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Capillary interactions are ubiquitous between colloids trapped at fluid interfaces. Generally, colloids

in fluid interfaces have pinned, undulated contact lines that distort the interface around them. To
minimize the area, and therefore the energy of these distortions, colloids interact and assemble in a
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manner that depends on the shape of the host interface. On curved interfaces, capillary interactions
direct isolated colloid motion along deviatoric curvature gradients. This directed motion relies on the
leading order, long-ranged quadrupolar distortions made by the colloids’ undulated pinned contact
lines. Here we study pair interactions and dimer formation of colloids on non-uniformly curved fluid
interfaces. Pair interaction energies are inferred to be order of 10*k3T, and interacting forces are of
order 10! pN for 10 micron particles adsorbed on interfaces formed around a 250 micron micropost.
We compare experiments to analysis for the pair interaction energy, and identify criteria for dimers to
form. We also study the formation of trapped structures by multiple particles to discern the influence
of the underlying interface shape and the contact line undulations. By comparison to Monte Carlo
simulations with potentials of interactions based on analysis, we find that higher order terms in the
distortion fields generated by the particles play a major role in the structure formation on the curved
interface. These interactions are determined by the particle’s contact line and the host interface
shape, and can be used to assemble particles independent of their material properties.

1 Introduction
and other curved boundaries reveal required defects in packings

The macroscopic behavior of complex materials depends on the
organization of their constituents, including microscopic parti-
cles or colloids within them. Engineered soft materials with col-
loidal components are widely exploited in diverse fields includ-
ing pharmaceuticals® and personal care,? and are important ele-
ments in emerging advanced metamaterials.® Classically, in sus-
pension, colloid properties are used to influence colloid organiza-
tion by tuning suspension properties to guide colloids to self as-
semble into structures that include crystals, disordered gels, and
glassesE] To access other structures, externals fields, often elec-
tromagnetic in origin, are used to guide assembly.5"Z

Colloids can also accumulate and organize at or near the in-
terface between immiscible fluids. When adsorbed on fluid in-
terfaces, colloids form a variety of structures, including closed
packed structures,® ordered crystalline structures determined by
the balance of capillary and electrostatic interactions,? and dis-
ordered structures influenced by near field capillary attraction. 10
Curvature is known to alter colloid organization fundamentally.
For example, repulsive colloids adjacent to curved fluid interfaces
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as a function of Gaussian curvature. 12 While the importance of
curvature is well appreciated, its role in guiding structure forma-
tion by many colloids adsorbed on fluid interfaces has not been
well-studied. In this research, we focus on the behavior of mi-
croparticles trapped on curved interfaces, and on the understand-
ing of how curvature gradients and curvature capillary interac-
tions influence particle organization. Hereafter, we refer to indi-
vidual microparticles as colloids.

When particles adsorb on fluid interfaces, the highly
anisotropic interfacial environment dramatically alters classical
colloid interactions, and introduces capillary interactions. These
latter interactions can be dominant and dictate colloidal orga-
nization.13418 A colloidal particle attached to a fluid interface
decreases the energy of the system by replacing an area or
patch of the interface with the colloid itself. Once attached,
the colloid does not desorb spontaneously, as the reduction in
energy upon attachment is typically many orders of magnitude
larger than thermal energies.? Typically, colloids at interfaces do
not attain equilibrium wetting configurations, but rather assume
non-equilibrium trapped states that result in an undulated three
phase contact line where the interface intersects the particle (in-
set of Fig.l(a)).[m As a result, around each colloid, the interfa-
cial shape is distorted; this distortion field decays with distance
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from the particle. Contact line pinning occurs at sites of particle
chemical heterogeneity or surface roughness. 114 Particle shape
anisotropy1812 also generates undulated contact lines with asso-
ciated interface distortion that can be far larger than that typically
observed for pinned contact lines on spherical particles. Finally,
particle weight?? or other body forces on a particle can distort
the interface. Often, for colloids that are sufficiently small, the
particle weight can be neglected. In this case, the distortion fields
are not determined by the colloid material properties or suspen-
sion chemistry, but rather by the random pinning of the particle
contact line and the shape of the surrounding interface. For all
colloids with negligible weight, the leading order distortion gen-
erated by pinned contact lines in the surrounding interface has
quadrupolar symmetries.

When a pair of particles trapped at a fluid interface are close
enough for their distortion fields to overlap, the area of the inter-
face changes. Capillary interactions are defined as the product of
this change in interface area and the surface tension. Capillary in-
teractions drive colloidal attraction in preferred orientations that
minimize the interfacial area.1412 A dilute, random distribution
of particles on a planar interface have no preferred site for assem-
bly. Rather, capillary interactions occur between proximate par-
ticles with overlapping distortion fields. Microparticles attract to
form dimers or other aggregates that are typically trapped owing
to high strength of capillary attraction between them. However,
for a non-uniformly curved host interface, the curvature generates
a capillary energy field that directs particles along curvature gra-
dients to specific locations and may guide them into well-defined
structures. This phenomenon relies on the dependence of the
particle’s distortion field on the host interface shape.?l' Remark-
ably, even spherical colloids have been shown to have highly di-
rectional interactions. For example, on interfaces with constant
mean curvature and weakly varying deviatoric (saddle-like) cur-
vatures, charged spherical colloids formed a distorted square lat-
tice due to capillary quadrupolar interactions balanced by electro-
static repulsion.?2/ On interfaces with steeper deviatoric curvature
gradients, isolated disk-like or spherical particles migrate to sites
of high deviatoric curvature as shown in Fig.1(b), while keeping
their quadrupolar rise aligned with the rise of the interface, like
a charged multipole in an external electric field.2324 This rota-
tion to preferred alignment is evident with isolated anisotropic
particles like cylindrical microparticles; if not properly aligned
when they encounter the curvature field, they rotate to align the
quadrupolar axis of their distortion fields with the principal axes
of the interface before migrating.2>

These ideas, reported over the past decade, provide untapped
opportunity to organize colloidal particles. In this research, we
probe this organization on interfaces with zero mean curvature
but varying deviatoric curvature formed around a cylindrical mi-
cropost hundreds of microns in diameter (Fig.1(a)). By consid-
ering the interactions of the overlapping distortions of the col-
loids on a curved interface (Fig.1(c)), we probe the formation
and migration of dimers to steep curvature regions, (Fig.1(d)).
For more crowded interfaces, we explore fractal structures formed
around the cylindrical post by a dense suspension of microspheres
(Fig.1(e)). To support these observations, we derive theory for
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pair interactions between colloids trapped on curved interfaces.
We implement Monte Carlo simulations informed by our analy-
sis to compare to the trapped structures formed in the regions of
high curvature gradient.

2 Theory

We derive the pair interaction between two spherical particles A
and B trapped on a curved fluid interface in the limit of small
slopes. Particle weight and body torques are also neglected; an
assumption valid in the limit of small Bond number, Bo = Ap—g“z,
where Ap is the density difference between the two fluids on
either side of the interface, g is the gravitational acceleration
constant, a is the characteristic length of the particle, and ¥y is
the interfacial tension. We focus here on interfaces with neg-
ligible mean curvature but finite differences in principal curva-
tures formed around the cylindrical micropost. For such inter-
faces, in the limit of small slopes, the interface shape is governed
by Laplace’s equation. Defining % as the height of the interface
above the plane tangent to the interface, this requires V24 = 0.
The particles A and B have randomly pinned undulated contact
lines of radius a that can be decomposed into Fourier modes with
leading order modes being the quadrupole with magnitudes /4
and hgpp, respectively. They are separated by distance r,p and
are located at a specific polar location (L;,3;) defined by a fixed
polar coordinate centered at the cylindrical micropost of radius
R, and height H,,, as shown schematically in Fig. 2(a). The rise
axis of the quadrupolar distortion made by each particle can be
oriented arbitrarily on the interface with respect to the principal
axes. These quadrupolar distortions vary as cos2¢ for an angle ¢
around the particle. For isolated particles, the equilibrium orien-
tation is for the rise axis of this distortion to be aligned along the
positive principal axis of the underlying curved interface.

2.1 Method of reflections

We adopt the method of reflections to derive an analytical so-
lution for the pair interactions between particles on curved in-
terfaces.2027 In this method, the interface shape is expanded in
a Taylor series in the vicinity of the particle, with terms owing
to each source of disturbance, including the neighboring particle
and the host interface shape. Enforcement of the pinned contact
line boundary condition generates reflected modes or induced
distortions in the interface.

We define a polar coordinate system (r4, ¢4) with origin at the
center of the circular hole of radius ¢ made by particle A, and
¢4 = 0 along the x-axis. In the limit of small slopes, the shape of
the host interface, i.e the interface in the absence of any particles
can be locally expanded in a Taylor series around the center of A
as

2 2
r r
o = 2Hy 5 +ACH - os(2(9a — Ba)). ¥

In this expression, HA = é + é is the (negligible) mean curva-

ture and AC4 = RLA - RLA is the deviatoric curvature evaluated at
1 2

the origin of this coordinate system, where R{,R are the princi-

pal radii of curvature of the interface also evaluated at the origin
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of A. Thus, where
2
A ATA
= ACA A cos(2(da — Ba)). 2
Hthoss = AC5 cos(2(¢a — Ba)) 2) hind Bata =
3hyppd® a 3ACEa* a*

The pinning of the contact line requires (4 = a,91) = T gt r/TzCos(Z(¢A+ocB))+ 4rap* F/?Cos(Z(fl)AvLﬁB)).

hgpa cos(2(¢4 — an)) where oy is the phase angle defining the ori-
entation of the quadrupolar rise axis for particle A with respect
to the polar coordinate (r4,¢4) with origin at the center of A. If
A was isolated on the curved interface, the shape of the interface
around the particle would be the sum of the contributions:

5o (ras 0) = o (ras 04) + Ho(ra, 0a) + My nost (a5 94),  (3)

where h’;(rmq)A) = hq,,A%cos(Z(q)A —ay)) is the quadupolar dis-

tortion in the interface owing to the undulated contact line and
ACA &4 .
B 4 host (T4 04) = — =5 f—icos(2(¢A —Ba4)) is the reflected mode or

induced mode owing to interface curvature that enforces the con-
tact line boundary condition. Similarly a solution for the interface
shape can be found near particle B expressed in a polar coordi-
nate (rp,¢p) centered in the circular hole made in the interface
by B as,

hﬁo(r37¢3) = hgosz(rb’aqbli’) +h§(r37¢'3) +h€zd,i.V()(er¢B)' (4

If A and B are near each other, however, they change the shape
of the interface in each other’s vicinity. This change in interface
shape near A by B can be found by expanding the disturbances
made by particle B around the center of A in a Taylor series. Given
that body forces and torques are negligible, the quadratic term in
this expansion is the first to contribute. Thus, in the vicinity of A
the shape of the interface due to particle B’s disturbance is,

3hgppa* 3ACEq*
hBata = qf: 15 cos(2(d4 + o)) — 1 7 ra2cos(2(¢a + Bs)),
TaB TAB

()

where the first term in the expression corresponds to the distur-
bance made by B in the vicinity of A on a planar interface, 4 and
the second term is the correction owing to the curvature near B.
We can now find the interface shape around A near B by solv-
ing the Laplace equation subject to a modified far field boundary
condition which requires that

im 74 (ra, 94) = Mgy + hata- 6
rp—roo

The resulting expression for 4 is the sum of contribution from (i)
the quadrupolar distortion owing to A’s undulated contact line,
(ii) the distortion from the host interface, (iii) the local distortion
near A from the neighboring particle B, (iv) the reflected mode
or induced term from the distortion of the host interface, and (v)
the reflected mode or induced term due to particle B.

WA (ra, 0a) = Hy+ Hposy + hgata + Wy oy + hind pans — (7)

®

The inset in Fig.2(a) illustrates an example of the interface shape
around A near B where the shape is influenced by the neighbor-
ing particle and the curvature field defined by the micropost. The
quadrupolar distortion around the particle has been exaggerated
for illustrative purposes. To find the pair interaction between par-
ticle A and B the excess surface area has to be calculated. In the
limit of small slopes the area of the interface is approximated as

J{1+ w dS, where h is the interface shape in the presence

of the particles, and dS is the area element. We first consider the
free energy of the system prior to attachment of particle A, which
can be written as,

a-rff(1+ V(R + han) V(g + hrn) Jas. ®
s

2

where 7y is the interfacial tension, and D refers to the entire inter-
facial domain. Upon attachment of particle A to the interface, the
energy becomes,

Vid - viA
u)d& (10)

Ez=}’|A1+7@A2+7#<1+ >
pop

where /4 is the shape of the interface after particle A is adsorbed,
1A and pA, are surface energies for the particle surface in con-
tact with the upper and lower fluids, and D — P refers to the
domain of the interface outside of the particle. Calculating the
change in free energy AE = E, — E| we get,

hypaa*ACH
AE = AEpjgnar — y%ncos(Z(ﬁA —0t))
6hypphappa’ 3h,,4 ACBal
—IPATIPET 1 cos (20 + 0p)) + ¥ AT weos(2(au + Br))-
TAB 2rap
an

The first term is independent of curvature and accounts for the
trapping energy of particle A on a planar interface, AE i uqr =
NA1+ A2+ ¥Rk, — yma®. Since the contact line is pinned, this
term is a constant that we can neglect in the ensuing discussions.
The second term defines the interaction between particle A and
the host curvature field, E{éo. Thus, the last two terms accounts
for the pair interaction between the two neighboring particles and
define the pair capillary energy for particle A, E?air. These calcu-
lations can be repeated for particle B in the vicinity of A on the

curved host interface. Adding the results, gives the net curvature
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capillary interaction energy for a particle pair,

Ener A B { 12hypphgppa’
_ A 4B ) PNt o (o + ap))
B 50 50 4
,yna 12 [AY? rAB
3hgpaACBa* 3h,,pACAa*
+ 7@2 T cos(2(au + Bg)) + 7‘”72 ——cos(2(ag +Ba)) ¢
TAB TAB
(12)

where AC,! = M'”Lw is the deviatoric curvature of the host in-
terface evaluated at the location of the i-th particle, and v is the
slope of the interface. This is the final form of the energy that cap-
tures the interaction of particles A and B with the interface cur-
vature and with each other. If gradients in E{}U or Ego are greater
than the gradient in the dimerization term (in curly brackets),
then particles move independently toward the post, else the two
terms compete. The outcomes for pair assembly are complex, in
that they depend on the position of the particles with respect to
the micropost (L4,Lp) and their separation distance, ryp.

There are higher order modes in the interface distortion near
the particle because of the undulated contact line, h,(r,¢) =
% cos(2(¢ — 00)) + 3% cos(3(¢ — o5)) + ... and in the ex-
pansion of the interface shape near the particle, hy,, =
812 cos(2(¢ — B)) — 1 2% 3 cos(3(¢ — B)) + ..., where the sub-
script 2 and 3 indicate mode of deformation, i.e. the quadrupole
and the hexapole, and «, is the location of the rise axis for mode
n. Higher order modes will be shown to be important in structure
formation later, thus we have also derived the interaction poten-
tial for two particles A and B on the curved interface up ton =3
(see Sl section 1 for details). The resulting pair potential is:

AC4 a

Enet,hex o Epet a
2 I

yra?  yma?

h3A COS3(ﬁA — (X3A)

ACE 4 at
% —h3pcos3(Bp — o3p) +60——h3ahapcos3(aa + aap)
7 [ ACB A
a C AC
+5—— | 5>h3acos3(aza + Bp) + —>h3pcos3(ozp + Pa) |-
g L Lp Ly

13)

2.2 Bipolar coordinate

The exact solution to the pair interaction between two spheri-
cal particles A and B in a curved host interface as described by
Equation 2 can be solved in bipolar coordinates by solving for the
disturbance field created by the particles on the curved interface,
N = h— hy,y, at any point in the domain. Here 4 is the shape of
the interface in the presence of the particles. The bipolar coordi-
nate system has a family of spherical constant level curves con-
sistent with the geometry of our problem, and two coordinates,
—o00 < § <o, and 0 < u < 27m. We can relate these to Cartesian
coordinates through the following transformations,

R sinh § (14)

" cosh{ —cosu
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csinu

y (15)

~ cosh¢ —cosu’

where c is the distance from the center of the curves to the focus,
and 2c is the distance between the two focal points. Specifically
for our system c can be related to the separation distance between
the two particles, ryp, and the radius of the particles, a. Placing
our particles along the x-axis as shown in the inset of Fig. 2(b),
and stretching the circles that make up the particles to the origin
in the form of an ellipse, one can relate ¢ to known parameters as

follows,

2= %[rABZ — 4a2]. (16)

The projection of the two particle contact line on the xy-plane
correspond to contours of constant { namely, { = —s4 and { = sp
where

s4 =sp = cosh™! [r;—j} . a7

The disturbance field is governed by the Laplace equation which
in bipolar coordinates is given by,

cosh —cosu)? [0%h  9%h
v2y — (coshe —cosu)” CCZ “ L?TZJFW}:O. (18)

The pinning boundary condition on the contact line requires that,

TI(C = 7SA) = hﬁ(rA = a7¢A) 7hllf‘wst(rA = a7¢A)

2hppa’ SAC,?
+ |: PB3 cos(@s +2ap) — afl;;cos((])A +2ﬁ3)}

rap 2r,
(19
N( =sp) = hb(rp =a,08) — hf,, (rs = a,98)
SAC, 2hppa’
4 |:a7%COS(¢B+2ﬁA)* pA? COS(¢B+2(XA)}7
2raB TAB”
(20)

where the term in the brackets is the first order term from the
expansion of the i-th particle’s disturbance in the vicinity of parti-
cle j. This term is subtracted because the particles have no body
torque, and thus lie in the plane tangent to the interface. In the
region far from the particles the interface shape must be equal to
that of the host requiring that n(u =0) = n(u=2m) = 0. The gen-
eral solution can be constructed in the form a Fourier expansion
as,

n(&,u) =AoC + By + i [Cy cos mu + Dy, sinmu] sinh(m(sg 4 §))
m=1

+ [Ep cosmu + Fyy, sinmu] sinh(m(sg — §)). 2D

The unknowns can be found explicitly by applying boundary con-
ditions and taking advantage of orthogonality. The net curvature
capillary interaction energy is given by the product of the surface
tension and the excess surface area due to the adsorption of the
particles, E,.; = Y0A. The excess surface area in the limit of small
slopes is equal to the total surface area of the interface minus the
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projected surface area from the circular hole made by the particle.
This can be written as,

0A = #(1+Vh Vh)dS #lds #Vh VhdS, (22)

therefore, the net curvature capillary interaction energy is,

m,,_f{ﬂwl Vhds - ﬂVhA Vi ds — ﬂVhB VthS}

D-P D-Py
(23)

where the first integral is the total excess surface area around the
interacting particles and host interface, and the last two are the
areas around the isolated particles due to particles’ self distortion.
The total excess area has information about the self energies of
individual particles, therefore the integrals describing these inter-
actions have to be removed from the total energy to capture solely
the interaction between the particles and the host interface. Note
that h = n + hy, thus the solution to the shape of the interface
can be constructed and the energy can be numerically integrated.

Considering an ideal case in which particles are aligned with
each other and the curvature field, i.e. o4 = B4, 4 = g and o =
Bs in Equation[I2] the analytical solution can be compared to the
exact solution in bipolar coordinates. Fig. 2(b) shows a plot of the
non-dimensional pair interaction energy as a function of the non-
dimensional inter-particle distance. Both solutions display energy
minimization showing that the energy should decrease as these
particles come into contact. The two solutions are in agreement
when the particles are far from each other as expected, but near
contact, the exact solution deviates slightly from the analytical
solution. This indicates that higher order reflections, which are
neglected in the method of reflections, become important near
field.

3 Experiments

We study the pair assembly and structure formation of
polystyrene colloidal spheres (Polysciences Inc.) with mean di-
ameter of 2a = 10 um. These particles have been previously char-
acterized by SEM and AFM measurements and reported to have
root mean squared roughness of 15-40 nm. From prior work on
isolated spheres on curved interfaces, it was inferred from parti-
cle trajectories that these particles have quadrupolar distortions
with magnitudes ranging from 15-130 nm.2%

The vessel in which we form the curved fluid interface is de-
scribed in detail in reference [23-24], and described briefly here.
A circular ring 25 um high and several capillary lengths in radius
is formed on a silicon wafer support. Centered in this ring, a
circular micropost 200 um high with radius R,, ~ 125 um is fabri-
cated. The ring and micropost are formed from SU-8 epoxy resin
using standard lithographic techniques. The host curved interface
is formed by pinning the interface of a drop of water to the edge
of the micropost; the water is confined by the ring-like barrier.
The volume of fluid is adjusted to form an interface with a small
slope, ¥ ~ 5-15° at the three phase contact line where the mi-
cropost and interface meet. In the vicinity of the micropost, the
interface has a well-defined curvature field, with negligible mean
curvature due to the finite volume of fluid creating a weak but

Soft Matter

negligible pressure drop across the interface, and finite deviatoric
curvature that depends on the distance from the center of the
micropost. A layer of hexadecane is gently placed on the water
to prevent evaporation, and to minimize disturbance from un-
controlled convection in the laboratory. The oil superphase also
facilitates introduction of particles to the interface; particles are
introduced from a drop of microspheres in hexadecane added on
top of the oil phase. These particles sediment and attach to the
interface. Once attached to the interface, particles migrate uphill
along deviatoric curvature gradients, form pair assemblies with
neighboring particles, and assemble into structures whose pack-
ings we characterize and compare to simulations.

4 Monte Carlo simulations

To study multiparticle assemblies, we perform Monte Carlo (MC)
simulations to explore the energy landscape of our system and
to extract structural data. In the model system, both the colloids
and the micropost are represented as hard spheres with radius a
and 25a respectively, and all pair interactions were calculated us-
ing Equation[12] We initialize a system of N colloidal particles by
assigning a random position to each colloid around the micropost
within a circle of radius Ry4g.. For each particle i, the quadrupo-
lar rise is included by defining an in-plane unit vector #; with a
7 rotational symmetry. The rise directions are also chosen to be
random in the initial configuration. The system evolves through
a set of three MC moves namely (i) translation, (ii) rotation and
(iii) cluster move.

In the translational move, the centre of a randomly chosen col-
loidal particle, X., is moved to a new random position X, + 6X
within a cube of size € centered at X.. In the rotational MC
move, a colloidal particle is chosen randomly and the rise ori-
entation #; for the chosen colloid is rotated by a randomly cho-
sen angle 60 drawn from a uniform distribution in the range
[-7/200,7/200]. Both the rotational and translational moves
are accepted through standard Metropolis algorithm,28 accord-
ing to the probability min(1,exp(—BAU)) where AU is the change
in total energy upon change in the degree of freedom. For all
the MC moves the energetics is controlled by the total energy

of the system of colloids U = ):EHS + Z E;; +EI-HJ-S, where the
(i) ’
first summation is over all the colloids and the second is over

all the pairs. Here E;; is the net curvature capillary interac-
tion energy of the colloids at the interface given in Equation
while E/’S, EfIS are hard sphere potentials representing colloid-
colloid and c01101d -micropost excluded volume interactions re-
spectively. To perform a cluster move, we first find the clusters
of colloids by defining a cutoff distance r.,, for two particles to
form a cluster. In a cluster move, a randomly selected cluster
is attempted to translate without changing the quadrupolar rise
orientations of the particles within the cluster, i.e., the centre of
all the particles in the selected cluster {X.} is moved to a new
position {X'. 4 X /user}. The moves are accepted with an ac-

1,exp(— ﬁAU)n1 2D 4 \where AU is

ceptance probability min T=pr(ED)

the change in total energy upon change in positions. p(k,!) is the
probability of particles k and [ to be in the same cluster where
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denotes a particle in the cluster and / a particle outside it. ‘0’ and
‘n’ corresponds to the old and new configurations. The acceptance
rule guarantees that two particles that did not belong to the same
cluster in the old configuration will not end up in a distance less
than r,.223% Each MC step consists of N attempted translational
and rotational moves and N,;,,, cluster moves where N,j,s¢, iS
the total number of clusters. A typical colloidal aggregation run
takes 5 x 10° MC steps to aggregate and a real time of 11 hours
on an 8 CPU node with OPENMP parallelization. For few sample
configurations we performed simulations up to 2 x 10° MC steps
and observed statistically similar conformational properties.

To account for hexapolar interactions in MC we define an ad-
ditional vector A in our MC simulations, with a 27/3 rotational
symmetry, that is representative of the hexapolar rise at each col-
loidal particle i. A for each colloid is initialized randomly and is
independent of the quadrupolar rise directions. In this case the
rotational MC move also includes the rotation of the hexapolar
orientation with the same angular displacement as used for the
quadrupolar rise. For this system all energy calculations were
done using the net curvature capillary interaction energy E;;
given in Equation

5 Results and discussion

We have observed pairs of spherical particles interacting in the
curvature field around the micropost upon the addition of par-
ticles to the interface. To study the dynamics of pair formation
in experiment, we select pairs that are one behind the other; we
inferred that the quadrupolar rise axes are aligned with the prin-
cipal axes of the interface, allowing us to simplify the analysis
considerably. Fig.2(c-d) shows the trajectory for two particles
interacting on the curved interface. This interaction shows two
particles located in a region close to the micropost, and separated
by some inter-particle distance. Initially, the particles are well
separated and migrate along a radial path, i.e. along deviatoric
curvature gradients in the host interface, toward the micropost.
When the particles are close enough to interact, particle A (pink)
reverses its direction to form a dimer with particle B (green) as
shown in the time stamped image (Fig.2(c)). The observation
that both particles are migrating along the radial path suggests
that their quadrupolar rise axes are aligned along the rise axis of
the host interface via interaction with the underlying curvature
field.

The dynamics of this two-particle system can also be explored.
Given the deterministic particle motion evident in the experiment,
stochastic forces on the particle can be neglected. The particle
moves in a viscous medium with velocity « in creeping flow; the
corresponding Reynolds number, Re = % ~107%, where p is the
average fluid density and u is the average viscosity of the super-
phase and subphase. In this limit, capillary forces are balanced
by viscous drag for each particle. Equating the capillary force
Feap = —VEuq to the Stoke’s drag force Fy,,p = 6717/.1(1%, assuming
a constant drag coefficient, and using our analysis (Equation [12)),
we can predict the change in particle position with respect to the
post over time. Fig.2(d) shows a plot of the distance from the
particle center to the post as a function of time for particle A and
B. The comparison between the predicted behavior and the ob-
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served trajectory shows that there is good agreement between the
solutions in the far field. However, near field there is a slight devi-
ation between the two, attributable to near field interactions or to
the constant drag coefficient assumption. By integration of energy
dissipated along the particle path, the change in the net curvature
capillary interaction energy between the particles is inferred to
be order 10*k3T, and forces are of order 10~! pN. The magnitude
of the quadrupolar distortions are the sole free parameters fit in
this comparison. Their magnitude (h,p4 = 15 nm, hypp = 36 nm)
is similar to those previously inferred for spherical polystyrene
particles moving in isolation on curved interfaces; those magni-
tudes differed from particle to particle. This analysis indicates
that capillary forces and torques from curvature drive particles to
sites of high curvature and alignment of quadrupolar axes along
principal axes; those from neighboring particles drive mirror sym-
metric orientations and assembly, and the reflected modes from
the curvature favor yet a third orientation when minimizing the
interfacial area created by the particle. Analysis for other set of
interacting pairs can be found in SI, section 2.

5.1 Dimer formation

The specific trajectory described above is one of multiple trajec-
tories observed experimentally for particles on the curved inter-
face. For other particle pairs, dimers can form with different ori-
entations of their line of centers aligned along neither principal
axis, or can fail to form entirely, depending on their position with
respect to the post and each other, and the orientation of their
quadrupolar axes. We know that when deviatoric curvature is
very weak (large distances from the post) the term in curly brack-
ets in Equation [I2| will dominate and particles will dimerize. On
the other hand, cases in which particles are well-separated the
curvature field always dominate. In this case particles migrate
to sites of high curvature in isolation. In all other cases, the
curvature and pair interactions compete with a wide variety of
possible assemblies. Compared to isolated particles which are
known to follow a radial path along curvature gradients (See SI
section 3 for details) and align their quadrupolar rise axis along
the rise axis of the host interface, pairs have the freedom to depart
from these paths. Fig.3(a) shows a few examples of dimerization
events. The first panel shows assembly in which particles are right
behind one another, both following a radial path to the edge of the
micropost and forming a pair along the way. The assemblies pic-
tured in panels II and III are examples of particles moving along
complex paths to make dimers with lines of centers that do not
align along either principal axis. These observations show that
there is an interplay between the interface curvature, the particle
separation distance, and the particle orientation. Furthermore, in
the near field, other modes of distortion in the interface from the
undulated contact line can play a role. (We develop this concept
in greater detail below).

Consider the net capillary energy for particle i in the vicinity
of particle j. Expressing deviatoric curvature in terms of the co-
ordinates of the interface and factoring out the isolated particle
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curvature migration term,

Epu hapi
W = —R,,tan WTIZ COS(Z(ﬁi — OC,)) X

[1 { 6hgp; L2a* cos(2(04 + a;)) B L? 3a* cos(2(0; + B;)) H
+ Ry tany/% cos(2(Bi — o)) L?% cos(2(Bi—a)) J |
24)

For pair interaction to dominate the terms inside the curly bracket
must be greater than one. These terms depend in a complex man-
ner on quadrupolar rise axis alignment with respect to the post
and between neighbors. The torques that enforce these align-
ments, given by angular derivatives of Equation decay more
slowly than do capillary forces. Evaluation of this expression for
typical system parameters specified in the caption to Fig.3, shows
that the first term in curly brackets is typically one order of magni-

. j
tude greater than the second term. Furthermore, the ratio R(’tlggw

is ~ 1072, so pair interactions are important only when:
Li>rig*, (25)

where I; and 7 are the distances normalized by particle radius.
For this particular arrangement, the third term is relatively small.
However, more generally, all three terms can compete. While the
net capillary energy depends on particle location, alignment, and
particle orientation with respect to one another, we can enumer-
ate several expected assemblies. These have been captured by
MC simulations for particles with constant quadrupolar magni-
tudes shown in Fig.3(b). Initially the particles are placed side by
side and the rise orientations are taken to be in random direc-
tions. The distance from the post center to the particle center for
A, Ly, was 350 um for all simulations, and the initial separation
distance between the particles was gradually increased.

I. Pair assembly with no curvature alignment. When the
magnitude of the torque due to particle-curvature interaction is
small compared to the torque resulting from particle-particle in-
teractions, particles dimerize in a mirror symmetric state without
influence from the underlying curvature field. As shown in panel
I of Fig.3(b) this occurs only for particles at close distances. This
assembly will happen with greater probability on interfaces that
are crowded since particles tend to land close to one another.

II. Pair assembly with weak migration. If the magnitude
of the deviatoric curvature generated torque is large enough
to drive alignment along principal axes, particles can dimerize
along the azimuthal direction (panel II of Fig.3(b)) or the ra-
dial direction (not shown). Particles align with the curvature
field and each other, and then come together to form a dimer,
cos(2(os +ap)) = cos(2(P; — ;). Here, particles form dimers with
minimal migration to sites of high deviatoric curvature.

III. Pair assembly with migration. Similar to the case de-
scribed above, if particles are at regions of strong curvature they
will first align with the curvature field. However, as they are
well-separated, initially the curvature dominates their interac-
tion. Particles migrate in isolation until close enough to form a
pair (Fig.2(c-d) and panel III of Fig.3(b)). Otherwise, if the parti-
cles are far apart, particles will fail to form a pair (IV of Fig.3(b)).

Soft Matter

5.2 Structure formation

In experiment we have also characterized structures formed by a
dense suspension of 5-micron radius polystyrene spheres at the
hexadecane-water curved interface formed around a 125-micron
radius cylindrical post, as shown earlier in Fig.1(e). Close to the
post the fractal structure shows curvature-dominated linear struc-
tures. At large L, the structures are more highly branched. These
branched structures are formed by particle clusters that formed
along the path to the post. Fig.4(a) shows close ups of clusters
of particles showing complex configurations including linear and
square structures (straight chains and L shape). We also observe
hexagonal assemblies (triangles, Y shapes), and other complex
formations that arise from the overlapping of smaller groups. Just
like isolated particles these migrate toward regions of high curva-
ture and once attached become hot spots for other groups and
particles. We see both isolated particles migrate to the post and
join the tips of the closest structure, and aggregates joining to
form the branched structure. Once a particle joins a cluster, it
does not leave it. However, there is significant reorganization
within a cluster as it migrates due to the change in balance of the
curvature-related interactions, including changes in relative par-
ticle position and rotation of particles. Thus, these structures are
not strictly kinetically trapped. Example of a cluster reorganizing
in experiment is shown in the supplementary video S9 (e.g. a
particle within an L shape changes position in the cluster).

The observed linear and square assemblies are purely from
quadrupolar interactions. On the other hand the more complex
structures were suspected to come from near field interactions
due to higher order modes in the interface distortion near the
particle, and in the expansion of the interface shape near the par-
ticle. These higher order terms drive other symmetries for pair
interactions and for alignment and migration in the host inter-
face curvature field. These factors also affect the clusters. To
predict some of these assemblies we derived the pair potential
including the next mode for the particle’s self-distortion and in-
terface shape, the hexapole. This potential given in Equation
was then implemented in MC simulations. Fig.4(b) shows the as-
semblies obtained from a 200-particle MC simulation. As in exper-
iments, the simulation captures close packed triangle, hexagonal
caps, and other assemblies where chains are slightly bent. Square
and complex assemblies are also present.

The distribution of angles calculated from each particle center
in the particle aggregates yields evidence of different mechanisms
behind the formation of these structures. Fig.5(a) and Fig.5(b)
show the angle distribution between particle centers for fractals
created by capillary interactions on interfaces with v = 5° and
v = 15° respectively. Each angle distribution has distinct peaks at
60°,90° and 180°. The peaks at 90, and 180° suggest the presence
of quadrupolar interactions on the curved interface. The peak at
60° shows the importance of higher orders modes in the forma-
tion of structures. These peaks are absent in a simulated DLA
structure with a circular seed region (i.e. the post) and the same
number of particles (~ 664) as in one of the experiments (Fig.
S6(d)). We have also simulated systems of 500 particles where
hexapolar interactions are included and where we have assumed
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the magnitude of the hexapolar distortion is equal to that of the
quadrupole (hgp = 30 nm = hy,y).

When comparing the angle distribution in the clusters between
experiments and MC simulations, very clear peaks appear in the
simulations for 60°,90° and 180°, which are blurred in the ex-
periments. These differences cannot be attributed to MC dis-
placements or rotational step sizes (See SI section S6 for details).
However, two key differences in theory/simulation and experi-
ment likely explain this discrepancy. Namely, the pair potentials
on which the simulations rely do not include the higher order
modes in the particle disturbances, and assume fixed amplitudes
of the quadrupolar and hexapolar modes. However, this confirms
that these interactions are present and are important in captur-
ing structure formation on the curved interface. Recall that these
structures include particles that form clusters far from the post.
On interfaces with steeper slopes, we observed faster clustering,
owing to the increased importance of the third term in Equation
(Fig.5(d)). The success of MC in capturing these effects relies
on the cluster moves. The fact that MC simulations capture as-
pects of the particle assemblies and trajectories may reflect that
hydrodynamic interactions play a secondary role. However, drag
on particles and hydrodynamic interactions for particles in close
proximity at fluid interfaces is a complex topic and worthy of de-
tailed future study.

The overall fractal structures have fractal dimension ranging
from 1.4-1.6, which is the same as that of the commonly known
diffusive limited aggregation (DLA)*! fractal structure in the limit
of small particle number (see SI section 5 for details). The fractal
dimension of the capillary structures depends only weakly on the
number of particles N, as shown in Fig.5(e). In this figure, the
asterisks correspond to the DLA limit for 567, 664 and 6000 par-
ticles. In experiment, we have formed two structures, with 567
and 664 particles, respectively; the fractal dimensions of these
structures, shown as triangles, are 1.46 and 1.52, respectively. To
further explore the dependence on N, we use MC simulations to
compute the fractal dimension for simulated capillary assemblies
for 500, 750, 1000, and 1500 particles. For each value, five runs
with different particle positions and quadrupole orientations were
performed and the standard deviation was calculated, showing
we obtain similar metrics (SD = 0.01-0.04). Corresponding struc-
tures for realizations of the MC simulations (N = 1000) and the
DLA (N = 1000) are shown in Fig.5(e).

6 Conclusion

We study colloidal organization at curved fluid interfaces owing
to particle-curvature and particle-particle capillary interactions in
theory, simulations, and experiment. We show that we are able to
derive the pair capillary energy for two particles on a curved fluid
interface with varying deviatoric curvature using the method of
reflections. The exact solution can also be derived in bipolar co-
ordinates in the form of a series, which can be evaluated and com-
pared to the solution using method of reflections. Both solutions
agree well in the far field as expected. In the near field, however,
the solutions differ since the exact solution captures near field dis-
tortions neglected in the more approximate method, which yields
a closed form solution. This comparison shows that the analytical
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solution is a good approximation except very near contact, and
gives good insight about the physics of the problem.

The interaction potential can also be used to predict assembly
of particle pairs through Monte Carlo simulations, and dynam-
ics through force calculations. The predicted particle behavior
agrees with observed experimental trajectories. The data allows
the particle quadrupolar magnitudes to be inferred. The cases ex-
plored showed that the magnitudes are consistent to magnitudes
previously reported and comparable to particle roughness. Group
assemblies and fractal like structures around the cylindrical mi-
cropost have been observed experimentally. Monte Carlo simula-
tions indicated that the assemblies seen are due to the coupling
of quadrupolar interactions in the far field but also due to near
field interactions from higher order modes. Angle distributions
between particle centers yield evidence that these structures are
formed due to unique interactions that arise from the coupling of
particle deformation and the curvature field underneath them.
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Fig. 1 (a) Schematic representation of two spherical colloids (red
spheres) on a curved interface formed by a cylindrical micropost (black
rectangle). Inset: schematic representation of a sphere with a pinned
undulated contact line. (b) Time lapsed image of the migration of an
isolated 10 um PS sphere on the curved interface. The trajectory is
shown in yellow for equal time steps of 3.26 s (the neighboring colloids
are sedimenting in the oil phase and are not yet adsorbed in the inter-
face). (c) Distortions from particles A and B on the curved interface
are depicted with random orientation of the quadrupolar rise axis with
respect to each other and the principal axis of the underlying curvature.
The curved fluid interface has a saddle shape in the vicinity of the parti-
cles defined by the neighboring particle and the curvature field defined by
the micropost. Inset: top view of the two spherical colloids (red circles)
on the curved interface formed by the cylindrical micropost (black circle).
Arrows indicate location of the quadrupolar rise axes. (d) Time stamped
images of two particles shown in blue interacting and forming a dimer on
the curved interface. (e) Fractal structure around the cylindrical micro-
post formed from migrating groups and isolated particles on the curved
interface with slope y =5°. Particles on top of the micropost are not in
the fluid interface and are not considered as part of the structure. The
fractal dimension of the structure is D =1.52.
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Fig. 2 (a) Top view of two spherical colloids (red circles) on a curved in-
terface formed by a cylindrical micropost (black circle). Inset: distortion
from particle A on the curved interface. (b) Dimensionless pair interac-
tion energy obtained from method of reflections (solid line) and exact
solution obtained from analysis in bipolar coordinate (open circles) as a
function of the dimensionless inter-particle distance. Inset: sketch of the
bipolar coordinates system in the x-y plane with the line that connects
the centers of the two particles on the x axis (red circles). (c) Time
stamped image of two particles migrating toward the post and forming
a dimer (r = Os,t = 2.47s,t = 5s). Inset: close-up of the trajectory (d)
The trajectory of each particles in this dimer (symbols) in terms of posi-
tion with respect to the micropost L versus time ¢. Theory with best fit
amplitudes for quadrupolar distortions (solid lines). Inset: inter-particle
distance rap versus time r.
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Fig. 3 Particle dimerization at the curved interface: (a) Experimental
observations of two particles interacting on the curved interface showing
different behaviors. (l) Particles form dimer along the radial direction
with respect to the micropost, indicating quadroples aligned along cur-
vature rise axis. (lI-11l) Particles can form dimers oriented at different
angles with respect to the radial direction, indicating importance of the
other terms in Equation[24] (b) Monte Carlo simulation using interaction
potential derived for two particles on a curved interface showing different
expected behaviors at Ly =350 pum for a typical system with y =157,
a=>5 pm, Ry, =125 um, and hyps = hgpp = 30 nm. Particles are initially
side by side with a random orientation of their quadrupolar axes. (I)
Particles can dimerize without influence from the underlying curvature
field. (1) Particles align with the curvature and form dimer along the
azimuthal direction. (l11) Particles align with the curvature field, migrate
some distance and then assemble. (V) Particles migrate in isolation.
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Fig. 4 Structure formation at the curved interface: (a) Multi-particle
groups formed in experiment on the curved fluid interface for slopes y
between 5% and 15°. Diagram below correspond to some of the observed
shapes labelled with + and — signs to correspond to regions of quadrupo-
lar rise and quadrupolar fall respectively. (b) Monte Carlo simulation of
groups formed from quadrupolar and higher order hexapolar interactions
using derived modified pair potential for a typical system with y = 15,
a=5 pum, Ry, =125 um, and hyps = hgpp = 30 nm. Snapshot is at the
69,000 MC step. [Blue circles] linear and square assemblies (right angles),
[Green circles] hexagonal assemblies, [Purple] complex assemblies.
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Fig. 5 Angle distribution between particle centers for fractal structure
observed in experiments (shown in inset) when (a) y =5° (D =1.52) and
(b) w=15° (D =1.46). (c) Angle distribution for simulated fractal of 500
particles using MC with higher order hexapolar distortions. (d) Average
cluster size over MC steps. (e) Fractal dimension D versus number of
particles N for fractals obtained through experiment, MC simulations,
and DLA simulations. Pictures below correspond to a simulated DLA
fractal with a circular seed region, and to a MC simulated fractal with
664 and 1000 particles respectively.
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Graphical and textual abstract

Micropost (MP) sets far field
curvature

We probe colloidal organization by considering the interactions of
the overlapping distortions of colloids on a curved interface.



