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We investigate rearrangements of a single hairy particle at a liquid-liquid interface using coarse-grained molec-
ular dynamics simulations. We consider the particles with the same (symmetrical interactions) and different
(asymmetrical interactions) affinity to the liquids. We show how ligand mobility affects the behavior of the hairy
particle at the liquid-liquid interface. We found that such a hairy particle can take various shapes at the inter-
face. For example, a Janus-like snowman consisting of a segment cluster and a bare part of the core, Saturn-like
structures, and the core with a wide “plume” on one side. A configuration of the particle at the interface is charac-
terized by the vertical displacement distance and the orientation of the particle relative to the phase boundary.
The selected descriptors are used to characterize the shape of the segment cloud. We found that the shape of a
particle and its localization at the interface can be determined by tuning the interactions with the liquids.
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1. Introduction

Polymer-tethered (hairy) nanoparticles have received much attention in nanomaterials science [[1H3].
They are composed of a core and a layer of polymer chains grafted by one end on the core’s surface. Such
hybrid particles naturally combine the features of both ligands and cores. Their properties can be tuned
by altering the chemical nature, grafting density, chain length, and grafting architecture of the polymer
layer, or by changing the nanoparticle size and shape. Due to their unique properties, hairy particles have
a broad range of applications, such as stabilization of Pickering emulsions, production of composites,
sensors, drug delivery systems, pollution removal, etc. [1H3].

Most of the research focused on the modelling of the morphology of polymer layers. To solve this
problem various theoretical approaches were used [4-9]. Ohno et al. [4] proposed the mean-field theory
of the polymer-tethered spherical particles of different sizes which is an extension of the Daud-Cotton
method developed for star polymers [5]. The self-consistent field model and the scaling theory were also
used to study configurations of chains tethered on spherical particles [6l [7]. Moreover, Lo Verso et al.
[8] used the density functional theory to study polymers end-grafted to spherical nanoparticles under
good solvent conditions. However, Ginzburg [9] used a self-consistent field-density functional theory
to investigate the self-assembly of hairy particles. The internal structure of hairy particles was also
studied using molecular simulations [10H17]]. Dong and Zhou [10]] investigated the responsive behavior
of hairy particles in different solvents. They considered the particles modified with block copolymers or
mixed polymer brushes and found various structures depending on the type of ligands and solvents. The
reconfiguration inside the polymer canopy can result in the formation of patchy nanoparticles [14, [15]].
Molecular simulations also showed that the adsorption of small particles on ligands can change the
structure of the polymer shell [[16}[17]. Moreover, the variability of the internal structure of ligand-tethered
particles considerably affects their assembly. Numerous studies have focused on the self-assembly of hairy
particles in bulk systems, as these particles are promising building blocks for the production of novel
materials [[18-22]].
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All theoretical studies have clearly shown that in bulk systems hairy particles change their shapes in
response to the environment. Their shape-flexibility depends on the nature of ligands, solvents, grafting
density, and temperature. These results are a signpost for studying hairy particles at fluid-solid and
fluid-fluid interfaces.

The materials containing nanoparticles can release them into the environment. Therefore, it is neces-
sary to develop the methods of removing such pollutants. The adsorption on solid surfaces was considered
the most effective and safe procedure for the removal of nanoparticles [3]]. The amount of adsorption on
solids depends on the size and shape of the particles. Therefore, changes in the shape of hairy particles
on the solid surfaces and inside the pores were investigated [23H27]].

The behavior of the hairy particles at fluid-fluid interfaces was also extensively studied both from
experimental and theoretical perspectives [28434]. Numerous medical applications of hairy particles
require a deep understanding of the mechanism of their attachment at interfaces and the transfer to
cells [2]. It has been well established that surface-active moieties (e.g., surfactant, (bio)polymers, and
micro- and nanoparticles) tend to accumulate at fluid-fluid interfaces. The adsorption is driven by
minimization of the Gibbs free energy owing to a decrease in the contact area between the two fluids. The
energies associated with the attachment of particles to fluid interfaces depend on the chemical nature,
size, roughness, and wettability of the particles characterized by their contact angles [28},129,|35]]. Due to
large sizes of nanoparticles, their attatchement enegies at fluid-fluid interfaces are much higher than those
of standard amphiphiles. For this reason, the adsorption of the particles at the droplet-continuous phase
interface is essential for the stabilization of these systems [3} 135} [36]. The properties of hairy particles
can be tuned in a wide range by changing the nature of polymer coating. Thus, they can be considered as
potentially highly efficient emulsifiers. The morphology of polymer coatings plays a significant role in
these processes. At liquid-liquid interfaces, the chains on the two sides of the interface can adopt different
configurations depending on the nature of the ligands, the quality of both solvents, the grafting density,
and other parameters [29].

The structure of individual hairy particles adsorbed at the interface was extensively investigated by
molecular simulations [31-34]]. Tay and Bresme simulated the alkylthiol passivated gold nanocrystals
trapped at the air-water interface and showed that the shape of the hairy particles was strongly perturbed
by the interface [30]. Quan et al. [32] studied the internal structure of gold nanoparticles modified with
amphiphilic brushes at the oil-water interface. They discussed the influence of grafting architecture
(diblock, mixed, and Janus brush-grafted particles) and the hydrophilicity of polymers on particle mor-
phology. Quite recently, Tang et al. [33]] studied the hairy particles on the interface between two mutually
immiscible polymers. They concluded that the free energy of rearrangement of the ligands significantly
contributes to the total change in free energy upon adsorption of the particle. The Brownian diffusion of
various hairy particles at the liquid-liquid interface was also simulated and a good agreement between
experimental and simulation results was obtained only when the flexibility of the particle shape had been
taken into account [34].

The analysis of the behavior of individual hairy particles at liquid-liquid phase boundaries can be a
starting point for the study of their self-assembly. Hairy particles can form either disordered monolayers
or different two-dimensional structures of a high degree of ordering at these interfaces [3 28}, 29]]. Menath
et. al [37] proved that the changes in the shape of hairy particles at the interface considerably influence
their self-assembly.

As has been shown above, the capability of hairy particles to change their shapes in various environ-
ments is important for numerous processes. Although the influence of many factors on the morphology
of the polymer coatings of hairy particles has been assessed, the mobility of ligands has rarely been
taken into account. It is well known, however, that the properties of hairy particles depend on the type of
grafting bonds [29, [38]]. For example, the thiol-gold bond is mobile, allowing thiolated ligands to move
along the nanoparticle surface, while polyelectrolyte brushes grown from the surface of silica particles
are irreversibly attached [29]. Most theoretical models assumed that the chains were permanently an-
chored at certain points on the core surface [4-14]]. Only a few theoretical works have dealt with mobile
ligands [18} 27} 39]]. In such approaches, the binding segments of ligands can freely move on the core
surface but they are incapable of breaking away from it. Ligand mobility can significantly influence
the behavior of hairy particles. For example, under certain conditions, the chains can form clumps on
the core [14, [15]. This, in turn, determines the self-assembly of hairy particles. Molecular simulations
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showed that hairy particles with fixed and mobile ligands can assemble in completely different structures
[18].

In this work, we use molecular dynamics to study individual hairy particles at liquid-liquid interfaces.
Our study is motivated by the well-known phenomenon of nanoparticles migrating to liquid-liquid
interfaces to reduce their surface energy. We take advantage of this effect to trap hairy particles at
the interface between two mutually immiscible liquids. The particles that interact similarly with both
liquids would be expected to localize at the interfacial plane, where they can occlude the largest possible
area of the interface and thereby provide the largest free energy benefit. As a consequence, the particle
adsorption lowers the surface tension and stabilizes the interface [3} 28] 29, 35} |36]]. Nanoparticles are
strong emulsifiers [36]]. In the case of particles that differently interact with the liquids forming the phase
boundary, these effects are stronger. As it has been mentioned, the ability of nanoparticles to stabilize
the emulsions depends on the area of the occupied interface [3| 35 36]]. Therefore, we discuss here the
shape transformations of hairy particles at the liquid-liquid interface. We consider the particles with
mobile ligands. In the case of such particles, changes in shape, and thus in the area of the occupied phase
boundary, should be more visible. The effects of ligand mobility on the behavior of hairy particles at
liquid-liquid interfaces have not been investigated so far.

The rest of the work is organized as follows. In section 2] we describe the model used and the
simulation method and define the calculated observables. Our results are presented and discussed in
section@ Finally, in sectionE]we summarize and draw our conclusions.

2. Methods

2.1. Model

We consider a coarse-grained model of the system that contains two immiscible fluids, W, O, and
hairy particles. A single hairy particle is modelled as a spherical core with attached linear chains. The
polymer chains, are treated as Kremer-Grest bead-chains [38]], in which polymer segments, typically a
few monomers long, are represented by beads of size os and mass mg. We assume that all ligands have
the same length (each chain consists of M segments) and the number of ligands attached to each core is f.
The cores are treated as soft spheres of diameter o¢ and mass m¢. To reduce the number of parameters,
we assume that all segments and molecules of both fluids have the same diameters and masses.

Adjacent beads along the chain representing bonded segments are connected to each other using a
finitely extensible nonlinear elastic (FENE) segment-segment potential

- \2

1-|=

(RO)
where r is the separation distance between the segments, k is the spring constant and R is the maximum
possible length of the spring. We introduce a typical value of the constant k = 30 [38]. For the chain
backbone, we assume that Ry = 1.507%.

The same potential is used to model the binding between the core and the first segments of the ligands.
In this case, however, Ry = 1.50¢gs, where ocs = 0.5(c¢ + o). This potential allows the ligands to
slide along the surface of the core.

The interactions between nonbonded segments, liquid molecules, and cores are treated using a cut-
and-shifted Lennard-Jones potential [40]]

: 2.1)

k
UFENE = —ER(% In

L0 2 | dei [(ii /)2 = (03 /)® [+ AuD (r), 1 < rid, 2.2)
0, otherwise,
where B . N
Au(”)(r) =—(r- r§3{>)au<lf>(r§3{))/ar, (2.3)
and rc(fl{ ) is the cutoff distance, rc(fl{ = 0.5(0; + oj) (i,j =C,S,0,W), g;; denotes the parameter that

characterizes interaction strengths between spherical species i and j. The indices C, S, W, O correspond
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to the cores, segments, liquid W, and liquid O, respectively. We use the cutoff distance to switch on or

@) _ 2.50;j) while, for repulsive

switch off the attractive interactions. For the attractive interactions, 7

interactions, r") = or; ).

Standard units are used herein. The diameter of segments is the distance unit, o = o5 while the
segments-segment energy parameter, € = £ss is the energy unit. The mass of a single segment is the
mass unit, mg = m. The basic unit of time is 7 = o (g/m)'/%. The gravity effect is assumed to be
negligible.

We use standard reduced quantities, namely reduced distances [* = [ /o, reduced energies E* = E /¢,
and the reduced temperature is 7 = kgT /e, where kg is the Boltzmann constant, 7 is an absolute
temperature while / and E denote a distance and an energy, respectively. The temperature is kept at
T =1.

We also define the reduced density of the ith component as p;. = pi 0'2, where p = N /V is its number
density, Ny is the total number of “atoms” k and V is the volume of the system.

2.2. Simulation details

Molecular dynamics simulations were carried out using the LAMMPS package [41,/42]. The simula-
tion box was a cuboid of reduced dimensions equal to L} = L, = L7 = L* = 89 along the axes x, y, and
z, respectively. Standard periodic boundary conditions in the x and y directions were implemented. In
the z-direction, two repulsive Lennard-Jones (12-6) walls were used to close the system. The size L7 was
large enough to obtain two uniform bulk phases: W-rich and O-rich ones. A velocity-Verlet algorithm
with a time step of At = 0.0027 was used for integrating the equations of motion, and a Nosé-Hoover
thermostat with a time constant 7 = 10 was used for regulating the system temperature.

Each particle was constructed by placing the appropriate number of chains on the core surface. First,
a hairy particle was placed at the plane parallel to the x and y axes at z = 0. Then, equal numbers of
molecules of the fluids W and O were inserted into the simulation box. During simulations, particles can
freely rotate, translate and change their conformations.

The system was equilibrated for at least 107 time steps until its total energy reached a constant level,
at which it fluctuated around the mean value. The production runs were for at least 10’ time steps. To
improve the accuracy, all averages are obtained from several independent simulations.

We carried the simulations for the following parameters of the particles: 0. = 6, m, =216, M = 20,
and f = 20. Similar parameters were used by Tang et al. [33]]. To reduce the number of parameters, we
assumed that the majority of interactions between the species are repulsive. The considered interaction
parameters are presented in the next section.

During simulations, we collected the density profiles of cores and segments, energies of interactions
between all species, and total energy, and calculated various characteristics of the systems. Our goal was
to estimate the position of the adsorbed particle, its orientation, and the shape of the polymer canopy.

2.3. Calculated observables

To characterize the position of particles at the interface, we estimated the average distance of a core
center from the phase boundary, i.e., the so-called displacement distance .. However, the shape of a
segment cloud surrounding the core is characterized by the metrics generated by the gyration tensor [43]]

N/
1
Gap = ﬁ< Z (ri,a = 70,0)(rig — ro,ﬁ)>, (2.4)
i1

where r; o and rg, o are the @ component (@, 8 = x, y, z ) of the i-th segment and the center of mass of
the segment cloud, respectively.

After diagonalization of the gyration tensor we obtain its eigenvalues A; (i = 1,2, 3), ordered such
that A; > A, > A3. Then, we calculate three invariants I} = Ay + Ay + A3, I = A1 + 4143 + A A3, and
I3 = 2;4313. Finally, these values are used to define the shape descriptors of the segment cloud [43]].
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The radius of gyration of the segment cloud is given by

R
2 _ g _ 2
R=1 = ﬁ< Zri0>, (2.5)
i=1
where r;) = r; — o, and r; and r are positions of the i-th segment and the center of mass, respectively,

and N' = fM.

We resolve the vectors r;( into components parallel to the axes x, y, z, and calculate the corresponding
radii of gyration labeled Rﬁa (@ =x,y,2).

Moreover, we define the relative shape anisotropy (asphericity) «, the prolateness S, and the acylin-
dricity C* as

k=1-3(L/1}), (2.6)
S*=((3A1 — 1) (32 — 1) (343 — 1) [ I3), @2.7)
C*={(1a-3) /1), (2.8)

where (...) denotes an average over all configurations.

The relative shape anisotropy takes on the values between O (perfectly spherical objects) and 1 (rigid
rods). For a regular planar array, k = 0.25 [43]]. The prolateness takes on the values between —0.25
and 2. For prolate shapes $* > 0 while negative values of S* correspond to oblate shapes. In a perfectly
prolate segment cloud, the shorter axes of the ellipsoid are the same (1; > A, = A3). On the contrary, for
perfectly oblate clouds, the longer axes are identical (1; = A, > A3). The acylindricity is C* > 0 and for
a perfect cylindrical symmetry C* = 0. It should be stressed, however, that also a perfect sphere has a
vanishing acylindricity.

3. Results and discussion

The behavior of hairy particles at the liquid-liquid interface depends on the strengths of interactions
between all single entities: cores, segments, and liquid molecules. Various sets of interaction parameters
were considered in simulations of hairy particles [16} [17]].

To model a phase boundary between immiscible liquids, we assume that interactions between
molecules of the same liquids are attractive, while cross-interactions interactions are repulsive. We
set Eyw = €50 = Eweo = 1 [33]. For attractive interactions between the same molecules (OO and WW)

) _ 2.507; ), while repulsive interactions between different molecules (OW) rc(;{) = 07(;j). Under the
considered conditions, a very well-pronounced interface between these liquids is formed. The density
profiles of both liquids drop rapidly to zero in the interphase region (see figure [Ip).

We also introduce the following assumptions [26} 27} |44]: (i) interactions of the cores with the
remaining “atoms” are purely repulsive, (ii) interactions between the same “atoms” are attractive (g}; = 1).

We consider the particles interacting (i) “symmetrically” and (ii) “asymmetrically” with both liquids.
In the first case, ligands attract the molecules O with the same strength as with the molecules W,
€50 = Egyy - For the second type of particles interactions with molecules W are assumed to be repulsive
whereas the strength of attractive interactions with the molecules O are attractive. We carried out
simulations for sto =0.2,0.4,0.6,0.8,1.0,1.2,1.4,1.6.

Notice that different sets of energy parameters &5, and &gy, can correspond to two types of real
systems: (i) different particles at the same interface (e.g., oil-water) or, conversely, (ii) the same particle
at the phase boundary between different liquids (more and less polar organic solvents).

Our goal was to analyze how the mobility of the ligands and the strengths of interactions between
the segments and both liquids influence the behavior of hairy particles at the interface, i. e., their shape
position, and orientation. Examples of the equilibrium configurations are depicted using OVITO [45]].

The behavior of the considered particles in bulk liquids depends on the strength of interactions
between the ligands and liquid molecules [4} |6H8}, [10, [15]]. If these interactions are repulsive or weakly
attractive, the mobile ligands avoiding contact with the fluid form a cluster on the core’s surface. In this
way, the particle transforms into a kind of Janus-like particle consisting of a naked part of the core and
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Figure 1. (Colour online) Results for a hairy particle with purely repulsive ligands. (a) Exemplary
configuration. The black sphere represents the core; green spheres correspond to the segments bound to
the core; red spheres represent other segments. Yellow and blue dots correspond to molecules O and W,
respectively. (b) Density profiles of the core (black line), the chain segments (red line), the profiles of
liquids O (orange line) and W (navy line), k = C, S, 0, W. The abscissa is scaled logarithmically. The
green dashed line represents the location of the interface.

a cloud of segments. As these interactions become stronger, the liquid molecules penetrate the polymer
layer, so that the chains gradually move away from each other and a typical core-shell [4} 658, [10]
structure is formed. Below we discuss the behavior of such transformable particles at the liquid-liquid
interface.

Figure [Th presents the exemplary configuration of a hairy particle with the segments repelling both
liquids. In this case, a Janus-like structure is formed. Due to its shape, we refer to this configuration as
“snowman-shaped particle” [46]]. Such a particle adsorbs at the interface and “isolates” both liquids. In
other words, the particle covers a part of the interface which leads to a decrease of a number of highly
nonprofitable contacts between molecules O and W. The particle lies parallel to the interface. In figure[Tp,
the density profiles along the z-axis are presented. The core oscillated around the position at the interface
(z"* = 0). The segment profile has one relatively low and wide peak. The distribution of segments is
symmetrical with respect to the phase boundary.

It should be emphasized here that the attachment energy of Janus particles is several times higher than
that for corresponding homogeneous particles [3} 28} [29]]. In this case, the particles exhibit amphiphilic
properties. The localization of a particle at the interface gives an additional energetic profit associated
with different interactions of particular parts of the particle with both liquids. Janus particles have a
greater capability to stabilize the emulsions.

Now, we turn to the discussion of the behavior of particles with symmetrical attractive interactions
with the liquids. We have collected the configurations of such particles in figure[2](side view) and figure[3]
(top view). As previously, for weak attractive interactions, “snowman-shaped Janus-like particles” are
observed (parts a-c). When the strength of these interactions increases, the cloud of segments gradually
“spills” at the liquid surface. Liquid molecules penetrate the brush and the chains straighten up and
they move away from each other. In this way, a Saturn-like configuration is formed (see parts d and e).
Further increasing €, causes partial pulling of the chains into the depths of both liquids. The energy
gain resulting from the interaction of the chains with the liquids outweighs the gain associated with the
reduction of the contact surface between the liquids (parts g and h).

To quantify these observations, we calculated the corresponding density profiles (see figure [). In
all cases, one narrow and symmetrical peak at z* = 0 was obtained for the core. However, the segment
density profiles significantly vary as the parameter £, increases. Obviously, the segment profiles are
symmetrical and have maxima at z* = 0. Initially, the segment distributions have typical Gaussian shapes
and become narrower and slightly higher (parts a-d). This reflects the spilling of the polymers on the
interface. For stronger interactions, the profiles become wider and their shape considerably changes (parts
e-h). The segment density sharply decreases around z* = 0, then this decline is slower and finally rapidly
falls to zero.

A situation of particles with asymmetrical interactions at the interface is much different from the
previous case. Examples of their equilibrium configurations are presented in figure 5] The ligands repel
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2

Figure 2. (Colour online) Equilibrium configurations for symmetrically interacting hairy particles (side
views), for different values of energy parameters sg o= E;V o' (a) 0.2, (b) 0.4, (¢) 0.6, (d) 0.8, (e) 1.0,
(f) 1.2, (g) 1.4, and (h) 1.6. The black sphere represents the core; green spheres correspond to segments
bound to the core; red spheres represent other segments. Yellow and blue dots correspond to molecules

O and W, respectively.

Figure 3. (Colour online) Equilibrium configurations for symmetrically interacting hairy particles (views
from above) for different values of energy parameters 8§ o= 8*“,‘, o' (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8, (e)
1.0, (f) 1.2, (g2) 1.4, and (h) 1.6. The black sphere represents the core; green spheres correspond to the
segments bound to the core; red spheres represent other segments. Yellow and blue dots correspond to

molecules O and W, respectively.
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Figure 4. (Colour online) Density profiles of the core (k = C, black lines) and the chain segments
(k = S, red lines) for symmetrically interacting hairy particles and different values of energy parameters
8;0 = s’{,VO: (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8, (e) 1.0, (f) 1.2, (g) 1.4, and (h) 1.6. The green dashed lines
represent the location of the interface. The abscissas are scaled logarithmically.
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a b c d

Figure 5. (Colour online) Equilibrium configurations for asymmetrically interacting hairy particles (side
views) and different values of the energy parameter sg o' (a) 0.2, (b) 0.4, (¢c) 0.6, (d) 0.8, (e) 1.0, (f) 1.2,
(g) 1.4, and (h) 1.6. Interactions between segments and molecules W are repulsive. The black sphere
represents the core; green spheres correspond to segments bound to the core; red spheres represent
other segments. Yellow and blue dots correspond to molecules O and W, respectively. The angle, 6
characterizing the particle orientation, and the displacement distance, h*c are shown in (c) and (h),
respectively.

molecules W and attract molecules O. At the interface, the particles form the above-mentioned Janus-
like snowman-shaped structures. For weak interactions with the liquid O, the ligands form a compact
“drop” of segments (parts a-d). As the interactions become stronger, the chains gradually straighten in
the preferred liquid (O), avoiding the phase boundary (parts e-g). On the one side of the core, an unfurled
plume is formed. Moreover, with an increasing value of ¢, the core shifts towards the liquid O, and for
sufficiently strong interactions, the particle leaves the interface (h).

The analysis of the density profiles plotted in figure[6| confirms these insights. For weak interactions
(parts a-c), the core density has a maximum at z* = 0. This means that the core is pinned to the interface.
A further increase in 5, causes its partial entering into phase O (parts d-g), and a maximum is shifted
towards the liquid O (unpinned configurations). In the case of weak interactions, the segment density
profiles are symmetrical peaks located at z* > 0 (from the O-liquid side). On the contrary, for stronger
interactions, these peaks are asymmetrical, extended towards the liquid O. However, when the particle
goes to the bulk phase, the segment distribution has a form of a symmetrical and wide peak (part h).

To characterize the orientation of particles, we use the angle between the xy-plane and the line
connecting the mass centers of the clouds of segments and the center of the core (the angle 6 is shown
in figure[5k) [3. 28, 29]. Another parameter characterizing a particle configuration at the interface is the
average displacement depth, i.e., the distance of the center of the core from the phase boundary/(3],
(see figure [Sh). These quantities are presented in figure[7] for particles interacting symmetrically (black
lines) and asymmetrically (red lines) as a function of &§,,. The results obtained for repulsive ligands are
plotted at &5, = 0. We treat these interactions as infinitely weak attractive ones.

In the case of symmetrical interactions (figure[7h), the particle lies parallel to the phase boundary to
occupy as much area on it as possible (compare figure 2. However, for asymmetrical interactions with
the liquid, the particle can be differently oriented with respect to the phase boundary. As the attractive
interactions with one liquid become stronger, the particle gradually changes its orientation, from tilted
(ﬁgure|§|a—g) to normal (figure Eh). For symmetrically interacting particles, the A. oscillates around zero
(figure [7b). When the interactions are asymmetrical and comparable or stronger than the interactions
with the preferred liquid, the displacement depth quickly increases. Such a behavior of hairy particles
results from a complex interplay between the reduction of the area of the liquid-liquid interface caused
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Figure 6. (Colour online) Density profiles of the core (k = C, black lines) and the chain segments (k = S,
red lines) for asymmetrically interacting hairy particles and different values of the energy parameter s}; o'
(a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8, (e) 1.0, (f) 1.2, (g) 1.4, and (h) 1.6. Interactions between segments and
molecules W are repulsive. The abscissas are scaled logarithmically. The green dashed lines represent

the location of the interface.
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Figure 7. (Colour online) (a) Orientation angle, 8 and (b) the average position of the core (displacement
distance), i, for symmetrical interactions particles (black circles) and asymmetrically interacting parti-
cles with the segments repulsive for W molecules (red circles) as functions of the energy parameter sg 0"
The green dashed lines represent the location of the interface.

by its adsorption and interactions between all species. This is altered by the reconfiguration of a polymer
canopy built of mobile ligands. Qualitatively similar behavior was reported for Janus ellipsoids and Janus
dumbbells at liquid-liquid interfaces [3]].

We now turn our attention to the question of how the shape transformations at the interface are
affected by an increase in the strength of SO interactions. Firstly, we analyze the average density of
segments in the surface layer z,. € < —0.5,0.5> (see figure . The segments located here block the
access to the interface. In the case of symmetrical interactions, this density increases to a maximum at
‘9;‘0 = 1 and then decreases. Indeed, for 8:*0 > 1, a part of the chains starts to unfold in the direction of
the liquid O. Thus, the effect of the covering of the interface is the strongest for £, = 1. However, for
asymmetrically interacting particles, the surface density quickly decreases, and for £, = 1 it reaches
zero. With increasing &§,,, such particles change their orientations and adsorption height (47). The
segments “escape” from the surface.

Further corroboration for the reconfigurable nature of the hairy particles is offered by an analysis
of their geometrical characteristics. For this purpose, we employ the shape metrics computed starting
from the gyration tensor. In figure [0 we plot the total squared radius of gyration, its components and
the relative shape anisotropy as a function of &§,,. In all cases, the components in x and y directions are

almost the same. To improve the statistics, we calculated their averages, R% . The averaged squared radii

gxy
of gyration in directions parallel to the interface are presented in part a. The z-th components of R; are
shown in part b, while part ¢ depicts the total squared radii of gyration. Figure Od shows how the shape
anisotropy changes with an increase in the strength of SO interactions.

We begin with the analysis of the curves obtained for symmetrically interacting particles. As &,

increases, the squared radius of gyration Rﬁxy rises and reaches the plateau at £, = 1 (Saturn-like

configurations). However, the z-component initially slightly increases, then decreases to the minimum at
€50 ~ 1 and quickly increases. This well reflects the effect of flattening the cloud of segments on the
phase boundary. Obviously, the later rise of the R? corresponds to the penetration of the chains into the
preferred liquid. The total squared radius of gyration varies in the same way as the squared radius of
gyration in the directions x and y. The asphericity of symmetrically interacting particles rapidly increases
from 0.07 (repulsive interactions) to approximately 0.25 for 0.6 < £, < 1.0 and then quickly decreases.
This result confirms the formation of quasi-two-dimensional structures of segments for £, = 1. With a
further increase in £, the polymer canopy becomes more and more spherical.

Other relations are found for asymmetrically interacting particles. As the energy parameter increases
to &5, = 1.4, the squared radii of gyration R;xy, the RZZ and RZ monotonously increase. Initially,
the chains remain coiled but for stronger interactions the polymer layer considerably swells. When the
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Figure 8. (Colour online) The density of segments in the surface layer z*c € <-0.5,0.5> for symmetrically

interacting particles (black circles) and asymmetrically interacting particles with the segments repulsive
for W molecules (red circles) as functions of the energy parameter e’; o

Figure 9. (Colour online) Shape metrics for symmetrically interacting particles (black circles) and asym-
metrically interacting particles with the segments repulsive for W molecules (red circles) as functions
of the energy parameter ag o- (@) The average squared radius of gyration in directions parallel to the
liquid-liquid interface; (b) the zth component of the squared radius of gyration; (c) The total radius of
gyrations, and (d) the relative shape anisotropy.
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Figure 10. (Colour online) The prolateness (a) and the acylindricity (b) for symmetrically interacting
particles (black circles) and asymmetrically interacting particles with the segments repulsive for W

molecules (red circles) as functions of the energy parameter sg o

particle detaches from the interface (g, = 1.6), the RZX y slightly decreases, while RZZ sharply rises. It

is interesting that the relative shape anisotropy is relatively low (x < 0.1) and remains almost unchanged
for all particles attached to the interface. For 8;0 =, however, the « drops to a value close to the limit
value, 0. Thus, the relative shape anisotropy identified all the observed structures as almost spherical
ones.

In figure |10] we report the prolateness S* and acylindricity C* as a function of the energy parameter
ego. In the case of symmetrical interactions, for weak interactions (8}0 < 0.6), the cloud of segments
becomes more and more prolate while it is oblate at greater values of £§,,. A qualitative and rapid change
is observed between values €5, = 0 and £, = 0.8. For £, = 1, the cloud is almost perfectly oblate, and
the prolateness reaches the minimum value S* = —0.2. These changes, well reflect the transformations
from snowman-shaped particles to Saturn-like structures and later “standing up” of chains from the
surface, as shown in figures and (3| This is also visible at the plot C* vs. &¢,. The acylindricity
increases from 0.05 to a maximum value C* = 0.45 at £;, = 1. In a Saturn-like particle, the polymer
canopy has the shape of a hockey puck and deviates considerably from a perfect cylinder of elongated
shape. For stronger interactions, acylindricity slowly decreases.

For asymmetrically interacting particles considered here, the prolateness is always close to zero.
However, for &5, < 0.2, the $* is positive but for stronger interactions S* is negative. The prolateness
reaches a minimum value for £, = 1. However, the acylindricity increases from 0.05 to 0.25 (for
€50 = 1) and drops to 0.11. In this case, the relative shape anisotropy is also close to zero. These two
metrics classified our clouds as spherical.

Finally, it should be stressed that in the case of particles with permanently anchored ligands, their
shape changes are less spectacular [32, [37]]. Such hairy particles also retain a core-shell structure at the
liquid-liquid interface. Depending on the interactions with the liquids, their coronas take on the shape
of increasingly elongated ellipsoids [37]]. However, the formation of Janus-like structures has not been
reported so far.

Our study shows how the hairy particles with mobile ligands change the shape when they are trapped
at a liquid-liquid interface.

4. Conclusions
We used molecular dynamics simulations to study individual spherical particles modified with mobile

ligands at the interface between partially miscible Lennard-Jones liquids (O/W). To limit the number
of parameters, we assumed that almost all interactions are repulsive except the interactions between the
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same molecules of liquids and the ligand-liquid interactions.

We considered two types of particles: particles symmetrically and asymmetrically interacting with
both liquids. In the first case, interactions of chains with molecules of both liquids are the same. For the
second group of particles, interactions of ligands with the liquid W are repulsive while their interactions
change from repulsive to strongly attractive. We found that particles which in the same way interact with
both liquids are always pinned to the interface but a particle shape is strongly affected by the energy
parameter £,.

Adsorption of symmetrically interacting particles results only from the coverage of a part of the
phase boundary, which leads to the reduction of energetically unfavorable contacts between particles of
different liquids. Such particles are always pinned to the interface but a particle shape is strongly affected
by the energy parameter &5,,. For weak interactions, particles take on the form of snowman-shaped
Janus-like particles consisting of a part of the bare core and a “drop” of segments and orient parallel to
the phase boundary. As interactions with liquid become stronger, a Saturn-like structure is formed. A
further increase in &, causes the chains to be drawn deeper into the preferred phase and particles take
on the form of a core with a plume.

If interactions of particles with liquids are different, the surface activity of particles can be additionally
altered. In this case, we observe various equilibrium configurations. The center of the core can be
located either at the interface (pinned configuration) or slightly shifted into a preferred liquid (unpinned
configuration). An increase of the energy parameter £, causes the shape transformation of particles.
For weak interactions, Janus-like structures pinned to the interface are found. Initially, the particles lie at
the interface but with increasing strength of interactions the particles align themselves at an angle to the
surface. The particle orientation gradually changes from parallel, through tilted to perpendicular. This is
similar to the behavior of Janus ellipsoids and Janus dumbbells at the liquid-liquid interface [3]]. In the
case of stronger interactions, the chains straighten in the preferred liquid and “escape” from the interface.
Currently, the core slightly shifts towards the interior of one of the phases. On the one side of the core,
an unfurled plume is visible.

We also discuss how the interactions with liquids affect the metric properties characterizing the shape
of segment clouds, such as the radius of gyration, its components in the Cartesian coordinates, the relative
shape anisotropy, the prolateness, and acylindricity. Our analysis shows that the chosen quantities well
reflect the observed structures.

As shown in numerous studies [[1} 1333} 37]], particles with permanently anchored ligands also change
shapes at the liquid-liquid interface. The particles with symmetrical interactions with both liquids deform
into oblate ellipsoids to maximize the occluded area at the interface. In the case of different interactions
with liquids, the polymer coronas become asymmetrical. However, such particles do not form Janus-like
and Saturn-like structures. We conclude that ligand mobility increases the capability of hairy particles to
change the internal morphology at the interface. This strengthens their surface activity, i.e., their tendency
to stay at the interface. Due to this, such particles can be effectively used to stabilize the emulsions.

We believe that our approach contains salient physical characteristics to capture the mechanisms of
rearrangement of hairy particles trapped at liquid-liquid interfaces. The study proves that ligand mobility
strongly affects the behavior of an individual hairy particle at a liquid-liquid interface. Our work may be
a starting point for investigation of the impact of ligand mobility on the adsorption of hairy particles at
the interface, their self-assembly and their capability to stabilize Pickering emulsions.
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3MiHU popMU BONOCUCTOI HaCTUHKN 3 PYXJIUBUMU JliraHAamMu
Ha meXi po3ainy “pianHa-pignHa”

T. Crawescki, M. bopyBko

®dakynbTeT TeOpeTUYHOI GiMii, IHCTUTYT XimMiuHMX Hayk, YHiBepcuTeT iMm. Mapii Cknogoecbkoi-Kiopi, [11061iH,
MonbLua

Mw gocnifkyeMo neperpynyBaHHS OAHi€i BONOCMCTOT YaCTUHKM Ha MexXi NoAiny “pianHa-pignHa” 3 BukopmcTa-
HHAIM Orpy61eHoi MoNeKynsapHOi AMHaMiKK. PO3rsAaroTbCs YaCTUHKM 3 OAHAKOBO (CMMETPUYHI B3aemMogii) Ta
Pi3HOO (aCMMEeTPUYUHI B3aEMOJIT) CNOPiAHEHICTIO A0 PiAVH. [oKa3aHo, AK PyXAnBICTb AiraHAy BMAUBAE Ha Mo-
BeJiHKY BOJIOCMCTOI YaCTUHKM Ha MeXi MoAiny “pignHa-pianHa”. 3'acoBaHo, LLIO Taka BOAOCMUCTa YaCTMHKA MOXe
npuiiMaTu pisHi GopMun Ha Mexi po3giny: Hanpuknaa, NoAibHoOro Ha fAHyca CHiroBrKa, L0 CKNaAA€ETbCs 3i CKyn-
YeHHSs CerMeHTiB i OroNeHoi YacTUHW A4pa; CTPYKTYP, NoAibHux Ao CaTypHa; fApa 3 LWMPOKMM “wneidom” 3
ogHoro 60ky. KoHoirypaLis YacTUHKIM Ha MeXXi PO3AiNny xapakTepu3yeTbCs BiACTaHHIO BEPTKaNbHOTO 3MiLLleHHS
Ta Opi€EHTaL|iEl0 YaCTUHKM BiHOCHO MeXi po3ainy ¢pas. BubpaHi AeckpynTopmn BUKOPUCTOBYIOTLCA AN XapakTe-
pycTUKN GOPMIK CErMEeHTHOI XMapu. BusisneHo, Lo ¢opMy YaCTUHKM Ta ii 1oKani3aLjito Ha Mexi po3Aisy MOXHa
BM3HAYNTVY LLASXOM PEeryntoBaHHs ii B3aEMOZIl 3 pignHamu.

KnwouoBi cnoBa: Bos0CuCTi YacTUHKY, 36aradyeHi 4acTMHKamy Lapu, MOEKySPHa AuHamika
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