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Long-range attraction between colloidal spheres at the air-water interface:
The consequence of an irregular meniscus

Dimitris Stamou and Claus Duschl
Laboratoire de Chimie Physique des Polyme`res et Membranes, Swiss Federal Institute of Technology, CH-1015 Lausanne, Switze

Diethelm Johannsmann*
Max-Planck-Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

~Received 23 December 1999!

Recent observations of charged colloidal particles trapped at the air-water interface revealed long-range
interparticle attractive forces, not accounted for by the standard theories of colloidal interactions. We propose
a mechanism for attraction which is based on nonuniform wetting causing an irregular shape of the particle
meniscus. The excess water surface area created by these distortions can be minimized when two adjacent
particles assume an optimum relative orientation and distance. Typically, for spheres with diameter of 1mm at
an interparticle distance of 2mm, deviations from the ideal contact line by as little as 50 nm result in an
interaction energy of the order of 104kT. Roughness-induced capillarity explains the experimental findings,
including the cluster dissolution caused by addition of detergent to the subphase and the formation of linear
aggregates. This kind of interaction should also be of importance in particle-stabilized foams and emulsions.

PACS number~s!: 82.70.Dd, 68.70.1w, 05.40.2a
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I. INTRODUCTION

The lateral organization of colloidal particles at gas-liqu
interfaces is of interest for a number of different reasons.
the side of fundamental physics, it sheds light on the in
ence of dimensionality on the phase behavior@1#, Pieranski
was the first to demonstrate the formation of tw
dimensional crystals from charged colloids at the air-wa
interface@2#. More recently, other authors used monolay
of magnetic colloids to demonstrate a transition from a tw
dimensional~2D! liquid to a 2D solid phase via defect un
binding according to the Kosterlitz-Thouless mechani
@3,4#. On the practical side, 2D colloidal arrays have be
used as templates for nanostructuring solid surfaces@5,6#.
Fendler reviewed the use of nanoparticles assembled a
water surface and transferred to solid supports for the for
tion of electronic and electrooptic devices@7#. The formation
of 2D particle arrays through dewetting processes was ex
sively investigated for its relevance for 2D protein crysta
zation @8#. The organization of particles at interfaces is a
of significance for a number of industrial applications@9#.
Inclusion of particles in a suspension is a method for sta
lizing and refining the properties of emulsions and foa
@10,11#. Such particles, trapped at a two-phase bound
will also be subject to the kind of capillary force describ
here.

In all these examples, knowledge of the different con
butions that shape the particle interaction potential is critic
In 1997 an unexpected attractive interaction was found
the authors of Ref.@12#, independently confirmed by Ghez
and Earnshaw@13# and ourselves@5#. The system in question

*Corresponding author. Email address: johannsmann@m
mainz.mpg.de
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was an assembly of negatively charged~sulphate! polysty-
rene particles 0.5–5mm in diameter spread at the air-wat
interface. They were found to associate in clusters with
terparticle distances that were several times their diam
@14–16#. A synopsis of the known pairwise attractive inte
actions illustrates that none of them can produce a minim
in the interaction potential at micrometer distances.

~i! Two-dimensional aggregation of uncharged collo
particles at the air-water interface was frequently obser
@17#. This is in all likelihood caused by the van der Waa
attraction@18#. Even for charged colloids van der Waals a
gregates occur if the electrostatic repulsion is screened
sufficient amounts of salt in the subphase@19–21#. However,
at distances above one micrometer the van der Waals ene
EvdW between two spheres is much smaller than the ther
energykT @13#. As a first approximation@22# one hasEvdW

5AR/(12D), with A the Hamaker constant andD the sepa-
ration between the particle surfaces. For spheres partly
mersed in water the effective Hamaker constant has a v
betweenA56.6310220J ~in air! andA510220J ~in water!.
By inserting R50.5mm and D51 mm, one arrives at
EvdW'(0.1– 0.6)kT.

~ii ! An attraction between particles floating on a liqu
surface mediated by gravity was previously described
Chang, Henry, and White@23#. These authors considere
spheres which were heavy enough to cause local depres
of the water surface. The overall potential energy can
decreased when two such depressions combine to for
single trough containing both particles in its center. The
teraction energy is 2pR6g21r2g2Sp

2K0(lL), with R the par-
ticle radius,g the surface tension,r the density of water,g
the gravitational acceleration,Sp a number of order unity
depending on the particle’s density and contact angle,K0 the
modified Bessel function of the second kind of order ze
l5(rgg21)1/2 the

p-
5263 ©2000 The American Physical Society
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5264 PRE 62STAMOU, DUSCHL, AND JOHANNSMANN
inverse capillary length, andL the particle separation. Th
interaction scales as the square of particle mass, and th
fore depends very strongly on the particle radiusR. For poly-
styrene on water it is comparable to the thermal energykT at
a particle radius of 5mm, and is much less thankT at R
50.5mm, which is the particle radius in our experimen
Capillary attraction according to Ref.@23# therefore cannot
explain our findings.

~iii ! Immersion capillary forces@24,25#, if present in this
system, would result in attractive forces sufficient to expl
the observations. Since the particles are spread from me
nol one could argue that a thin solvent-rich layer may rem
at the water surface. On the grounds of two experime
observations~discussed in more detail below! we judge this
scenario as improbable: first, the interaction can be rev
ibly switched off and on by addition and removal of dete
gent, and, second, the observed patterns of aggregation
vive an exchange of the water subphase. Both of th
findings are incompatible with the notion of a thin solve
film inducing aggregation.

In the following we propose a mechanism for lateral
traction which is based on distortions of the water surfa
caused by an irregularly shaped meniscus. It is assumed
the three-phase contact line is not straight but rather h
rugged shape because of chemical or topographical he
geneities~Fig. 1! @26#. Pinning of a meniscus to topograph
or chemical defects is well known from planar surfac
@27,28#. Interestingly, an exceptionally large contact ang
hysteresis has been reported for polystyrene surfaces
Good and Kotsidas@29#. An unevenly pinned meniscus wi
distort the water surface. When two particles come close
each other there will be a favorable relative orientatio
where the integral excess area—and hence the sur
energy—is minimized~Fig. 2!. The depth of this minimum is
a function ofparticle distance, resulting in a lateral force. On
the macroscopic scale such a phenomenon can be re
observed when spreading corn flakes on a water surf
Nonuniform wetting rotates these macroscopic obje
around, and pulls them together into chains and rafts.

The experimental observation of the particles at the
water interface was conducted with fluorescence microsc
~Fig. 3!. Inspection of the two-dimensional layer in all cas
revealed particles in clusters with interparticle separation
at least twice the particle diameter of 1mm. Detergent was
added to the subphase, modifying the particle surface p

FIG. 1. Schematic description of a rugged meniscus at the
ticle surface. It is assumed that the meniscus is pinned to heter
neities on the particle surface, and thereby distorts the nearby w
surface. The thin straight line is the ideal contact line in the abse
of pinning. The thin dashed line is an approximation of the r
contact line by h(r c ,w)'H2 cos@2(w2w2,0)#. It represents the
quadrupole moment of the meniscus.
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erties. The aggregation patterns change gradually with
concentration of detergent. In Sec. III we elaborate on
observations, and discuss the different ways in which
presence of detergent can modify the interaction. We t
develop the theory to describe the capillary interaction
tween two particles as a function of relative orientation a
distance. We conclude with a comparison between obse
tion and the predictions arising from the treatment of t
nonuniform wetting concept.

II. MATERIALS AND EXPERIMENTAL TECHNIQUES

In the set of results presented here we used polystyr
microspheres~molecular probes! with a diameter of 1.06mm
62%. They were fluorescently labeled. According to t
manufacturer, the particles are prepared by a surfactant-
process, and electrostatically stabilized against aggrega
by a high density~8.5 mC/cm2! of sulfate (SO4

2) surface
charges. The product was delivered as a suspension~2 wt %!
in 2-mM sodium azide, the latter compound being added
prevent bacterial growth. Prior to experiment the partic
were further dialyzed to remove sodium azide and any i
polymer traces. A Slide-A-Lyzer~Pierce! with a 10 000-MW
cutoff membrane was used as a dialysis chamber. A volu
of 0.5 ml of 2-wt % solution was dialyzed against 1 L of
10-mM ethylenechiaminetetraacetic acid~EDTA! solution
for the first day, and deionized water~specific resistance 18
MV cm, Millipore! for another six days. The temperatu
was always kept at 60 °C. From the recovered material 0
wt % solutions in MeOH/water 9/1 were prepared and a
plied to the water surface as such.

The experiments at the air-water interface were perform
on a commercial Langmuir trough~Riegler & Kirstein!
which was mounted on anxyzstepper-motor driven transla
tion stage~Märzhauser!. Immediately after spreading on
could find the majority of the particles trapped irreversibly
the interface. The evolution of the monolayers was mo

r-
e-

ter
ce
l

FIG. 2. Height of the water surface around two interacting p
ticles. The meniscus has a quadrupolar distortion, that is, the th
phase line follows the lawh(w)5H2 cos@2(w2w2,0)#, with H2 an
amplitude,w the azimuthal angle, and thew2,0 the orientation of the
particle. In case~a! the particles are oriented parallel, that is, t
sides with the meniscus higher than average face each othe
between these particles the slope of the water level isreduced,
when the particles approach each other, resulting in a gain in
face energy. With particles oriented perpendicular to each othe~b!
the slope isincreased, resulting in energy penalty upon approach
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tored with a Zeiss Axiotron microscope in epifluorescen
Images were recorded with a video camera~Hamamatsu!,
and stored on videotape. Due to the strong fluorescenc
the particles the camera recorded them larger than they
tually are. Because of this artifact, Fig. 3 suggests tha
some cases the aggregated particles touch each other.
versely, the particle distance in closest approach is abo
mm which is twice the particle diameter@see Fig. 3~a!#.

The particles were always spread on detergent-free wa
NaCl ~1 mM! was added to the subphase in order to achi
a well-defined electrostatic screening length@22# of k21/2

'9.5 nm. Octylglucoside~n-octyl-b-D-glucopyranoside, Al-

FIG. 3. Fluorescence micrographs of the particle distribution
the air-water interface. The particle diameter is 1mm. Scale bars are
2 and 10mm. Note that the particles appear larger than they are
to camera gain saturation. This gives the impression that some
ticles touch each other. Conversely, they actually never do~with the
exception of few isolated van der Waals pairs!. ~a! ~i! and ~a! ~ii !.
Configurations after spreading. One sees many strings. The sm
interparticle distance is 260.5mm. ~b! After addition of 40mM of
detergent, one finds a rather broad distribution of cluster sizes~c!
At a detergent concentration of 70mM, the attractive force is still
present. However, the average interparticle distance has incre
to 1063 mm. ~d! After purging with detergent free water, the clu
ters reappear but are somewhat looser now.
.

of
c-

in
on-
2

er.
e

exis Co.!, was introduced later either by injection of conce
trated solutions or by slow exchange of the subphase wi
solution of the desired concentration. The latter was achie
with an inlet and an outlet behind the two barriers. Fin
detergent concentrations varied from 5mM to 10 mM.

III. PHENOMENOLOGY OF PARTICLE AGGREGATION

Figure 3 shows representative images of the differ
states of aggregation. Immediately after spreading@Figs.
3~a!~i! and 3~a!~ii !#, the particles are strongly clustered. O
finds many linear strings, indicative of an anisotropic inte
action@16#. Clearly, the interaction potential has a minimu
at an interparticle distance of a few micrometers. Suc
minimum requires a long-range attraction compensating
repulsive dipole-dipole interaction of the charged sphe
@27,28#.

We propose that minute deviations~'10 nm! of the me-
niscus from the ideal, straight three-phase contact line
produce such attractive forces. To substantiate this argum
we sought experimental means of modifying the particles
the air-water interface in a way that would affect conta
angle hysteresis and pinning@27,28# but not the other system
parameters. For that purpose we introduced detergent in
subphase. Detergent molecules will absorb on the surfac
a particle, expose hydrophilic headgroups toward water,
thus alter its surface properties. Octylglucoside was con
ered the most appropriate detergent for two reasons. Firs
is neutral and will hence not affect the charge of the p
ticles. Second, it is easily back-exchanged by renewal of
water subphase due to its high critical micellar concentrat
of 23 mM @30#. Partial dialysis of the absorbed deterge
allows for monitoring the effect it has on particle aggregati
in a reversible manner. Interestingly, the detergent conc
trations required to change the interparticle distances wer
low that the air-water surface tension was not changed
more than 1 mN/m. This suggests that the variations in
aggregate morphology do not come about by a chang
surface tension, but rather by a change in the contact a
due to adsorption of detergent to the particle surfaces.

As shown in Fig. 3~f!, addition of 40-mM octylglucoside
initiates cluster dissociation. Still, there is a rather broad s
distribution of clusters that are stable over several hours
70-mM octylglucoside@Fig. 3~c!#, the majority of clusters
has gone through a ‘‘phase transition,’’ and now have
much increased average interparticle separation. At first,
clusters appear to have dissolved and form a homogen
layer. This, however, is not the case. Allowing space~and
time! for the monolayer to expand reveals a new equilibriu
distance of 1063 mm. As Fig. 3~c! shows, there are bound
aries separating the domains with the new, larger part
distance from areas which are almost empty. If the surf
area is not large enough the new, low-density domain co
pletely fills the trough. In this case the long-range attract
is easily missed. Further increase of the detergent conce
tion ~results not presented! did not further change the picture

Figure 3~d! depicts the monolayer after extensive purgi
~.103subphase volume! with detergent-free water. We ex
pect most but not all of the absorbed detergent to be remo
from the particle surface. Aggregates have formed ag
There is an ‘‘edge effect’’ in the sense that the particles
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5266 PRE 62STAMOU, DUSCHL, AND JOHANNSMANN
the domain boundaries are closer to each other than the
ticles in the center. The same edge effect was already
immediately after spreading. Also note that the particles
depleted immediately outside of the domains boundaries
dicative of a long-range repulsive interaction. Upon repea
addition and removal of detergent, states~c! and ~d! disap-
pear and reappear in a fully reversible way. However,
state found right after spreading is not recovered. Proba
the initial structure of the system is to some extent affec
by the rather turbulent spreading process. Also, some of
strings seen in Fig. 3~a! may have irreversibly ruptured b
the addition of detergent.

IV. THEORY

In this section we calculate of the interaction energydEAB
between two particles as a function of their relative orien
tion and separation. From our point of view the depende
of the attraction on the detergent concentration proves
surface tension must be somehow part of the picture.
proposed mechanism is based on distortions of the w
surface caused by nonuniform wetting. Interactions of t
kind have been discussed in the literature by different
thors but have never been explicitly put into the context
2D colloidal aggregates@31–33#. We first derive an expres
sion for the height of the water surface around an isola
particle. This is then translated to an excess areadS created
at the air-water interface. The energy cost per particle
simply dE5gdS, whereg is the air-water surface tension
In a second step, we derive an approximation of the exc
area around two interacting particlesA andB. Knowing the
single particle term one can calculate the interaction ene
asdEAB'g(dSAB2dSA2dSB) @see Eq.~18!#.

Since all length scales are below the capillary length
l2152.7 mm, effects of gravity may be ignored, and t
pressure drop across the water surface is zero. Accordin
the Young-Laplace equation@34# this implies that the mean
curvature of the water surface vanishes everywhere. We
sume that the slope of the water surface is small everywh
~!45°!, and we therefore approximate the mean curvature
Dh(r ,w) with D the Laplace operator andh(r ,w) the local
water level. In the following we use cylinder coordinatesr
andw centered around the sphere. According to the You
Laplace equation we have

Dh~r ,w!5S 1

r

]

]r
r

]

]r
1

1

r 2

]2

]w2Dh~r ,w!50. ~1!

There is a certain analogy with 2D electrostatics, wherh
takes the role of a potential and a rough meniscus co
sponds to a charge distribution. To solve the Young-Lapl
equation we write the functionh(r ,w) as a product,

h~r ,w!5R~r !F~w!, ~2!

where the functionsR(r ) andF~w! only depend onr andw,
respectively. The Young-Laplace equation then reads

05S 1

r

]

]r
r

]

]r
R~r ! DF~w!1S 1

r 2

]2

]w2 F~w! DR~r !,

~3a!
ar-
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R~r ! S r
]

]r
r

]

]r
R~r ! D52

1

F~w! S ]2

]w2 F~w! D . ~3b!

Equation~3b! holds for all values ofr andw independently.
Therefore, the expressions on the left- and right-hand-s
must both be constant. We term the separation constantm2.
It will turn out that m is an integer, and labels the differen
modes. The modes are the orders of a multipole expans
Equations~3! then read as

]2

]w2 Fm~w!52m2Fm~w!, ~4a!

r
]

]r
r

]

]r
Rm~r !5m2Rm~r !, ~4b!

which are fulfilled by the functions

Fm~w!5Fm,0 cos„m~w2wm,0!…, ~5a!

Rm~r !5Rm,0r
2m. ~5b!

The coefficientsRm,0 , Fm,0 , and wm,0 follow from the
boundary conditions. The sphere and the water surface in
sect at the contact radiusr c which is close to the particle
radiusR unless the contact angle is very low or very hig
We decompose the height of lineh(r c ,w) into multipoles
according to

h~r c ,w!5 (
m52

`

Hm cos~m„w2wm,0!…, ~6!

with expansion coefficientsHm and phase angleswm,0 . The
prefactorHm is equal toRm,0r c

2mFm,0 . Monopoles (m50)
are forbidden because there is no external force like gra
dragging the particles away from their optimum height.
fact, for heavy enough particles the monopole term becom
allowed, and our formalism reduces to the result of Ref.@23#.
The dipole term (m51), is forbidden because there is n
external torque rotating the particles away from their op
mum orientation relative to the water surface@35#. This
leaves the quadrupole termm52 as the lowest allowed mul
tipole order.

Equation ~5b! states that the different multipole orde
decay with an inverse power equal to the multipole ord
The quadrupole order is the lowest allowed order and dec
as r 22. For a long-range interaction the quadrupole term
the most important one. We therefore confine ourselves
the quadrupole term in the following. It is given by

h~2!~r ,w!5H2 cos@2~w2w2,0!#S r c

r D 2

, ~7!

where the prefactorH2 gives the height of the meniscus
the contact line.

We now calculate the ‘‘self-energy’’ of an individual pa
ticle. It is equal to the excess area times the surface ene
The excess areadS is the difference between the surface ar
S* and the projected surface areaS. First we consider an
infinitesimal elementdS* 5dx* 3dy* . We use a local co-
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ordinate system rotated such that the slope is a maxim
along they coordinate, that is,dx5dx* . For dy* we find

dy* 5Ady21dh2

'Fdy21S dh

dyD
2

dy2G1/2

~8!
5dyA11~“h!2

'dyS 11
1

2
~“h!2D ,

resulting in

d~dS!5dS* 2dS5dx dy 1
2 ~“h!2 ~9!

or

dS5 1
2 E

r 5r c

` E
w50

2p

~“h!2r dw dr. ~10!

In the quadrupole approximation, one has

“h•“h'S ]

]r
h~2!D 2

1
1

r 2 S ]

]w
h~2!D 2

54H2
2r c

4r 26. ~11!

The self-energydE5gdS is

dE'2gH2
2r c

42pE
r 5r c

`

r 26rdr

5pgH2
2. ~12!

The prefactorH2 can be estimated from typical values
contact angle hysteresis, which we here choose asDu
510°. A typical value for pinning-induced deviations fro
the ideal contact line isH2' 1

2 R3Du'50 nm, which is
about 10% of the particle radius. With these input para
eters, the self energydE comes out to bedE'4 10216J
'105kT.

In a second step we calculate the interaction between
particles with a center-of-mass separationL. The interaction
energydEAB is given by

dEAB5g~dSAB2dSA2dSB!, ~13!

with dSAB the surface area around the interacting partic
and dSA and dSB the surface area around the isolated p
ticles. In the following we make use of the ‘‘superpositio
approximation’’@23#. We consider potential fieldshA andhB
emanating from hypothetical isolated particlesA andB. For
interacting particles the boundary conditions at the part
surfaces would have to be fulfilled not just by these fie
emanating from the individual particles, but by the total fie
around the interacting particles. This is a rather complica
problem. We assume that the fieldhA is small at particleB,
and vice versa. Then the inverse power laws from Eq.~7!
match the boundary conditions and the total fieldhAB is just
the sumhA1hB . Inserting Eq.~10! into Eq. ~13! yields.
m

-

o

s,
-

e
s

d

dEAB5
g

2 E „“~hA1hB!…22~“hA!22~“hB!2dS

5gE “hA•“hB dS. ~14!

The integral over the area can be transformed into an inte
over the boundary by the first Green identity@8,36#

E
S
“hB•“hA dS5E

C
hB~n•“hA!dC2E

S
hBDhA dS,

~15!

whereS is the area andC is the boundary. We illustrate th
geometry and the definition of some variables in Fig. 4. T
boundaryC consists of three closed curves, which areC` at
infinity and CA andCB at the meniscus of the particles.n is
a unit vector perpendicular to the boundary pointing aw
from the area of integration. The second term on the rig
hand side of Eq.~15! is zero according to the Young-Laplac
equation.

With the Green identity the integral over the area w
transformed into an integral over a line. Since the integra
falls off as r 25 as r→`, the line integral over the oute
borderC` is zero. Only the boundaries of the particlesCA
and CB remain. Assuming for simplicity that the two pa
ticles have the same quadrupole H2 moment, it is enough to
consider onlyCB and multiply by 2 to account forCA . As-
suming that the distanceL is much larger than the radiusr c
one can Taylor expand the field“hA at CB as

“hA~r !'“hA~0!1r•~“^“ !hA~0!

'H2rc
2S2

2 cos~2wA!

L3 1
6r cos~w12wA!

L4

2 sin~2wA!

L3 2
6r sin~w12wA!

L4

D ,

~16!

where bold symbols indicate vectors,^ is the outer product,
andwA andwB are the orientations of particlesA andB ~Fig.
4!. The angleswA and wB are defined relative to the line
joining the particles~the ‘‘bond’’!. We have chosen a loca
coordinate system (r ,w) centered at particleB. In this coor-

FIG. 4. Sketch of the geometry and some variables. By virtue
the first Green identity the integral over the areaS is transformed
into an integral over the boundaryC. Since the integrand vanishe
at infinity, only the linesCA andCB have to be evaluated.
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dinate system, particleA is located at (L,p). With this Tay-
lor approximation the integral from Eq.~15! over the lineCB
is

E
CB

hB~n•“hA!dC

5H2
2r c

2E
D

2p

cos@2~w2wB!#S 2cos~w!

2sin~w! D

3S 22 cos~2wA!

L3 1
6r ccos~w12wA!

L4

2 sin~2wA!

L3 2
6r csin~w12wA!

L4

D r c dw

526pH2
2 cos@2~wA1wB!#

r c
4

L4 . ~17!

The total interaction energydEAB is

dEAB52gE
CB

hB~n•“hA!dC

5212pgH2
2 cos@2~wA1wB!#

r c
4

L4

'212 cos@2~wA1wB!#
r c

4

L4 dE. ~18!

The factor of 2 in the first line accounts for the tw
boundariesCA andCB . Equation~18! is the central result of
the calculation. The two particles will first rotate relative
each other until the angle-dependent prefactor is a minim
and then be attracted to each other. The capillary interac
in quadrupolar order scales as the inverse fourth powe
distance.

The interaction energydEAB may very well be much
stronger than the thermal energykT. With pinning-induced
deviations from the ideal contact line of 50 nm, a partic
diameter of 1mm, and an interparticle distance of twice th
particle diameter, one findsdEAB;53104kT. In order to
further assess the strength of the interaction, we setdEAB
equal tokT, and derive the maximum separationLmax, for
which the interaction is still comparable to the thermal e
ergy scale. UsingdE'pgH2

2 @Eq. ~12!#, H25 1
2 RDu, ~Du

'10° is the contact angle hysteresis!, r c'R50.5mm, and
wA5wB50, we find a maximum range ofLmax'15mm. A
second criterion of the strength of the interaction could
the minimum size of particles which still ‘‘feel’’ the capil
lary attraction. SettingL54r c , dEAB5kT, r c;R, wA5wB
50, and Du510°, we find a minimum radius ofRmin
;7 nm. The capillary attraction should therefore be siza
well down to the nanoscopic range.

At this point the analogy with 2D electrostatics is aga
helpful. Electric quadrupoles are attracted to regions wit
high electric field gradient. To emphasize the analogy,
combine Eqs.~16! and ~17! into the form
,
n

of

-

e

e

a
e

E
CB

hB~n•“hA!dC5H E
0

2p

2hB~r c!r c dwJ •“hA~0!

1H E
0

2p

2hB~r c!r c^ r c dwJ :

3~“^“ !hA~0!, ~19!

wherer c is a vector of lengthr c . The first and second term
in curly brackets are the dipole moment and the quadrup
moment of particleB. (“^“)hA is the curvature tensor o
field hA . The gradient term vanishes if the coordinate syst
is rotated suitably@35#. Since the dipole term vanishes, th
spheres are attracted to locations of high surface curvat
This is the analog of the interaction of electric quadrupo
with gradients of the electric field. It is well known tha
electric quadrupoles interact with a force proportional to
inverse sixth power of distance. Note, however, that
power laws of interaction depend on dimensionality. In tw
dimensions the interaction between two electric char
scales the logarithm of distance, not as the inverse dista
Electric quadrupoles in two dimensions interact with a p
tential proportional toL24, not to L25, as in three dimen-
sions. The same power law ofL24 is found for the ‘‘capil-
lary quadrupoles.’’

Before discussing the consequences of our model,
again summarize the assumptions. These are:~a! a small
slope of the water surface,~b! the neglect of multipole orders
higher thanm52, ~c! the superposition approximation, an
~d! a Taylor expansion of the field emanating from one p
ticle around the center of the other particle. The first appro
mation is fulfilled provided that the meniscus irregulariti
are small compared to the particle diameter, which see
reasonable as long as the contact angle hysteresis is no
ceptionally large. The three latter approximations all requ
large interparticle distances.

This leaves the question of what happens at small
tances. The picture is complicated because many multip
orders come into play. However, it is clear that the distan
dependence of the attractive force must become weaker
we show in the Appendix, the potential may even beco
repulsive at very small distances. In a situation where
attractive capillary interaction depends on distance with
inverse power of less than 3 the electrostatic dipole-dip
repulsion ~scaling asL23! will sooner or later take over
again. In between these regimes there is a minimum of
interaction potential defining the equilibrium distance. A
though a quantitative calculation of the equilibrium distan
is difficult, it is still reasonable that the assumptions used
the derivation ofL24 law become invalid when the interpa
ticle distance is comparable to the particle diameter.

The overall potential between two spheres is the resul
a superposition of capillarity and electrostatics. The elec
static interaction is mainly given by a dipole-dipole repu
sion, as discussed by Pieranski@2#, and further elaborated by
Hurd @37#. It scales asL23. The electric dipole is formed by
the particle itself and a cloud of counterions located und
neath it. Possibly, other Derjaguin-Landau-Verwe
Overbeek~DLVO!-like repulsive interactions also come int
play when the distance between the particle surfaces is
than the Debye screening length. Figure 5 schematically
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picts the interaction potential, including capillary attracti
and electrostatic repulsion. At large distances the dipo
dipole repulsion (}1L23) exceeds capillarity (}2L24),
and the potential is repulsive. As the particles approach e
other the relative strength of capillarity increases until
overcomes electrostatics. The maximum between the re
sive and the attractive part acts as an activation barrier
particle clustering. Finally, at a distance of about twice
particle diameter theL24 law is no longer valid. The capil-
lary attraction levels off and electrostatics again takes o
Before this happens there is a minimum in the interact
energy, which determines the two-particle distance.

The issue of anisotropy is somewhat subtle. Our exp
ments give evidence that there is preferential formation
strings and disordered clusters. Would an interaction like
one described here explain such an anisotropic particle a
ciation? The question can be rephrased to the following
the orientationwB of particle B with respect to the bond
between particlesA and B is fixed, will the interaction po-
tential with a third particleC depend on the direction of th
bond betweenB and C? Taking Eq.~18! at face value, the
answer is no. Let us say that particleC approaches the dime
from a given direction and attempts to form a bond in t
same direction. The orientation of@cf. Eq. ~18!# particle B
relative to the new bond is fixed and given bywB85wB2a,
where a is the angle between the two bonds. Because
interaction energydEBC depends only on thesum wB8
1wC8 , particleC can still find an orientationwC8 which maxi-
mizes the attraction, regardless of the value ofwB8 . However,
this picture ignores interactions at higher multipole orde
For example, the interaction between a quadrupole an
hexapole contains a term proportional toL25 with a prefac-

FIG. 5. Sketch of the overall potential including electrosta
contributions. For simplicity, the van der Waals minimum cor
sponding to particles touching each other is omitted. At large
tance the electrostatic dipole-dipole repulsion scaling asL23 domi-
nates. As the particles approach each other the capillary attra
scaling asL24 comes into play. There is a local maximum acting
a barrier for aggregation. At distances lower than the barrier
tance the capillary attraction is strong enough to overcome the e
trostatic dipole-dipole repulsion. However, when the particle d
tance becomes comparable to twice the particle diameter, theL24

law for capillarity no longer holds and the capillary attraction lev
off. Dipole-dipole repulsion again takes over.
-
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tor cos(2wB823wC,38 ) where wC,38 is the phase angle of th
hexapole of particleC. Since the interaction depends on bo
(wB81wC8 ) and (2wB823wC,38 ), it depends onwB8 individually,
as well. When minimizing the energy including higher mu
tipole orders there is a dependence on the bond angle.

Multiparticle interactions may also lead to anisotrop
Consider, for instance, the interaction of a third particleC
with the dimerA-B. Using the analogy with electrostatic
one can assume that the third particle will be attracted
regions of high local surface curvature. The latter can
numerically calculated quite easily even for complicated
ometries. Figure 6 shows the results of such a calculatio
a contour plot. Assuming that the third particle can on
approach the dimer to a distance down to about twice
particle diameter, one sees that a third particle will proba
attach at the apex of the dimer, not at its side. The region
a likely attachment is indicated with an arrow. Similar arg
ments were raised previously in an electrostatic context@37#.

V. COMPARISON WITH EXPERIMENT

A quantitative comparison between theory and expe
ment would require the calculation of many-particle intera
tions, which is beyond the scope of this publication. Als
the input parameters of the calculation such as the shap
the meniscus, are not known and vary from particle to p
ticle. However, some qualitative conclusions can be dra
from the two-particle interaction and compared to expe
ment.

~i! The shape of the meniscus is certainly different

-
-

on

s-
c-
-

FIG. 6. Illustration of the formation of linear aggregates. T
plot shows the curvature of the meniscus around two interac
particles, with minima at the sides of the pair~top and bottom part
of the picture!. Bright areas correspond to regions with a lar
difference between the eigenvalues of the curvature tensor. Sin
third particle will be attracted to regions of high curvature, it w
attach at the apex of the existing agglomerate, and thereby ex
its length. The bond angles between successive particles in a c
should exceed 120°.
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different particles. Some ‘‘clean’’ particles will have fewe
pinning sites than others. When tuning the interaction by
addition of detergent, one expects a broad transition, wh
the fraction of clustered particles gradually decreases acc
ing to the distribution of heights of the meniscus irregula
ties. Indeed, Fig. 3~b! shows such a broad range of clust
sizes. What is not easily explained, though, is the appa
bimodal distribution of interparticle distances. As propos
by Ghezzi and co-workers, a complete description of
interaction potential may benefit from the inclusion of
more elaborate electrostatic term@38,39#.

~ii ! Equation~18! suggests that the strength of the inte
action scales with the fourth power of the particle radiusR.
As a consequence, clustering should be less prominen
smaller particles. Indeed, Refs.@12# and@13# provide a criti-
cal particle size~0.95 and 0.5mm, respectively!, below
which clustering is not observed. Of course this critical s
is expected to depend on experimental parameters that
modify either the attractive or the repulsive contributions
the interaction potential~pretreatment, surface charge de
sity, etc.!

~iii ! The long-range repulsive electrostatic interacti
@37#, should result in an activation barrier for aggregati
~Fig. 5!. This repulsion is evidenced in experiment. Partic
not connected to an aggregate are depleted around the a
gate boundaries@Fig. 3~a!~ii !#.

~iv! The quadrupolar interaction is frustrated for hexag
nal arrays because the optimum relative orientations ca
be reached between all particles at the same time. Ind
hexagonal order is very rare unless one restricts the
available to the system, bringing the particles so close
gether that the repulsive term dominates.

~v! Frustration for multiparticle interactions because
inadequate relative orientations must be the reason for
tendency towards the formation of linear aggregates@Fig.
3~a!~i!#. The increased interaction between particles at a
main boundary@the ‘‘edge effect,’’ Fig. 3~a!~ii !# is probably
connected to frustration, as well, because fewer constra
have to be fulfilled at the boundary. This may have so
relation with previous work on the fractal dimension of
regular colloidal aggregates at the water surface. Hurd
Schaefer@21# found a fractal dimension of 1.260.15, which
is less than what is expected from models of diffusio
limited aggregation@40#. These authors explicitly suggeste
an anisotropic interaction as the cause of this unexpe
predominance of linear strings. Capillarity as described h
may have also been of influence in these experiments.

Ideally, one would want to relate the two-particle intera
tion potential with the two-particle correlation function
Density-functional theory provides quantitative relations b
tween those two quantities, which are, however, derived
der certain approximations@41#. We did not attempt such a
comparison for a number of reasons. Most importantly,
observation of the video tapes showed that the assemb
spheres is in a nonergodic state in the sense that the v
tions in the interparticle distance are frozen in. We searc
for a transition between ergodic~‘‘liquid’’ ! and a nonergodic
~‘‘glassy’’ ! states, but could not reach the liquidlike sta
Clearly, the observed disorder is static and caused by
heterogeneity in the meniscus shape.

From inspection of the micrographs in Fig. 3, one c
estimate that the width of the distribution of interpartic
distances is somewhat less than the average interparticle
e
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tance. One could argue that this distribution is narrower th
expected for a completely random distribution of menisc
irregularities. However, there is no direct relation betwe
the minimum of the interparticle potential and the menisc
irregularity. Conversely, the distance of minimum interpa
ticle energy may be given by the characteristic length wh
the approximations leading to Eq.~18! break down. This
length should be comparable to the particle diameter. T
meniscus irregularity will then affect the depth of the min
mum, but only to a minor extent its location on the distan
scale.

We do not claim that nonuniform wetting provides a com
plete explanation of all aspects of the interaction. There
vivid debate concerning an attraction between like charge
aqueous solution@38#, which certainly may have a connec
tion to the attractive forces encountered here. However,
main experimental features are well accounted for by
explanation based on capillarity and nonuniform wettin
Particle interaction due to an irregular contact line expla
the long-range nature of the forces as well as the clu
morphology. The same formalism applies to partic
trapped at other fluid interfaces like liquid-liquid interfac
or the membranes of foams. A nonideal three-phase con
line will always introduce excess surface area and exc
surface energy, and hence an attractive force. On th
grounds, we believe that capillary forces originating fro
nonuniform wetting will be an essential ingredient to a
model trying to describe particle interactions at fluid inte
faces.

VI. CONCLUSIONS

We have described a mechanism for lateral attraction
colloidal particles at the air-water interface, based on an
regular shape of the meniscus and a concomitant distor
of the water surface. The macroscopic analog of this scen
is easily demonstrated by spreading corn flakes on a w
surface. Surface tension rotates the individual flakes aro
and pulls them together to form strings and rafts. The qu
titative calculation uses a multipole expansion, where
leading quadrupolar term results in a net attraction depe
ing on the inverse fourth power of distance. For particle
ameters of 1mm, interparticle distances of 2mm, and 50-nm
deviations of the meniscus from the ideal straight line,
find potential wells with a depth of about 104kT.

To substantiate the hypothesis of a distorted contact
we modified the particle surface by addition and elution
detergent. The interaction reversibly depended on the de
gent concentration, proving that capillarity is part of the e
planation. Since the meniscus line is different for each p
ticle there is a broad heterogeneity in the interparticle forc
The formation of hexagonal arrays is frustrated because
optimum orientation cannot be assumed between all inter
ing particles at the same time. Linear arrays are common
the same reason. This kind of capillary force should be
relevance for particles trapped at many kinds of fluid int
faces.

APPENDIX: INTERPARTICLE POTENTIAL
UNDER NONUNIFORM WETTING CONDITIONS
FOR VERY LOW INTERPARTICLE DISTANCE

The interaction potential at low particle distance is co
plicated, and depends on the relative strengths of the dif
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ent multipole orders, which are not known. However, t
picture again simplifies when the distance between the
ticle surfaceD(D5L22r c) becomes much smaller tha
both the radiusr c and the correlation length of the menisc
irregularities. Because the distance between the particle
faces is the shortest length scale the fieldh(x,y) locally in-
terpolates between the conflicting boundary conditions,
is,

h~x,y!'
1

2 S 11
x

x2~y! Dh„x2~y!,y…

1
1

2 S 11
x

x1~y! Dh„x1~y!,y…,

~A1!

x6~y!'6S D

2
1

y2

2r c
D .

For the definition of the variables, see Fig. 7~a!. The excess
areadS is given by

dS'E 1

2
~¹h!2 dx dy

' 1
2 E

2`

1`

„x1~y!2x2~y!…Fh„x1~y!,y…2h„x2~y!,y…

x1~y!2x2~y! G2

dy

5 1
2 E

2`

1` @h„x1~y!,y…2h„x2~y!,y…#2

2S D

2
1

y2

2r c
D dy. ~A2!

Assuming that the correlation length of the meniscus line
much smaller than the radiusr c one may replace
@h„x1(y),y…2h„x2(y),y…#2 by its average^@h„x1(y),y…
2h„x2(y),y…#2&ª^Dh2&. The excess area becomes
-
os
n,

J.

-

n-

-

r-

ur-

at

s

dS'E
2`

1` ^Dh2&

4S D

2
1

y2

2r c
D dy5^Dh2&S p2r c

4D D 1/2

. ~A3!

The above calculation is limited to the gap area. Inside
gap, the excess areadS actually increaseswith decreasing
distance, resulting in a repulsive force. Note that this
crease may be compensated for by the area outside the
Also, it may safely be assumed that in reality the menis
will slip if the boundary conditions are in conflict to th
extent sketched in Fig. 7~b!. We do not claim that there
really is a repulsive force at small distances. The only po
we want to make is that the capillary interaction levels off
small distances and certainly has a distance depend
weaker thanL23. Provided that this is the case, the electr
static dipole-dipole repulsion outweighs capillarity attracti
at small distances and the particles remain at a finite
tance, rather than aggregating into continuous rafts.

FIG. 7. Situation for a small gapD between the two spheres.~a!
Definition of some variables.~b! Height of the water surface in the
gap. For the purpose of illustration the meniscus lines have b
chosen as two incommensurate cosines. If the shapes of the
torted contact lines are different on the two particles, a steep s
of the water surface in between the particles is unavoidable, at l
at some places. The slope becomes steeper with decreasing pa
distance, resulting in a repulsive force.
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