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In this letter, we investigate the correlated diffusion of colloidal particles in quasi two-dimensional

monolayer near an oil-water interface for different distance between the interface and the particle

monolayer z. It is found that there is a transition in the behavior of the correlated diffusion from the

bulk dominated to the interface dominated with decreasing z or increasing inter-particle separation

r. With a scaling method proposed by us, the correlated diffusion can be scaled onto a master curve

which captures the characters of this transition. The scale factors and the master curve allow the

calculation of the distance z, which are in agreement with the one-particle measurements. VC 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824653]

The dynamic behavior of confined colloidal suspensions

has attracted a lot of attention in recent years.1–6 In real

circumstances, particles are usually spatially confined in spe-

cial environments, such as microfluidic devices, porous

media, fluid interface, or cell membrane.7–13 Compared with

unbounded three-dimensional (3D) fluid bulk, colloid behav-

ior in spatially confined environments is more complicated.

In unbounded 3D bulk suspensions, the longitudinal and

transverse correlated diffusion coefficients Djj and D? are

well known as Djj;D? / 1=r and Djj ¼ 2D?,14 where r is

the inter-particle distance. For particles confined by the solid

wall, the strength of the hydrodynamic interactions (HIs)

decay with r as 1=r2.4,15,16 The breaking in the spatial sym-

metry due to the boundary conditions introduces asymmetry

to the correlated diffusion of particles. Such as particles at an

air-water interface or a viscous membrane, both theoretical17

and experimental18 studies show Djj / 1=r and D? / 1=r2.

When there is a solid wall adjacent to a membrane,

Oppenheimer and Diamant19 demonstrated that the corre-

lated diffusion of particles at the membrane is also a function

of the distance between the membrane and the solid wall.

The influence of different boundary conditions could be

directly reflected in the diffusion behavior of particles.20–24

Many studies have focused on solid-wall conditions with a

non-slip boundary, which could cut off the fluid field in its

vicinity. For a fluid-fluid interface (say, a soft wall), there is

a slip boundary that partially transforms the surrounding

flow field. Despite extensive investigations on the effects of

the solid wall, there are comparatively few experimental

studies on the influences of the fluid-fluid interface on the

correlated diffusion of particles.

In this letter, we report an experimental measurement of

the correlated diffusion of colloidal particles near a water-

decahydronaphthalene (decalin) interface. It is shown that

the effects of the interface on the longitudinal and transverse

correlated diffusion are different. With decreasing the dis-

tance between the particles and the interface z or increasing

r, there is a transition of the correlated diffusion behavior

from the 3D bulk to the interface dominated. We propose a

scaling method with which the correlated diffusion of par-

ticles in colloidal monolayer with different z can be scaled

onto a master curve that characterizes this transition. The

scaling factor and the master curve could be used to calculate

the distance z. The obtained results are of significance for

understanding the dynamical behaviors of particles near the

liquid-liquid interface and may be helpful for soft-wall’s

applications.

Three kinds of samples of uniform colloidal particles

were used: polystyrene (PS) latex spheres with a diameter

d ¼ 2:0 lm and silica spheres with a diameter d ¼ 2:0 lm

(S1) and d ¼ 1:57 lm (S2). The PS spheres with sulfate

group were purchased from Invitrogen, and the silica spheres

were purchased from Bangs. These silica spheres acquire an-

ionic SiO� groups on their surfaces when they are dispersed

in water. Both the PS and silica spheres are representative of

the charged particles that are commonly used in colloidal

science. The PS and silica samples are suspended in deionized

water of 18.2 MX � cm and are cleaned seven times by centrif-

ugation to eliminate any possible surfactant before use.

The experimental setup is similar to that in Ref. 25. The

sample cell is composed of a stainless steel disk with an

inner container in which there is a hole of the diameter

8.3 mm, and the bottom of this hole is sealed with a 0.1 mm

thick glass cover slip, that also serves as an optical window.

First, we fill the hole with the cleaned water-sphere suspen-

sion, and then we add decalin (a mixture of cis and trans

with a density of 0.896 g=cm3) purchased from Sigma-

Aldrich to the top of the suspension, completely filling the

inner container. Another cover slip is used to cover the top

of the inner container, then, we flip the cell over quickly, and

let it settle upside-down for two hours. The water layer could

remain on the top, and the oil stay on the bottom and will not

rise up, because the fluids are completely pinned by the sur-

rounding solid boundaries. Due to gravity, particles fall onto

the water-decalin interface and form a monolayer, as shown

in Fig. 1. The colloidal particles are hydrophilic and prefer-

entially remain in the water rather than sinking into decalin.

In addition, particle’s image charge in decalin has same sign

as the surface charge of the particles, because these particles
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remain in the medium (water) with the higher dielectric con-

stant.26 The Coulomb repulsion keeps particles a certain dis-

tance away from the interface. The water and decalin layers

are both 0.8 mm thick, and the distance between the cover

slip and the colloidal monolayer is sufficiently large to elimi-

nate the any potential influence from cover slips. Using an

inverted Olympus IX71 microscope, the motion of the colloi-

dal particles was recorded by a digital camera (Prosilica

GE1050) at a rate of 14 frames per second. Each image

sequence includes 500 consecutive frames and each image is

176� 176 lm2. Using a homemade software, we obtain the

particle positions from these image sequences and construct

their trajectories.

Particle’s motion normal to the interface is very week.

We focus our investigation on the lateral motion of the par-

ticles, i.e., their motion parallel to the oil-water interface, in

the following part of the letter. The distance from particle

center to the interface depends on the mass density and sur-

face charge of colloidal particles. The average distance from

the particle monolayer to the interface, z, can be estimated

by measuring the self-diffusion coefficient of the particles,

which is referred to as one-particle measurements. From the

particle trajectories sðtÞ, we calculate the one-particle mean

square displacement (MSD) hDs2ðsÞi ¼ hjsðtþ sÞ � sðtÞj2i.
The self-diffusion coefficient Ds is obtained according to the

equation hDs2ðsÞi ¼ 4Dss for different particle area fractions

n. Figure 2 shows the dependence of the diffusion coefficient

Ds=D0 on n for the PS and S1 spheres, where D0

¼ kBT=3pgwd is the diffusion coefficient of a single particle

in water. The solid lines in Fig. 2 shows the second-order

polynomial fitted results

Ds=D0 ¼ að1� bn� cn2Þ: (1)

The parameter a represents the local viscosity experienced

by a single sphere at the dilute limit: a larger a implies a

smaller viscosity. The parameter b reflects the strength of the

two-body HIs between two spheres: a smaller b implies a

smaller two-body HIs. The fitted values of a, b, and c are

given in Table I.

The value of a can be used to estimate the distance

between the interface and the particle monolayer, z1p,

where the subscript 1p refers to one-particle measurements.

According to the classical prediction given by Lee et al.24,27

the distance from a particle’s center to the interface can be

written as

z1p ¼
3dð2gw � 3goÞ

32ðgw þ goÞða� 1Þ ; (2)

where gw is the viscosity of water and go ¼ 2:5 cP is the vis-

cosity of decalin at 22.5 �C. By substituting the fitted values

of a into Eq. (2), we obtain z1p ¼ 2:3 6 0:2 lm for PS

spheres and 1:4 6 0:1 lm for S1 spheres. This calculation is

consistent with the microscope observation, which demon-

strated that the particles remain at a distance of 1� 2 lm

from the interface.

By tracking the trajectory siðtÞ of an individual particle

i, the particle’s cross-correlated motion is obtained via the

ensemble-averaged tensor products of the particle’s

displacements14

Mxyð!; sÞ ¼ hDsi
xðt; sÞDsj

yðt; sÞdð!� ri;jðtÞÞii6¼j;t: (3)

Here Dsi
xðt; sÞ ¼ si

xðtþ sÞ � si
xðtÞ. In the above equation, i

and j indicate distinct particle, x and y represent different

coordinates, and ri;j is the separation between particles i and

j. Because the off-diagonal elements are uncorrelated, we

focus on the diagonal elements of this tensor product,

namely, Mrr which indicates the correlated motion along the

line connecting the centers of the particles, and Mhh which

represents the correlated motion perpendicular to this line.

We found that the measured correlated motions, Mrr and

Mhh, are linear functions of s for a small time lag s. Thus,

the longitudinal and transverse correlated diffusion coeffi-

cients are defined as Djj ¼ Mrr=2s and D? ¼ Mhh=2s.

FIG. 1. A schematic of the process of the sample preparation and an optical

microscope image of the silica spheres (d ¼ 2:0 lm) suspended near the

water-decalin interface at an area fraction of n ¼ 0:01.

FIG. 2. The measured self-diffusion coefficient Ds scaled by D0 as a func-

tion of the particle area fraction n. Different symbols represent data for dif-

ferent particles. The solid lines show the second-order polynomial fitting

Ds=D0 ¼ að1� bn� cn2Þ.

TABLE I. The measured one-particle distance from colloidal monolayer to

the interface z1p and the fitted values of the second-order polynomial fitting

Ds=D0 ¼ að1� bn� cn2Þ for different colloidal spheres.

Sample z1p ðlmÞ a b c

PS 2.3 6 0.2 0.87 6 0.01 0.62 6 0.12 1.54 6 0.61

S1 1.4 6 0.1 0.78 6 0.01 0.78 6 0.02 0.76 6 0.03

S2 1.4 6 0.1 0.83 6 0.01 0.80 6 0.08 1.43 6 0.04
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Figure 3(a) exhibits Djj=aD0 and D?=aD0 of the PS and

S1 spheres as a function of r/d. Each curve was obtained by

averaging at least 106 particle positions. The behaviors of

Djj=aD0 and D?=aD0 of the PS and S1 monolayers are qualita-

tively similar. With the increase of the inter-particle separation

r, Djj=aD0 and D?=aD0 of the PS and S1 spheres decrease in

the form of power law. In the parallel direction, the experimen-

tal results show that DjjðrÞ=aD0 ¼ Cjjr
�kjj . Here, Cjj is the am-

plitude coefficient and kjj ¼ 1 is the decay rate of the

correlated motion. The interface distance z affects the ampli-

tude Cjj but not the decay rate kjj. The amplitude Cjj of the S1

spheres is larger than that of the PS spheres, which is in accord-

ance with the single-diffusion measurements: the fitted value b
of the S1 spheres is greater than that of the PS spheres, as dis-

played in Table I. The fact that the same decay rate kjj ¼ 1 was

observed for both monolayers indicates that the interface has

little effect on the form of HIs in the parallel direction.

In the perpendicular direction, D?ðrÞ=aD0 ¼ C?r�k? .

Both the amplitude C? and the decay rate k? are functions of

the distance z. The decay rate k? of the S1 spheres is larger

than that of the PS spheres for small r. The decay rate k?
increases with increasing r. For a large r, k? for both the PS

monolayer and the S1 monolayer converges to approxi-

mately 2, as shown in Fig. 3(a).

The cross correlated motion of colloidal spheres near an

oil-water interface is similar to that at a viscous mem-

brane:17,18 kjj ¼ 1 and k? ¼ 2 when r � z. For small r, the

value of k? for the S1 spheres is larger than that of the PS

spheres stems from the HIs that are modified by the

interface. Because the oil is more viscous than water, the

flow field induced by the particles in water is suppressed by

the oil-water interface. In addition, the HIs between particles

at a distance r decay rapidly when the monolayer is closer to

the interface, which leads to a larger measured k? for a

smaller z.

Analogous to the correlated motion of the particles at a

viscous membrane with various surface viscosity,18 Djj and

D? for different z can also be scaled onto a single master

curve. We define dimensionless correlated diffusion func-

tions ~Djj;? ¼ Djj;?=De, where De ¼ kBT=ð6pgwzÞ, and a

scaled separation < ¼ r=z. The values of the scaling parame-

ter De and z for the PS and S1 spheres are obtained from

Eq. (2). Figure 3(b) shows the scaled correlated diffusion

coefficients ~Djj and ~D? as a function of the scaled separation

< for the PS and S1 spheres. As shown in Fig. 3(b), the data

of particles with different z fall on a single master curve. At

small < region (<� 1:5), ~Djj; ~D? / 1=<, which is the char-

acteristics of the 3D bulk.14 At large < region (<� 20),
~Djj / 1=<, ~D? / 1=<2, which is the characteristics of the

two-dimensional interface.17,18 At the intermediate region of

<, ~D? shows a crossover behavior.

Using the scale factors and the master curve, one could

measure the distance between the particles and the interface

z. We know that both scaling parameters De and z are only

the function of the distance z. We allow ~Djjð<Þ and ~D?ð<Þ
of the S2 spheres to fall on the master curve in Fig. 3(b) to

obtain the measurement of the distance between the par-

ticles and the interface z2p, as shown in Fig. 4. Here the

subscript 2p indicates two-particle measurement. The corre-

lated diffusion coefficients before scaling of the S2 spheres

are exhibited in the inset of Fig. 4. The measured distance

z2p for the S2 spheres is equal to 1:4 6 0:1 lm which is in

agreement with the one-particle measurement result z1p

shown in Table I.

The distance z includes the information of particle size

and fluid viscosity. By moving the correlated diffusion curve

onto the master curve, one could measure the distance z with-

out particle size information. The experimental results show

that the analytical equation of the master curve can be written

FIG. 3. (a) The measured correlated diffusion coefficient Djj=aD0 (solid

symbols) and D?=aD0 (open symbols) as a function of the scaled inter-

particle distance r / d for the PS and S1 spheres. (b) Master curve of scaled

correlated diffusion coefficient ~D jj (solid symbols) and ~D? (open symbols)

as a function of the scaled distance < ¼ r=z. The used scaling parameter z is

from Table I. Symbols are the same as those in (a). The solid lines with

slopes �1 and �2 are visual guides.

FIG. 4. The scaled correlated diffusion coefficient ~D jj (solid symbols) and
~D? (open symbols) as a function of the scaled distance < ¼ r=z for the S2

spheres. The dashed line is the master curve showed in Fig. 3(b). The meas-

ured two-particle distance z2p ¼ 1:4 6 0:1 lm is in agreement with the one-

particle measurements. The solid lines with slopes �1 and �2 are visual

guides. The inset exhibits the measured correlated diffusion coefficient

Djj=aD0 (solid symbols) and D?=aD0 (open symbols) as a function of the

inter-particle separation r for the S1 and S2 spheres.
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as the form: Djj;?=De ¼ fjj;?ðr=zÞ. At present, we could not

present the specific expression of the function f theoretically,

which deserves further theoretical investigation.

The data in Figs. 3 and 4 measured were in the area

fraction range n < 0:2. For particles in a plane near an

oil-water interface, the density has no effects on Djj and

D? for the momentum propagation between particles is

mainly through the surrounding fluid rather than the parti-

cle monolayer in the area fraction range we measured.

The HIs through particle monolayer contribute to the cor-

related motion only when the separation r is less than the

order of Saffman-Delbruck length Ls ¼ gm=ðgo þ gwÞ.28 In

our system, the viscosity gm of the monolayer is very

small, and we have not measured the n effect. This n inde-

pendence effect of the correlated diffusion coefficient is

similar to that for particles confined between two plates

measured by Cui et al.15 Thus, the scaling scheme pre-

sented in the letter still works when the system leaves the

dilute limit.

In conclusion, the present work demonstrates that the

oil-water interface influences the correlated diffusion of

colloidal particles in longitudinal and transverse direction

in different ways. Along the line connecting the centers of

a pair of particles, the interface enhances the amplitude of

the correlated diffusion coefficient Djj, but does not affect

its decay rate. In the direction perpendicular to this line,

however, the decay rate of D? increases with decreasing

the distance between colloidal monolayer and the interface

z for short inter-particle separation r. After scaling Djj;?
and r with De and z, respectively, the correlated diffusion

coefficients of particles with different z can fall on a sin-

gle master curve. With the scaling parameter and the master

curve, one could obtain the distance z which agrees well

with the one-particle measurements. The master curve shows

a crossover behavior in the intermediate region of <, which

may be useful for clear understanding the dynamical behav-

iors of particles from high- to low-dimension.
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