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Lateral capillary interactions between colloids beneath an oil-
water interface that are driven by out-of-plane electrostatic 
double-layer interactions 

Bum Jun Parka*, Mina Leea, Bomsock Leea and Eric M. Furstb  

We study the lateral capillary interactions between colloids beneath an oil -water interface that lead to closely 

packed two-dimensional self-assembled colloidal crystals. These capillary forces are caused by the overlap of 

deformed interfaces above colloids on a solid substrate. The interface deformation is due to the electrostatic 

disjoining pressure between the charged particles and the charged oil -water interface. It is notable that the 

short-range (i.e., on the nanometer scale) and out-of-plane electrostatic double-layer interactions, which 

occur through an aqueous phase, can generate the long-range lateral capillary attraction (i.e., on the 

micrometer scale).   

Introduction 

The microstructure and stability of colloidal dispersions are 

determined by several factors, such as volume fraction of 

particles, concentration of additives (i.e., electrolytes, 

surfactants, and polymers), temperature, and dielectric 

constant of the fluid medium.1-6 In particular, when colloids 

are confined at a two-dimensional (2D) fluid-fluid interface, 

where one phase is an electrolyte medium and the other 

carries relatively few charges (i.e., air-water or oil-water 

interfaces), they interact on a long-range O(1)-O(2) 

micrometer scale.7-9 This interaction is attributed to two 

interparticle interaction forces: electrostatic interactions10-16 

and capillary interactions.13, 17-19 By controlling such interaction 

forces, the colloidal microstructure and 

mechanical/rheological behaviors can be manipulated.12, 20-23 

  Interactions between dissimilar surfaces (e.g., colloids and 

fluid interfaces) are also a significant factor for stabilizing a 

variety of immiscible fluids, such as Pickering emulsions, 

colloidosomes, bijel (bicontinuous, interfacially-jammed 

emulsion gel), and colloid-stabilized polymer blends.24-27 

Notably, prior to the strong attachment of colloidal particles to 

a fluid-fluid interface (e.g., attachment energy of ∆𝐸𝑎𝑡𝑡~ −

108𝑘𝐵𝑇),28 the electrostatic repulsion between the particles 

and the fluid interface imparts a threshold energy against 

attachment.29-31 These interactions (i.e., the disjoining 

pressure) between a charged particle and a charged fluid 

interface can be measured using a surface force apparatus 

(SFA) and calculated by solving the Poisson-Boltzmann (PB) 

equation.29-31 

  Such electrostatic interactions between dissimilar surfaces 

(i.e., colloidal particles and oil-water interfaces), which are 

typically short-range (i.e., nanometer scale), can generate a 

long-range capillary force that acts as the driving force for the 

assembly of particles that are captured between the interface 

and a solid substrate (i.e., the fluid interface templating 

method).32 As shown in Fig. 1, the height of an oil-water 

interface decreases via hydrostatic pressure. When the 

interface height is comparable to the particle size, the 

disjoining pressure between the particles and the oil-water 

interface likely deforms the interface above the particles. We 

believe that the overlap between adjacent interface 

deformations causes the lateral capillary interaction to 

minimize the surface free energy; consequently, this should 

act as the driving force for the closely packed two-dimensional 

self-assembly of particles beneath the oil-water interface (Fig. 

1). This paper presents a detailed mechanism of this newly 

discovered type of capillary interaction.  

  Note that a similar assembly technique of colloidal 

particles was reported previously by Denkov et al.33 They 

proposed that the driving force for assembly is induced 

convectively by the evaporation of water and the immersion 

capillary force produced as the particles protrude from the air-

water interface. Based on experimental observations in our 

system, however, the disjoining pressure between the 

particles and the oil-water interface hinders such protrusion.32 

Furthermore, we also observed that the closely packed 

particles underneath the oil-water interface eventually 

transfer to the interface and immediately exhibit long-range 

repulsions (i.e., a dewetting transition),32 which is a hallmark of 
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colloidal interactions at an oil-water interface.10-16 These 

observations suggest that assembly occurs beneath the oil-

water interface. Therefore, the immersion capillary force is 

unlikely to account for the observed assembly behavior.33  

 In this paper, we examine the driving force of colloidal 

assembly beneath the oil-water interface via fluid interface 

templating.32 This paper is organized as follows. First, we 

briefly describe the experimental procedure for particle 

assembly. Then, we calculate the electrostatic disjoining 

pressure between the charged particles and the charged oil-

water interface. These results are compared to numerical 

solutions using the non-linear PB equation. To obtain the 

deformed interface profiles above the particles, we solve the 

augmented Young-Laplace (AYL) equation. 29, 30, 34, 35 Based on 

the interface deformation, the free energy change and the 

corresponding lateral capillary attraction between particles are 

numerically calculated. Finally, we compare the calculated 

capillary force with the pair interaction forces, which are 

measured using optical laser tweezers.2, 14 

 

 

 
 

Fig. 1 Schematic of the self-assembled colloidal crystal via fluid interface 

templating. The bottom image is a snapshot of a 2D colloidal crystal extracted 

from movie 1 in SI. The scale bar is 30 μm. 

Materials and Methods 

Experimental. The experimental setup consists of a glass outer 

cylinder and an inner cylinder placed on an inverted microscope 

stage (Zeiss Axiovert 200).14, 32 The bottom of the outer cylinder is 

attached to a 40 mm circular glass coverslip (No. 1.5 Fisherbrand) 

using UV curing epoxy (Norland Products, NOA 81). The bottom of 

the inner cylinder, which is placed on the coverslip, is composed of 

aluminum and Teflon in order to pin the oil-water interface. 

Surfactant-free, charge-stabilized polystyrene particles with sulfate 

groups (Interfacial Dynamics Corp., σ = 6.2 μC/cm2 and 2a = 2.9 ± 

0.12 μm in diameter) are initially suspended in the aqueous 

subphase (ultra-purified water, resistivity > 18.2 MΩ·cm). 

Subsequently, n-decane (Acros Organics, 99+%) is added to form 

the nonpolar superphase (Fig. 1). Note that n-decane had been 

filtered through aluminum oxide particles (Acros Chemical, acidic-

activated, particle size 100-500 μm) to remove any polar 

contaminants. The entire cell is enclosed by another coverslip in 

order to minimize convection and water evaporation. We control 

the height of the interface via the hydrostatic pressure generated 

by adding or removing water from the outer cylinder. All glassware 

is cleaned using a plasma cleaner (Harrick Plasma, PDC 32-G) to 

achieve good wetting conditions for water. To measure interactions 

between two particles dispersed in the aqueous solution, we use 

time-sharing optical laser tweezers. For a detailed description of the 

laser tweezer apparatus, we refer the reader to our previously 

reported work.2,14,32 

 

Disjoining Pressure. The disjoining pressure is characterized by 

an analogue of the Derjaguin-Landau-Verwey-Overbeek (DLVO) 

interaction.36 The van der Waals interaction between two 

parallel planes is nondimensionalized by the surface tension 𝛾 

and the inverse Debye screening length κ and is given by: 

 

 Π̂𝑣𝑑𝑊 =
Π𝑣𝑑𝑊

𝛾𝜅
= −

𝐴𝑒𝑓𝑓𝜅2

6𝜋𝛾ℎ̂3 . 

 

Here, 𝐴𝑒𝑓𝑓  is the effective Hamaker constant of the two planes 

in a continuous medium, and ℎ̂ = 𝜅ℎ  is the 

nondimensionalized surface-to-surface distance. The Debye 

screening length is given by:  

 

 𝜅−1 = [
1000𝑒2𝑁𝐴2𝐼

𝜀𝑊𝜀0𝑘𝐵𝑇
]

−
1

2
, 

 

where εW and ε0 are the dielectric constants of water and free 

space, respectively, e is the elementary charge, NA is 

Avogadro's number, kB is Boltzmann's constant, T is the 

absolute temperature, and I is the ionic strength of the 

solution. As an example, for a particle interacting with the 

decane-water interface, the effective Hamaker constant is 

calculated from the combining relation (i.e., 𝐴𝑒𝑓𝑓 = −6.94 ×

10−21  J), where the Hamaker constants of a polystyrene 

particle, water, and decane are 𝐴𝑃 = 9.98 × 10−20 J, 𝐴𝑊 =

2.43 × 10−20J, and 𝐴𝐷 = 3.97 × 10−20J, respectively.36, 37 The 

negative Hamaker constant leads to repulsive van der Waals 

interactions, and the magnitude of the interaction is negligibly 
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small (e.g., Π𝑣𝑑𝑊 = 𝑂(−1) at ℎ = 100 nm) compared to that 

of the double-layer interaction (e.g., Π𝑒𝑙 = 𝑂(2) at ℎ = 100 

nm). 

  The electrostatic double layer interaction is governed by 

the nonlinear PB equation 

 

 
𝑑2Ψ̂

𝑑ℎ̂2 = sinh Ψ̂,                  (1) 

 

where Ψ̂ = 𝑒Ψ/𝑘𝐵𝑇  is the nondimensionalized potential of 

the planar surface. For planes with an identical charge and 

nondimensional separation ℎ̂0 = 𝜅ℎ0, the boundary conditions 

are Ψ̂ = Ψ̂0  at ℎ̂ = 0  and Ψ̂′ = 0  at the midpoint ℎ̂ = ℎ̂0/2 

(due to symmetry). This nonlinear equation can be solved 

using either Jacobi elliptic functions35, 38 or numerical 

methods.39, 40 For example, the numerical solution can be 

obtained by substituting Ψ1 = Ψ̂ and Ψ2 = Ψ̂′: 

 
 Ψ′1 = Ψ2  

 Ψ′2 = sinh Ψ1          (2) 

 

Here, the boundary conditions become Ψ1(0) = Ψ̂0  and 

Ψ2(ℎ̂0/2) = 0 (the boundary value problem, BVP). Once the 

potential at the midplane Ψ̂𝑚 = Ψ̂(ℎ̂0/2) is calculated, the 

nondimensionalized electrostatic disjoining pressure between 

the two planes can be obtained by 

 

 Π̂𝑒𝑙 =
Π𝑒𝑙

𝛾𝜅
=

2𝑛0𝑘𝐵𝑇

𝛾𝜅
cosh Ψ̂𝑚       (3) 

 

Here, 𝑛0 = 1000𝑁𝐴𝐼  is the number density of ions in 

solution.41 

  The numerical solution of the PB equation for two charged 

surfaces was also reported by Chan et al.40 The potential Ψ̂ =

Ψ1 (Eq. 2) is integrated numerically from ℎ̂ = 0, at which point, 

the potential is given by Ψ̂ = Ψ̂𝑚, and the potential gradient 

becomes zero dΨ̂/𝑑ℎ̂ = 0  (the initial value problem, IVP). 

When the integrated potential reaches a given surface 

potential value Ψ̂𝑎 at one surface plane, the corresponding 

distance of the plane from ℎ̂ = 0 is determined to be |ℎ̂𝑎|. The 

same procedure is repeated to obtain the distance |ℎ̂𝑏| for the 

other plane with Ψ̂𝑏. The separation between the two planes is 

then ℎ̂ = |ℎ̂𝑎| + |ℎ̂𝑏|, which is a function of Ψ̂𝑚. Similarly, the 

electrostatic pressure between the two parallel planes is 

obtained by substituting the values of Ψ̂𝑚 into Eq. 3 (see the 

detailed method in SI). 

  In general, the solution of the PB equation is approximated 

using both the Debye-Hückel approximation and the 

superposition approximation under conditions of low surface 

charge (i.e., |Ψ| < 50  mV) and moderate overlap of the 

surface potentials (i.e., Ψ𝑚 ≈ Ψ𝑎(ℎ0/2) + Ψ𝑏(ℎ0/2) ) for 

𝜅ℎ ≫ 1 ).36, 41 Based on these assumptions, the analytical 

expression of the electrostatic disjoining pressure between 

two dissimilar parallel plane surfaces (ℎ̂ = 0 and ℎ̂ = ℎ̂0) is 

found in a dimensionless form:34 

 

 Π̂𝑒𝑙 =
Π𝑒𝑙

𝛾𝜅
= −

𝜅𝜀0𝜀𝑊

2𝛾 sinh ℎ̂
(

Ψ𝑎
2 +Ψ𝑏

2

sinh ℎ̂
− 2Ψ𝑎Ψ𝑏 coth ℎ̂), (4) 

 

where Ψa and Ψb are the surface potentials. 

  The electrostatic double-layer interaction might be 

affected by the excluded volume of the hydrated electrolyte 

ions. Paunov and Binks found that the disjoining pressure 

increases with the finite size of ions for large separations (i.e., 

superposition approximation for ℎ̂ = 𝜅ℎ ≫ 1 ).42 The 

nondimensionalized analytical expression at fixed but identical 

surface potentials (i.e., Ψ̂ = Ψ̂𝑎 = Ψ̂𝑏) is 

 

Π̂𝑒𝑙 =
64𝑛0𝑘𝐵𝑇

𝛾𝜅
tanh2 (

𝜓̂

4
) [1 + 4𝜈𝑛0 sinh2 (

𝜓̂

4
)] 𝑒−ℎ̂,  (5) 

 

where ν is the excluded volume parameter (e.g., ν = 1.56 × 10-

27 m3 for Na+). At ν = 0, Eq. 5 can be reduced to42 

 

 Π̂𝑒𝑙 =
64𝑛0𝑘𝐵𝑇

𝛾𝜅
tanh2 (

𝜓̂

4
) 𝑒−ℎ̂,       (6) 

 

where tanh2(𝜓/4) = Υ0  is the Gouy-Chapman parameter.41 

Note that Eqs. 1-6 indicate the electrostatic interactions 

between two dissimilar parallel plane surfaces. 

  In order to estimate the electrostatic interaction force 

between a charged sphere and a charged non-deformable 

planar interface, the Derjaguin approximation can be used in 

the case of 𝜅𝑎 ≫ 1. Here, the sphere is approximated as a 

stack of infinitesimal circular rings with surface area 𝑑𝐴𝑖 .41 The 

interaction force between the 𝑖𝑡ℎ  circular ring and the planar 

interface is 

 
 𝑑𝐹𝑒𝑙,𝑖 = Π𝑒𝑙,𝑖𝑑𝐴𝑖.           (7) 

 

From the geometrical relation, 𝑑𝐴𝑖  is replaced with 2𝜋𝑎𝑑𝜉, 

where 𝑎 is the radius of the sphere, and 𝜉  is the distance 

between the 𝑖𝑡ℎ  circular ring and the interface. After 

substituting Eq. 6 into Eq. 7 (by replacing ℎ̂  with 𝜉 ) and 

integrating from 𝜉 = ℎ̂  to 𝜉 = inf. , the nondimensionalized 

interaction force for ℎ̂ ≫ 1 is 

 

 𝐹̂𝑒𝑙 =
𝜅𝐹𝑒𝑙

𝛾
=

128𝜋𝑎𝑛0𝑘𝐵𝑇

𝛾
tanh2 𝜓 𝑒−ℎ̂.     (8) 

 

Note that the upper limit 𝜉 = inf.  for the integration is 

reasonable due to the exponential decay of the pressure with 

increasing distance.41 Notably, if the radius of curvature of the 

interface deformation is sufficiently larger than the particle 

radius, Eqs. 7 and 8 can be applied for the deformable fluid-

fluid interface. 

 

Augmented Young-Laplace Equation. The disjoining pressure 

between a fluid-fluid interface and a solid particle induces an 

interface deformation in which the normal components of the 

Maxwell stress tensors across the deformed interface are 

balanced by the normal components of the tensile stresses 

caused by surface tension.34 When the particle size is 

sufficiently large compared to the Debye screening length 

(𝜅𝑎 ≫ 1), the Derjaguin approximation can be used. This 

means that the disjoining pressure between the particle 
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surface and an arbitrary location on the fluid interface is 

assumed to be identical to the pressure between planar 

surfaces with the same separation.34 The augmented Young-

Laplace equation estimates the shape of the interface 

deformation caused by the disjoining pressure as 

 

 
𝑧̂′′(𝑟̂)

(1+𝑧̂′(𝑟)2)
3
2

+
𝑧̂′(𝑟̂)

𝑟(1+𝑧̂′(𝑟)2)
1
2

=
Δ𝜌𝑔𝑧̂(𝑟)

𝛾𝜅2 − Π̂(ℎ̂),   (9) 

 

where the terms on the left-hand side of the equation are the 

radii of curvature, and the terms on the right-hand side 

indicate the nondimensionalized gravitational force and 

nondimensionalized disjoining pressure, respectively. In Eq. 9, 

𝑟̂ = 𝜅𝑟 is the dimensionless radial distance, Δρ is the density 

difference between the two fluids (in the case of decane and 

water, Δρ ≈ 270 kg/m3), and g is the acceleration due to gravity. 

The nondimensionalized distance between the particle surface 

and the deformed interface ℎ̂(𝑟̂) = 𝜅ℎ  is related to the 

nondimensionalized height of the interface deformation 

𝑧̂(𝑟̂) = 𝜅𝑧 as ℎ̂ = √(𝑧̂ + 𝜅𝑎)2 + 𝑟̂2 − 𝜅𝑎 (see the geometry in 

Fig. 2). Initial conditions for Eq. 9 are 𝑧̂′(𝑟̂ → 0) = 0  and 

𝑧̂(𝑟̂ → 0) = ℎ̂0.29 The former condition represents symmetric 

deformation of the interface, and ℎ̂0 = 𝜅ℎ0  in the latter 

condition is the dimensionless height of deformation above 

the particle center. In order to solve Eq. 9, we set 𝑧1 = 𝑧̂ and 

𝑧2 = 𝑧̂′, which lead to 

 
 𝑧1

′ = 𝑧2  

 𝑧2
′ = [

Δ𝜌𝑔𝑧1

𝛾𝜅2 − Π̂(ℎ̂) −
𝑧2

𝑟̂(1+𝑧2
2)

1
2

] (1 + 𝑧2
2)

3

2 ,   (10) 

 

where the two initial conditions are replaced with 𝑧1(𝑟̂ → 0) =

ℎ̂0  and𝑧2(𝑟̂ → 0) = 0 . Then, the interface profiles 𝑧̂(𝑟̂)  are 

numerically calculated by varying the value of ℎ̂0. 

 Instantaneous but significant deformation can occur when 

the interface height, at a long distance from the particle, is 

smaller than the particle size. However, this is kinetically 

unstable43-45 and often followed by the dewetting transition.28, 

32 Therefore, we only account for the electrostatic double-

layer interaction and the van der Waals interaction between 

the charged particles and a charged oil-water interface when 

calculating the interface deformation.29, 30, 34, 35 

 

 
 

Fig. 2 Geometry of the interface deformation caused by the disjoining pressure. 

 

Results and Discussion 

Disjoining Pressure. We calculate the electrostatic disjoining 

pressure between two parallel planes with separation ℎ̂ using Eq. 4, 

Eq. 6, the BVP, and the IVP. For these calculations, the measured ξ-

potential of the particles in the aqueous phase is approximately 

𝜓𝑃𝑊 ≈ −80  mV.32 Marinova and coworkers measured the 

electrophoretic mobility of nonpolar oil droplets in the aqueous 

phase, in which the oil drop mobility depends weakly on the species 

of the oil and the ξ-potential plateaus at approximately 𝜓𝐷𝑊 ≈

−80  mV, for an electrolyte concentration approaching infinite 

dilution.46 The surface tension γ ≈ 50 mN/m at the decane-water 

interface is measured using the pendant drop technique.12 The ionic 

strength 𝐼 ≈ 2.2 × 10−6  M in normal atmospheric conditions 

corresponds to a Debye screening length of κ-1 ≈ 200 nm. 

 As shown in Fig. 3a, the disjoining pressure obtained with Eq. 6 

is consistent with the both numerical solutions of BVP (Eqs. 2-3) and 

IVP, even at small length scales (κh < 1), compared to the result of 

Eq. 4. Note that Eq. 4 is based on the linearized PB equation with 

the assumptions of low surface charge (|ψ| < 50 mV) and large 

separation (κh ≫ 1). 

 

 
Fig. 3 (a) Comparison of disjoining pressure between two identically charged 

planes (i.e., 𝜓𝑃𝑊 = 𝜓𝐷𝑊 = −80 mV) obtained using Eq. 4, Eq. 6, BVP, and IVP. (b) 

Nondimensionalized double-layer interaction force between a spherical particle 

and a planar interface (i.e., 𝜓𝑃𝑊 = 𝜓𝐷𝑊 = −80  mV), as obtained from Eq. 8. 

 

Electrostatic Interaction between a Particle and an Interface. The 

good agreement between the results from Eq. 6 and the solutions 

of the nonlinear PB equations (BVP and IVP) shown in Fig. 3a 

rationalizes the expression of the double-layer force between a 

spherical particle and a planar interface (Eq. 8), which is derived 

from the Derjaguin approximation. As shown in Fig. 3b, the 

nondimensionalized double-layer interaction force, as calculated by 

Eq. 8, exponentially decays with increased separation. For example, 

using parameter values of γ ≈ 50 mN/m and 𝜅−1  ≈ 200 nm, the 

force between the particle and the oil-water interface is 𝐹𝑒𝑙  ≈

150 − 250 pN at ℎ ≈ 300 − 200 nm. 

  In order to validate the scale of the obtained electrostatic 

force, we trap a particle in the aqueous subphase using optical 

tweezers and move the particle toward the oil-water interface. 

In most cases, the particle escapes from the optical trap before 

the dewetting transition occurs.32, 47 More quantitatively, 

assuming that the particle trapped in the aqueous phase 

escapes the optical trap at a half-radius of the particle (~ 0.7 

μm, as an example),48 we estimate the maximum trapping 

Page 4 of 7Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is ©  The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

force 𝐹𝑡𝑟𝑎𝑝
𝑚𝑎𝑥 ≈ 70 pN at a calibrated laser power of 𝑃63× ≈ 150 

mW (when a water immersion objective (63× NA 1.2, Zeiss C-

Apochromat) is used).49-51 This value of 𝐹𝑡𝑟𝑎𝑝
𝑚𝑎𝑥  is lower than the 

estimated electrostatic repulsion 𝐹𝑒𝑙  at a certain separation 

distance between the particle and the oil-water interface. 

Consequently, the result demonstrates that the particle 

trapped by the laser tweezers should escape from the optical 

trap prior to the dewetting transition.32 

 

Augmented Young-Laplace Equation: Interface Deformation. The 

augmented Young-Laplace equation (Eq. 10) is numerically solved 

to obtain the curved interface profiles. We use Eq. 6 as an analytical 

expression of the disjoining pressure in Eq. 10. As shown in Fig. 4a, 

the resulting interface deformation (solid lines) is indicated as a 

function of the nondimensionalized radial distance 𝜅𝑟  and the 

nondimensionalized initial height of the interface  (𝜅ℎ0).  The 

dashed line indicates a portion of the particle surface (e.g., at 

𝜅ℎ0 = 0.5). The interface deformation becomes significant as the 

interface is lowered due to the disjoining pressure, which decays 

exponentially upon separation (Eq. 6). Note that the interface 

deformation is on the order of a few nanometers at a Debye length 

of 𝜅−1 ≈ 200nm, which is consistent with other values reported in 

the literature.29, 30 

 

 
Fig. 4 (a) Dimensionless interface profiles obtained by solving the augmented 

Young-Laplace equation (Eqs. 6 and 10). The solid lines represent the curved 

interfaces with various initial heights of the interface  𝜅ℎ0. The dashed line 

represents the particle surface at  𝜅ℎ0 = 0.5. (b) Lateral capillary forces 𝐹𝑐𝑎𝑝 

between two particles. 

 

Lateral Capillary Interactions. It is assumed that assembly occurs at 

equilibrium (i.e., a fixed interface height at a certain moment). This 

is a reasonable assumption because the mean separation between 

particles in the assembled crystal structure slowly decreases with 

time (i.e., ~ 2.2 ×  10−2  nm/s) after the assembly is formed.32 

Therefore, we do not consider the dribble of particles caused by 

lateral movement of the slant interface52 or the crystal hardening 

caused by thin-film drainage.43-45 The DLVO interactions (i.e., 

electrostatic double-layer interaction and van der Waals interaction) 

between the particles immersed in the aqueous phase are 

negligible compared to the lateral capillary attractions.17 

  Assuming that the interface deformation above the 

particles occurs symmetrically with respect to the center of the 

particles, the lateral capillary interaction between two 

neighboring particles with separation 𝐿 can be expressed as 

Φ𝑐𝑎𝑝(𝐿) = Δ𝐺 = 𝐺 − 𝐺0 . 16, 39, 50 𝐺 = 2𝛾(𝑠𝐷
′ − 𝑠0

′ )  and 𝐺0 =

2𝛾(𝑠𝐷 − 𝑠0)  indicate the surface free energy when the 

deformed interfaces above the two particles are overlapped 

and not overlapped with each other, respectively. Additionally, 

𝑠𝐷  and 𝑠0  denote the deformed interface area and the 

corresponding projected area on a flat surface, respectively, 

which can be obtained by numerically integrating the 

infinitesimal surface area. As shown in Fig. 4b, the resulting 

capillary force between two particles beneath the deformed 

oil-water interface increases as the interface height 𝜅ℎ0  

decreases. The enhanced capillary force between the particles 

suggests that the resulting colloidal crystal becomes stiffer as 

the interface height decreases; this is consistent with the 

experimental observations.32 Notably, it is found that the 

capillary force decays as 𝐹𝑐𝑎𝑝 ~ 1/𝐿, which is a hallmark of 

capillary forces caused by symmetric and monopolar interface 

deformation.17 

 To verify our calculations, we disturb the structure of the 

assembled crystal by holding two particles and translating one of 

them with optical laser tweezers at  𝐹𝑡𝑟𝑎𝑝
𝑚𝑎𝑥  ≈ 70 pN (movie 1 in SI). 

The fact that the assembly structure can be disturbed by the optical 

traps demonstrates that the modulus of crystal rigidity is on the 

scale of tens of piconewtons. For a more quantitative measurement, 

we trap two particles in the assembly using the optical tweezers 

and transfer them to a particle-absent region. In order to measure 

the pair interaction force between the two trapped particles, the 

right-most particle in Fig. 5b approaches the stationary particle that 

is displaced (Δx) from its equilibrium position, depending on the 

magnitude of attraction (see movie 2 in SI).2,14, 15, 21 The interaction 

force is then calculated by 𝐹 = 𝜅𝑡𝛥𝑥 where 𝜅𝑡 is a calibrated trap 

stiffness and is related to the particle separation (L). As shown in Fig. 

5a, the scale of the measured interaction force is consistent with 

the calculated results when the value of 𝜅ℎ0 is between 0.5 and 1.0. 

Therefore, the assembly behaviors of the colloidal crystals confined 

between the oil-water interface and the solid substrate can be 

attributed to the electrostatic disjoining pressure between the 

particles and the interface, which consequently leads to interface 

deformation and lateral capillary attraction. 

 

 
Fig. 5 Comparison of the calculations and the direction measurement of the pair 

interaction force using optical tweezers. The maximum trapping force for the 

pair interaction measurement is  𝐹𝑡𝑟𝑎𝑝
𝑚𝑎𝑥  ≈ 0.8 pN at a calibrated laser power 

𝑃63× ≈ 2.6 mW.49 The microscopic image on the right-hand side is extracted 

from movie 2 in SI. The scale bar is 10 μm. 
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Conclusions 

 We reported the lateral capillary interaction of colloidal 

particles that stems from the out-of-plane electrostatic 

disjoining pressure between charged particles and a charged 

interface. The symmetric interface deformation above the 

particles, which is caused by the electrostatic disjoining 

pressure, generates the capillary force that leads to the 

formation of a closely packed assembled crystal. Based on our 

numerical calculations, the estimated capillary force decays as 

𝐹𝑐𝑎𝑝 ~ 1/𝐿, which is a hallmark of capillary forces caused by 

symmetric and monopolar interface deformation. Interestingly, 

it is notable that the short-range double-layer repulsive 

interactions (i.e., on the nanometer scale) can generate long-

range lateral capillary attractions (i.e., on the micrometer 

scale). The capillary interaction model in this work accounts for 

the unique properties of the particle assembly, including the 

crystal reversibility against structural disturbance via optical 

laser tweezers (movie 1 in SI) and the ability to control the 

rigidity of the crystal by manipulating the interface height.32  
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attractions between adjacent particles beneath the interface, 
which consequently lead to closely packed, two-dimensional 
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