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ABSTRACT: The formation of particle clusters can substantially
modify the dynamics and mechanical properties of suspensions in

both two and three dimensions. While it has been well established

that large network-spanning clusters increase the rigidity of particle ~, %
systems, it is still unclear how the presence of localized
nonpercolating clusters affects the dynamics and mechanical
properties of particle suspensions. Here, we introduce self-
assembled localized particle clusters at a fluid—fluid interface by
mixing a fraction of Janus particles in a monolayer of homogeneous colloids. Each Janus particle binds to a few nearby homogeneous
colloids, resulting in numerous small clusters uniformly distributed across the interface. Using a custom magnetic rod interfacial
stress rtheometer, we apply linear oscillatory shear to the particle-laden fluid interface. By analyzing the local affine deformation of
particles from optical microscopy, we show that particles in localized clusters experience substantially lower shear-induced stretching
than their neighbors outside clusters. We hypothesize that such heterogeneous dynamics induced by particle clusters increase the
effective surface coverage of particles, which in turn enhances the shear moduli of the interface, as confirmed by direct interfacial
rheological measurements. Our study illustrates the microscopic dynamics of small clusters in a shear flow and reveals their profound
effects on the macroscopic rheology of particle-laden fluid interfaces. Our findings open an avenue for designing interfacial materials
with improved mechanical properties via the control of formation of localized particle clusters.

[l Metrics & More | @ Supporting Information

Magnetic
..., needle
Glass-oil-water
contact line .

Bl INTRODUCTION

Clusters—small conglomerations of particles such as mole-
cules, nanoparticles, or colloids—are ubiquitous in natural and
engineering systems. Because of their intermediate sizes
between microscopic and macroscopic scales, clusters
frequently serve as a bridge linking the dynamics of isolated
particles and the properties of bulk matter and have attracted
immense research interest due to various intriguing properties
they impart to bulk materials.' ™" Particularly, the influence of
clusters on the dynamics and mechanical properties of particle
suspensions has been extensively studied for decades.’ '’
Recent studies have shown that the emergence of a network-
spanning cluster can significantly increase the rigidity of a
system, ie. the ability of the system to resist imposed
perturbations.' ~'* These percolating clusters are responsible
for diverse phenomena ranging from the jamming transition of
granular packings'*'® to shear jamming and shear thickening
of particle suspensions.'’~*°

While the structure—property relation of percolating clusters
is much explored, few studies have investigated nonpercolating
clusters of small sizes in particle suspensions. It remains elusive
whether and how the dynamics and mechanical properties of a
particle system are influenced by the presence of uniformly
distributed localized clusters. The lack of experimental studies
is partially due to the difficulty of controlling the size of particle
clusters. Many factors can contribute to the formation of
clusters in particle suspensions including hydrodynamic,'
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electrostatic,”* and capillary interactions,”* and applied shear."*
The combined effect of these factors often results in a broad
distribution of cluster sizes, making it hard to isolate the effect
of small clusters on macroscopic system behaviors. In addition,
probing the dynamics of localized clusters in bulk materials is
challenging. Localized particle clusters are typically embedded
inside opaque three-dimensional (3D) bulk suspensions. The
temporal evolution of these clusters and their interactions with
neighboring particles are typically fast on the time scale of
single-particle dynamics. As a result, direct imaging of
individual clusters in 3D suspensions requires special
techniques with high-speed 3D imaging capabilities,24 which
are not easily accessible.

Here, we overcome the above difficulties by studying the
shear-induced dynamics of small particle clusters at the
particle-laden fluid interfaces. Specifically, we control the
assembly of localized clusters by adding a small amount of
metallic-polymeric Janus particles in an otherwise uniform
monolayer of homogeneous repulsive colloids at a fluid—fluid
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Figure 1. Apparatus and particle-laden fluid interface with Janus particle doping. (a) Schematic illustrating our custom magnetic rod interfacial
stress theometer (ISR). All of the relevant dimensions of the ISR are given in the text. (b) An optical microscopy image of a monolayer of PS
spheres and PS—Pt Janus particles at the water—decane interface. The scale bar is S00 um. Black disks are Janus particles, and bright circles are PS
spheres. (c) A zoomed-in image overlaid with the outcome of our particle finding. Magenta circles represent Janus particles from our particle
finding, whereas cyan circles mark PS particles from our particle finding. The scale bar is 10 ym.

interface. Thanks to their metallic hemisphere that reduces
electric dipole repulsion, these Janus particles attract a single
layer of homogeneous colloids via capillary forces, which give
rise to small localized clusters distributed uniformly across the
entire fluid interface.”> We then apply linear oscillatory shear
to such a specially prepared particle-laden fluid interface using
a custom magnetic rod interfacial stress rheometer (ISR) and
examine the shear-induced dynamics of particles at the
interface. The two-dimensional (2D) nature of the fluid
interface allows us to track the motions of all of the particles
within and outside the clusters at high spatiotemporal
resolutions. By analyzing the local affine deformation around
individual particles, we find that the shear-induced particle
dynamics at the fluid interface are heterogeneous: particles
within clusters show stronger resistance to the imposed shear
and experience less stretching, whereas those outside clusters
endure more stretching beyond that imposed by external shear.
Such heterogeneous dynamics are the direct consequence of
the rigidity of clusters. We further hypothesize that rigid
clusters protect a fraction of the interface in the interstitial
space of clusters from stretching, which increases the effective
surface coverage of particles and therefore enhances the shear
moduli of the interface. We verify this hypothesis by
correlating the microscopic configuration of particle clusters
from direct imaging with the macroscopic rheology from
interfacial rheometer measurements.

In addition to the generic effect of localized particle clusters
on the mechanical properties of particle suspensions, our study
also illustrates the unique dynamics of particle-laden fluid
interfaces with Janus particle doping. As a special type of
surface active agents, Janus particles have been widely used for
modifying the physical and chemical properties of fluid
interfaces (see refs 26—28 and references therein). In
particular, the effect of Janus particles on the mechanical
properties of fluid interfaces has been explored recently.”>*?~*
Our work complements these recent studies with direct

imaging of the microscopic dynamics of individual particles.
The new approach and analysis adopted here reveal
heterogeneous dynamics as the microscopic origin of the
unusual mechanical strength of particle-laden fluid interfaces
with Janus particle doping. As the density of particle clusters
can be controlled via the doping concentration of Janus
particles, our study demonstrates a convenient method for
tuning the rheological properties of fluid interfaces, a feature
desirable in a wide range of engineering applications.**”*°

B EXPERIMENTAL SECTION

Interfacial Stress Rheometer (ISR). We use a custom-built
magnetic rod interfacial stress rheometer (ISR) to impose linear shear
on particle-laden fluid interfaces and measure their interfacial
rheological response.”’ " A trough (10 X 4 X § cm?) is set on the
stage of an inverted bright-field microscope (Nikon, Ti-E). A
magnetic needle of radius 79.2 ym and length 2.45 cm is placed at
the fluid interface between a pair of vertical glass walls (2 cm length, 6
mm width) in the center of the trough. Above the trough, we hang a
pair of permanent magnets on a microscope slide whose field aligns
the needle parallel to the glass walls. We use a single magnetic coil to
generate a perturbative field, which drives the oscillatory motion of
the needle at the fluid interface. Our observation window has a size of
1.330 X 0.358 mm? and is located to one side of the needle, halfway
along its length, as shown in Figure S1b of the Supporting
Information (SI). By analyzing the oscillation of the needle in the
window under the controlled perturbative field, we obtain the
oscillation amplitude and phase shift of the needle in the controlled
field, which allow us to calculate the storage and loss moduli of the
fluid interface. Vibrations from external sources are weak at the
particle-laden fluid interface and do not affect our ISR analysis (Figure
S2). The schematic of the ISR setup is shown in Figure la with more
details given in SI Section 1. The functionality, the calibration process,
and the detailed calculation method can be further found in our
previous publication on the design of the ISR.*’

Particle-Laden Fluid Interface with Janus Particle Doping.
Two types of colloidal particles are used in our study. Monodisperse
surfactant-free sulfate-modified polystyrene (PS) spheres with a
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Figure 2. Three classes of particles at the interface. (a) Class (1): a Janus particle at the core of a cluster. (b) Class (2): a PS sphere at the edge of a
cluster, which is surrounded by a Janus particle as well as PS spheres within and outside clusters. (c) Class (3): an isolated PS sphere, which is
surrounded by PS spheres within and outside clusters. The black lines are the Delaunay triangulation of the particles of interest (highlighted by
solid disks). The open circles represent the neighboring particles based on the Delaunay triangulation (magenta for Janus particles, brown for PS
spheres in clusters, and cyan for isolated PS spheres outside clusters). The scale bars are 10 ym.

diameter of 4.1 ym were purchased from Thermo Fisher Scientific.
The spheres are used as homogeneous colloids at fluid interfaces and
also as the basis for synthesizing Janus particles. Following the
published protocol,”*""** PS—platinum (PS—Pt) Janus particles are
fabricated by drop-casting of the PS spheres on a glass substrate into a
monolayer and sputtering deposition of a thin film of Pt on the upper
surface of the PS spheres. The scheme of the process and the scanning
electron microscopy images of the PS—Pt Janus particles are shown in
Figure S3 in the SI. The thickness of the Pt coating is ~20 nm, which
is controlled through the coating time based on a calibration curve at
the given deposition rate. The coating thickness within the range of
10—240 nm shows no effect on the interparticle interactions and the
microstructure of the interface.”®

To assemble a particle-laden fluid interface with Janus particle
doping, we first prepare a suspension of homogeneous PS spheres and
Pt—PS Janus particles in a mixture of reagent grade alcohol (50% w/v,
VWR International) and distilled deionized water (Millipore Direct-
Q3, 18.2 MQ-cm at 25 °C). The ratio between PS and Janus particles
is fixed at 4:1 unless stated otherwise. The volume fraction of the
suspension is ~5%. A clean water—decane interface is next prepared
by adding 10 mL of water as the subphase and 10 mL of decane
(Sigma-Aldrich) as the superphase. We then gently place the magnetic
needle at the clean water—decane interface with tweezers. Afterward,
we slowly deposit the well-sonicated particle suspension at the
interface. Particles quickly spread out along the interface and form a
stable interfacial particle monolayer thanks to their high detachment
energy 3435

Without Janus particles, PS spheres alone form hexagonal crystals
at the fluid interface due to the interparticle repulsion induced by the
electric dipoles of particles at the interface” ™ (Figure S4). The
metallic surface of Janus particles modifies the charge distribution on
the particles and lowers the strength of electric dipoles (Figure S4b),
which therefore reduces the repulsion between Janus particles and PS
spheres. As a result, capillary attraction dominates the interaction
between Janus particles and PS spheres, giving rise to localized
particle clusters. A detailed discussion of the interparticle interactions
can be found in SI Section 3. A quantitative analysis of the
competition between different interparticle interactions at fluid
interfaces can be further found in refs 25,46. Because of the nature
of the interparticle interactions discussed above, a typical particle
cluster has a Janus particle at the core surrounded by a single layer of
2—S5 PS spheres. These small clusters are uniformly dispersed
throughout the fluid interface (Figure 1b). Thus, at a macroscopic
scale beyond the characteristic length of clusters, the interface remains
uniform and isotropic. We fix the area fraction of the particle
monolayer at ¢ = 31.8%. Such an intermediate ¢ is chosen so that the
rheological signature of the layer is above the resolution of our ISR,
and particles are not too crowded at the interface for more accurate
particle finding and tracking. Interfaces at different ¢ are also tested,
which yield qualitatively similar results with stronger noise (see the
Results and Discussion Section).

Before each experiment, we apply a large amplitude oscillatory
shear of strain ~20% and frequency 1 Hz for 10 min to eliminate any
potential nonuniform structures and reset the initial condition of the

interface. After stopping the shear, we wait for another 10 min until
no further particle motions are observed before starting the
experiment at a controlled frequency and stress. Unless stated
otherwise, we fix the shear frequency at f = 1 Hz and vary the shear
stress amplitude by controlling the strength of the perturbative
magnetic field.

Image Processing. The interface is imaged through a 10X
objective (Nikon, NA 0.30, WD 17.0 mm) on the inverted
microscope with a synchronized high-resolution CMOS camera
(Basler acA2040—90 um USB 3.0). A typical image is shown in Figure
1b, where the brighter particles are PS spheres and the darker particles
are PS—Pt Janus particles. We write a custom Python code to
distinguish and find the centers of PS spheres and Janus particles.
Figure lc shows a representative particle finding result, with two
different types of particles marked separately. The details of the
particle finding algorithm can be found in SI Section 4 and in ref SI.
After the centers of all of the particles are identified at different
frames, we use the open-source software “trackpy” to track the
trajectories of the particles.”” To reduce tracking errors, we discard
any particle trajectories that are not tracked continuously over the
entire readout process.

B RESULTS AND DISCUSSION

The particle-laden fluid interface is sheared using our custom
ISR. Specifically, sinusoidal stress is applied to the needle
through the perturbative field of the magnetic coil, which
induces an oscillatory shear strain (with a phase lag) on the
particle monolayer between the two glass walls (Figure 1la).
We vary the applied stress via the amplitude of the
perturbation current, which yields strain amplitudes ranging
from 0.006 to 0.104. The detailed calculation of the stress (via
the current in the coil) and the strain (via the motion of
particles) is discussed in SI Section S. While the macroscopic
interfacial rheology can be derived from the stress—strain
relation, the microscopic dynamics of particles are obtained
through the simultaneous imaging of ~10,000 particles at the
sheared interface.

To quantify the microscopic dynamics of particles, we
compare the relative positions of the nearest neighbors of a
particle at the two instants t, and t. Here, the nearest neighbors
are determined through Delaunay triangulation (Figure 2).%3
We distinguish three different classes of particles within the
monolayer based on the particle type (PS vs Janus) and
whether they are in clusters: (1) Janus particles in clusters
(Figure 2a); (2) PS spheres in clusters (Figure 2b); and (3)
isolated PS spheres outside clusters (Figure 2c). Note that as
Janus particles attract PS spheres nearby, they are always in
clusters. Accordingly, an independent class of Janus particles
outside clusters does not exist. We detect particle clusters by
binarizing raw images, choosing a proper threshold that
includes the pixels between connected particles. The details of
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Figure 3. Local stretching of particles. (a) Average stretching experienced by the three classes of particles as a function of time over one shear cycle.
The average local stretching of all particles and the stretching that corresponds to the imposed linear shear (y/2) are also plotted. (b) The
amplitudes of the oscillatory local stretching of different classes of particles as a function of the imposed stretching amplitude y,/2. The red line

represents y = x.

the detecting procedure are illustrated in Figure S5 and
discussed in SI Section 4.

For a particle of a given class, we calculate the local
deformation gradient tensor of the particle &; by minimizing
the mean-square difference between the relative displacements
of the nearest neighbors of the particle and the relative
displacements that the neighbors would have under a pure
affine deformation 8,-]-54

2

Dty )= 3 3| ritty) — i) — 36, 4 )rl(e) — ri(0)]
1)

where indices i and j refer to the two spatial Cartesian
coordinates at the interface and the index n runs over all of the
nearest Nyy neighbors of the particle in question (n = 0 at 7).
Here, the x axis is along the motion of the needle, and the y
axis is along the shear gradient direction. The local stretching
experienced by the particle between the reference frame ¢, and
time ¢ is given by S = (&, + &,1)/2, whereas the local rotation
of the particle is Q = (¢;, — &,;)/2. The minimum of D% D2,
characterizes the local deviation of the particle dynamics from
affine deformation. The analysis of nonaffine motion via DZ;,
was originally invented by Falk and Langer for quantifying the
viscoplastic deformation of amorphous solids®* and has been
employed previously in analyzing the dynamics of homoge-
neous particle monolayers.®”>**°

Local Stretching. We first focus on the local stretching
S(t) experienced by individual particles, a key quantity
characterizing particle dynamics under shear and determining
the shear moduli of the interface. We choose the reference
state at t, when the imposed shear stress on the needle is zero.
Selecting a different reference state results in a phase shift of
S(t) but does not change its amplitude and oscillation
frequency (Figure S7). Figure 3a shows the temporal variation
of S(t) averaged over each of the three classes of particles,
(S(t));, within one shear cycle at an imposed strain amplitude
7o = 0.05, where the subscript k = 1, 2, 3 indicates the three
classes of particles defined above. As expected, (S(t)), varies
sinusoidally at the frequency f of the imposed shear. The
average stretching of all of the particles, (S(t)), is determined
by the imposed shear, following (S(t)) = (yo/2) sin(2xft).
Note that the linear shear of the needle can be decomposed
into a stretching component and a rotation component of

12035

equal strengths, which accounts for the one-half factor in the
amplitude. More interestingly, particles within clusters show
substantially weaker stretching (Figure 3a). In particular, as
Janus particles are located at the core of clusters, they endure
the lowest stretching among all three classes of particles.

Such heterogeneous dynamics are independent of the
amplitude of the imposed shear strain. At each applied strain
amplitude y,, we measure the amplitudes of the oscillatory
local stretching experienced by different classes of particles,
(S)e (Figure 3b). (S); for all three classes increases linearly
with the imposed stretching of applied shear y,/2 but with
noticeably different slopes a;. For isolated PS spheres, (S); =
a; (yo/2) with a3 = 1.35 + 0.14 > 1 at a confidence level of
95%. These particles experience stretching 35% higher than
that imposed by linear shear. In comparison, PS spheres in
clusters have a, = 1.06 + 0.10, close to the imposed stretching.
For Janus particles, the slope is smallest at a; = 0.43 + 0.04 <
1. The results show that nonpercolating particle clusters resist
the stretching imposed by the shear. Near the center of the
clusters, particles experience the weakest stretching. Finally,
when averaging over all of the particles at the interface, we
have (S) = a(y,/2) with a = 0.95 % 0.09. Thus, the average
behavior of all of the particles is determined by the imposed
linear shear.

The presence of heterogeneous dynamics is also independ-
ent of particle concentrations and PS/Janus particle ratios.
Results of (S), for two additional particle-laden fluid interfaces
with different ¢) and PS/Janus ratios are shown in Figure S8. In
both cases, the stretching of the particles in clusters is weaker
than that of the imposed shear. Janus particles, being at the
core of the clusters, experience the lowest stretching. The
slopes of (S), versus the stretching of the imposed shear y,/2
of the three classes of particles also follows qualitatively similar
trends. Note that the data at both low ¢ and high ¢ show
stronger fluctuations compared with the data at the
intermediate ¢ (Figure S8). While the noise of the low-¢
result originates from the statistical fluctuation due to the small
number of particles tracked at the interface, the noise of the
high-¢ result arises from the errors in particle finding and
tracking at high concentrations.

Interfacial Rheology. The heterogeneous dynamics
suggest that particle clusters formed by the capillary attraction
between Janus particles and PS spheres are semirigid against
the interfacial shear flow. The rigidity of clusters under shear
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Figure 4. Interfacial storage modulus G’ (a) and loss modulus G” (b) of monolayers of homogeneous PS spheres of different area fractions ¢ at a
fixed shear frequency of 1.0 Hz. Shear strains are less than 0.1% in the linear viscoelastic regime. The data (solid disks) are from ref 40. The dashed
lines are power-law fits to guide the eye. The crosses at ¢ = 31.8% indicate the moduli of the Janus-doped interface in this study, which are equal to
the moduli of the monolayers of homogeneous PS spheres at higher effective area fractions, as indicated by the open circles. Insets: a frequency
sweep of G’ and G” of the Janus-doped interface. The black dashed line indicates a constant Boussinesq number Bg = 100.

has important implications for interfacial rheology. To
understand the relation between the dynamics of particle
clusters and the rheology of the particle-laden fluid interface,
we measure the storage and loss moduli of the interfaces, G’
and G”, at different shear frequencies f in the linear viscoelastic
regime (Figure 4, insets). Specifically, the complex shear
modulus of interface G is first calculated as the ratio of
oscillating stress and strain. The real and imaginary parts of G
then give G’ and G”, respectively. The detailed calculation
method is presented in SI Section S. The moduli increase with
f, a trend agreeing well with previous studies at higher particle
area fractions.”” At shear frequency f = 1 Hz, the storage
modulus of the Janus-doped interface G’ is about 2 orders of
magnitude higher than that of the homogeneous PS interface
of the same area fraction (Figure 4a). Thus, the interface
decorated with small clusters is, on a macroscopic scale, more
rigid than the interface without clusters. For accurate interfacial
rheology measurements, the force on the probe (the needle in
our case) should be dominated by the force from the interface,
rather than from the bulk fluids.”” To quantify the ratio of the
shear force from the interface to the viscous drag from the bulk
fluids, a dimensionless Boussinesq number, Bg = G"/(fij,r), is
often evaluated, where #,, is the viscosity of bulk fluids and r is
the size of the probe. In our system, r = 79.2 ym is set by the
radius of the needle, and #;, = 0.001 Pa-s is the viscosity of
water. With the measured G”, we have Bq > 100 for the Janus-
doped particle interface (Figure 4b, inset), ensuring the validity
of our results.”

How do localized rigid particle clusters modify the interfacial
rheology of the interface? As the motion of the portion of the
interface in the interstitial space between particles in clusters or
at the close proximity of clusters is entrained to the motion of
the clusters, this portion of the interface is not stretched
strongly by shear either (Figure Sa). Thus, the presence of
nonpercolating clusters effectively increases the surface cover-
age of particles at the interface. By definition, the area fraction
of particles at the interface is ¢ = Nzd>/(4A), where N is the
total number of particles, 7d is the length of the contact line of
a single particle at the interface, and A is the total surface area
of the interface. If the contact angle of particles is close to 90°,
d can be approximated as the diameter of particles. The
effective area fraction due to the presence of particle clusters
can be written as
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d

Figure S. Configurations of particle clusters. (a) Schematics of
possible configurations of particle clusters. The gray disks represent
PS spheres, and the purple half-disks represent Pt-coated areas of the
Janus particles. The shaded red areas illustrate the part of the fluid
interface that is protected by the clusters and therefore not subject to
strong stretching by shear. Hence, the red regions should be
considered as a part of the clusters and remain rigid under shear,
which increases the effective particle area fraction. The typical length
scale of the empty space enclosed inside clusters in the right
configuration is on the order of the size of a particle. (b) Raw image of
a particle-laden interface. Scale bar: S0 ym. (c) The processed image
after applying a binary threshold and incorporating the entrained
interface within clusters. The image is used to calculate the effective
area fraction of the interface @

Nrd!  Nz(d + 8d)
44 4A (2)

by =

where d, is the effective diameter of particles due to the extra
entrained interface and 6d = (d. — d) gives the effective
increase of the diameter of particles at the interface with
localized clusters. It is easy to see that

ﬁ: (%]1/2_1
d |\é 3)
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Figure 6. Local rotation and nonaffine deformation of particles. (a) The amplitudes of the local rotation of different classes of particles as a function
of the rotation imposed by the linear shear y,/2. The red line indicates that y = x. (b) The amplitudes of the normalized D%, of different classes of
particles as a function of the imposed shear. The crosses show the average over all particles.

We estimate dd using two different methods. Macroscopi-
cally, we compare the moduli of the Janus-doped interface to
the interface of homogeneous PS spheres. The elastic modulus
of the Janus-doped interface of ¢ = 31.8% is equivalent to that
of the homogeneous interface at an elevated area fraction of ¢
= 43.2% (Figure 4a) with an increase of ~30%, which gives
6d/d = 0.17 based on eq 3. Note that the effective area fraction
would be ¢4 = 41.2% if we compare the G” of the Janus-
doped interface and G” of the homogeneous interface (Figure
4b), which gives a slightly smaller 6d/d = 0.14. Microscopi-
cally, we identify particle clusters from microscope images and
obtain the effective area occupied by clusters, including the
interstitial space of the clusters (Figure Sb,c). The effective
area fraction calculated from the image analysis is 55.2%, which
yields 6d/d = 0.32. Thus, both methods indicate an increase of
the effective area fraction and show a qualitatively similar trend
in the increase of the effective size of particles due to the
formation of clusters. The discrepancy in 8d/d may be due to
each method’s systematic errors: the image analysis likely
overestimates the effective area fraction due to the finite
resolution and aberration of optical microscopy close to
particles, which introduce a large uncertainty in selecting the
threshold for cluster analysis (Figure SS5). More importantly, as
the entrained interface is not completely rigid due to the finite
deformation of clusters under shear (Figure 3), the image
analysis assuming rigid entrained interfaces also overpredicts
the effective size of particles compared with that from the
rheological tests.

Our analysis provides a qualitative explanation of the
increase of the interfacial loss modulus G” of the Janus-
doped interface.”® With ¢ > ¢, a larger portion of the
interface resists the shear flow. The stronger distortion of the
shear flow increases the dissipation of the system and therefore
the interfacial viscosity and G” of the interface. It is worth
noting that the presence of nonpercolating clusters also
increases the effective volume fraction of 3D suspensions at
low to intermediate volume fractions, which leads to a gradual
increase of suspension viscosity with shear—an effect known as
continuous shear thickening—due to the formation of
hydroclusters at high shear rates.”**”

Two possible mechanisms, which are not mutually exclusive,
could explain the increase in the storage modulus G" and thus
interfacial elasticity:

(1) The elasticity of a homogeneous PS particle monolayer
arises from the electrostatic repulsion between particles.
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Imposed shear reduces the distances between particles along
the major compressive axis of the shear against the interparticle
electrostatic repulsion, which converts the mechanical energy
of the imposed shear into the electrostatic potential energy and
gives rise to the elasticity of the interface. The formation of
Janus—PS clusters does not eliminate the electrostatic
repulsion between isolated particles and between clusters. In
fact, the strength of the electrostatic repulsion between clusters
even increases due to the aggregation of PS spheres. Through
experiments and theory, Petkov and co-workers have
demonstrated the enhanced electrostatic repulsion due to the
formation of compact clusters of charged particles at fluid
interfaces, which outweighs the increased distance between
particles and increases the surface pressure of particle-laden
fluid interfaces.”® We note that in ref 58, surface pressure is
found to scale as the square root of the number of particles in
each aggregate, weaker than the enhancement of shear moduli
here. In our system, as the stretching around particles inside
clusters is reduced owing to the rigidity of the clusters, the
stretching of material between clusters must increase above the
average to match the imposed shear (Figure 3). Such an
increased stretching, in combination with the enhanced
electrostatic repulsion between clusters, promotes a drastic
increase in the elastic response of the interface.

(2) Particle clusters often have noncircular shapes with
corners and edges (Figures 1b and Sb). Under imposed shear,
the rotations of nearby clusters are coupled, which facilitates
the formation of percolating force chains along the
compressive axis of the shear. The formation of these shear-
induced structures enhances the elasticity of the interface.'”
Note that these shear-induced force chains are different from
static percolating particle clusters, which are independent of
shear compression and do not exist in our system.

Local Rotation and Nonaffine Deformation. Lastly, we
also investigate local rotation and local nonaffine deformation
at the interface. Figure 6a shows the amplitudes of the
oscillatory local rotation of particles averaged within each of
the three classes of particles, (2),, at different imposed shear
strains. Interestingly, although the local stretching experienced
by different classes of particles is different, the local rotations of
particles’ neighborhoods are similar independent of particle
classes. The rotation of particles is dictated by the rotation
component of the linear shear, following (Q(t)); = (7/2)
sin(27ft). Hence, while the stretching of particles is
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heterogeneous due to the presence of localized clusters, the
rotation of particles remains uniform.

Figure 6b shows D7, as a function of y,/2, which quantifies
the degree of local nonaffine deformation at different imposed
shear strains. To compare the degree of nonaffine deformation
of different particles as well as particles in different systems,
D2, needs to be normalized properly. Thus, we first calculate
the average distance between a particle and its closest
neighbors L and compute the average for each class of
particles (L), We then normalize D2;, by the number of
nearest neighbors Nyy and the square of the average distance
over different classes of particles, (DZ./Nan)i/{L)z In-
dependent of the class of particles, the degree of nonaffine
deformation shows a nonlinear increase with increasing .
Larger strains generally result in stronger nonaffine deforma-
tion.**>>%¢ Gimilar to the local stretching, the nonaffine
deformation is also heterogeneous. PS spheres outside clusters
show the largest nonaffine deformation, whereas Janus particles
within clusters have the smallest nonaffine deformation. This
difference is also apparent when comparing to previously
studied undoped interfaces with bidisperse and monodisperse
particles,””*” where the mean D2, at imposed stretching y,/2
= 0.05 would be ~0.01—roughly half of the corresponding
measurement outside clusters in the present study.

B CONCLUSIONS

In this study, we imaged the shear-induced dynamics of
particles at a particle-laden fluid interface composed of a
mixture of homogeneous PS spheres and PS—Pt Janus
particles. Due to the reduced electrostatic repulsion between
the PS spheres and the Janus particles, a large number of
localized nonpercolating particle clusters form at the interface,
which have a typical configuration with a Janus particle at the
core and PS spheres at the rim of the clusters. By analyzing the
local affine deformation of individual particles under imposed
oscillatory linear shear, we showed that the dynamics of the
interface are heterogeneous. In particular, we found that PS
spheres outside clusters endure the largest shear stretching
among all of the particles at the interface and show the
strongest nonaffine deformation, whereas Janus particles inside
clusters experience the least stretching and have the smallest
nonaffine deformation. The stretching and nonaffine deforma-
tion of PS spheres inside clusters are intermediate between
these two limits. In comparison, the rotational dynamics of the
interface is homogeneous and dictated by the imposed linear
shear, independent of the type of particles.

We also explored the effect of localized particle clusters on
the mechanical strength of the interface. Using a custom
interfacial rheometer, we showed that the heterogeneous
dynamics induced by particle clusters increase the macroscopic
rigidity of the interface and substantially enhance its interfacial
shear moduli. We propose that such an increase in interfacial
shear moduli can be understood from the elevated effective
area fraction associated with the formation of rigid particle
clusters. It has been well established that network-spanning
clusters can increase the rigidity of particle systems.”"'~'* Our
study showed that small localized rigid particle clusters can also
increase the rigidity of particle systems by increasing effective
particle concentrations. The finding is potentially useful to
improve the stabilitg of interface-rich materials such as
Pickering emulsions.”’~%*

An interesting open question is how the degree of cluster
rigidity affects macroscopic rheology. Although it is relatively

easy to change the number density of particle clusters by
controlling the number ratio of PS to Janus particles, it is more
difficult to vary the size and rigidity of particle clusters. Adding
surfactants and varying the pH and salt concentration of the
aqueous phase have been shown to be effective in altering
interparticle interactions at fluid interfaces,*™** which may be
combined with Janus particles to achieve a more compre-
hensive control of the structure and the mechanical properties
of particle clusters at particle-laden fluid interfaces. Semirigid
particle clusters with weak bonding between particles may
modify the moduli of an interface in a nonlinear fashion and
give rise to a time-dependent rheological response due to the
dynamic breaking and reformation of particle bonding under
shear.”® Lastly, Pt—PS Janus particles become active and self-
propel when submerged in hydrogen peroxide solutions,
providin§ a model system to study the rheology of active
fluids.””*> Recent studies have shown that active Janus
particles can decrease the shear moduli and yield stresses of
3D colloidal gels.”*®” How the activity of Janus particles
modifies the shear moduli and the viscoelasticity of fluid
interfaces remains unexplored.
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