mettler Toledo C20 Compact KF
coulometer). 250 pL of TCMS was injected into the Teflon box to initiate the growth of silicone
nanofilaments from the glass slides. The chamber was kept sealed for 14 h. After the reaction,
the silicone nanofilament-grafted glass slides were rinsed with hexane to remove any unreacted
TCMS. To fluorinate the nanofilaments, the grafted glass slides were annealed in a furnace at
200°C for 2 h to obtain a more stable silicone network. Then, the glass slides were again
activated with oxygen plasma at 120 W for 2 min and immersed in 120 mL hexane with 0.1
mL PFDTS. After 30 min of reaction, the substrates were rinsed with hexane to remove any
unreacted fluorosilanes. The resultant nanofilament-coated glass substrates were homogeneous
over a large area [Fig. S1].

Preparation of polystyrene ellipsoids. PS ellipsoids were prepared from monodisperse
spherical PS particles following the film-stretching method.’® The preparation procedure is
depicted schematically in Fig. S2. 5 g of PVA were dissolved in 139 mL distilled water to
obtain a 3.5 wt.% aqueous PVA solution. The system was stirred at 375 rpm overnight by
keeping the temperature at 80°C. After obtaining a clear PVA solution, about 4 g of 10 wt.%
PS particle dispersion was added and stirred at 375 rpm for 5 h to obtain a homogeneous
PV A/particle dispersion. The weight ratio of PS to PVA in the final mixture was 0.08. The
PV A/particle dispersion was then poured into a flat Teflon mold (15 x 28 cm?) and was air-
dried for 1 day. After evaporation, a particle embedded PVA film was formed. This film was
cut into small film strips (3 cm x 8 cm, or, 3 cm X 4 cm, depending on the desired draw ratio).
These film strips were stretched in an oven at 140°C. The stretching was done by applying
uniaxial tension with a tensile test apparatus (Zwick/Roell Z005 Universal Testing Machine)
to the desired length at a speed of 300 mm/min. The films were stretched at draw ratios of 100,
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200 and 400% to obtain ellipsoids with varying aspect ratios of about 4, 6, and 11, respectively.
The particle size and aspect ratio were calculated by counting 40 particles in a scanning electron
microscopy (SEM) image of each batch [Table 1]. Several washing steps were required to
recover the ellipsoidal particles from the film. After stretching, the PV A/particle film strips
were cooled to room temperature while still being clamped in their stretched state and then cut
into small pieces (1 cm % 1 cm). The original edges of the stretched films were rejected, as
there could be nonuniform stretching near the metal clamps. The small film pieces were soaked
in an [PA-water mixture (3:7) (v:v) overnight under magnetic stirring. Then, this mixture was
heated to 85°C for 1 h to dissolve the PVA matrix completely. The dispersion was centrifuged
at 10000 rpm for 1 h to sediment the particles and the viscous PVA-rich supernatant was
decanted. The sediment was dissolved again in an [PA-water mixture (3:7) (v:v) and was
centrifuged at 10000 rpm for 1 h. This washing procedure was repeated two times. In the final
washing step, the particles were dispersed in water at 90°C under magnetic stirring for 1 h to
remove the traces of PVA. Then, the dispersion was centrifuged one last time to recover the
PS ellipsoids. The resultant particles were redispersed in an appropriate amount of distilled
water depending on the required particle concentration.

Draw ratio (%) L (um) de (Lm) A=1L/d,
100 0.92+0.05 0.26+0.01 3.5+0.3
200 1.30+0.11 0.21+0.02 6.1+0.8
400 1.95+0.21 0.18+0.02 112

Table 1. The dimensions of the ellipsoids obtained by stretching a film, embedded with 408 nm PS spheres, at
different draw ratios. The dimensions (length L and diameter d.) were determined by analyzing 40 particles each.

Evaporation of PS dispersion droplets on superamphiphobic surfaces. The aqueous PS
dispersions were prepared prior to the evaporation experiments. The volume concentration of
PS ellipsoids or spheres in the dispersions was kept around 1%, whereas the total volume
concentration of sphere-ellipsoid mixture dispersions was around 0.6% with volume ratio of
ellipsoids to spheres 1:1 (v:v). Each system contained 1 mM aqueous SDS solution to stabilize
the dispersions. Approximately 1 pL of these dispersions were dispensed onto the
superamphiphobic surfaces with the help of an Eppendorf Research Plus pipet, which was
equipped with epT.L.P.S. LoRetention Reloads tips. To conduct the evaporation experiments
in a controlled manner a humidity chamber was built in-house. The humidity chamber was
equipped with an inlet, which allowed nitrogen gas to flow, and a window through which the
evaporation process was monitored by a camera (Blackfly S Colour 5.0 MP USB3 Camera).
The humidity during evaporation of the dispersion drops was recorded with the help of a
humidity sensor inside the chamber. Once the desired humidity was reached, the droplets were
dispensed through the holes on top of the chamber, and the holes remained closed throughout
the evaporation. The dispersion droplets evaporated at 23°C, either under ambient conditions
(relative humidity of 30%) or at a relative humidity of 75%. The supraparticles formed after
evaporation were released by slightly inclining the surfaces and were collected in small vials.

Characterization. The morphology of the superamphiphobic surfaces and the supraparticles
were imaged by SEM (low voltage LEO 1530 Gemini, Germany). Prior to imaging, the samples
were sputter coated with a 7 nm layer of Pt using Safematic Compact Coating Unit-010 to
avoid charging. The water concentration in toluene was evaluated using a Karl Fischer
coulometer (Mettler Toledo C20 Compact KF coulometer). To detemine the size and
polydispersity of the PS particles, dynamic light scattering measurements were carried out on
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an ALV spectrometer consisting of a goniometer and an ALV-5004 multiple-tau full-digital
correlator (320 channels, angular range from 30° to 150°). A He-Ne Laser (wavelength of 632.8
nm) was used as light source. Measurements were performed at 20°C at 9 angles ranging from
30° to 150°. The zeta potential of the PS particles was measured by a Malvern Zetasizer Nano
Z. Using Imagel software, we performed image analysis with the evaporation videos of the
droplets, and recorded the change in droplet volume as a function of time. The volume of the
droplets was estimated first by determining an arc through the circumference of the 2D image
of one half of the droplet, and then by integrating disc-shaped slices (which are passing through
this arc and cutting the central axis of the droplet perpendicularly) around the central axis [Fig.
S3]. The method assumed no pre-defined droplet shape.

NUMERICAL METHODS

Explicit-solvent simulations of drying colloidal systems are computationally taxing, since they
require large numbers of particles and small time steps to capture the fast motion of the solvent
particles. As a consequence, such explicit-solvent simulations are typically limited to systems
containing a few thousand colloidal particles,’’° which is often too small to fully capture
structural variations that occur during drying. However, it is often not needed to resolve
individual solvent particles, but rather only the solvent’s effect on the solute. Therefore,
implicit-solvent simulation methods have been used to model drying colloidal systems, and
have shown good agreement with experiments in some cases.®>%! However, at times there are
certain qualitative and quantitative discrepancies which are thought to originate from the lack
of solvent effects that exist in real systems, such as solvent backflow and hydrodynamic
interactions (HI) between the particles.>%2-%* Therefore, in this study we performed simulations
with two methods — (a) Langevin dynamics (LD) [-HI] and (b) multi-particle collision
dynamics (MPCD) [+HI].

Langevin dynamics is a widely used implicit solvent technique that incorporates the Stokes
friction and Brownian motion of particles in the equations of motion,

mi"i=FC—)/Vi+FR (1)

where F is the force on particle i due to all the conservative interactions in our system, y is
the friction coefficient and Fp is a uniform random force acting on the particle. The magnitude
of the random force is chosen in accordance with the fluctuation dissipation theorem, (Fg) =
0 and (|Fg|?) = 6kgTy/5t. The friction coefficients y for the different colloidal particles are
taken as input parameters which were determined via bulk simulations of very dilute (¢ =
0.0001) dispersions with MPCD for the elongated and spherical particles.

Multi-particle collision dynamics (MPCD) uses a simplified particle-based solvent model,
which undergoes successive free-streaming and stochastic collision steps.®>~¢7 The solvent is
modeled as a set of point particles of number density p, having positions 1}, velocities v{, and
mass m,. In the free streaming step, solvent particles move ballistically,

rP(t+4t) =) +vi(®)At  (2)
where At, is the collision timestep, which effectively sets the mean free path of the particles.

The variants of MPCD algorithms differ in their implementation of the collision step. In our
study, we use the widely implemented stochastic rotation dynamics (SRD) algorithm,
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introduced by Malevanets and Kapral.® Particles are first binned into cubic collision cells of
length [, where they undergo stochastic rotations as,

vi(t +A4t) = ui(t) + Q. - [vi(t) —u(t)] 3)

where ul(t) is the average velocity of the particles in a collision cell and Q. is the rotation
operator of the cell in which particle i resides at time t. The rotation operator is chosen to have
a fixed angle of rotation of 130° around a random axis in each cell. To ensure Galilean
invariance, the collision cells are shifted along each direction by a distance uniformly drawn
from [—1/2,1/2].°6 A Maxwell-Boltzmann thermostat is applied on the cell level to maintain
isothermal conditions. These stochastic collisions build up the HI between the particles. Solute
particles are coupled to the solvent through momentum exchange in the collision step, as
described further below.

In our MPCD droplet simulations, the solvent can flow through the droplet interface, which
likely overpredicts solute entrainment, but still is a significant improvement over complete
neglect of hydrodynamic interactions.®® To minimize unphysical hydrodynamic interactions
due to periodic boundary conditions, the simulation box is padded along all directions by the
droplet’s initial radius.

N, =2A+1
Figure 1. (a) Schematic of spherical particles in LD and MPCD simulations, respectively. The diffuse sphere in
MPCD schematic imparts the excluded volume. (b) Schematic of rod-shaped particles in simulations.

Spherical colloidal particles were modelled as nearly hard spheres with diameter dg = 3.0l
via the purely repulsive Weeks-Chandler-Andersen (WCA) potential,

Uwea(r) = {46 [(ﬁ)lz B (ﬁ)f)] » T < (ew +4) 4)
0 , T2 (T +4)

where 7 is the distance between to interacting particles, and we used 0 = 1.0l, A = 2.0/, and
Teut = 200, Coupling of the spherical particles to the MPCD solvent requires careful
treatment. In this study we used a discrete mesh model to couple the spheres to the solvent. 5%
In this model, each sphere is represented as a mesh of N, = 12 vertex point particles placed on
the surface of the sphere with an additional particle placed in the center of the mesh to impart
the nearly hard sphere excluded volume as given above [Fig. 1(a)]. The mesh is created using
the vertices of an icosahedron that are scaled up such that they lie on the surface of the sphere.
The vertex particles are bonded to their nearest neighbors and to the central particle via
harmonic bonds which ensures that the mesh shape is conserved. The strength of the harmonic
bonds was set to, ki, = 5000172,
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Elongated colloidal particles could, in principle, be described as ellipsoids using anisotropic
pair potentials such as the Gay—Berne model; however, it is challenging to couple such a model
to the MPCD solvent, given the rather large number of vertex particles needed for covering the
ellipsoid surface. Instead, we approximate the ellipsoids of aspect ratio A = 4,6,11 using a rod-
like (“shish-kebab”) model [Fig. 1(b)], with every colloidal particle consisting of N, = 24 +
1 monomers of diameter d, = 1.0( bonded via a harmonic potential,

Ubona (1) = %krod (r— 1,.0)2 )

with equilibrium length 7, = d,/2 and strength k,,q = 1000 ed 2. This choice ensured that
the excluded volume closely resembled that of a smooth rod. A bending potential between
consecutive bond vectors was introduced to make the rods stiff,

Ubend(8) = S kpena(8 — 60)%  (6)

with an equilibrium angle, 8, =  and strength kye,q = 1000 erad™2. Such a model for rods
in conjunction with MPCD has been studied previously and shown to reproduce the expected
diffusion behavior in the bulk.”! Excluded volume interactions between rods are realized
through WCA interactions between the constituent monomers, as described above.

The air-droplet interface in the simulations was modelled using a harmonic potential, located
at a distance of R from the center of droplet, acting radially inwards,

0, r<R
U(r) = karop (o2 (7)
(r—R)*, r>R
2 )

The interaction strength is analogous to the surface tension of the droplet and was set to kqrop =

200¢/ dez. Evaporation of the droplet was simulated by reducing the size of the droplet using
the following relation,*

R* =Ry~ >t (3)

where « is the rate of change of surface area which is assumed to be a constant. From the above
relation, we can deduce the speed of the receding interface by taking the time derivative,

_—dR _ «a

ol €))

dt ~ 8mR

Simulation details— MPCD simulations were performed with an initial droplet radius R, =
50d,, whereas LD simulations were performed with droplets of size R, = 50d, & 100d,.. The
initial volume fraction of colloidal particles in the droplet was chosen as ¢, = 0.08 and the
droplet was dried until it reached half of its original diameter, corresponding to a final volume
fraction of ¢¢ = 0.64.

The system of units for the MPCD solvent were the collision cell edge length [, mass m, of the
solvent particles and the energy scale € = kzT. The simulation timestep was set to dt =
0.001t and the MPCD collision timestep was set to At = 0.1t where 7 = \/m,[?/€. The
solvent number density was set to p = 5173, Mass of the rod monomers and sphere vertex
particles in the MPCD simulations were set to m = 5m,. The solute (rods/spheres) is coupled
with the MPCD solvent through the collision step.
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Simulations were performed using HOOMD-blue version 2.9.77>7° with azplugins version
0.11.0.7

Volume fraction profiles of the colloidal particles were computed by convolving the number
density profile, p;, of particle of type i with the Heaviside function, 8(r; — |r — r’|), which
essentially represents the volume of the sphere of radius 1;, i.e.,”’

¢:(r) = [dr' p;(Ir']) 6(r; — [r = 1']) (10)

This integral can be simplified using the radial symmetry of the droplet as,
1 ! ! ! ! !
¢i(r) = - [ dr' p(t)r'm[r? — (r = r')?]0(r; — Ir—r']) r2r; (11)

Since our model for the rods consists of consecutive overlapping monomers, the overlap

volume had to be accounted for while computing the volume fractions. For two overlapping

spheres of radius R’, whose centers are separated by a distance R’, the overlap volume is V' =

5mR'3/12. To approximately account for the overlap, we multiplied the Heaviside function by

(5/16) (Nm—1)
Nm

the prefactor (5/16) is the ratio of overlap volume to the volume of a monomer.

aconstant b =1 — where Ny, is the number of monomers making up a rod and

RESULTS AND DISCUSSION

1. Formation of supraparticles composed of ellipsoids.

The evaporation-induced self-assembly of particles can be described as an advection—diffusion
process in confinement. Inside the spherical droplet, the colloidal particles diffuse due to
Brownian motion, while the evaporating air-solvent interface creates an effective advection’®
that can accumulate the colloidal particles and create a concentration gradient, provided the
drying is fast enough. The relative contributions of advection and diffusion can be
characterized by a dimensionless quantity known as the Péclet number Pe, defined in this
context as the ratio of the typical diffusion time, T4 = RZ/D,, and the evaporation time, T, =
Ry/Vey, at the beginning of drying. Here, R, is the initial droplet radius, D, is the diffusion
coefficient of the colloidal particles at infinite dilution, and v,, is the initial speed of the
receding droplet interface. The expression for the Péclet number then reduces to Pe =
Tq/Tev = Vev Ro/Dy. We define Pe > 1 as the evaporation-limited regime and Pe < 1 as the
diffusion-limited regime. In the following, Pe, and Peg refer to the Péclet numbers for the
elongated and spherical particles, respectively.

1 uL droplets containing PS ellipsoids (~1% initial volume fraction) with varying aspect ratios
(1 =4,6,11, corresponding to approximate lengths 0.92 um, 1.30 um, and 1.95 pm) were
evaporated from superamphiphobic surfaces at different humidity conditions that led to
different evaporation rates. The PS particles have -COOH groups on their surface, which leads
to an electrostatic double-layer repulsion between them.*!-” To improve the stability of the
dispersions at late stages of drying with elevated salt concentrations, 1 mM of the anionic
surfactant sodium dodecyl sulphate (SDS) was added to each dispersion. Due to the repulsive
nature of this interaction, the colloidal particles were modeled as nearly hard particles in the
simulations (see Methods section for details). At high relative humidity (RH = 75%,40 <
Pe, < 70), the complete drying of the droplets took about 90 minutes. Each dispersion droplet

formed an almost spherical supraparticle at the end of drying [Figs. 2a, S4]. At low relative
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humidity (RH = 30%, 170 < Pe, < 200), the final supraparticles were not spherical
anymore due to buckling near the end of evaporation, which typically occurred from the top
[Figs. 2b, S5]. Buckling is a common phenomenon caused by mechanical instabilities.?* The
ordering of the ellipsoids on the buckled supraparticle surface resembled that of high humidity,
although more ellipsoids were oriented out of plane on the supraparticle surfaces.

Examination of the supraparticle surfaces under SEM showed a short-range lateral ordering of
ellipsoids upon drying at high relative humidity [Fig. 3(a-c)]. Most of the ellipsoids were
oriented in plane on the supraparticle surface. The supraparticle surface with the most out of
plane ellipsoids appeared to be the one with the highest aspect ratio ellipsoids (4 = 11). To
quantify ordering of the ellipsoids on the supraparticle surfaces, we computed an orientational
order parameter, defined as

ST(ri,rj) = (ZCOSZQU — 1) (12)

Figure 2. SEM images of supraparticles obtained from evaporation-limited drying with (a) Pe, = 50 and (b) Pe, =
170 for dispersion droplets containing ellipsoids with 1 = 6. Insets show the surface and cross-section of the
supraparticles at higher magnification. Scale bar in the insets correspond to 1 um.

Here, 6;; is the angle between the long axes of two ellipsoids i and j, whose center of masses
are separated by distance r = |r; — r;| with 7; being the position of ellipsoid i. By construction,
a parallel alignment of particles would result in ST = 1, while isotropic configurations would
yield St = 0. The lateral and longitudinal ordering of the ellipsoids can be best understood
when ST is plotted on a spatially resolved two-dimensional heatmap with the width and height
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of the cells set approximately equal to the single ellipsoid diameter (d) and length (L),
respectively [Fig. 3(d)], so that adjacent cells represent adjacent ellipsoids. From this plot, we
find that, for A = 11 (Pe, = 70), the ellipsoids were ordered along the short axis direction up
to about four ellipsoid diameters [Fig. 3(d)]. For A = 6 (Pe, = 50), the ordering along the short
axis reduced to three ellipsoid diameters, while no ordering was found for A = 4 (Pe, = 40)
[Fig. S6]. In all cases, the ellipsoids did not exhibit any ordering along their long axis direction.
The experiments at low humidity were not used for analyzing the order parameter of the
ellipsoids, as many ellipsoids were aligned out of plane on the supraparticle surface.

To understand the extent to which the evaporation rate influenced the surface structure, we
performed computer simulations in both the evaporation- and diffusion-limited drying regimes.
We first performed simulations with and without hydrodynamic interactions, using droplets
with an initial radius of R, = 50d,, and found nearly identical structures from both approaches
[Fig. S7]. This agreement suggests that hydrodynamic interactions play only a negligible role
for these systems. Therefore, we primarily performed simulations without hydrodynamic
interactions, which allowed us to access larger droplets of radius Ry = 100d,.. Subsequent
discussion refers to these simulations.
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Figure 3. SEM images of suprapatrticle surface composed of ellipsoids with (a) A =4, (b) A =6 and (c) 1 = 11.
Péclet numbers for each case are shown on the bottom right of each panel. (d) 2D heat map for the order parameter
St, computed from the SEM image of the supraparticle surface shown in (c).

The Péclet numbers in simulations and experiments are not exactly identical, but they are on
the same order of magnitude, which makes the results comparable. In general, the experimental
and simulation results are in good agreement [cf. Figs. 3 and 4], with some minor differences:
The surface SEM images for A = 11 [Fig. 3(c¢)] showed some ellipsoids oriented out-of-plane
in the experiments, which were absent in the simulation snapshots. This difference might arise
from the fact that the simulations treat the ellipsoids as (nearly) hard rods, which might affect
their packing. Further, in the simulations, droplet confinement is modeled by a purely repulsive
harmonic potential at the droplet-air interface [Eq. (7)], which could suppress an out-of-plane
alignment of the colloidal particles.
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In the diffusion-limited regime (Pe, < 1), the rods showed long-ranged ordering along their
short and long axis directions [Fig. 4(d-f)], suggesting that the range of surface ordering highly
depends on the Péclet numbers. Figure 4(g) shows the radially averaged ST for the 1 = 11
rods on the supraparticle surface with varying Péclet numbers. The rods exhibited long-ranged
ordering that decayed as the Péclet number increased. The largest Péclet number in our
simulations was comparable to that of the experiment at high relative humidity [shown as a
dashed line in Fig. 4(g)], for which we obtained a similar trend of ST. We observed that the
range of ordering reduced very quickly with decreasing aspect ratio A [Fig. S6]. For 1 = 4
there was, on average, no lateral ordering of rods.

Evaporation-limited Diffusion-limited
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Figure 4. Simulation snapshots showing the supraparticle surface and cross-sections (upper right corner of each
snapshot) obtained in the (a-c) evaporation-limited (Pe, » 1) and (d-f) diffusion-limited (Pe. < 1) drying regimes
for 1 = 4,6,11. Orientationally ordered clusters of rods on the surface are indicated via different colors for visual
aid. (g) S t for 2 = 11 as a function of radial distance on the suprapatrticle surface for experiments and simulations.

To characterize the ordering of the colloidal particles in the supraparticle interior, the
supraparticles were cut in half with a scalpel and imaged using SEM. The images revealed
randomly packed ellipsoids regardless of particle aspect ratio [see insets in Fig.2(a) and Fig.
S8]. Since, the packing efficiency of randomly oriented elongated particles is known to
decrease with increasing aspect ratio,*8084 we expected an increase in porosity of our
supraparticles as we increased A.

The packing volume fraction ¢ of the colloidal particles was determined as a measure of
porosity for the experimental supraparticles by computing the volume of the initial and final
droplet via image analysis. This was achieved by first determining an arc through the
circumference of the 2D image of one half of the droplet, then using the solid of revolution
method to compute the volume [Fig. S3]. Apart from rotational symmetry, this method does
not assume a specific droplet shape and thus avoids systematic errors due to deviation from a
perfect sphere. The final particle volume fraction was then calculated as ¢ = ¢V, /Vy where,
¢ 1s the known initial particle volume fraction and V, and V; are the initial and final droplet
volumes, respectively. We computed ¢y for all three ellipsoid aspect ratios as well as for
spherical particles that served as a reference point (Table 2). The final particle volume fraction
tended to decrease with increasing ellipsoid aspect ratio A, which is consistent with simulation
studies of randomly packed rods in the bulk.3808485 The decrease in random packing efficiency
of ellipsoids inside the supraparticles can be attributed to the increase of orientationally
averaged excluded volume for particles with higher aspect ratios.*”#86 Qur results suggest that
the supraparticle porosity might then be further increased (¢ decreased) using ellipsoids with

higher aspect ratios.

A bo oF Theoretically expected
i

1 0.011 £ 0.001 0.61 £+ 0.06 0.66%8,0.68%486 0.69%>

4 0.011 £+ 0.001 0.59 + 0.03 0.53%8,0.55%4,0.59%0,0.61%°

6 0.013 £ 0.002 0.57 £ 0.08 0.51%6,0.55%>

11 0.081 + 0.001 0.52 +£0.04 0.40%6,0.43%4,0.44%0,0.48%

Table 2. Final volume fractions of colloidal particles in supraparticles at high relative humidity (10 < Pe, < 70). The
last column shows the theoretically expected values for random packing in bulk dispersions.

Likewise, the supraparticle cross-sections from simulations in the evaporation-limited regime
(70 < Pe, < 140) showed that the rods were randomly packed in the interior [Fig. 4(a-c)]. In
contrast, the simulations in the diffusion-limited regime (Pe, < 1) exhibited local nematic
ordering [Fig. 4(d-f)], which can be explained via entropic arguments: At sufficiently high
concentrations, rods prefer to align nematically to increase the translational entropy at the
expense of orientational entropy.’” The isotropic-nematic transition shifts to lower
concentrations with increasing aspect ratios.®®%" This transition requires the reorientation of
individual rods and nematic bundles, which could be suppressed when the droplet is dried
quickly (Pe > 1).
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Since the simulation cross-sections indicated the formation of orientationally ordered bundles
of rods under certain conditions, we computed the global nematic order parameter in the
droplets at various stages of the drying process. To establish a reference for the global nematic
ordering of the rods, we performed additional bulk simulations at packing fractions ranging
from 0.10 to 0.60 (Fig. S9). To ensure proper equilibration, two different approaches were
taken when performing the bulk simulations. In the first, we started with a dilute system of
randomly oriented rods and compressed the simulation box slowly to reach the desired packing
fraction. In the second, we started with an ordered system at high packing fraction and
expanded the simulation box slowly. The final ordering in the bulk systems was virtually
identical for both approaches, which confirms that the systems were properly equilibrated (Fig.
S10).

The bulk and confined systems were then analyzed for nematic order using the orientational
bond order parameter,”

1
0 =2 (3ufull, — 8u5) (14)

Here, uZ; is the unit bond vector connecting monomer i and i + 1 in the n'" rod, and @, B €

(x,y,z) denote the Cartesian coordinates. The largest eigenvalue S of the tensor Q, averaged
over all bonds gives information of the global nematic order in the system.

1.0 . . . . ‘ .
_—
(a) g P i
—e-A=4 g i
08l co-A=6 na w .
—a-A=11 il e
“$-Pe=1 !
0.6 —4-Pe,=1 | i
—+—Pe,=1 ! !

0.4F

. —Droplet
-==-Bulk

0.21

0.0F

030

0.25F

0.20F

0.15F

0101

0.05F

0.00

Figure 5. (a) Global nematic order parameter, S, for bulk (open symbols with dashed lines) and diffusion-limited
simulations of droplets (filled symbols with solid lines). (b) Péclet number dependence of global nematic order
parameter in drying droplet for A = 11. Simulation cross-section snapshots of final supraparticles are shown for Pe,
=1 (red) and Pe, = 140 (orange). Lines are guides to the eye only.

We compared the global nematic order in the bulk and drying simulations at low Péclet
numbers (Pe,~1) [Fig. 5(a)]. In the bulk systems, we observed an isotropic—nematic transition
for all aspect ratios A, where the volume fraction ¢y of the transition decreased with increasing
A, as expected. The approximate volume fractions at which the isotropic—nematic transition
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occurred were ¢y = 0.475,0.375,0.225 for rods of aspect ratios 4, 6, and 11, respectively.
In the case of drying droplets, the long-range nematic ordering of the rods was suppressed due
to the confinement, in agreement with previous studies of nematic systems in various
confinements.’'~** However, some smaller nematic bundles formed at volume fractions near
¢y of the bulk systems. Since drying of a droplet is essentially a non-equilibrium process, we
studied the influence of Péclet number on the long-range nematic ordering of rods in the
droplet. Figure 5(b) shows for A = 11 that the nematic order became even more suppressed
with increasing Péclet numbers (data for other A shown in Fig. S11).

2. Formation of supraparticles composed of sphere—ellipsoid mixtures.

When evaporating droplets containing PS sphere—ellipsoid mixtures from superamphiphobic
surfaces, we obtained almost spherical supraparticles at both low and high relative humidity
conditions (Fig. S4). The surface SEM images were analyzed by selecting small regions and
counting the number of ellipsoids and spheres in those regions. Since particle sizes were
known, we could estimate the relative area fractions of the constituent particles, denoted as g,
and gy for ellipsoids and spheres, respectively (Fig. 6).

We characterize the drying conditions of these binary mixtures using two Péclet numbers,
namely Peg for the spherical particles and Pe, for the elongated particles, since the two particle
types have different long-time self-diffusion coefficients. Supraparticles made under high
humidity conditions (40 < Pe, < 50 and Peg = 10) had a surface predominantly occupied by
the ellipsoids for all aspect ratios [Fig. 6(a, ¢)]. Under low humidity conditions (130 < Pe, <
200 and 30 < Peg < 50), however, the supraparticle surface was occupied by a mixture of
ellipsoids and spheres [Figs. 6(b, d), S12].

High relative humidity Low relative humidity

(@)1 = 4, Pe, = 40 {(b) A = 4, Pe, = 130 H8

g = 50%
a5 = 50%

. s ? = ] X5 Rl ORI - g _\
(C) A = 11, Pe, = 50 EE {(d) A = 11, Pe, = 200 SEANRRIE

D < {
¥ -

Figure 6. SEM images of the surface of supraparticles composed of sphere—ellipsoid mixtures, with ellipsoids
having (a, b) A = 4 and (c, d) A = 11. (a) & (c) correspond to high relative humidity experiments (40 < Pe, < 50 and
Peg = 10), while (b) & (d) correspond to low relative humidity (130 < Pe, < 200 and 30 < Peg < 50). Fig. S12 shows
the supraparticle surfaces for 1 = 6 at low and high relative humidity.
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The cross-sectional SEM images indicated a single layer of ellipsoids oriented parallel to the
interface under high relative humidity conditions (Fig. 7). It was followed by a homogeneous
mixture of the ellipsoids and spheres inside the supraparticle, irrespective of the ellipsoid aspect
ratio and evaporation rate (Figs. S13 and S14). To elucidate the effect of mixing spheres and
ellipsoids on the final volume fraction of colloidal particles in the supraparticles, we computed
¢y using image analysis of the evaporation videos as described previously. Here, we observed
again a decrease in ¢y with increasing aspect ratio of the ellipsoids (Table 3). This decrease in
¢ can be rationalized by the random packing of ellipsoids in our supraparticles, which
introduces additional constraints on the packing of spheres. The final particle volume fractions
obtained at low relative humidity were slightly smaller than those at high relative humidity.
These findings support our hypothesis that fast drying can be leveraged to prevent the systems
from relaxing into a close-packed configuration.

N B AR

Figure 7. Cross-section SEM images near the surface te -surap._articles which were composed of sphere-
ellipsoid mixtures. (a) A = 6 at low relative humidity (Pe, = 120 and Pey; = 30) and (b) A = 11 at high relative
humidity (Pe, = 50 and Peg = 10).

e ™

A bo 0P oy
high RH low RH
4 0.0066 + 0.0002 | 0.59 + 0.02 0.54 +£0.02
6 0.0066 + 0.0004 | 0.52 +0.03 0.50 £ 0.03
11 0.0066 + 0.0004 | 0.48 + 0.03 0.45 + 0.03

Table 3. Final volume fractions of colloidal particles in supraparticles composed of sphere-ellipsoid mixtures at
high relative humidity (40 < Pe, < 50 and Pes = 10) and at low relative humidity (130 < Pe, < 200 and 30 < Peg <
50).

Complementary drying simulations of sphere-rod mixtures were performed starting with a
total initial volume fraction ¢, = 0.08, with equal initial volume fractions of rods (¢, ) and
spheres (g ), 1.€., Pge = Pgs = 0.04. As with the pure rod systems, simulations with and
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without hydrodynamic interactions did not show any significant differences (Fig. S15),
suggesting that hydrodynamic interactions between the particles again play a negligible role in
these systems. Accordingly, we also performed simulations without hydrodynamics for larger
droplets with R, = 100d, to improve statistics.

The sphere and rod volume fractions were computed as a function of radial position in the
supraparticle from their respective number density profiles (Figs. 8 and S16). Figure 8 shows
the volume-fraction profiles at initial, intermediate, and final stages of drying for rods with A =
11, in case of (a) diffusion-limited drying regime (Pe, = 1) and (b) evaporation-limited drying
regime (Pe, = 140). For both regimes, a thin shell of rods formed at the supraparticle surface,
followed by a region predominantly occupied by spheres. This segregation was observed
consistently for all aspect ratios of rods and all drying speeds. This behavior was in contrast
with the experiments, where we observed a homogeneous distribution of ellipsoids and spheres
on the surface at low relative humidity. Similar differences in the surface structure have been
reported previously for supraparticles composed of bidisperse sphere mixtures®, which have
been attributed to the lack of hydrodynamic interactions in most simulation models.®>3
However, we were able to rule out this effect for our systems, by performing simulations with
and without hydrodynamic interactions, which yielded virtually identical results (Figs. S15
and S16). Another source for the discrepancy between experiments and simulations could be
finite-size effects, given that the ratio between the characteristic size of the supraparticle and
the colloidal particles is about 10 for the longest rods in the simulations, whereas the ratio is
close to 150 in the experiments. Even with our coarse-grained approach, it is impossible to
reach such large size-ratios in the simulations, so we cannot rule out this point entirely.
However, our simulations with half initial droplet diameter (and half final supraparticle
diameter) showed the same qualitative behavior as the larger droplets [Fig. S16]. The
difference in surface structure might also stem from the stabilization of the dispersions with
SDS, which might lead to interfacial effects that are not captured by the simulation model.

0.6
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I spheres
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Figure 8. Volume-fraction profiles for mixtures of spheres (¢, orange) and rods (¢., black) with A = 11, computed
from drying simulations with (a) Pe, = 1 (b) Pe, = 140. Dotted gray lines in the plots indicate the total particle
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volume fraction in the droplet ¢ when the volume fraction profiles were computed (¢ = 0.08,0.16,0.64). Insets show
cross-sectional snapshots at ¢ = 0.64.

Visual inspection of the cross-section snapshots in the evaporation-limited drying simulations
showed that the interior of the supraparticles consisted of randomly packed rods with spheres
filling the interstitial spaces. In contrast, in the diffusion-limited drying regime, the cross-
sections showed small nematic bundles of rods along with some randomly packed rods and
spheres for aspect ratios 6 and 11. To better understand this behavior, we performed additional
bulk simulations of the sphere—rod mixtures with volume fractions ranging from 0.10 to 0.60
using the same equilibration procedure as for the pure rod systems. For the largest aspect ratio,
A = 11, the mixture started to phase separate at ¢ = 0.4 and at higher packing fraction, ¢ =
0.5, the mixture was demixed and the rods were nematically aligned. For the other two cases,
A =4 and 6, the system remained in a mixed phase throughout (Fig. S17). We compared the
global nematic order in the two bulk simulations — pure rods and sphere—rod mixtures — and
observed that the global nematic ordering of the rods was almost completely suppressed in the
presence of spheres for 4 = 4 and 6 (Fig. S18). In accordance with the observations from the
bulk simulations, the drying simulations showed formation of nematic bundles of rods for 4 =
11 in the diffusion-limited drying regime. In comparison with the pure rod systems, global
nematic order in the droplets was completely suppressed in the presence of spheres [Figs. 5(a),
S19].

CONCLUSIONS

We demonstrated that spherical supraparticles could be fabricated using ellipsoidal particles or
mixtures of spherical and ellipsoidal particles. We systematically investigated the effect of
drying speed on the structure formation and characterized the different drying regimes through
the dimensionless Péclet number Pe. In the evaporation-limited drying regime, experiments
(40 < Pe, <£70) and simulations (70 < Pe, < 140) showed short-range ordering of the
ellipsoidal particles on the supraparticle surface and random packing in the interior. In the
diffusion-limited regime (Pe, < 1), which we could only explore by simulations for practical
reasons, we found increased ordering of rods on the supraparticle surface and formation of
nematically ordered bundles of rods in the interior. Our findings demonstrate the potential to
control the degree of ordering of elongated particles by adjusting their aspect ratio and/or the
evaporation rate. The good agreement between experiments and simulations underlines the
broad applicability of our strategy. Similar drying experiments can be conducted with, e.g.,
silica or gold rods for creating supraparticles for various applications, such as sensing or light
scattering. Furthermore, the volume fraction of colloidal particles in the final supraparticles
decreased with increasing aspect ratio, thus showing a pathway for creating porous
supraparticles for catalytic applications.!

When forming supraparticles from sphere-ellipsoid mixture at high relative humidity
conditions, the supraparticles exhibited an ellipsoid-rich surface monolayer. Simulations
indicated an additional sphere-rich region just beneath the surface. This finding hints to the
possibility of creating supraparticles with a core-shell morphology by finely tuning the
ellipsoid aspect ratio and sphere diameter. Supraparticles made from sphere—ellipsoid mixtures
also showed an increase in porosity with increasing ellipsoid aspect ratio. Porosity of these
supraparticles could be further increased by subsequently sacrificing the spherical particles, as
previously reported for bidisperse sphere mixtures.!>> Based on our observations, one could
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also fabricate smaller supraparticles that can be used as nanocarriers in specialized applications,
such as targeted drug delivery, where the drug itself forms one of the components.

SUPPORTING INFORMATION

Additional SEM images of supraparticles; orientational order parameter plots; schematic
explaining solid of revolution method; simulation snapshots of droplets and bulk systems;
volume fraction profiles; SEM images of superamphiphobic surfaces and schematic explaining
the preparation of PS ellipsoids. Video tracking the morphology of a droplet containing
ellipsoids during evaporation at high relative humidity conditions.
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Fig. S1: (a) zoom-in and (b) zoom-out SEM images showing the surface
morphology of silicone nanofilament-coated glass substrates (c) photo of the
substrate.
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Fig. S2: Schematic depicting the preparation of polystyrene (PS) ellipsoids.
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Fig. S3: 3D reconstruction of droplet using solid of revolution (green) compared
with a sphere (gray). The inset shows an image of a droplet, in which disc-shape
slices are determined for performing solid of revolution.



Fig. S4: SEM images showing the spherical final morphology of supraparticles
composed of ellipsoids of (a) A =6 at Pe, =50 (b) 1 =11 at Pe, = 70 and sphere-
ellipsoid mixtures with ellipsoids of (c) A =4 at Pes = 10 and Pe, = 40 (d) 1 =4 at
Peg = 30 and Pe, = 130 (e) A =11 at Peg = 10 and Pe, = 50 .



Fig. S5: SEM images of supraparticle surfaces, composed of ellipsoids
of A= (a) 4, (b) 6, and (c) 11 at 170 < Pe, < 200 (left column).The

corresponding supraparticles showed buckling (right column).
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Fig. S6: (a-c) Orientational order parameter calculated from the surface SEM
images. (d-f) show the Péclet number dependence of orientational order

parameter.
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Fig. S7: Simulation snapshots showing the surface morphology of the supraparticles
obtained from multi-particle collision dynamics (MPCD) and Langevin dynamics (LD)
simulations for varying aspect ratios 2 and Péclet numbers Pe.



Fig. S8: The cross-section SEM images of supraparticles composed of 1 =6
ellipsoids at Pe, = 50. Images were obtained by zooming out from the
same region of interest (from (a-c)).
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Fig. S9: Bulk simulations of pure-rod suspensions of varying aspect ratios (rows)
and varying packing fractions (columns).
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Fig. S10: Global order parameter obtained from bond order parameter in
the bulk systems consisting of rods of varying aspect ratios.



010 I i T T T T T T T T T

—§Pe_-
—§-Pe’ =4 A=4 (a)
—4—Pe_=7

[ Pe =72

0]

» 0.05

N e e e

—4-Pe_=1
0.21 §-—Pe_=5 A=6 (b) 11

—4—Pe_=9

Pe =91

0]

0.1F i

0.3} tPe =1

—4—Pe_=7

| —F—Pe_=14

Pe_ =140
0.2
%]
0.1F
R ey P T PP TSyl

0.0 —“—““M()A

Fig. S11: Order parameter for drying droplet simulations with varying
aspect ratios of rods, (a) 4, (b) 6, and (c) 11.



(b)

Fig. S12: SEM images showing the supraparticle surfaces composed of sphere-
ellipsoid mixtures with ellipsoids of 4 = 6 at (a) Pe, = 50 and Peg = 10, (b) Pe, =
120 and Peg = 30.



Fig. S13: The cross-section SEM images of supraparticles composed of sphere-
ellipsoid mixtures with ellipsoids of A1 =11 atPe, = 50 and Pe; = 10. Images were
obtained by zooming out from the same region of interest (from (a-c)). The cross-
section images indicated a thin crust of ellipsoids on the surface followed by a
random distribution of the ellipsoids and spheres inside the supraparticle.
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The cross-section SEM images of supraparticles composed of sphere-
represents evaporation at 130 < Pe, < 200 and 30 < Peg< 50.

ellipsoid mixtures with ellipsoids of 1 = (a) 4, (b) 6, and (c) 11. The left column
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Fig. S14
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Fig. S15: Comparison of Langevin dynamics and multi-particle collision dynamics

drying simulations.
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Fig. S16: Volume fraction profiles for rod (1 = 11) sphere mixture droplets with

MPCD and LD methods.
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Fig. S17: Bulk simulations of sphere-rod mixtures of varying aspect ratios
(rows) and varying packing fractions (columns).
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Figure S18: Global nematic ordering in bulk simulations
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Figure S19: Global nematic ordering in droplets containing sphere-rod
mixtures for(a)A =4, (b)A =6 and (c) 1 = 11.




