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Long-range attraction between colloidal spheres at the air-water interface:
The consequence of an irregular meniscus
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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 diameten af 1
an interparticle distance of 2m, deviations from the ideal contact line by as little as 50 nm result in an
interaction energy of the order of 40T. 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 numbd(s): 82.70.Dd, 68.70-w, 05.40—a

[. INTRODUCTION was an assembly of negatively chargediphaté polysty-
rene particles 0.5—mm in diameter spread at the air-water
The lateral organization of colloidal particles at gas-liquidinterface. They were found to associate in clusters with in-
interfaces is of interest for a number of different reasons. Ornerparticle distances that were several times their diameter
the side of fundamental physics, it sheds light on the influ{14—-16. A synopsis of the known pairwise attractive inter-
ence of dimensionality on the phase behayid Pieranski  actions illustrates that none of them can produce a minimum
was the first to demonstrate the formation of two-in the interaction potential at micrometer distances.
dimensional crystals from charged colloids at the air-water (i) Two-dimensional aggregation of uncharged colloid
interface[2]. More recently, other authors used monolayersparticles at the air-water interface was frequently observed
of magnetic colloids to demonstrate a transition from a two{17]. This is in all likelihood caused by the van der Waals
dimensional(2D) liquid to a 2D solid phase via defect un- attraction[18]. Even for charged colloids van der Waals ag-
binding according to the Kosterlitz-Thouless mechanisnmgregates occur if the electrostatic repulsion is screened by
[3,4]. On the practical side, 2D colloidal arrays have beenrsufficient amounts of salt in the subph4$6—21. However,
used as templates for nanostructuring solid surfd&es]. at distances above one micrometer the van der Waals energy,
Fendler reviewed the use of nanoparticles assembled at thg,q,, between two spheres is much smaller than the thermal
water surface and transferred to solid supports for the formaenergykT [13]. As a first approximatiofi22] one haskE, gy
tion of electronic and electrooptic deviced. The formation =AR/(12D), with A the Hamaker constant arlthe sepa-
of 2D particle arrays through dewetting processes was extemation between the particle surfaces. For spheres partly im-
sively investigated for its relevance for 2D protein crystalli- mersed in water the effective Hamaker constant has a value
zation[8]. The organization of particles at interfaces is alsobetweenA=6.6x 10"2°J (in air) andA=10"2°J (in wate).
of significance for a number of industrial applicatiofy. By inserting R=0.5um and D=1 um, one arrives at
Inclusion of particles in a suspension is a method for stabiE, gy~ (0.1-0.6KT.
lizing and refining the properties of emulsions and foams (i) An attraction between particles floating on a liquid
[10,11]. Such particles, trapped at a two-phase boundarysurface mediated by gravity was previously described by
will also be subject to the kind of capillary force described Chang, Henry, and Whit¢23]. These authors considered
here. spheres which were heavy enough to cause local depressions
In all these examples, knowledge of the different contri-of the water surface. The overall potential energy can be
butions that shape the particle interaction potential is criticaldecreased when two such depressions combine to form a
In 1997 an unexpected attractive interaction was found byingle trough containing both particles in its center. The in-
the authors of Ref12], independently confirmed by Ghezzi teraction energy is Ry~ *p?g®SiKo(AL), with Rthe par-
and Earnshayl3] and ourselvef5]. The system in question ticle radius,y the surface tensiorp the density of waterg
the gravitational acceleratior§, a number of order unity
depending on the particle’s density and contact arigjethe
*Corresponding author. Email address: johannsmann@mpipmodified Bessel function of the second kind of order zero,
mainz.mpg.de A=(pgy Y)Y the
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FIG. 1. Schematic description of a rugged meniscus at the par-
ticle surface. It is assumed that the meniscus is pinned to heteroge
neities on the particle surface, and thereby distorts the nearby wate
surface. The thin straight line is the ideal contact line in the absence
of pinning. The thin dashed line is an approximation of the real
contact line byh(r.,@)~H,cod2(¢—¢,0]. It represents the

quadrupole moment of the meniscus FIG. 2. Height of the water surface around two interacting par-

ticles. The meniscus has a quadrupolar distortion, that is, the three-
inverse capillary length, antl the particle separation. The Phase line follows the lai(¢) =H, co$2(¢—¢, 0], with H an
interaction scales as the square of particle mass, and ther@Plitude.¢ the azimuthal angle, and the, the orientation of the
fore depends very strongly on the particle radRigor poly- particle. In casga) the particles are oriented parallel, that is, the
e sides with the meniscus higher than average face each other. In
styrene on water it is comparable to the thermal ené&igst . X
a particle radius of 5um. and is much less thakT at R between these particles the slope of the water levakdiced
part .|u . um, . : S . when the particles approach each other, resulting in a gain in sur-
=0.5um, which is the particle radius in our experiments.

; . . face energy. With particles oriented perpendicular to each dkher
Caplll_ary attr_act_lon according to Reff23] therefore cannot the slope igncreased resulting in energy penalty upon approach.
explain our findings.

(iii) Immersion capillary forcef24,28, if present in this  erties. The aggregation patterns change gradually with the
SyStem, would result in attractive forces sufficient to eXplainconcentration of detergent_ In Sec. Il we elaborate on the
the observations. Since the particles are spread from methghservations, and discuss the different ways in which the
nol one could argue that a thin solvent-rich layer may remairpresence of detergent can modify the interaction. We then
at the water surface. On the grounds of two experimentaievelop the theory to describe the capillary interaction be-
observationgdiscussed in more detail belowve judge this  tween two particles as a function of relative orientation and
scenario as imprObable: ﬁrst, the interaction can be revergistance. We conclude with a Comparison between observa-

ibly switched off and on by addition and removal of deter-tion and the predictions arising from the treatment of the
gent, and, second, the observed patterns of aggregation syjonuniform wetting concept.

vive an exchange of the water subphase. Both of these
findings are incompatible with the notion of a thin solvent | \VATERIALS AND EXPERIMENTAL TECHNIQUES
film inducing aggregation.

In the following we propose a mechanism for lateral at- In the set of results presented here we used polystyrene
traction which is based on distortions of the water surfaceanicrospheregsmolecular probeswith a diameter of 1.0m
caused by an irregularly shaped meniscus. It is assumed that2%. They were fluorescently labeled. According to the
the three-phase contact line is not straight but rather has manufacturer, the particles are prepared by a surfactant-free
rugged shape because of chemical or topographical heterprocess, and electrostatically stabilized against aggregation
geneities(Fig. 1) [26]. Pinning of a meniscus to topographic by a high density(8.5 uClcn?) of sulfate (SQ) surface
or chemical defects is well known from planar surfacescharges. The product was delivered as a suspei(2iamn %)
[27,28. Interestingly, an exceptionally large contact anglein 2-mM sodium azide, the latter compound being added to
hysteresis has been reported for polystyrene surfaces lprevent bacterial growth. Prior to experiment the particles
Good and Kotsidag29]. An unevenly pinned meniscus will were further dialyzed to remove sodium azide and any ion-
distort the water surface. When two particles come close t@olymer traces. A Slide-A-LyzegiPierce with a 10 000-MW
each other there will be a favorable relative orientation,cutoff membrane was used as a dialysis chamber. A volume
where the integral excess area—and hence the surfacd 0.5 ml of 2-wt % solution was dialyzed against 1 L of a
energy—is minimizedFig. 2). The depth of this minimum is 10-mM ethylenechiaminetetraacetic adiiDTA) solution
a function ofparticle distanceresulting in a lateral force. On for the first day, and deionized wat&pecific resistance 18
the macroscopic scale such a phenomenon can be readily() cm, Millipore) for another six days. The temperature
observed when spreading corn flakes on a water surfacevas always kept at 60 °C. From the recovered material 0.1-
Nonuniform wetting rotates these macroscopic objectat% solutions in MeOH/water 9/1 were prepared and ap-
around, and pulls them together into chains and rafts. plied to the water surface as such.

The experimental observation of the particles at the air- The experiments at the air-water interface were performed
water interface was conducted with fluorescence microscopgn a commercial Langmuir trouglRiegler & Kirstein
(Fig. 3. Inspection of the two-dimensional layer in all caseswhich was mounted on axyz stepper-motor driven transla-
revealed particles in clusters with interparticle separations ofion stage(Marzhauser. Immediately after spreading one
at least twice the particle diameter ofuin. Detergent was could find the majority of the particles trapped irreversibly at
added to the subphase, modifying the particle surface proghe interface. The evolution of the monolayers was moni-
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exis Co), was introduced later either by injection of concen-
trated solutions or by slow exchange of the subphase with a
solution of the desired concentration. The latter was achieved
with an inlet and an outlet behind the two barriers. Final
detergent concentrations varied fromuM to 10 mM.

IIl. PHENOMENOLOGY OF PARTICLE AGGREGATION

Figure 3 shows representative images of the different
states of aggregation. Immediately after spreadiRgys.
3(a)(i) and Ja)(ii)], the particles are strongly clustered. One
finds many linear strings, indicative of an anisotropic inter-
action[16]. Clearly, the interaction potential has a minimum
at an interparticle distance of a few micrometers. Such a
minimum requires a long-range attraction compensating the
repulsive dipole-dipole interaction of the charged spheres
[27,28.

We propose that minute deviatiofrs 10 nm) of the me-
niscus from the ideal, straight three-phase contact line can
produce such attractive forces. To substantiate this argument
we sought experimental means of modifying the particles at
the air-water interface in a way that would affect contact
angle hysteresis and pinnifg7,28 but not the other system
parameters. For that purpose we introduced detergent in the
subphase. Detergent molecules will absorb on the surface of
a particle, expose hydrophilic headgroups toward water, and
thus alter its surface properties. Octylglucoside was consid-
ered the most appropriate detergent for two reasons. First, it
is neutral and will hence not affect the charge of the par-
ticles. Second, it is easily back-exchanged by renewal of the
water subphase due to its high critical micellar concentration
of 23 mM [30]. Partial dialysis of the absorbed detergent
allows for monitoring the effect it has on particle aggregation
in a reversible manner. Interestingly, the detergent concen-
trations required to change the interparticle distances were so

FIG. 3. Fluorescence micrographs of the particle distribution ajgw that the air-water surface tension was not changed by
the air-water interface. The particle diameter igrh. Scale bars are  more than 1 mN/m. This suggests that the variations in the
2 and 10um. Note that the particles appear larger than they are dueaggregate morphology do not come about by a change in
to camera gain saturation. This gives the impression that some Pa%yrface tension, but rather by a change in the contact angle
ticles touch each other. Conversely, they actually nevedld the due to adsorption of detergent to the particle surfaces.
exception of few isolated van der Waals pai®) (i) and(a) (ii). As shown in Fig. &), addition of 40sM octylglucoside
Qonfigur_at:og; after spr;a(\)disng. Or(1§) Tf? S mggy_ Strin}?ibﬂsﬂe Sfma”%%titiates cluster dissociétion. Still, there is a rather broad size
Interparticle distance Is . m. er addition o (0) . . . !
dete?gent, one finds a rathe;ubroad distribution of clustgr sizps. distribution of clusters that are stable over several hours. At

At a detergent concentration of 7M, the attractive force is still 70-uM octylglucoside[Fig. 3(c)], the majority of clusters

present. However, the average interparticle distance has increasQ('ilS gone through a ph_ase tranS't'on’ and_ now h_ave a
to 10+ 3 um. (d) After purging with detergent free water, the clus- much increased average |_nterpart|cle separation. At first, the
ters reappear but are somewhat looser now. clusters appear to have dissolved and form a homogeneous

layer. This, however, is not the case. Allowing spdaad
. ) ) ) ) . time) for the monolayer to expand reveals a new equilibrium
tored with a Zeiss Axiotron microscope in epifluorescence gistance of 163 um. As Fig. 3c) shows, there are bound-
Images were recorded with a video caméramamatsyj  ries separating the domains with the new, larger particle
and stored on videotape. Due to the strong fluorescence @fistance from areas which are almost empty. If the surface
the particles the camera recorded them larger than they agrea is not large enough the new, low-density domain com-
tually are. Because of this artifact, Fig. 3 suggests that irpletely fills the trough. In this case the long-range attraction
some cases the aggregated particles touch each other. Cageasily missed. Further increase of the detergent concentra-
versely, the particle distance in closest approach is about fon (results not presentedid not further change the picture.
wm which is twice the particle diametgsee Fig. 8)]. Figure 3d) depicts the monolayer after extensive purging
The particles were always spread on detergent-free watef> 10X subphase volumewith detergent-free water. We ex-
NaCl (1 mM) was added to the subphase in order to achievgpect most but not all of the absorbed detergent to be removed
a well-defined electrostatic screening leng®2] of x 2  from the particle surface. Aggregates have formed again.
~9.5 nm. Octylglucosidén-octyl-8-D-glucopyranoside, Al- There is an “edge effect” in the sense that the particles at
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the domain boundaries are closer to each other than the pasr, equivalently,

ticles in the center. The same edge effect was already seen

immediately after spreading. Also note that the particles are L( . —R(r)) _
depleted immediately outside of the domains boundaries, in- R(r)\ oar or D(p)
dicative of a long-range repulsive interaction. Upon repeated

addition and removal of detergent, statesand (d) disap- Equation(3b) holds for all values of and ¢ independently.
pear and reappear in a fu”y reversible way. However, theTherefore, the eXpreSSionS on the left- and right'hand'SideS
state found right after spreading is not recovered. Probablynust both be constant. We term the separation constént
the initial structure of the system is to some extent affectedt Will turn out thatmis an integer, and labels the different
by the rather turbulent spreading process. Also, some of th&odes. The modes are the orders of a multipole expansion.
strings seen in Fig. (@ may have irreversibly ruptured by Equations(3) then read as

(92
Wq)(@))' (3b)

the addition of detergent. P
a—zq’m(@D):—mz‘Dm(@), (48
IV. THEORY ¢

In this section we calculate of the interaction enef§ig Jd d 5
between two particles as a function of their relative orienta- rﬁr ERm(r)—m Rmn(r), (4b)
tion and separation. From our point of view the dependence . _

of the attraction on the detergent concentration proves tharhich are fulfilled by the functions

surface tension must be somehow part of the picture. The _

proposed mechanism is based on distortions of the water (@) =Pmocodm(e—¢mo)), (5a)
surface caused by nonuniform wetting. Interactions of this R(1)=R, g ™ (5b)

kind have been discussed in the literature by different au- m mo -

thors but have never been explicitly put into the context of ¢ coefficientsR, o, @m0, and ¢, follow from the

2D colloidal aggregatef31-33. We first derive an expres- q,ndary conditions. The sphere and the water surface inter-
sion for the height of the water surface around an isolatedqct at the contact radius which is close to the particle
particle. This is then translated to an excess @#®areated “radiusR unless the contact angle is very low or very high.

a.t the air-water interface._ The energy cost per partigle ISve decompose the height of lifgr,,¢) into multipoles
simply SE= vy4S, wherey is the air-water surface tension. according to

In a second step, we derive an approximation of the excess
area around two interacting particlésand B. Knowing the *
single particle term one can calculate the interaction energy h(re,@)= 2>, Hpcodm(e—¢mo), (6)
as SE xg~ y(8Sag— 6Sa— 8Sg) [see Eq(18)]. m=2
Since all length scales are_below the (_:apillary length Ofvvith expansion coefficients!,, and phase angles, . The
A" 1=2.7mm, effects of gravity may bg ignored, and _the refactorH,, is equal toRy, of s "® 0. Monopoles'(n:O)
pressure drop across the water surface is zero. According e forbidden because there is no external force like gravity

dragging the particles away from their optimum height. In
"féct, for heavy enough particles the monopole term becomes

sume that the slope of the water surface is small everywhergIIOWed and our formalism reduces to the result of k2]

(jf('? )’)a\r/]v?tr:vit?heerelfgr?ai%p?)gg?;? ;hrfdrpea)ntﬁgr\l/:églre P¥he dipole term h=1), is forbidden because there is no
wat r(f vel. In the foll pwin wp lind ’;P rdinate external torque rotating the particles away from their opti-
ater level. € following we use cylinder coordinates - ., ., qgrientation relative to the water surfaf®5]. This

and ¢ centered_ around the sphere. According to the YoungTeaves the quadrupole tenm=2 as the lowest allowed mul-
Laplace equation we have

tipole order.
19 9 1 & Equation (5b) states that the different multipole orders
Ah(r,¢)=|= —r —+ — —5|h(r,¢)=0. (1) decay with an inversg power equal to the multipole order.
ror or r°de The quadrupole order is the lowest allowed order and decays

) ) ) ) asr 2. For a long-range interaction the quadrupole term is
There is a certain analogy with 2D electrostatics, where the most important one. We therefore confine ourselves to

takes the role of a potential and a rough meniscus correhe quadrupole term in the following. It is given by
sponds to a charge distribution. To solve the Young-Laplace

equation we write the functioh(r,¢) as a product, re)?
! eyasan N g =Hacos2ie— a0l | . (1)
h(r,e)=R(r)®(¢), 2
where the prefactoH, gives the height of the meniscus at
where the function®(r) and®(¢) only depend om and ¢, the contact line.
respectively. The Young-Laplace equation then reads We now calculate the “self-energy” of an individual par-
ticle. It is equal to the excess area times the surface energy.
The excess areéS is the difference between the surface area
S* and the projected surface ar&aFirst we consider an
(3a) infinitesimal elementdS* =dx* xdy*. We use a local co-

(140 4 (1 9
= ——rﬁR(r))CD((p)-i- r_zﬁ_(;qu)((P))R(r)'

ror
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ordinate system rotated such that the slope is a maximum
along they coordinate, that isgx=dx*. Fordy* we find

dy* = Vdy?+dh?

dh 2 1/2
i 2
dY) d }

—dyJ1+(Vh)?

%{dszr
8

1 / boundary C
~dy| 1+ =(Vh)?|, . .
y( 2 (Vh) ) FIG. 4. Sketch of the geometry and some variables. By virtue of
o the first Green identity the integral over the a®#& transformed
resulting in into an integral over the boundafy. Since the integrand vanishes
at infinity, only the linesC, andCg have to be evaluated.

8(dS)=dS —dS=dx dyt (Vh)2 9)
or 5EAB=%f (V(ha+hg))?— (Vha)?— (Vhg)2dS
oo 2
o= | iwnindear (10 ~y[ vha vheas 14
In the quadrupole approximation, one has The integral over the area can be transformed into an integral
5 9 over the boundary by the first Green ident{ig;36]
J 1/ 90
Vh-Vh~((9—rh<2> . (—h<2>)

thBVhAdszf hB(thA)dC_f hBAhAdS,
S C S

=4H3rdr ¢, 11
are (11) (15)

The self-energypE= y4S is . . .
whereSis the area an€ is the boundary. We illustrate the

o geometry and the definition of some variables in Fig. 4. The
5E~27H§f§277f r~°rdr boundaryC consists of three closed curves, which &g at
F=re infinity and C, andCg at the meniscus of the particlasis

=7-ryH§. (12) a unit vector perpendicular to the boundary pointing away

from the area of integration. The second term on the right-
The prefactorH, can be estimated from typical values of hand side of Eq(15) is zero according to the Young-Laplace
contact angle hysteresis, which we here chooseA#@s equation. _ . .
=10°. A typical value for pinning-induced deviations from  With the Green identity the integral over the area was
the ideal contact line iH,~3 RXA#~50nm, which is transformed into an integral over a line. Since the integrand
about 10% of the particle radius. With these input paramfalls off asr™> asr—co, the line integral over the outer
eters, the self energgE comes out to beSE~4 10 163  borderC, is zero. Only the boundaries of the particleg
~10°KkT. and Cg remain. Assuming for simplicity that the two par-

In a second step we calculate the interaction between twticles have the same quadrupolg Woment, it is enough to

particles with a center-of-mass separatioriThe interaction —consider onlyCg and multiply by 2 to account fo€, . As-
energydE g is given by suming that the distandeis much larger than the radiug

one can Taylor expand the fieMh, at Cg as

OEag= y(0Spg— 6Sp— 6Sp), 13
Vha(r)=Vha(0)+r-(VeV)hu(0)

with 6S,p the surface area around the interacting particles,

and 8S, and 8Sg the surface area around the isolated par- _2c082¢,)  6rcodo+2¢a)
ticles. In the following we make use of the “superposition ) L3 L4

. . . . . ~H.r i . y
approximation”[23]. We consider potential fields, andhg del 5 S|r(2¢A)_ 6r Sin(@+2¢,)

emanating from hypothetical isolated partickesndB. For 3 1
interacting particles the boundary conditions at the particle L L

surfaces would have to be fulfilled not just by these fields (16)
emanating from the individual particles, but by the total field

around the interacting particles. This is a rather complicatedvhere bold symbols indicate vectors,is the outer product,
problem. We assume that the fidig is small at particleB, and ¢, and g are the orientations of particlésandB (Fig.
and vice versa. Then the inverse power laws from &j. 4). The anglesp, and ¢g are defined relative to the line
match the boundary conditions and the total fiejg is just  joining the particleqthe “bond”). We have chosen a local
the sumh,+hg. Inserting Eq.(10) into Eq. (13) yields. coordinate systemr(¢) centered at particl®. In this coor-
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dinate system, particla is located at [, ). With this Tay- 27
lor approximation the integral from E¢L5) over the lineCg L hg(n-Vha)dC= fo —hg(ro)rcde - Vha(0)
is B
2
+ j —hg(rore®re d@] .
0

hg(n-Vha)dC
fca a(N-Vha) X (V@ V)hu(0), (19)

2w _
= H%rgJ' cog2(¢p— @B)]( CQS(’D)) wherer is a vector of lengthi,. The first and second terms
D —sin(e) in curly brackets are the dipole moment and the quadrupole
moment of particleB. (V®V)h, is the curvature tensor of
field h, . The gradient term vanishes if the coordinate system
is rotated suitably35]. Since the dipole term vanishes, the
2siN2¢p) 6resin(e+2¢,) spheres are attracted to locations of high surface curvature.
L3 - L2 This is the analog of the interaction of electric quadrupoles
with gradients of the electric field. It is well known that
) re electric quadrupoles interact with a force proportional to the
=—6mH3c042(eat ¢p)l {7 (17 inverse sixth power of distance. Note, however, that the
power laws of interaction depend on dimensionality. In two
dimensions the interaction between two electric charges
The total interaction energ§E g is scales the logarithm of distance, not as the inverse distance.
Electric quadrupoles in two dimensions interact with a po-
tential proportional to. =4, not toL ">, as in three dimen-
5EAB=27f hg(n-Vh,)dC sions. The same power law &f # is found for the “capil-
Cg lary quadrupoles.
Before discussing the consequences of our model, we

—2c082¢p) 6r.Cogo+2¢p)
A L?

rede

4

4

r : ; ; ]
_ 2 Te again summarize the assumptions. These @ea small
= ~12myH3co92(eat el {2 slope of the water surfacéh) the neglect of multipole orders

4 higher thanm=2, (c) the superposition approximation, and
. e (d) a Taylor expansion of the field emanating from one par-
~—12co$2(eat ¢e)]a OF. (18 ficle around the center of the other particle. The first approxi-

mation is fulfilled provided that the meniscus irregularities
are small compared to the particle diameter, which seems

The factor of 2 in the first line accounts for the two reasonable as long as the contact angle hysteresis is not ex-
boundarieC, andCg . Equation(18) is the central result of ceptionally large. The three latter approximations all require
the calculation. The two particles will first rotate relative to |arge interparticle distances.
each other until the angle-dependent prefactor is a minimum, This leaves the question of what happens at small dis-
and then be attracted to each other. The capillary interactiogances. The picture is complicated because many multipole
in quadrupolar order scales as the inverse fourth power dbrders come into play. However, it is clear that the distance
distance. dependence of the attractive force must become weaker. As

The interaction energysE,g may very well be much we show in the Appendix, the potential may even become
stronger than the thermal energy. With pinning-induced repulsive at very small distances. In a situation where the
deviations from the ideal contact line of 50 nm, a particleattractive capillary interaction depends on distance with an
diameter of 1um, and an interparticle distance of twice the inverse power of less than 3 the electrostatic dipole-dipole
particle diameter, one findSEg~5x10'%kT. In order to  repulsion (scaling asL~3) will sooner or later take over
further assess the strength of the interaction, wed&{z  again. In between these regimes there is a minimum of the
equal tokT, and derive the maximum separatibp,,, for  interaction potential defining the equilibrium distance. Al-
which the interaction is still comparable to the thermal en-though a quantitative calculation of the equilibrium distance
ergy scale. UsinggE~7yH3 [Eq. (12)], H,=3 RAG, (A9 s difficult, it is still reasonable that the assumptions used for
~10° is the contact angle hysteresis,~R=0.5um, and the derivation ol ~* law become invalid when the interpar-
ea= =0, we find a maximum range df,,,~15um. A ticle distance is comparable to the particle diameter.
second criterion of the strength of the interaction could be The overall potential between two spheres is the result of
the minimum size of particles which still “feel” the capil- a superposition of capillarity and electrostatics. The electro-
lary attraction. Settind- =4r., SEag=KT, r.~R, op=¢p static interaction is mainly given by a dipole-dipole repul-
=0, and A9=10°, we find a minimum radius oR,,, sion, as discussed by Pierangk], and further elaborated by
~7nm. The capillary attraction should therefore be sizableHurd [37]. It scales as ~>. The electric dipole is formed by
well down to the nanoscopic range. the particle itself and a cloud of counterions located under-

At this point the analogy with 2D electrostatics is againneath it. Possibly, other Derjaguin-Landau-Verwey-
helpful. Electric quadrupoles are attracted to regions with @verbeekDLVO)-like repulsive interactions also come into
high electric field gradient. To emphasize the analogy, weplay when the distance between the particle surfaces is less
combine Eqs(16) and(17) into the form than the Debye screening length. Figure 5 schematically de-



PRE 62 LONG-RANGE ATTRACTION BETWEEN COLLOIDA. . .. 5269

electrostatic
dipole—dipole repulsion (L)
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I /’ capillary attraction (L)
|
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FIG. 5. Sketch of the overall potential including electrostatic
contributions. For simplicity, the van der Waals minimum corre-
sponding to particles touching each other is omitted. At large dis-
tance the electrostatic dipole-dipole repulsion scaling a&domi-
nates. As the particles approach each other the capillary attraction
scaling ad ~* comes into play. There is a local maximum acting as
a barrier for aggregation. At distances lower than the barrier dis- FIG. 6. lllustration of the formation of linear aggregates. The
tance the capillary attraction is strong enough to overcome the eled)ot shows the curvature of the meniscus around two interacting
trostatic dipole-dipole repulsion. However, when the particle dis-particles, with minima at the sides of the péiop and bottom part
tance becomes comparable to twice the particle diametet, tle  of the picturg. Bright areas correspond to regions with a large
law for capillarity no longer holds and the capillary attraction levels difference between the eigenvalues of the curvature tensor. Since a
off. Dipole-dipole repulsion again takes over. third particle will be attracted to regions of high curvature, it will

attach at the apex of the existing agglomerate, and thereby extend

picts the interaction potential, including capillary attraction its length. The bond angles between successive particles in a chain
should exceed 120°.

and electrostatic repulsion. At large distances the dipole®

dipole repulsion ¢ +L~3) exceeds capillarity € —L %), , , .
and the potential is repulsive. As the particles approach eac:'r?r COS(3pp—3¢cs) Where g is the phase angle of the

other the relative strength of capillarity increases until it e3<apo!e of parnc!@. Slr)ce t_he Interaction Sjgpe_nds on both
overcomes electrostatics. The maximum between the repul¥s* #c) and (20— 3¢c 3), it depends orpg individually,
sive and the attractive part acts as an activation barrier fos Well. When minimizing the energy including higher mul-
particle clustering. Finally, at a distance of about twice thellPole orders there is a dependence on the bond angle.
particle diameter the ~* law is no longer valid. The capil- _ Multiparticle interactions may also lead to anisotropy.
lary attraction levels off and electrostatics again takes overcOnsider, for instance, the interaction of a third particle
Before this happens there is a minimum in the interactionVith the dimerA-B. Using the analogy with electrostatics,
energy, which determines the two-particle distance. one can assume that the third particle will be attracted to
The issue of anisotropy is somewhat subtle. Our experif®9i0ns of high local surface curvature. The latter can be
ments give evidence that there is preferential formation offumerically calculated quite easily even for complicated ge-
strings and disordered clusters. Would an interaction like th@Metries. Figure 6 shows the results of such a calculation in
one described here explain such an anisotropic particle ass- contour plot. Assuming that the third particle can only
ciation? The question can be rephrased to the following: iffPProach the dimer to a distance down to about twice the
the orientationgg of particle B with respect to the bond particle diameter, one sees that a thlrd_ par.tlcle will prot_)ably
between particles and B is fixed, will the interaction po- attach at the apex of the dimer, not at its side. The region of
tential with a third particleC depend on the direction of the & likely attachment is indicated with an arrow. Similar argu-
bond betweerB and C? Taking Eq.(18) at face value, the ments were raised previously in an electrostatic corj@&x
answer is no. Let us say that parti€@eapproaches the dimer
from a given direction and attempts to form a bond in this V. COMPARISON WITH EXPERIMENT
same direction. The orientaﬁon Ocf. Eq. (18)], particle B A quantitative comparison between theory and experi-
relative to the new bond is fixed and given by=¢g—a,  ment would require the calculation of many-particle interac-
where « is the angle between the two bonds. Because thgons, which is beyond the scope of this publication. Also,
interaction energysEgc depends only on thesum ¢g  the input parameters of the calculation such as the shape of
+¢¢, particleC can still find an orientatiopc which maxi-  the meniscus, are not known and vary from particle to par-
mizes the attraction, regardless of the valugpf However, ticle. However, some qualitative conclusions can be drawn
this picture ignores interactions at higher multipole ordersfrom the two-particle interaction and compared to experi-
For example, the interaction between a quadrupole and ment.
hexapole contains a term proportionallto® with a prefac- (i) The shape of the meniscus is certainly different on
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different particles. Some ‘“clean” particles will have fewer tance. One could argue that this distribution is narrower than
pinning sites than others. When tuning the interaction by thexpected for a completely random distribution of meniscus
addition of detergent, one expects a broad transition, wherieregularities. However, there is no direct relation between
the fraction of clustered particles gradually decreases accordhe minimum of the interparticle potential and the meniscus
ing to the distribution of heights of the meniscus irregulari-irregularity. Conversely, the distance of minimum interpar-
ties. Indeed, Fig. @) shows such a broad range of clusterticle energy may be given by the characteristic length where
sizes. What is not easily explained, though, is the apparerthe approximations leading to Eq18) break down. This
bimodal distribution of interparticle distances. As proposedength should be comparable to the particle diameter. The
by Ghezzi and co-workers, a complete description of thaneniscus irregularity will then affect the depth of the mini-
interaction potential may benefit from the inclusion of amum, but only to a minor extent its location on the distance
more elaborate electrostatic tef38,39. scale.

(i) Equation(18) suggests that the strength of the inter- We do not claim that nonuniform wetting provides a com-
action scales with the fourth power of the particle radilus plete explanation of all aspects of the interaction. There is a
As a consequence, clustering should be less prominent fafivid debate concerning an attraction between like charges in
smaller particles. Indeed, Refd.2] and[13] provide a criti-  aqueous solutiof38], which certainly may have a connec-
cal particle size(0.95 and 0.5um, respectively, below tion to the attractive forces encountered here. However, the
which clustering is not observed. Of course this critical sizemain experimental features are well accounted for by our
is expected to depend on experimental parameters that wiélxplanation based on capillarity and nonuniform wetting.
modify either the attractive or the repulsive contributions toParticle interaction due to an irregular contact line explains
the interaction potentialpretreatment, surface charge den-the long-range nature of the forces as well as the cluster
sity, etc) morphology. The same formalism applies to particles

(i) The long-range repulsive electrostatic interactiontrapped at other fluid interfaces like liquid-liquid interfaces
[37], should result in an activation barrier for aggregationor the membranes of foams. A nonideal three-phase contact
(Fig. 5). This repulsion is evidenced in experiment. Particlesine will always introduce excess surface area and excess
not connected to an aggregate are depleted around the aggsexface energy, and hence an attractive force. On these
gate boundariefFig. 3(a)(ii)]. grounds, we believe that capillary forces originating from

(iv) The quadrupolar interaction is frustrated for hexago-nonuniform wetting will be an essential ingredient to any
nal arrays because the optimum relative orientations cannahodel trying to describe particle interactions at fluid inter-
be reached between all particles at the same time. Indeethces.
hexagonal order is very rare unless one restricts the area
available to the system, bringing the particles so close to- VI. CONCLUSIONS

gether that thg repulsive term QOmllnates. . We have described a mechanism for lateral attraction of

(v) Frustration for multiparticle interactions because of lloidal icl he ai nterf based :
inadequate relative orientations must be the reason for thgorolda particles at the air-water interface, based on an ir-
regular shape of the meniscus and a concomitant distortion

tendency towards the formation of linear aggregdfeig. ; . .
3(a)(i)]. The increased interaction between particles at a do_c_)f the water surface. The macroscopic analog of this scenario

main boundanythe “edge effect,” Fig. 3a)(ii)] is probably is easily demonstrate_d by spreading.co'rr} flakes on a water
connected to frustration. as wéll because fewer constraint%urface' Surface tension rotates the individual flakes around

have to be fulfilled at the boundary. This may have some"’.md. pulls them _together to form_strings and r_afts. The quan-
relation with previous work on the fractal dimension of ir- titative calculation uses a multipole expansion, where the

regular colloidal aggregates at the water surface. Hurd anﬁeadmg quadrupolar term results in a net attraction depena-

Schaefef21] found a fractal dimension of 1:20.15, which ing on the inverse fourth.powgr of distance. For particle di-
is less than what is expected from models of diffusion—arnGterS of Jum, interparticle distances of Zm, and 50-nm

o . - deviations of the meniscus from the ideal straight line, we
limited aggregatiori40]. These authors explicitly suggested f(jJnd potential wells with a depth of about ‘KT,

an anisotropic interaction as the cause of this unexpecte . . . :
predominance of linear strings. Capillarity as described here To substantiate the hypothesis of a distorted contact line

may have also been of influence in these experiments we modified the particle surface by addition and elution of
Ideally, one would want to relate the two-particle interac-detergent' The Interaction rever5|bly_ dePe’?ded on the deter-
tion potential with the two-particle correlation function. gent concentration, proving that capiliarity is part of the ex-

Density-functional theory provides quantitative relations be_planatmn. _Smce the meniscus "!"e IS dn‘fgrent for_ each par-
ticle there is a broad heterogeneity in the interparticle forces.

ween th W ntities, which are, however, deriv ) .
tween those two quantities, ch are, however, derived unThe formation of hexagonal arrays is frustrated because the

der certain approximationigtl]. We did not attempt such a " entati th d bet lint ¢
comparison for a number of reasons. Most importantly, thPiMmum orientation cannot be assumed between all Interact-
g particles at the same time. Linear arrays are common for

observation of the video tapes showed that the assembly I o .
spheres is in a nonergodic state in the sense that the vari 1€ same reason..Th|s kind of capillary fprce shou!d _be of
tions in the interparticle distance are frozen in. We searche levance for particles trapped at many kinds of fluid inter-
for a transition between ergoditliquid” ) and a nonergodic aces.
(“glassy™) states, but could not reach the liquidlike state.
Clearly, the observed disorder is static and caused by the
heterogeneity in the meniscus shape.

From inspection of the micrographs in Fig. 3, one can
estimate that the width of the distribution of interparticle  The interaction potential at low particle distance is com-
distances is somewhat less than the average interparticle diglicated, and depends on the relative strengths of the differ-

APPENDIX: INTERPARTICLE POTENTIAL
UNDER NONUNIFORM WETTING CONDITIONS
FOR VERY LOW INTERPARTICLE DISTANCE
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ent multipole orders, which are not known. However, the (a)

picture again simplifies when the distance between the par y

ticle surfaceD(D=L—2r.) becomes much smaller than L SN[

both the radius . and the correlation length of the meniscus *-¥) = x,(y = T

irregularities. Because the distance between the particle suy ~[D72+y?/(2r)] RD2+yz/(2r,) ‘“‘;‘,"/ -

faces is the shortest length scale the fie{a,y) locally in- ""i“"{‘;‘“m/// : >
terpolates between the conflicting boundary conditions, thai L% ‘“}%‘I‘i/////] RN

X

o X_(y)

1
h(x,y)=~ >

)h(X(Y),Y)

5271

e

1+

"3

X+ (y)~=*
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FIG. 7. Situation for a small gap between the two spheres)
Definition of some variablegb) Height of the water surface in the
gap. For the purpose of illustration the meniscus lines have been
chosen as two incommensurate cosines. If the shapes of the dis-
torted contact lines are different on the two particles, a steep slope
of the water surface in between the particles is unavoidable, at least
at some places. The slope becomes steeper with decreasing particle
distance, resulting in a repulsive force.

8S rw (AN ay—(any| e " A3
~ ,w4D—y2 y=(Ah9| 557 - (A3
2 o,

The above calculation is limited to the gap area. Inside the
gap, the excess are#s actually increaseswith decreasing
distance, resulting in a repulsive force. Note that this in-
crease may be compensated for by the area outside the gap.
Also, it may safely be assumed that in reality the meniscus
will slip if the boundary conditions are in conflict to the
extent sketched in Fig. (). We do not claim that there
really is a repulsive force at small distances. The only point
we want to make is that the capillary interaction levels off at
small distances and certainly has a distance dependence

Assuming that the correlation length of the meniscus line isyeaker tharl. 3. Provided that this is the case, the electro-
much smaller than the radius, one may replace static dipole-dipole repulsion outweighs capillarity attraction

[h(x.(y),y)—h(x_(y),)]? by its average([h(x.(y).y)
—h(x_(y),y)1®):=(Ah?). The excess area becomes
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