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Formation of two-dimensional colloidal voids, soap froths, and clusters
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We report the observation of new pattern formation by spherical polystyrene particles trapped at the air-
water interface; namely, the formation of two-dimensional void, soap-froth, and cluster structures. The forma-
tion of the soap-froth structure depends upon the initial surface concentration of particles. The void and
soap-froth structures evolve with time. The clusters can be formed after deposition of the sample or as a result
of the evolution of the soap-froth structure. The experimental observation can be explained in terms of a
balance between electrostatic repulsive and attractive interactions. An optimum cluster size can be obtained
from an energy analysis of the systef81063-651X98)05605-0

PACS numbdrs): 82.70.Dd, 83.70.Hq, 68.98g

During the past decade, colloidal systems have been useh aliquot of the colloidal solution, drop by drop, on a clean
as model systems to try to understand phenomena that occwater surfacébioresearch grade, 18.3Mcm of resistivity
at the atomic level. For example, quasi-two-dimensional andvith a 25 wl syringe.
two-dimensional studies have been performed and have After deposition of the samples, we observed that at high
given some light to our understanding of the two- overall surface density the particles are arranged in a solid-
dimensional(2D) melting transition[1]. Pieranski[2] was like hexagonalhexatig structure[13], as shown in Fig. (8).
the first to show that charge-stabilized colloidal particles carHowever, at lower total surface density of particles, different
be trapped at the air-water interface. Using 2 particles, ~structures were observed depending on the local density. Re-
he observed crystal-like ordering, which he attributed to agions with relatively high local density developed “vacan-
stabilization due to dipole-dipole repulsive interactions.cies” that grew until they formed circular voidébubble
Armstrong et al. [3] performed expansion-compression ex- cells) of different sizes, as shown in Fig(d). When bubples
periments in a Langmuir trough with latex particles, 1.01 and’&c@me too large they deformed each other, forming the
2.88 um in diameter, to study two-dimensional melting. characteristic 2D soap-froth structure, as shown in F_|g5). 1
They found evidence of the appearance of a hexatic phasé—'i‘.nd 1d). The soap-froth structurg was formed only with par-
Onoda4] used steric stabilized colloidal particles at the air—t'cIes of 1.01, 1.78, and 2.26m in diameter. The 0.um

: i . X . particles did not form the soap-froth structure and only
water interface, with particle diameters ranging from 1 to 15formed small short-lived and not well defined voids.

pm. D.epending on the si;e of the pf';\rticle, .he observeq the The soap-froth structure evolved with the well known
forr_nauon of both reversible and_ irreversible clusterlng_,[ls] T1 or neighbor-switching an@2 or face-disappearing
which was attributed to the formation of a secondary mini-pyachanisms. In addition, we observed that a large amount of
mum in the potential, due to a combination of short-rangeingle particle rearrangement is also responsible for the evo-
electrostatic repulsive and long-range van der Waals attraggtion of the structure. At the beginning, many cell walls
tive interactions. Fractal clustering has also been observegaye more than one row of particles. As the foam structure
with silica particles at the air-water interfadé], where  eyolves, the particles move toward Plateau borders, thus
bonding of the particles was also attributed to van der Waalgost of the inner cell walls thin down to one row of particles
interactions. (colloidal chain, as seen in Figs.(&) and Xd). The forma-

In this paper we report the formation of 2D void, soap-tion and stabilization of a colloidal chain is remarkable, since
froth, and cluster structures by charge-stabilized sphericahe pair interactions between particles are isotropic. Forma-
colloidal particles at the air-water interface. Similar struc-tion of extended structures has been obsetéed and pre-
tures appear in various systems in nature and have been dicted[16] in dipolar systems of Langmuir monolayers, as a
long standing interest, from experimef-8| to theory[9—  result of a balance between dipole-dipole interactions, which
11] and computer simulationgl2]. We studied monodis- favor the formation of extended structures, and the line ten-
perse fluoresceritl3,14 particles with different diameters: sion energy, which tries to minimize boundarfdg]. In the
0.5, 1.01, 1.78, and 2.2@am. The experiments were per- colloidal soap froth, the discreteness of the system may also
formed in a Teflon Langmuir trough and the particles wereallow the formation of metastable colloidal chains.
observed with a fluorescence microscope. Careful cleaning The evolution mechanisms and the particle rearrange-
of the samples was found to be very important; we foundments serve also to drain the particles toward the edge of the
reproducible results after 8—-10 sonication-centrifugationsoap-froth structure: Plateau borders and walls at the edge
cycles with methanol, which was used as solMeh8]. Re-  get thicker. However, this thickening is not uniform, and
cently, we have observed the same pattern formation witlbome walls at the edge or parts of them remain formed by
bioclean particles[14], which have the fluorescent dye only a chain of particles. As the soap froth continues evolv-
chemically attached to the particle. We carefully depositedng, thin walls at the edge of the structure can break, allow-
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FIG. 1. Fluorescence images of colloidal particles at the air-water interf@cA.hexagonal arrangement formed by 1, colloidal
particles at high density. Note the presence of several small aggregates, doublets and triplets; these aggregates prevent long-range positiong
correlations(b) A stripe formed by 1.7&m colloidal particles develops circular voids when the local density is (oA fully developed
2D colloidal soap-froth structure formed by 2.26n particles(d) A cluster, developed after a wall at the edge broke, is about to detach from
the soap-froth structure formed by 1.@dn particles.

ing groups of particles to leave, leading to the formation ofbility of colloidal particle systems in three dimensions. This

clusters. Figure @) captures a colloidal cluster that is about potential arises from the competition between repulsive and
to break apart from the edge of the soap-froth structure; it isttractive interactions. In our system, it is clear that the re-
observed that the density of colloidal clusters around thepulsive interaction is electrostatic in nature and it is of longer
soap-froth structure increases with time. range than its three-dimensional counterg@t Medina-

A close examination of the images shows that the colloi-Noyola and Ivie\f19] have determined the exact form of the
dal particles form two kinds of pseudoparticlegigregates pairwise electrostatic interaction for colloidal particles at a
and clusters Particles in aggregates are in direct contactvacuum-fluid interface; it has the form
whereas particles in clusters are separated by an average dis-
tancea,, which depends on the diameter of the particles, but Vo(r)=(Q%er)f(ring), f(X)=2/X’[1—(1+X)e *],
is typically between 1 and 4 particle diameters. This behav- (1)
ior can be interpreted as the formation of two minima in the
total potential of the system: a depgmary minimumand a  where Q is the electronic surface charge of the colloidal
shallower secondary minimunseparated by anaximum  particle,\p is the Debye screening length, ands the in-
Therefore, the aggregates can be attributed to particles thigrparticle separation. The potential can be interpreted as
have fallen into the primary minimum, and represents thecomposed of an interaction through the vacuum plus a
thermodynamicallystable structure; after a few days the screened interaction through the fluid. The most interesting
number of small aggregates increased. Clusters can kgart of this repulsive interaction is at distances larger than
formed through the evolution of the soap-froth structure orkp, where most of the dynamical and structural properties of
directly after the deposition of the sample, being formed bythe system occur; at these distances the potential reduces to
particles that have fallen into the secondary minimum, and/o(r)=2Q2)\%/sr3, and the dipole-dipole electrostatic re-
therefore form &inetically stable structure. pulsion expression used by PierangXj is recovered.

The shape of the total potential assumed in our system is On the other hand, the origin of the attractive part of the
analogous to the classical Derjaguin-Landau-Verweypotential, responsible for the formation of the secondary
Overbeck(DLVO) theory[18], developed to explain the sta- minimum, is not clear. One possible origin can be due to
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capillary interactions. Chaat al. [20] have proposed a the-
oretical expression to calculate the capillary interaction en-
ergy for colloidal particles at the air-water interface as a
function of size. They showed that capillary interactions for
particles of the size used in our work are two to three orders
of magnitude smaller thakgT, and therefore should not be
important. Onodd4] has also estimated capillary interac-
tions in explaining clustering in his colloidal system of equal
size latex spheres sterically stabilized by sodium dodecyl
sulfate (SDS. Using the Charet al. equation and adding a
range of contact angles from 0° to 180° to compensate for
uncertainties introduced by the SDS, he estimated that cap-
illary interactions for particle diameters from 0.1 toganm
were orders of magnitude smaller thagT also. Clusters
formed in our system differ from those observed by Onoda,
however. For example, particles at clusters formed in the
system studied by Onoda seem to be in contact, and clusters
do not have a circular shape as the clusters we obtained. In
regard to capillary forces, we can consider the clusters as big
pseudoparticles compared with individual colloidal particles,
and then capillary interactions between these pseudoparticles
can become important. Another possible origin of the attrac-
tive part of the potential can be due to van der Waals inter-
actions, but due to the large equilibrium distance between
particles =1 um) we ruled out this possibility.

Recently, an interaction potential similar to the one as-
sumed in this work has been observed in quasi-two-
dimensional systemg21-23, with colloidal particles
trapped between glass plates. Remarkably, the equilibrium
distance between particles at the secondary minimum in
these systems is found to be similar to those observed in our FIG. 2. Images of colloidal clusteréa) Typical variations in

experiments: _between 1 and 3 particle _d'a_meters WIﬂ]S sizes of clusters formed by 1.Qdm particles. Note that the inter-
um latex particles. However, there are significant differenceg,ster separation is larger the bigger the clustésA big cluster
between both systems, especially regarding the repulsive p@srmed by 1.01um particles has developed voids. The small ag-
tential, in our case the repulsive potential can be consideregiegates also arrange within clusters and behave as if they were
of arising from dipole-dipole repulsive interactiof®, while  pigger particles. There exist small shape fluctuations of the clusters
in the case of colloidal particles trapped between glass platasot captured by the images.
is of a Yukawa type. The origin of the attractive interaction
is not clear in either system, thus careful theoretical consid- E1(n)=(N/yn)[Ug+(QNp)2p%?]
erations are still needed to explain it. In regard to the lack of
structure formation in our system with the articles, ag\n
we believe it is due to part?i:le interactionsqf:cgming much +N(Q/a0)2L dr f(r/xp). @
smaller than the thermal energy. °

It is not necessary to know the origin of the attractive The terms in the square brackets are the contributior&sof
potential to draw some conclusions. Although there is a disandE,. , respectively, and the second term is the contribution
tribution of cluster sizes, as seen in FigaR there seems to  of E,. U, is the potential at the secondary minimum for
be an optimum cluster size, since it is observed that bigarticles at the border of a cluster ape N/L? is the aver-

clusters are unstable due to the fact that they develop circulgge density of particles in the system. MinimizatiorEq{n)
voids that tend to break them apart to form smaller cluster§eads to an optimal number of particles,, in a cluster

as seen in Fig. ®). We can define an optimal cluster size

from an energy ar_1alysis of a system of qlusters. We assume nof(aO\/n_o/)\D)=aoUo/Q2+ ao)\%p3/2_ 3

a system ofN particles on an area XL, with clusters each

containingn particles.N/n is the number of clusters in the According to Eq.(3), if Uyad/Q?\3 is too large a big col-
system, and =L \/n/N is the mean distance between clus-loidal cluster will not disintegrate into separated smaller
ters. The cluster size depends ag and is of the order of clusterg[there is no solution of E¢3)]. Therefore, in order
ag\/n. The total energy of the system is given Bf(n) to reach clustering in the colloidal system, the condition
=Ey+Eg+E;., whereE, is the electrostatic energy of the a,U,/Q?<(\p/ay)? must be satisfied. This condition fol-
particles within one cluster multiplied by the number of clus-lows from Eqgs.(1) and (3). Although the exact values @
ters,Eg is the line tension energy of the cluster borders, ancand U, are unknown, one can also draw some conclusions
Ei. is the intercluster electrostatic energy. Using pairwiseaboutn, since the parametet,U,/Q? is not small and can
interactions, it can be showi24] that be estimated to be of the order of 1-10. This follows from
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the experimental fact of the existence of a condensed colloifroth structure that evolves to the formation of smaller clus-
dal systen{Eq. (3)] and the clustering condition. Normally, ters, which develop from the edge of the soap-froth structure,
the Debye screening length is not too different comparegresumably closer to the equilibrium size.

with a,. So, one can estimatay~C(\p/ag)? where C We have shown an interesting phenomenon that occurs in
~1-10. These values correspond to the experimental obsegolloidal systems: the formation of two-dimensional colloi-
vation of clusters being formed by a few tens of particles. Ofgal voids, soap-froth, and cluster structures, which resemble
course, according to Eq3), the increase on the concentra- the dynamics and lead to static features observed in other
tion of colloidal particles results in the increase of C|U3tersystems. Two- and quasi-two-dimensiof2l—23 colloidal
size, and at sufficiently big there is no clustering, and the gystems have shown a richer behavior than thought before,
system can form a continuura cluster filling the whole |y 5 satisfactory theoretical explanation of the particle inter-
surface of colloidal particles separated by a distance corre i is still needed. On the other hand, the study of the
spondmg to the seconc_iary minimum; this also corresponds t8oarsening of the colloidal soap froth can be very important,
experimental observation.

; . . . specially because it has predicted universal evolutive laws
The observation of an optimum cluster size has importan

. f soap-froth structurefs,15]. A detailed study of the evo-
consequences for the formation of the soap-froth Structurg ion will be presented elsewhef24]
Experimentally, it is observed that the initial stage of the '
soap-froth structure originates from a region with a high lo- We wish to thank M. Medina-Noyola, J. L. Arauz-Lara,
cal density of particles. One can consider this region as and A. Robledo for stimulating discussions. We also thank
huge cluster, which is far out of the equilibrium size. TheC. M. Knobler and M. Wortis for helpful comments. B.L.I.
system will try to minimize its energy by breaking it apart, acknowledges support from CONACYMexico) through a
and out of the many ways it can be done, the system choosé&atedra Patrimonial. This work was supported by
the nucleation of voids and the further formation of the soapCONACYT under Grant Nos. 2072P and F352.
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