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Single-particle tracking of the formation of a
pseudoequilibrium state prior to charged microgel
cluster formation at interfaces
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Abstract

The correlation between micron-sized particles and their self-assembly at fluid interfaces is important in several
applications, including the stabilization of Pickering emulsions and creation of colloidosomes. In this study, through
real-time visualization of the diffusion of microgel particles at the air-water interface of an aqueous pendant drop, the
formation of a pseudoequilibrium state is observed prior to cluster formation. It is shown here that at the microscopic
level, a pendant drop surface has nonuniform principal curvatures and exhibits positive deviatoric curvature (4+Ac)
gradients. The +Ac gradients confer superdiffusive motion to single ionic microgel particles and are responsible for
bringing particles that are initially far apart to common sites on the interface with high curvatures. Prior to two-particle
cluster formation, the balance between pairwise repulsion, capillary attraction and +Ac-induced energy that pushes
the pair of particles to a high curvature creates a pseudoequilibrium state where the interparticle distance remains
relatively invariant for a long period of time. This observation is also noted during higher-order cluster formation.
Thereafter, a sufficiently strong long-range attraction potential is activated to facilitate cluster formation. Real-time
tracking of the evolution of cluster formation provides useful insights into the interplay between various interactions

experienced by ionic microgels.

Introduction

Without the use of potentially harmful surfactants,
micron-sized particles can stabilize emulsions by
adsorbing onto their interfaces (i.e., Pickering emul-
sions)'. Due to the soft nature of microgel particles, the
interfacial free energy is decreased further when the
trapped microgels undergo deformation at the interface®>.
This allows microgel particles to adsorb readily and thus
act as suitable emulsion stabilizers® ®. When dispersed in
a good solvent, microgels (e.g., those based on poly(N-
isopropylacrylamide) (PNIPAM)) are able to swell due to
solvent penetration into the soft particles'®™?. The pre-
sence of a polymer cross-linking gradient results in a hard
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core with high cross-linking density and a soft corona of
loose cross-linked chains. When PNIPAM microgels are
adsorbed at the liquid/liquid interface, they adopt a “fried
egg-like” morphology with diameters larger than those in
the bulk®®'®. The factors affecting the shape of the
stretched microgel at the interface, including solvation of
the particle in the two phases, surface activity and internal
elasticity, have been extensively studied both experimen-
tally and computationally"*~*%,

To improve the stability of Pickering emulsions, it is
necessary to understand the interactions between parti-
cles and the factors that drive their self-assembly®.
Interactions between hard colloidal particles (e.g., elec-
trostatic repulsion and long-range attraction) at interfaces
have received a substantial amount of attention despite
uncertainties in some of the proposed models'*~** In
contrast, the effective interactions between microgel
particles in bulk solvents become more complex as a
result of deformation, compression and interpenetration
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of soft particles and dangling ends, corona—corona,
core—corona, core—core, and microgel-counterion inter-
actions need to be considered®. Electrostatic repulsion
between charged soft-shell/hard-core nanoparticles at the
air—water interface has been shown to be responsible for
their long-range ordering at low particle densities**. This
was further supported by a recent computational model-
ing study that utilized electrostatic repulsion to under-
stand long-range ordering of charged microgels at
interfaces that were separated by distances larger than the
particle size”. Interestingly, at a high particle density or
when two-dimensional particle arrays are compressed,
charged microgels at interfaces undergo compression
more easily than uncharged ones, indicating that elec-
trostatic repulsion plays only a minor role when particles
are packed closely together®®. Instead, coronas of neigh-
boring microgels are able to interpenetrate and compress
such that steric interaction and surface activity involving
loose chains at the particle periphery contribute to short-
range repulsive interactions®®**,

It is known that particles with rough and chemically
heterogeneous surfaces or irregular shapes can create
contact line undulations that cause perturbations in the
surrounding fluid interface. Stamou et al.>* and Danov
et al.*® have shown that for large separations between
spherical particles on a planar interface, capillary attrac-
tion due to the quadrupole term is important*, On the
other hand, when the particles approach each other (i.e.,
on the order of the particle size), interactions between
higher multipole orders come into play and can be
repulsive in nature®*****, As demonstrated by Stebe et al,,
near field capillary repulsion is apparent between a pair of
nonspherical objects with out-of-phase undulations®*>*°.
Since soft particles have rough and chemically hetero-
geneous surfaces and their wetting radii are elongated at
interfaces'®, long-range capillary attraction between neu-
tral microgels adsorbed at planar interfaces has been
proposed to be responsible for the formation of aggre-
gates47’49.

A commonly invoked mechanism to explain the self-
organization of colloidal particles trapped at curved
interfaces involves capillary interactions arising from
curvature gradients that push the particles to regions of
steep curvature®®’, In particular, this was nicely
demonstrated for colloidal particles that adhered to tense
lipid bilayers®>>®. An area that remains relatively unex-
plored is the understanding of the evolution of events
leading to cluster formation between sparsely distributed
ionic microgel particles at a curved liquid interface.

The single-molecule/particle tracking technique is a
powerful tool to track the motion of single fluorescent
molecules/particles and can be achieved via fluorescence
wide-field microscopy (WFM). WEM was previously used
to study polymer physics (e.g., crystallization of single
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polymeric chains in thin layers)®*, dynamics of single
swarming bacteria® and catalysis®®. WFM has also been
utilized to understand, at the bulk level, materials-related
phenomena, such as hole nucleation and growth in
polymer blend films®’, the coffee ring effect®®, and drug-
release dynamics from antibiotic carriers to tackle bac-
terial infection®”. In this study, WEM demonstrates that at
the microscopic level, the air—water interface of an aqu-
eous pendant drop has nonuniform principal curvatures
that not only confer superdiffusive motion to single like-
charged particles but also transport them closer together
at a common area on the interface. The latter is a
necessary step that precedes self-assembly. In particular,
the interplay between various forces on the evolution of
cluster formation starting from particles that are initially
far apart (i.e., longer than twice the contact radius) is
examined here.

Materials and methods
Materials

N-Isopropylacrylamide (NIPAM) (97%), N,N’-methyle-
nebisacrylamide (BIS) (99%), 2-aminoethyl methacrylate
hydrochloride (AEMH) (90%), and potassium perox-
odisulfate (KPS) (99%) were purchased from Sigma-
Aldrich. Acetic acid (99.8%), sodium carbonate (anhy-
drous, 99.5%) and sodium bicarbonate (99%) were pur-
chased from Schedelco, Sinopharm Chemical and Chemi-
con, respectively. ATTO 647N NHS-ester and ATTO 550
NHS-ester dyes were obtained from ATTO-Tec GmbH.
All chemicals above were used as received. N,N-dime-
thylformamide (DMF) (HPLC/Spectroscopy grade) was
obtained from Tedia and dried by a molecular sieve (44,
Sigma-Aldrich) before use.

Synthesis of the microgel particles

The microgel particles were synthesized by first mixing
NIPAM (32¢g 188.52mM), AEMH (0.06g, 2.42mM),
and BIS (0.0985 g, 4.26 mM) in DI water (150 mL)®°. The
pH of the mixture was adjusted to 3.3 by the addition of
acetic acid. The solution was then refluxed at ~73°C for
1h under an argon atmosphere before adding KPS
(0.0364 g, 0.90 mM) to initiate the reaction. The reaction
was stopped after 6 h and allowed to cool to room tem-
perature. The resulting P(NIPAM-co-AEMH) particles
were retrieved by centrifugation and washed with DI
water. The average radius of the particles was measured
using dynamic light scattering (Malvern Zetasizer Nano).

Determination of the bare charge on the microgel particles
and zeta-potential

The bare charge on a microgel particle method was
determined using a spectrophotometric method described
in ref. °%. Briefly, a known and excess concentration of
ATTO 550 NHS-ester dye (Atto-Tec GmbH, charge of
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+1, extinction coefficient at 554 nm is 1.2 x 10° M~ ' cm ™!

in buffer) was prepared, and 100 pL of the solution was
added into a carbonate/bicarbonate buffer solution (1 mL,
107 mM, pH=8.94) containing P(NIPAM-co-AEMH)
particles (0.5 mL, 65.6 £ 9.3 mg mL™1). The mixture was
stirred for 5h. After centrifugation (12,000 rpm for
30 min), the amount of free dye in the supernatant was
determined using an absorption spectrometer (Cary 100,
Varian). By assuming that all the -NH, groups on the
particles formed amide bonds with the dye, the number of
—NH, was estimated from the concentration of dye
molecules attached to the particles (i.e., difference in the
concentrations of free dye before and after reaction with
the particles). To determine the number of labelled par-
ticles retrieved after centrifugation, the particles were first
dispersed in DI water (785 pL). A quantity of 5 uL of the
solution was added into 10 mL of DI water, and then 0.20/
0.25/0.29 pL of the resulting solution was drop cast onto a
clean coverslip. After evaporating the solvent, the image
of the area of the coverslip containing the particles was
recorded using a confocal laser scanning microscope
(Zeiss LSM 800). The number of microgel particles was
counted (Supplementary Fig. S1 in Supplementary Infor-
mation). The number of bound dye molecules and hence
the number of —NH, groups per particle were subse-
quently determined. This was equivalent to the charge Z
of a microgel at pH=5.33 arising from the —NH;"
groups.

The zeta potential of the microgels was determined by
dispersing 10 pL of the microgel solution (65.6 + 9.3 mg
mL™Y) in 1 mL of DI water (pH =5.33). The resulting
solution was transferred into a potential sample cell
(cuvette DTS1070), and the zeta potential was measured
at 25°C wusing dynamic light scattering (Malvern
Zetasizer Nano).

Determination of the surface roughness of the microgel
particles

To determine the surface roughness of the microgel
particles in air, a sample was prepared by drop casting a
concentrated solution of the microgel particles (65.6 +
9.3mgmL ") onto a clean silicon wafer and drying for
24 h at room temperature. The surface roughness was
determined using atomic force microscopy (Bruker,
Multimode 8).

Dye labeling of the microgel particles

A dilute DMF solution (50 uL) of ATTO 647N NHS-
ester dye (+1 net charge ATTO-TEC GmbH) was pre-
pared before the addition of a carbonate/bicarbonate
buffer solution (1 mL, 107 mM, pH = 8.94). P(NIPAM-co-
AEMH) microgel particles (500 pL) were subsequently
added into the solution and stirred at room temperature
for 5h. The ATTO 647N dye molecules were covalently
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bonded to the particles via an amide bond. The dye-
labeled colloidal particles were retrieved by centrifugation
(12,000 rpm for 15 min) and redispersed in DI water. This
step was repeated >10 times to ensure the removal of free
dyes. The collected dye-labeled particles were collected
and stored at 4 °C before use.

Cryo-SEM imaging

A droplet of an aqueous P(NIPAM-co-AEMH) microgel
suspension (0.5 uL) was first prepared on the surface of a
standard copper holder of a cryo-SEM preparation system
(PP3010T, Quorum Technologies Ltd.). The droplet was
kept at room temperature for ~3 min before being frozen
at —190 °C. The frozen droplet was then mounted onto a
nitrogen gas cooled stage in a chamber followed by the
sputtering of gold onto the droplet surface at a 10 mA
current for 60s. Subsequently, the sample was pushed
into a chamber on the cryo-SEM (Hitachi SU8010) that
was maintained at a high vacuum (<5 x 10~" mbar) and
low temperature (—140 °C) for imaging.

Wide-field microscopy

The glass coverslip substrates (20 mm x 20 mm) were
first precleaned by sonication in acetone (HPLC, Tedia)
for 10 min followed by sonication in aqueous sodium
hydroxide (Scharlau) for 30 min and then sonication in DI
water for 10 min. The last step was repeated at least three
times. The cleaned coverslips were subsequently rinsed
with DI water and dried by blowing argon over the cov-
erslips. The cleaned coverslips were further dried at 80 °C
in an oven for more than 1h.

The aqueous pendant droplet was prepared as follows.
A 7uL aqueous solution containing microgel particles
(pH = 5.33) was deposited onto a cleaned coverslip sub-
strate to form an aqueous droplet, which was inverted to
obtain the pendant drop, as illustrated in Scheme 1 (see
also Supplementary Fig. S2). The sample was placed
inside a sealed homemade glass box to minimize eva-

poration. Subsequently, WFM measurements were
performed.
s )

* lonic microgel particle Sealed glass box

Coverslip substrate

Water phase
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Air phase
L e adl
Objective
Laser beam

Scheme 1 Schematic of the wide-field microscopy measurement.
|\ J
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For experiments examining microgels on a planar
air—water interface, a polytetrafluoroethylene ring with
dimensions of 5 mm (diameter) x 5 mm (height) was fixed
onto a cleaned coverslip, and a 50 pL aqueous solution of
microgel particles (pH =5.33) was placed into the ring.
Subsequently, a cleaned coverslip was used to cover the
top to prevent evaporation of the solution.

The wide-field fluorescence microscopy setup consisted
of a microscope (IX 71, Olympus) and a 633 nm HeNe
laser source (75 mW, Melles Griot). The excitation light
was tuned to be circularly polarized using A/4 and 1/2
waveplates and expanded via a beam expander (ThorLabs)
before being focused onto the back-focal plane of an air
objective lens (20x, N.A.= 0.4, Olympus). An excitation
filter (Z633/10, Chroma) was used to filter the excitation
light. The fluorescence was passed through a dichroic
mirror (Z633rdc, Chroma) and an emission filter
(HQ6451lp, Chroma) and subsequently detected by a
highly sensitive CCD camera (Cascadell 512B, Photo-
metrics) after magnification with a 3.3x camera lens. The
integration time of the CCD camera was 34.6 ms per
frame. The trajectories of the microgel particles were
obtained according to ref. > The coordinates of the
center of the cluster were the average coordinates of
the center of each particle forming the cluster. The
diffraction-limited spatial resolution was ~791 nm.

Confocal fluorescence imaging of the water pendant
droplets

The pendent drop in a sealed container was imaged
using a confocal laser scanning microscope (Zeiss LSM
800) using a 640 nm diode laser and 20x air objective (N.
A.=0.5, Zeiss). The size of the horizontal x—y plane
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imaged was 512 x 512 pixels corresponding to 639 x
639 um?, and a vertical z-step of 2um was used. The
coordinates were obtained from Fiji (Image]) software.

Results and discussion
Microgel particles at the air-water interface

The P(NIPAM-co-AEMH) microgel particles used in
this study are prepared by copolymerizing and cross-
linking NIPAM and AEMH in the presence of BIS and
KPS. The average hydrodynamic radius of the particles in
DI water (pH=>5.33) is determined by dynamic light
scattering to be a, =0.44 +0.05um. At this pH, the
AEMH monomers dissociate to form positive charges and
the zeta-potential is +21.0 £ 0.5 mV. The bare charge of
each microgel particle is Z ~(2.01 +0.20) x 10° e and the
Debye length ' =142 nm (see Text S1). The microgel
particles are subsequently conjugated to ATTO 647N dye
molecules before being dispersed in DI water. Since the
dye carries a net positive charge of +1, the bare charge of
the microgel particles after labeling remains unchanged.

A pendant drop of the microgel solution (pH = 5.33)
that is supported on a coverslip with a substrate contact
radius of ~2.1 mm is placed inside a sealed container to
minimize evaporation (Scheme 1). The microgel particle
density at the air—water interface is kept low to avoid
multibody and third body interactions during the single
particle (2 x 10~ * particles um > area) and particle pair
(1 x 1072 particles um ™~ ?) studies, respectively.

The conformation of the microgel particles trapped at
the air—water interface is examined using cryo-SEM.
Figure la shows the front view of the particles that are
imaged from the air side, where the core—corona mor-
phology is observed. The radii of the core and total
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Fig. 1 Single P(NIPAM-co-AEMH) microgel particles trapped at the air-water interface. a, b The cryo-SEM images of the microgel particles at
the air-water interface imaged from the air side. a The front view where the core and core-corona of one of the particles are enclosed in a solid
circle and dotted circle, respectively. b The side view of the particles exposed to air. Residual ice is deposited on the surface of microgels. The scale
bars in (@) and (b) are 500 nm.
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Fig. 2 Single P(NIPAM-co-AEMH) microgel particles. a MSD plots of three single microgel particles. The MSD (log-log) plots of particles (i) and (ii)
and their corresponding trajectories (inset) are given in the top panel. The start and end of each trajectory are indicated. The MSD (log-log) plot of
particle (iii) and the corresponding trajectory (inset) are given in the lower panel. The MSD plot on a linear scale showing confined motion

corresponding to motion from point 2 to 3 in the trajectory is given in the inset. The a values from the power-law fits to different linear segments of
the log-log plots are shown. b Distribution of a values from 50 microgel particles. ¢ The histogram of F, for particles (i) (top panel) and (ii) (bottom
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microgel (i.e, core and corona) at the interface are
determined to be 4,=0.53+0.02pum and a=0.63
0.02 um, respectively. The side view in Fig. 1b clearly
shows the microgels adopting a sort of “fried egg-like”
morphology, where the particles are stretched at the
interface when compared to their spherical shape in bulk
solution®®'?, Even if traces of water exist within the air-
exposed portion of the microgel, the effect of volumetric
expansion upon ice formation (i.e., 9%) does not account
for the observed interface stretching, which is instead
dependent on the particle surface tension and its elastic
and plastic deformation properties (i.e., Young’s modulus
and yield stress)’. Assuming that the volume of a microgel
in bulk solution does not change when trapped at an
air—water interface, the particle volume submerged in the
water phase is estimated to be ~25% of its total volume
(Supplementary Fig. S3 and Supplementary Text S2). The
contact angle between the particle surface and air—water
interface on the water side is estimated to be 6, = 139.5°
by assuming that the portion submerged in water is a
spherical cap (Supplementary Fig. S4).

Superdiffusion of single particles on the curved interface

The dynamics of motion of 50 single microgel particles
adsorbed onto the air-water interface of the pendant drop
and away from the substrate are studied using fluores-
cence WFM on an instrument equipped with a CCD

camera that records at a speed of 29 frames s (Scheme
1). The trajectories of three representative microgel par-
ticles and the corresponding plots of mean square dis-
placement (MSD) (r*(¢)) vs. elapsed time (felapsea) are
given in Fig. 2a. The MSD plots of particles (i) (Movie S1)
and (ii) (Movie S2) exhibit several time segments that are
described by a power-law relationship (r?(¢)) ~ ¢*, where
a > 1. Superdiffusive behavior therefore occurs. On the
other hand, particle (iii) (Movie S3) displays both super-
diffusive and subdiffusive (@ <1) motions. Its journey
from position 1 to 2 is described by a =1.26 and 2.15
(superdiffusion), followed by confined motion between
positions 2 and 3. Finally, the particle escapes the con-
fined space and moves superdiffusively to position 4 (@ =
1.27 and 1.56). Clearly, the interfacial environment
around the particles is not homogeneous, which gives rise
to the observed super/subdiffusive motions. From the
MSD analysis of the 50 studied microgel particles, 38
display superdiffusive motion, while the rest exhibit both
superdiffusive and confined motion. Figure 2b shows the
distribution of 159 a values obtained from the MSD plots
of the 50 microgel particles; 87% possess a > 1 (super-
diffusion) and 13% possess a < 1 (confined).

The trajectories of 50 microgel particles adsorbed at a
planar air—water interface (particle density ~1x 103
particles um ™) are also determined. In general, single
microgel particles display Brownian motion and move
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Fig. 3 Evolution of the motion of two particles. a-c The trajectories for particle pairs (i)—(iii), respectively. The WFM still images at the start (position
1) and end of the trajectory when the two particles form a cluster (position 2 for pair (i) and (iii) and position 3 for pair (ii)) are provided (inset). The
scale bars represent 1 um. d, f The MSD plots (linear scale) for pairs (i) and (iii) corresponding to the whole trajectory, whereas e gives the MSD plot
for pair (i) corresponding to its motion from point 2 to 3 in trajectory (b). The red (blue) curve represents the MSD for the particle with the red (blue)
trajectory in (@-c). The MSD for normal Brownian motion is given as the black line. g—i The interparticle distances (d) as a function of the time () plots
for pairs (i-iii), respectively. The interparticle distance at the pseudoequilibrium state d, is shown. The labels 1 and 2 (and 3 for pair ii) refer to d at
positions 1 and 2 (and 3 for pair ii) in the trajectories. j The U(d) against d plots for pair (iii).

randomly within an area with a window of 3.3 + 1.3 um?
(5.2 s trajectory) (see Supplementary Fig. S5 for the trajec-
tories of three typical particles at a flat interface and Movie
S4). Clearly, their motion is slower than that of microgels
attached at a curved interface (Fig. 2). For the latter, the
adsorbed particles move superdiffusively within a window
with a relatively larger area of 29.4+ 154 um” (5.1s tra-
jectory) (Fig. 2). The MSD plots of the 3 single particles in
Supplementary Fig. S5 are described using (r?(¢)) = 4Dt,
where the diffusion coefficients D for particles 1, 2, and 3
are 0.18, 0.26, and 0.14 um”s ™", respectively. The average
value of D is 0.18 + 0.08 pmz s ! (from 50 particles), which
is close to the D value (0.2 um?s ') reported for PNIPAM
microgels undergoing Brownian motion at a planar
air—water interface™. Since drift motion is not seen for
particles at a planar interface, this suggests that it is also
unlikely to attribute to the observed superdiffusion motion
for particles adsorbed at the curved interface.

The driving force F; that is responsible for the super-
diffusive motion is examined using the overdamped
Langevin  equation for micron-sized particles:
yv = F; + F,, where v is the particle velocity, y is the
coefficient of friction and F, is the random force due to

thermal fluctuations. y is approximated using Stokes’ law:
y = 6myfa., assuming a sphere of radius a,, where f'is the
drag coefficient defined by f=1(1+Zcosf.—
0.139c0s?6,) and 7 is the viscosity of water®. To deter-
mine F; for each time step At of the trajectory, the first-
order integrator of the Langevin equation is employed:

r(t+ At) = r(t) +%At + %&, where r(¢) and r(t +

At) are the positions of the particle at times ¢ and ¢+ At,
respectively, and { is a random number drawn from a
standard normal distribution. A total of 5000 independent
runs were performed on particles (i) and (ii) in Fig. 2a, and
the histograms for F; are presented in Fig. 2c. The com-
puted F; values range between 1 and 120 N, with fewer
than 1.9% of the F; values being less than 1fN. The
average total energy needed to transport the particle from
the start to end of its trajectory is 143.7 kgT and 149.9 kgT
for (i) and (ii), respectively.

Two-particle cluster formation

The evolution of two-particle cluster formation at a
curved interface is studied using WFM tracking of the
motion of a pair of microgel particles. Figure 3a—f shows
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the trajectories and MSD plots, respectively, for three
representative particle pairs before and after cluster for-
mation (Movies S5-S7 for pair (i)—(iii), respectively). For
cluster formation to occur, the particle pair needs to come
close enough without moving away from each other.
There are several ways to do so: in pair (i) (Fig. 3a, d), one
of the particles moves subdiffusively in a restricted space
(blue trajectory) while the other moves superdiffusively
toward its partner (red trajectory); in pair (ii) (Fig. 3b),
both particles are first transported superdiffusively from
their initial positions (1) to their new positions (2) where
the particles then experience confined motion (Fig. 3e)
before cluster formation (2 — 3); and in pair (iii) (Fig. 3c,
f), both particles move with directed motion to a common
space that allows them to combine. The fits to the rela-
tionship (r?(t)) ~ t* for the various particles are given in
Supplementary Fig. S6.

Figure 3g—i shows the interparticle distance d vs. time
plots for the above three particle pairs (i)—(iii), respec-
tively. A salient feature observed is that 4 does not
decrease continuously. In particular, just before cluster
formation, the particles maintain a relatively long-lived (z,
>2s) interparticle separation d, that only fluctuates
slightly; specifically, d,=4.95+0.25, 4.45+0.35, and
6.02 + 0.47 um for pair (i-iii), respectively. During this
time, the particle pair achieves a pseudoequilibrium state
where the pairwise interaction potential U(d,) =0. Sub-
sequently, the particles approach each other quickly (<40
time steps) to combine. The interaction potential U(d) for
a particle pair separated by a distance d (<d,) is thus given
by U(d) = [ ZeFint(d/ )dd', where Fy(d) is the interaction
force. Assuming that F), is significantly weaker than Fi,(d)
in the Langevin equation, the latter is expressed as
Fint = yv(d), where v(d) is the velocity of the approaching
particles along the trajectory joining their centers®>. Fig-
ure 3j shows the plot of U(d) vs. d for pair (iii) in Fig. 3c,
where d,=5.82 um is used. Based on the above experi-
mental results, the following questions are asked: why do
single microgel particles exhibit superdiffusive and con-
fined behavior, and how are two-particle clusters formed
at low particle densities?

Interface with nonuniform principal curvatures

A colloidal particle trapped at a curved liquid interface
with varying curvature experiences a lateral force that
pushes it to regions of high deviatoric curvatures®"*>°°=>2,
For a particle with a roughened surface and pinned contact

line, the difference in curvature capillary energy between

. S hyAc | 3a>AH?
two locations is given by: AE = —oma? (”Tc—f— “ "),

where ¢ is the interfacial tension, /,, is the amplitude of the
quadrupolar mode of the distortion created by the particle,
and Ac and AH, are the differences in deviatoric and mean
curvatures at the two locations, respectively®’. The h,

Page 7 of 11

value of the P(NIPAM-co-AEMH) microgel particles is
estimated to be ~10 nm in air using atomic force micro-
scopy (i.e., surface roughness) (Supplementary Fig. S7) and
is assumed to remain invariant in water®. In the following
sections, we show that the air-water interface of the pen-
dant water droplet has nonuniform principal curvatures
and results in a distribution of Ac.

Small sections of the curved surface of the pendant drop
are first imaged using a fluorescence confocal microscope
with interface-trapped dye-labeled microgel particles
acting as fluorescent probes (Supplementary Fig. S8).
Adjacent x—y plane interfaces (arcs) are separated by 2 um
along the vertical z-axis. Each arc that displays discernible
bright spots from microgel particles (density=
0.08 particle um ') is fitted to a cubic polynomial function
(Supplementary Fig. S9). A reconstructed interface is then
obtained from data points generated from the cubic
equations. Supplementary Fig. S10 shows the recon-
structed curved interface corresponding to the confocal
image in Supplementary Fig. S8.

By considering a parametric curve r(x,y,z) =
(x,y =a+bx+cx® +dx®z)", the first fundamental
form coefficients are computed from E=vr,-r,, F=
ry-ryand G = r, - r), where the subscripts x and y denote
the partial differentiation with respect to x and y,
respectively®®. The second fundamental form coefficients
are computed from L =r,,-N, M = [(rxy + ryx)/Z] -N
and N =r,,-N, where N is the unit surface normal
vector defined as N = (ryxr,)/ ’rx X ry | The Gaussian (K)
and mean (H) curvatures at each point on the interface
are obtained from K = (LN —M?)/(EG —F?) and
H = (EN + GL — 2FM)/2(EG — F?), where E, F, and G
are the first fundamental form coefficients, and L, M, and
N are the second fundamental form coefficients®®. The
principal curvatures x; and x, are computed using the
relationships K=Kk, and H=(x;+ky)/2 and the
deviatoric curvature from ¢ = |k; — k|-

Figure 4a shows the side profile of the pendant drop
interface in the y—z plane for x =229, 375, and 554 pm.
The arcs observed in Fig. 4a are uneven and display
depressions and bulges. For the arc at x =554 um, the
mean curvature at point i is 1.3 x 102 um ™' and increases
to 3.4 x 10 > um™ ! at point ii due to an elevation of the
surface away from the liquid phase. At point iii, an inward
depression toward the liquid phase results in H = —6.7 x
102 um . Therefore, the pendant drop exhibits a dis-
tribution of curvatures. The Bond number of the microgel
particle, calculated from B, = (Apgaz)/a, where Ap is the
density difference between the two phases, is ~107% <1,
indicating negligibly small effects from gravity. The
roughness of the reconstructed air-water interface is
~3.2um (Text S3), which means that the few nm-scale
deformation caused by the trapped microgel particles is
not responsible for the nonuniform principal curvatures
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Fig. 4 Spatially nonuniform air-liquid interface and deviatoric curvature gradient. a Side profile of the droplet interface in the y-z plane for x =
229, 375, and 554 um. b Deviatoric curvatures of two interfacial arcs at z=84 and 86 um.
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of the former state®*. On the other hand, when the B,
value of the pendant drop is ~1.1, gravity deformation of
the shape of the droplet away from a perfect hemisphere
cannot be ignored®. In an ideal case, the shape of the
pendant drop is described by the balance between gravity
and surface tension: pgh = 20H — % where / is the
height of the drop from the apex and R, is the radius of
curvature at the apex. Therefore, the principal radii of
curvature vary with 4. In addition, the rough substrate
surface may give rise to a heterogeneous distribution of
the contact angle, which can cause further deformation to
the microscopic environment surrounding the microgel
particles.

The superdiffusive behavior of single microgel particles
is rationalized by considering a positive Ac (+-Ac) arising
from the surface with nonuniform principal curvatures.
Given that the depth of view of the fluorescence wide-field
microscope is ~4 pm, the trajectory of a microgel particle
recorded using WFM may arise from its motion over an
area that is approximately between two adjacent recon-
structed interfaces (e.g., Fig. 4b). We take a small section
of the curved surface between z=84 and 86 ym as an
example, where the interfaces at z= 82 and 88 um have
lower ¢ values. The deviatoric curvatures at points i—iii in
Fig. 4b are 1.98 x 1072,3.40 x 1073, and 4.38 x 1073 pm_l,
respectively. Therefore, a particle initially at point i moves
to point ii with a +Ac-induced energy AE;_;; = —170.7
kgT followed by a smaller energy AE;;_.;;; = —121.2 kgT to
point iii due to a smaller ¢ gradient. Clearly, AE is of a
similar order of magnitude as the energy required to drive
superdiffusion (Fig. 2c). Even though the reconstructed
surface does not provide curvature information for areas
not imaged by the confocal microscope (e.g., between
adjacent arcs), we propose that the surface of the pendant
drop with nonuniform principal curvatures ensures the
existence of several +Ac paths that facilitate the particles
being able to undergo superdiffusive migration to points

with increased deviatoric curvatures (Fig. 2a). However,
once a particle resides in a region with a high deviatoric
curvature, it experiences a potential well that confines its
motion, especially when there are no surrounding +Ac
pathways.

Pseudo-equilibrium state during two-particle cluster
formation

Cluster formation between two particles initially sepa-
rated by a distance d>2a occurs when they are first
transported to a common area with a high deviatoric
curvature, as observed in Fig. 3. For d < d,, the interaction
potential U(d) = U,(d) + U,(d), where U,(d) and U_(d) are
the pairwise repulsion and attraction potentials at inter-
particle distance d, respectively. A pseudoequilibrium
state is formed when the particles do not move further or
closer to each other (ie, d=d,) while maintaining a
balance between the attraction and repulsion energies for
a period of time (i.e., U,(d,) = —U/{d,)).

We begin by discussing possible mechanisms that con-
tribute to the repulsion potential for the pseudoequilibrium
state. When the microgels are separated by more than a
particle distance, electrostatic interaction plays a role, as
proposed for long-range ordering of soft particles at
interfaces***’. Both the submerged and emergent portions
of the particle can contribute. The dipolar repulsion
potential is calculated using a standard equation applied to
interfacial colloidal particles™: U (d) = Z2 2);—‘(‘)%’;[—732,
where ¢, and g, are the dielectric constants of air and
water, respectively. For ionic microgels, the effective charge

Zg is calculated by considering both the bare charge Z and
adsorbed counterions of opposite charge within the sub-
merged portion of the microgels®®®: Zg4 =
SabZ o (14 a-)e ™ [cosh(lmw) - W} , where fi,

(=0.25) is the fraction submerged. In addition, long-range
repulsion between the emergent parts of the microgels is
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Fig. 5 High-order cluster. Still images of the WFM measurements showing the interactions between a single microgel particle with various (n — 1)-
particle clusters (where n=3-6) consisting of a 2, b 3, ¢ 4, and d 5 microgel particles at different times. The scale bar is 10 um. e-h The
corresponding distances between the single particle and (n — 1)-particle cluster d against time t plots for the systems in (a-d), respectively.

caused by monopoles that are not neutralized upon sur-
facing from the water phase and is inversely proportional
to d (ie, U (d) o< d~1)**. Unfortunately, the determina-
tion of U™ (d) is nontrivial since the fraction of monopoles
is unknown. Steric repulsion is not considered at this
juncture because the coronas of the microgels are unlikely
to be in contact.

Since soft particles have rough and chemically hetero-
geneous surfaces'® and the deformed interface of microgel
particles deviates from a circular shape (Fig. 1), higher
multipole modes may play a role. Apart from the capillary
force, the curvature capillary energy for a microgel particle
at a curved interface gives rise to a local curvature capillary
torque (7., that aligns the quadrupolar mode along its
first principal axis”’. Due to the slight irregular shape of a
particle and the presence of nonuniform principal curva-
tures, the orientations of the approaching microgels are
fixed by T, which may facilitate higher multipole order
repulsion (e.g, quadrupole—hexapole)*>. Therefore, capil-
lary repulsion can contribute to U,(d). Further studies that
should shed light on this mechanism, include (i) under-
standing the contribution from higher multipole orders, (ii)
determining the transition interparticle distance between
far-field and near-field interactions, and (iii) obtaining
analytical expressions to quantify interaction potentials
between trapped particles at a curved interface.,

Interestingly, apart from long-range capillary attraction®”,
the so-called attraction potential arising when particles
attempt to approach each other during their motion to an
area with high curvature must also be considered. It is worth
noting that short-range van der Waals attractions are not

important at the pseudoequilibrium separation d,. There-
fore, prior to two-particle cluster formation, the balance
between various possible potentials (e.g., pairwise electro-
static interaction and repulsion from higher multipole
orders, +Ac-induced energy pushing the pair of particles to
high curvature and interparticle capillary attraction) creates
a pseudoequilibrium state where the interparticle distance
remains relatively invariant for a long period of time. Since
U(d,) = 0, the minimum value of U,(d,) for pair (iii) in Fig. 3
is estimated from U (d,) ~ 0.9 kzT, bearing in mind that
monopole—monopole interactions between the large emer-
gent parts and higher multipole mode capillary repulsion
further increase the repulsion potential.

After a time period ¢, the particles move quickly toward
each other and combine. Since d, > 24, a strong pairwise
attraction must be in operation to allow the particles to
form clusters. Long-range electrostatic interaction plays
only a minor role when the particles approach close
enough so that their coronas begin to be in contact, and
steric interaction involving cross-linked chains at the
particle peripherals becomes important®*~*2, It must be
stressed that further experimental and theoretical inves-
tigations are needed to fully elucidate the exact nature of
the long-range attraction potential needed for particles in
the pseudoequilibrium state to quickly approach each
other to form clusters.

Pseudoequilibrium state in higher-order cluster formation

The formation of a pseudoequilibrium state is also
observed prior to the formation of higher-order particle
(n>2) clusters. As shown by the still WFM images at
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various times and the corresponding d vs. ¢ plots (Fig. 5),
the distance between an incoming particle and a (n — 1)-
particle cluster (where n=3-6) (d) remains relatively
invariant before the particle undergoes combination to
form an n-particle cluster (see Movie S8 for the evolution
of a six-particle cluster). In this case, the balance of the
single particle/(n — 1)-particle cluster repulsion and
attraction (e.g., +Ac-induced energies and capillary
attraction) acting on the moieties leads to the observed
pseudoequilibrium state.

Conclusion

In summary, single ionic microgel particles adsorbed
onto an air—water interface with nonuniform principal
curvatures experience capillary forces that are responsible
for their superdiffusive motion. These forces are also
important for transporting a pair of particles that are
initially far apart to a common area on the interface with a
high deviatoric curvature. The balance between pairwise
repulsion energy, capillary attraction energy, and energy
that arises when the particles attempt to approach each
other while moving to a common high curvature space
allows the particles to maintain a relatively fixed inter-
particle distance for a period of time before a long-range
attraction potential is activated. In addition, we have
provided an alternative explanation for the evolution of
(two-particle) cluster formation involving a yet reported
pseudoequilibrium state. The above observation is also
noted for higher-order particle clusters.
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