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MD SIMULATION METHOD

The Dissipative Particle Dynamics (DPD) simulation method [1] was implemented within the simulation package
LAMMPS [2]. The procedure and the parametrisation details are fully described in prior work [3, 4]. The system
simulated here is composed of water, oil (decane), and nanoparticles (NPs). One ”water bead” (w) represents 5 water
molecules and a reduced density of one DPD bead is set to p = 3. One decane molecule is modeled as two ”oil beads”
(o) connected by one harmonic spring of length 0.72 R, and spring constant 350 kgT/R. [5], where R, is the DPD
cutoff distance. The initial size of the simulation box is Ly x Ly, x L, =72 x 72 x 78 Ri’, where L; is the box length
along the " direction. Periodic boundary conditions are applied in all three directions. The NPs are modelled as
hollow rigid spheres and contain polar (p) and nonpolar (ap) DPD beads on their surface. One DPD bead was placed
at the NP center for convenience, as described elsewhere [3, 4]. Hollow models have been used in the literature to
simulate NPs, and hollow NPs can also be synthesized experimentally [6]. We considered spherical NP of the same
volume, 4/3ma}, where ag is the radius of the sphere. We imposed ag = 2R, ~ 1.5 nm. All types of beads in our
simulations have reduced mass of 1. We maintain the surface bead density on the NPs sufficiently high to prevent
other DPD beads (either decane or water) from penetrating the NPs (which would be unphysical), as it has already
been explained elsewhere [4]. To differenciate every NPs, we report the nonpolar fraction of the NP surface beads
and the NP type. For example, 75H P (55J P) indicates that 75% (55%) of the beads on the NP surface are nonpolar,
and that we consider an homogeneous (Janus) NP.

The interaction parameters shown in Table I are used here. These parameters were adjusted to reproduce selected
atomistic simulation results, as explained in prior work [3]. By tuning the interaction parameters between polar or
nonpolar NP beads and the water and decane beads present in our system, it is possible to quantify the effect of
surface chemistry on the structure and dynamics of NPs at water-oil interfaces. Specifically, the interaction parameters
between NP polar and nonpolar beads were adjusted to ensure that NPs are able to assemble and disassemble without
yielding permanent dimers at the water/oil interface [3]. All simulations were carried out in the NVE ensemble [3].
The scaled temperature was 1, equivalent to 298.73 K. The DPD time scale can be gauged by matching the self-

diffusion of water. As demonstrated by Groot and Rabone [5], the time constant of the simulation can be calculated

N, Dgim R? . . . . . . .
as T = —pmee, where 7 is the DPD time constant, Dgj, is the simulated water self-diffusion coefficient, and
water

Dyater is the experimental water self-diffusion coefficient. When a,,—., = 131.5 kgT/R. (cf. Tab. I), we obtained
Dgim = 0.0063 R2 /7. For Dyater = 2.43 x 1072 e¢m? /s [7], we finally obtain 7 = 7.6 ps.

TABLE 1. DPD interaction parameters expressed in kgT/R. units. Symbols w, o, ap, and p stand for water beads, oil beads,
NP nonpolar beads, and NP polar beads, respectively.

w o ap D
w 131.5 198.5 178.5 110
o 131.5 161.5 218.5
ap 450 670
P 450

While the traditional DPD algorithm can mimic hydrodynamics properties of the system [1], it cannot reproduce
the vapour-liquid coexistence of water at the droplet interface [8]. This is due to the DPD conservative force, which
determines the thermodynamics of the DPD system [1]:
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where a;; is the maximum repulsion strength between beads ¢ and j introduced previously, r;; = r; —rj, 75; =| r;j |,
t;; = r;;/rij, r; and r; are the positions of bead ¢ and bead j, respectively. The DPD conservative force in Eq. (S1)
yields an equation of state (EOS) [1]

p=pksT + aap® (S2)

where p is the pressure, p is the number density of the DPD beads, a is the repulsion strength, and « is a fitting
parameter equal to 0.101 £ 0.001 in DPD reduced units [1]. As shown by Warren in Ref. [8], The DPD system is
unstable for a < 0, so one is restrictided to a > 0 and therefore to strictly repulsive (conservative) interactions. This
implies that calculations such as the vapor-liquid coexistence and free-surface simulations cannot be attempted. This
can be adjusted by considering higher order terms of the density, p, in Eq. (S2), i.e. making the conservative force in
Eq. (S1) density dependent [8].

SYSTEM CHARACTERISATION: DROPLETS AND NANOPARTICLES

In our simulations, the initial size of the droplet was fixed. At the beginning of each simulation, the solvent (oil)
beads were distributed within the simulation box forming a cubic lattice. One water droplet of radius ~ 20 R, was
generated by replacing the oil beads with water beads within the volume of the spherical surface. A number of
spherical NPs were placed randomly at the water-decane interface with their polar (nonpolar) part in the water (oil)
phase to reach the desired water-decane interfacial area per NP. Following previous work [9, 10], the NPs considered
in this study are spherical and of two different types: Janus and homogeneous. The emulsion systems are stabilized by
a sufficiently dense layer of NPs [10]. We considered water droplets coated with 160 spherical Janus and homogeneous
nanoparticles of type 55JP and 75H P, respectively. Considering the NP surface coverage, ¢, defined in Ref. [3],
we obtain ¢ ~ 0.9. Considering the results obtained in Ref. [3] for a flat interface, this yields an interfacial tension
Yow = 6.8 kgT/ Ri for both Janus and homogeneous NPs. The initial configuration obtained was simulated for 10°
timesteps in order to relax the density of the system and the contact angle of the nanoparticles on the droplet. The
system pressure and the three-phase contact angles did not change notably after 5000 simulation steps. We let then
run the system for an additional 2 x 10° timesteps to generate two new intial configurations after 2 x 10 and 3 x 106
timesteps, respectively. We then repeated the buckling simulation with these different initial configurations to test
the reproducibility of the simulation.

The surface area of the droplets is slowly diminished, pumping randomly a constant proportion, i.e. 10 percent,
of water molecules out of the droplet and letting the system pressure and the three-phase contact angles equilibrate
at constant density. By slowly, we mean we do not create any hollow volume in the droplet that would strongly
drive the system out-of-equilibrium. Doing so, the three-phase contact angle distribution of the NPs evolves suffi-
ciently smoothly when the droplet buckles and becomes nonspherical, thereby preventing particles to be artifactually
realeased. This numerical protocol can be similarly compared with an emulsion system where the dispersed phase is
slightly soluble in the continuous phase [11]. By adding a fixed amount of unsatured continuous phase, the volume of
the droplets can then be controllably reduced.

Three-phase contact angle. To estimate the three phase contact angle on the droplets we calculate the fraction
of the spherical NP surface area that is wetted by water [12],
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where A, is the area of the NP surface that is wetted by water and R is the radius of the NP. The ratio A,, /47 R? is
obtained by dividing the number of NP surface beads (ap or p), which are wetted by water, by the total number of
beads on the NP surface (192 for spherical NP). One surface bead is wet by water if a water bead is the solvent bead
nearest to it. One standard deviation from the average is used to estimate the statistical uncertainty.

Radius of gyration. The description of the geometrical properties of complex systems by generalized parameters
such as the radius of gyration or principal components of the gyration tensor has a long history in macromolecular
chemistry and biophysics [10, 13, 14]. Indeed, such descriptors allow an evaluation of the overall shape of a system



and reveal its symmetry. Considering, e.g., the following definition for the gyration tensor,

|| 2wl Xwiy Yoz
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where the summation is performed over N atoms and the coordinates x, y, and z are related to the geometrical center
of the atoms, one can define a reference frame where 7oy r can be diagonalized:

} S2.0 0
Thies — 10 S2 0. (S5)
0 0 S2

In this format we obey the convention of indexing the eigenvalues according to their magnitude. We thus define the
radius of gyration Ry = 57 + 53 + S, and the asphericity A, = 51 — 5(S2 + S3), which measures the deviation
from the spherical symmetry. To determine the properties of a droplet, we calculate Rgy g and Ay using the centers
of the water beads.

In this letter, Janus and homogeneous NPs present similar three-phase contact angle . = (91.6 +2.0)° and 6. =
(88.7£3.5)°, respectively. The radius of gyration, Rgyr, and the asphericity, A, for the Janus and homogeneous initial
configurations are Rgygr = 13.837 +0.003 and Rgyr = 13.860 4+ 0.003, and A, = 0.156 +0.05 and A, = 0.153 £ 0.05,
respectively, expressed in Rc units.

EVOLUTION OF THE NANOPARTICLE RADIAL DISTRIBUTION FUNCTION

The transition from dimples and cups to crater-like depression observed when Janus nanoparticles cover the droplet
can be reflected in the temporal evolution of the radial distribution function of the NPs, g(r), with r the distance
between the centers of the NPs. We first consider the initial spherical configuration, and extract the list of nearest
neighbours of each NP within a shell of radius » < 12R.. This treshold value defines the first and second neighbouring
shells [10, 15]. As the system is densely packed at the interface, we follow the temporal evolution of g(r) considering
this subset of particles, which corresponds to the nearest neighbours shell. When the volume of the droplet reduces,
we first see in Fig. S1 (left panel) the emergence of a new peak around r = 4.75Rc < rppp, where rppp = 5R¢
represents the distance between the centers of NPs above which the NPs do not interact with each other through the
DPD non-bonded force. As the droplet volume further reduces, the heigh of the new peak increases. This evolution
continues until ANy =~ 0.6 (cf. Fig. 2 in the main text). Below that value, the heigh of the first peak decreases,
together with the increase of the heigh of the second peak. This corresponds to the transition from dimples and cups
to crater-like depression. The evolution continues until A Ny ~ 0.25 where the number of water beads which remain
in the droplet is not sufficient to define unambiguously the droplet volume.

As the g(r) evolution between the homogeneous particles is concerned, we see in Fig. S1 (right panel), a constant
increase of the heigh of the first peak, centered at r =~ 4.75Rc. This first peak located below rppp is already present
in the initial spherical configuration, and is linked to the difference between the NP chemistry. Indeed, Janus NP
are made of two hemispherical faces, one hydrophobic in contact with the hydrocarbon beads, and one hydrophilic in
contact with the water beads. The NP hydrophobic faces which protrude in the solvent interact strongly and repeal
each other to minimize the interaction potential energy. Unlike Janus NPs, both hemispherical faces of homogeneous
NPs are made with hydrophobic and hydrophilic beads. This allows the NPs to interact smoothly with each other
and to fluctuate more. Hence they can come closer than rppp, keeping spherical the droplet interface.

EVOLUTION OF THE THREE-PHASE CONTACT ANGLE DISTRIBUTION

In Fig. S2, we show the evolution of the three phase contact angle distribution of Janus (left panel) and homo-
geneous (right panel) NPs from the initial stage Fy (cf. Fig. 1 in the main text), where the shape of the droplet is
spherical, to the final stage Foy. The initial distributions, fitted with continuous lines, can be described with Gaussian
distributions for both the Janus and homogenous emulsion systems. The values of the respective means, u”/ and p*,
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and variances, o/ and o7, differ according to the chemistry of the stabilizers. We obtain 7 = 91.6° and 7 = 88.6°,
and ¢/ = 2.0° and ¢’ = 3.4° for Janus and homogeneous NPs, respectively.

When the droplet is coated with Janus NPs, the system evolves to a skewed distribution as the droplet shrinks, but
remains unimodal with a single peak at the same value as the one measured for the spherical initial configuration.
The emergence of the skewness of the distribution is linked to the decrease of the NP-NP distance when the droplet
volume is reduced due to the major role played by the steric effect. The evolution is different when homogeneous NPs
cover the droplet. As the volume is reduced, the contact angle distribution firstly evolves as a monolayer interface
with a single peak (from Fy to Es, Fig. 1 in the main text). As the distance between the NPs decreases further, the
distribution becomes bimodal as two distinct peaks emerge on both sides of the original equilibrium contact angle.
This fundamental difference is characteristic of a particle bilayer.
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FIG. S1. Evolution of the radial distribution function of the NPs, g(r). r is the distance between the centers of the NPs. The
water droplet is coated with Janus (left) and homogeneous (right) particles. For comparison with snapshots in Fig. 1 in the
main text, F; refers to the i*" removal of water beads. We follow the evolution of the first and second neighbouring shells.
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FIG. S2. Evolution of the three-phase contact angle distribution, ¢, of Janus (left panels) and homogeneous (right panels)
NPs. For comparison with snapshots in Fig. 1 in the main text, F; refers to the i*" removal of water beads. The initial
distributions (stage Ey) are fitted with Gaussian distributions, which are plotted at every stage, for comparison. For clarity,
we rescale the height of the Gaussian distributions at every stage.



FIG. S3. Snapshots of the final configurations F2o of the buckling processes of water droplets armored with 160 spherical
Janus (left) and homogeneous (right). The proportion of water beads removed is around 10 percent in each evaporation. The
equilibration time after each evaporation is reduced to 2 x 10% timesteps (instead of 10° as in the main text).

HOW NUMERICAL ALGORITHMS AFFECT THE DROPLET EVOLUTION

In our mesoscopic analysis, we controllably reduced the volume of the droplet, removing a constant proportion, i.e.
10 percent, of water beads from the droplet. As a consequence, the three-phase contact angle distribution of the NPs
evolves smoothly when the droplet buckles, thereby preventing particles to be artifactually released. However, the
particles behaviour strongly depends on the numerical protocol.

In Fig. S3, we show qualitatively, for comparison, the evolution of the droplet volume when the equilibration time
after each water bead removal is reduced. The proportion of water beads removed remains in 10 percent in each stage.
When the droplet is coated with homogeneous NPs (right panel), we observe that the shape of the droplet remains
spherical, with some NPs desorbed in the organic solvent. This evolution is representative of the passive role played
by the homogeneous NPs and is in agreement with experiments [16]. When the droplet is coated with Janus NPs
(left panel), we observe a significant curved-shape deformation of the droplet, along with the abscence of NP release.
This evolution is representative of the active role played by the Janus NPs. The morphology of the droplet becomes
noticeably crumpled, with large dimples, and no transition to crater-like depression is observed. This results are
consistent with the surface model numerical analysis from Ref. [17], where more than one dimple may nucleate if the
evaporation is rapid, leading to metastable multi-indented shapes. Experimentally, the term rapid may correspond
to kinetic barriers, which prevent thermally activated coalescence between adjacent dimples. Our result highlights
the central role played by the relaxation time of the system after each evaporation in the evolution of the interface
geometry.
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