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1. INTRODUCTION.
The invention of uniformly sized, polymer micro-spheres in 1950s provided the
possibility for a direct optical observation of various equilibrium structures and dynamic
processes in two dimensions (2D). These include 2D-phase transitions, particle aggregation,
deposition on solid surfaces, fracture of 2D particulate layers, and many others. The initial
interest was driven mainly by the possibility for direct observation and precise quantitative
analysis of these complex phenomena, which include many-body interactions and are of great
interest for the condensed matter physics. The optical observations have been often combined
with computer experiments, in which the collective properties of the particles are simulated.
During the last decade, the research interest shifted to a large extend towards the mechanisms
and procedures for controlled fabrication of new 2D-structured materials, which possess
unique optical properties and has a potential for various applications in nanotechnology.
The purpose of this paper is to present a brief overview of several research areas where
the dynamics of colloid particles in two dimensions is studied. The review covers the
following topics: determination of the rheological properties (surface viscosity and yield
stress) of adsorption surfactant layers and lipid vesicles by studying the dynamics of single
particles; aggregation and ordering of particles on surfaces and in thin films (2D fractals,
colloid crystals and phase transitions); mechanism of particle deposition on solid surfaces in
evaporating layers (preparation of structured nano-materials, painting); effect of particles on
the stability of liquid films (oscillatory structure forces, antifoaming). Since the available
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space is restricted, we present only the main ideas and conclusions with emphasis on the
relations between the different areas. For details, the reader is referred to the original papers.
First, we briefly introduce the basic terms, which are used to describe the
configuration of solid particles attached to an interface or captured in a liquid film. The threephase contact angle, a (see Fig. 1A), is experimentally measurable quantity, which brings
information about the interfacial energies of the contacting phases [1-3]. According to the
Young equation, the equilibrium contact angle measured through phase 2, a2, can be
expressed as
cos a 2 = (s 13 - s 12 ) / s 23

(1)

where sik is the energy per unit area of the interface formed between phases i and k. For the
fluid interface (formed between phases 2 and 3), s23 is equal to the interfacial tension, which
can be measured by various methods [1]. On the other side, the direct determination of the
solid-fluid interfacial energies, s12 and s13, is a difficult task, and the contact angle
measurement is one way to gain information about them [1-3]. We refrain from discussing
here all complications related to the differences between the equilibrium, receding and
advancing contact angles (viz. the contact angle hysteresis), as well as the specific difficulties
in the contact angle measurements with solid surfaces, because these are very wide topics,
which are beyond the scope of the paper (see e.g. refs. [2, 3]).
If one of the phases is water, the contact angle is usually, by convention, defined
through this phase (i.e. phase 2 in Fig. 1A is water). Depending on the respective interfacial
energies, a2 can be below 30 degrees (hydrophilic particle), between 30 and 90 degrees
(partially hydrophobic particle), and above 90 degrees (hydrophobic particle). The energy for
transfer of a spherical particle from the bulk of phase 2 to its equilibrium position on the
interface is given by the expression [4]

U A = pR P2 s 23 (1 + cos a 2 ) 2
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(2)

where RP is the particle radius. For nanometer and micrometer sized particles, UA usually
exceeds the thermal energy kBT by many orders of magnitude, unless the contact angle is very
small, a2 ® 0.
The term liquid film refers to a liquid phase, which is restricted in one dimension - see
Figure 1B. Four types of liquid films, depending on the contacting phases, are usually
distinguished [5]: (1) foam films, gas-liquid-gas, (2) emulsion films, liquid-liquid-liquid, (3)
suspension films, solid-liquid-solid, and (4) wetting films, solid-liquid-gas or liquid-liquidgas. The latter are termed also "pseudo-emulsion films" in the literature. The liquid films are
often considered as thin or thick, in relation to some characteristic scale. The meaning of these
terms, however, can be different in the various research problems. From the viewpoint of
liquid film thermodynamics, thin is a film whose thickness is comparable to the range of
surface forces (van der Waals, electrostaic, etc.) acting between the two film surfaces. The
complete thermodynamic description of such thin films requires one to take into account the
surface forces, e.g., via the disjoining pressure [6-9]. Thick is a film, for which the interaction
between the two opposing film surfaces can be neglected (typically, for h > 100 nm). In
hydrodynamic problems, the film is usually called "thin" when its thickness is much smaller
than the film radius ( h << R F ) and one can use the so-called “lubrication approximation” [10,
11]. Note that even films of millimeter thickness can be considered as "thin" according to this
definition. A third definition is used in the consideration of films containing solid or fluid
particles - the film is thin if the particle size is comparable to (or larger than) the film thickness
and vice versa.
2. DYNAMICS OF PARTICLES ON FLUID INTERFACES.
2.1. Determination of the Surface Shear Viscosity and Yield Stress of Adsorption Layers and
Lipid Vesicles.
The presence of adsorbed surfactant or polymer molecules on fluid interfaces leads to
detectable rheological properties of the interface, such as shear and dilatational viscosity and
elasticity [10]. The rheological behavior of the fluid interface is found to play a significant role
in various technological processes like formation and transportation of emulsions and foams,
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film coating, spraying, ore flotation, oil recovery, etc. [10]. This role is particularly important
in foams and emulsions [10-14], where the surface to volume ratio is very high and the
interfacial layers can be rather viscous (e.g., in protein stabilized systems). That is why,
numerous experimental methods have been suggested in the literature for determination of the
surface viscosity [10, 15-24]. Most of these methods, however, are of low sensitivity and only
one of them (rotating knife-edge viscometer) can be applied to adsorption layers of soluble
low molecular mass surfactants [22-24].
The motion of a particle, which is attached to a fluid interface, is affected by the
presence of adsorbed molecules, due to the increased viscous friction in the adsorption layer
[25]. Therefore, one way to retrieve information about the interfacial rheological properties is
to study the motion of attached particles, under the action of well-defined external force. This
idea was utilized in refs. [25, 26], where the drag coefficient of a small spherical particle,
attached to air-water interface (bare or covered with surfactant monolayer), was measured.
The particle was set in motion under the action of a lateral capillary force, FL, which is created
by a vertical solid wall, used to deform the fluid interface under a controlled manner - see Fig.
2A. The interfacial deformation leads to capillary attraction or repulsion between the particle
and the wall, depending on the shape of the meniscus and on the particle mass density [9, 27,
28]. The physical background of the capillary forces and the detailed derivations of the
respective formulae are presented in refs [9, 27-29]. For this particular problem, one can use
an asymptotic expression [27, 28]

[

]

FL = - ps 2rC sin y C q H e - qx + q 3 rC2 H 2 e -2 qx ;

xq>>1

(3)

which is valid for large particle-wall separation, x, as compared to the capillary length, 1/q,
which characterizes the range of the capillary interaction and is defined as

q -1 = (s / D r g )1 / 2

Dr = r I - r II

(4)

s is the tension of the fluid interface, r I and r II are the mass densities of the lower and

upper fluid phases, and g is the gravity acceleration. In equation (3), H characterizes the
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deformation of the interface (see Fig. 2A), rC is the radius of the three-phase contact line on
the particle surface and yC is the angle, characterizing the meniscus slope around the particlefluid interface contact line (yC can be calculated from the particle mass density and the contact
angle a2, as explained in ref. [28]).
The drag coefficient of the particle was determined by comparing the measured
particle trajectory, x(t), with the numerically calculated one by solving the equation of motion

m&x& = FL - f d b s x&

(5)

In Eq. (5), &x& and x& are the particle acceleration and velocity, respectively, FL is the lateral
capillary force calculated by Eq. (3), and m is the particle mass. The dimensionless particle
drag coefficient, f d , (equal to the actual drag coefficient of the particle, b, normalized by the
Stokes coefficient, b s = 6 p h R P ) was obtained as an adjustable parameter from the numerical
fit to the experimental data. To test the method, the authors investigated [25] the dependence
of the particle drag coefficient on the three-phase contact angle for pure air-water interface
(negligible interfacial viscosity and elasticity). In this case, theoretical values for f d are
available from the hydrodynamic model developed in ref. [30]. A comparison between the
experimentally determined values of f d and the theoretical predictions, is presented in Fig.
2B for three different values of the particle contact angle. One sees that the agreement between
the experimental points and the theoretical curve is very good, with no adjustable parameters
being used in the theoretical calculations.
The same experimental procedure was applied to measure the surface shear viscosity
of adsorbed surfactant monolayers [26]. In this case, the measured drag coefficient of the
particles is larger, due to the viscous friction in the adsorption layer (compare the slopes of the
lines shown in Fig. 2C). From the values of f d one can calculate the surface shear viscosity
by using the hydrodynamic model from ref. [30]. The method was applied to three types of
surfactants (anionic, cationic, and nonionic) - the surface viscosity of their micellar solutions
was determined, see the results shown in Fig. 2C. Note that the method is extremely sensitive
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and can be applied to layers of low molecular mass surfactants, which exhibit surface viscosity
less than 10-6 Pa.m.s - such low values are undetectable by most of the other methods.
The same experimental set-up (Fig. 2A) was used recently [31] to characterize the
elastic properties of protein layers of b-lactoglobulin, adsorbed on air-water interface. The
lateral particle displacement (in the plane of the adsorption layer) was observed, as a result of
oscillatory vertical motion of the barrier with gradually increasing amplitude, HMAX. If the
layer behaves as a purely elastic two-dimensional membrane, the particle returns to its initial
position at the end of each oscillation of the barrier. However, when the lateral capillary force,

FL, exceeds a certain threshold value, an irreversible displacement of the particle is observed.
Thus one can register the threshold capillary force, at which the particle overcomes the
restoring elastic force of the protein layer, and to estimate the respective yield stress by using
an appropriate model. Since very small lateral capillary forces can be exerted on the particle, it
is possible to probe very low values of the yield stress. The data reported in ref. [31] were in a
very good agreement with results obtained by other authors with different methods [32, 33].
2.2. Particle Dynamics in Lipid Membranes - Probing the Membrane Viscoelastic Properties.
The shear viscosity of bio-membranes, hS, is believed to play an important role in the
lateral motion of membrane inclusions [34] and in dynamics of cell deformation [35]. The
lipid bilayers are considered to be the simplest model of bio-membranes. Most of the literature
data on shear viscosity of lipid membranes are obtained by fluorescence techniques [34],
which allow one to measure the diffusion coefficient, Dmol , of molecular probes embedded in
the membrane. The probe is usually modeled as a disk moving inside a continuous layer [36]
and h S is calculated from Dmol on the basis of theoretical models. A conceptual difficulty in
this approach is created by the fact that the probes are of molecular size, whereas the
theoretical models consider them as macroscopic bodies moving in a two-dimensional
continuum.
A new method, called “falling ball viscometry” was recently suggested, in which the
dynamics of a micro-particle, attached to a lipid bilayer, was studied and interpreted in terms
of the membrane rheological properties [37-41]. The experiment is performed with "giant"
unilamelar vesicles, obtained by the electroformation method [42, 43] in an optical cuvette. A
6

latex or glass sphere of diameter in the range between 0.5 and 10 mm is put in contact with the
vesicle wall by using a long-working-distance laser optical trap [44]. The experiments show
[43] that the latex particle adheres to the vesicle wall and acquires an equilibrium position
with a finite contact angle a (Fig. 3). Afterwards, the laser optical trap is switched off, the
particle starts moving along the vesicle surface under the action of gravity and Brownian
forces, and the particle trajectory is monitored by a microscope connected to a video-camera
(cf. Fig. 3B). To interpret adequately the experimental data, the authors developed a complex
hydrodynamic model [41], which accounts for the effect of the finite size of the vesicle on the
circulation of the internal fluid. For glass spheres of micrometer size, the Peclet number,
~
~gR
Pe = m
/ k B T , which is a criterion about the importance of the gravity force as compared
to the stochastic Brownian force, is greater than 50, and the particle motion is described by the
non-stochastic equation [37]
~ dq
~ g sin q = z R
m
dt

(6)

~ g is the particle weight corrected for buoyancy, q is the polar angle defined in Fig.
where m

~
3A, t is time, and R is the distance between the vesicle and particle centers. For small
particles (Pe < 50) the particle drag coefficient is more precisely determined from the particle
translational diffusion coefficient, D, through the Einstein-Stokes relation, D = k B T / z . The

diffusion coefficient in the limit of short times, Dt ® 0 , is determined from the equation (cf.
Fig. 3B) [38]

(Dq)2

=

[(sin q)Dj]2

2D
= ~2 Dt
R

(7)

By using the hydrodynamic model from ref. [41], the authors determined the intrinsic surface
shear viscosity of the fluid lipid bilayer from the measured drag coefficients of the particles
[44]. The comparison with data of other authors [35], showed a relatively good agreement.
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2.3. Ensembles of Particles at Air-Water and Oil-Water Interfaces.
In the following several sections we describe results obtained with ensembles of
particles, where the interactions between the particles play a crucial role for the structure and
dynamics of the system.
One of the most interesting and beautiful applications of dense 2D particle arrays for
simulation of the dynamics of complex atomic systems was described more than 50 years ago
[45]. By blowing a large number of monodisperse millimeter-sized bubbles, Sir Lawrence
Bragg and J. Nye formed dense mono- and multilayers on the surface of a soap solution. The
formed bubble arrays exhibited the main structural characteristics of the metals, such as grain
boundaries, dislocations, and disclinations. The structural transformations during various
dynamic processes (annealing, re-crystallization, motion of dislocations, shear motion,
compression) were observed and analyzed with respect to the metal structure. Following this
line, many researchers have used this "analogue model" for studying the structure and
dynamics of close-packed 2D crystals [46, 47].
In other studies, dense particle monolayers were studied for probing the lateral
interactions between colloid particles attached to an air-water or oil-water interface [48-50].
The layers were compressed in Langmuir trough, the lateral surface pressure was measured as
a function of the interparticle spacing and interpreted in terms of the interparticle forces. An
interesting conclusion from these studies is that the 2D collapse pressure for particle
monolayers is equal to the surface tension of the liquid (both for clean surface and in the
presence of surfactant) - an experimental fact, which is explained by the microscopically
observed "buckling" mechanism of collapse [50].
A useful information about the general mechanism of particle aggregation in colloid
systems could be obtained by direct optical observation of the aggregation process in two
dimensions [51-54]. For this purpose, a loose layer of particles is formed on an air-water or
oil-water interface, and the dynamics of the particle assembly is observed and analyzed with
respect to the particle-particle interactions and aggregate structure. Thus Onoda [51] observed
the dynamics of reversible cluster formation of latex particles, floating on air-water interface.
The particle diameter was varied between 1 and 15 mm. The author found that the rate of the
clustering process and the degree of ordering depended significantly on the particle diameter.
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The clusters from small particles were typically well ordered. Furthermore, these clusters were
in dynamic equilibrium with a "vapor" of single particles. On the contrary, the clusters
obtained from large particles tended to be dendritic (fractal) in shape, because the cluster
rearrangement was extremely slow after the particles joined. Taking into account the van der
Waals, electrostatic and capillary interactions, the author estimated, that the particle-particle
interaction energy varied from 0.2 kBT (for 1 mm particle) to 10 kBT (for 10 mm particle), with
best order observed for 2 mm particles when the pair interaction energy was around 1 kBT.
A series of experimental studies, in which the aggregation of modified glass beads (3075 mm in diameter) at the air-water or octane-water interface, was published by Hórvölgyi and
co-workers [52-54]. The growing fractal structures were characterized by particle density
functions, which show how the particle number density changes with the aggregate size. The
authors estimated the interaction energies between the adsorbed particles, taking into account
the van der Waals, electrostatic, hydrophobic and capillary interactions. By varying the ionic
strength of the sub-phase, the authors were able to control the particle interactions and the
regime of aggregation. They found that at low electrolyte concentration, when restructuring of
the already formed aggregates is possible, the fractal dimension of the aggregates depends on
the aggregate size and on the experimental conditions (particle hydrophobicity and electrolyte
concentration). If, however, the electrolyte concentration was above a certain value, so that the
electrostatic repulsion between the particles is suppressed and the restructuring of the
aggregates became impossible, the fractal dimension was independent of the particle
hydophobicity and on the ionic strength [54].
The role of the particle-particle interactions on the aggregation process was
theoretically studied in a series of papers by Meakin [55-58]. He showed that the so called
diffusion limited cluster-cluster aggregation model is most realistic among the basic models
suggested for description of the aggregation in colloid systems. However, Meakin showed the
computer model should be extended to include a variety of processes, which are observed in
the real systems, such as reversible attachment/detachment of the particles [55], rotation of the
clusters around a point of single contact with another cluster [57], random breaking of bonds
in the clusters [56], etc. In general, the combination of computer simulations with experiments
on actual colloid systems was very fruitful in revealing the general characteristics of the
aggregation processes [58].
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3. DYNAMICS OF PARTICLES IN THIN LIQUID FILMS
3.1. Phase Transitions in Two-Dimensional (2D) Colloid Systems.
The basic experimental technique used for observation of 2D phase transitions is
schematically shown in Fig. 4A [59-63]. A thin liquid layer, containing monodisperse
particles, is formed between two rigid walls, which are slightly inclined toward each other, so
that the thickness of the formed slit, h, gradually changes. The suspension in the slit is set in
contact with a large reservoir containing a 3D colloid crystal. The particles in the slit are
observed by an optical microscope through the transparent glass walls. After allowing the
system to equilibrate, which might take days, one can investigate how the particle arrangement
in the narrow slit depends on the local film thickness, h, particle concentration, CPB, and ionic
strength. The particle trajectories can be tracked and analyzed by a specialized computer
software, so that a number of quantitative characteristics, such as various space and space-time
correlation functions, mean-square displacements, and others, can be extracted. In some
studies [60], the imaging techniques were combined with light diffraction, which allowed the
experimentalists to explore both the long-range crystal symmetry and the short-range particle
structuring.
The experiments showed [59-62] that the equilibrium particle structures in narrow slits
follow a general sequence, which is schematically presented in Fig. 4B. In the thinnest region,
where h is smaller than the particle diameter, no particles are found. In the neighboring region
with thickness slightly larger than the particle diameter, the spheres arrange in a monolayer
possessing a triangular order, denoted by 1D. The next, thicker region contains two layers of
particles placed one over the other with each of the layers exhibiting a square in-plane order
(2¨), followed by a bilayer of triangular order (2D), etc. The overall sequence of phases,
observed in such experiments, is 0 ® 1D ® 2¨ ® 2D ® 3¨ ® ... ® nD ® (n+1)¨ ®
(n+1)D ®..., where n can be as large as 10. At larger h, the particle layers retain a triangular
in-plane order, which corresponds to the structure of the bulk 3D colloid crystal in the
reservoir. Pieranski et al. [59] showed that such an alternating sequence of triangular and
square structures can be explained (at least qualitatively) by a purely geometrical
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consideration of the most efficient filling of the available space by the particles. A more
detailed theoretical analysis of the above phase-transition sequence requires an explicit
consideration of the particle-particle and particle-wall interactions [62]. At moderate and low
ionic strengths, often used in these experiments, the prevailing interactions are the hard-core
repulsion and the electrostatic interactions. The latter may include a contribution from the
image charges, created by the solid walls. Interestingly, the entire range of systems, from
highly concentrated hard spheres to one-component plasma (point charges with screened
electrostatic interactions), undergo almost the same series of 2D phase transitions [62]. The
main difference is that at very low ionic strengths, when a 3D colloid crystal can be formed in
the bulk suspension even at low particle concentration (due to the long-ranged, soft
electrostatic repulsion), the thin 2D layers remain fluid, i.e. there is no 2D crystalline order.
The above experiments were further extended to investigate in more detail the meltingfreezing transition in two dimensions. Murray and co-workers [61, 62] showed that there is a
qualitative difference between the topological changes which accompany the melting process
in 2D and 3D colloid systems. A relatively sharp interface is observed between the disordered
and ordered regions in 3D systems. This interface separates a fluid phase, in which the
particles undergo translation diffusion, from a 3D colloid crystal, in which the particles
fluctuate around their equilibrium positions in the crystal lattice. The 3D phase transition has
all the characteristics of a first-order transition. On the contrary, no distinct boundary can be
discerned in melting 2D systems. The decrease of particle concentration, at all remaining
parameters fixed, leads to a gradual increase of the number and size of topological defects
(disclinations and dislocations) in the crystal lattice until the long-range order is lost. One
interesting feature of this transition is that the system passes through an intermediate phase, in
which the translation order is disturbed, whereas the long-range orientation order is still
preserved. This orientationally ordered fluid is called a hexatic phase and the transition from
2D crystal to a hexatic phase is a second-order phase transition [61, 62]. The further decrease
of particle concentration leads to another second-order phase transition from a hexatic phase to
a disordered isotropic fluid. Such type of system evolution, comprising a two-stage melting
mechanism, and the presence of an intermediate, hexatic phase was predicted by the so called
KTHNY theory (under the initials of its authors Kosterlitz, Thouless, Halperin, Nelson,
Young, see e.g. ref. [64]) and was directly observed with 2D colloid systems [61, 62].
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However, the structure of the actual topological defects observed in the experiments was more
complex than the one predicted by the KTHNY theory [64].
The same set-up was used to study the dynamics of crystallization of a 2D colloid
layers [62]. One particular feature of the crystallization dynamics in these systems is that the
rates of the processes are many orders of magnitude slower than those in atomic systems,
which allows one to observe in situ the formation of the crystal nuclei, the advance of the
crystallization front, and the sequence of structural transformations. In ref. [62], pre-formed
2D crystals were first melted by shearing to a super-cooled liquid, and the process of recrystallization was observed. The experiments showed that the re-crystallization process
typically consisted of several stages. For example, the re-crystallization of a 2¨ crystal
appears as a sequence of two transitions: (1) from liquid to a buckled 1D monolayer, which
appears as a quasi-equilibrium intermediate phase, and (2) from 1D monolayer to the final
equilibrium 2¨ crystal. The 1D monolayer, formed during the first stage, undergoes domain
coarsening and grain boundary annealing until a high degree of crystalline order is achieved.
The second stage, which presents a solid-to-solid phase transition, occurs via local
rearrangements of the particle positions without a long-distance transfer of particles (so called
"martensitic transitions").
One should note that the systems discussed above have some properties, which make
them different from other 2D systems, which are encountered in the solid state physics or are
simulated in computer experiments. The presence of a suspending fluid, which affects the
process dynamics by viscous friction, makes the system rather different from, e.g., the 2D
arrays of atoms adsorbed on solid surfaces. Thus the particle energy and momentum are not
conserved locally, due to the particle-fluid interaction. Therefore, the conclusions based on
experiments with 2D colloid systems should be transferred with care toward atomic and
electron systems, especially when the dynamics of the processes is concerned.
3.2. Deposition of Thin Particulate Films on Solid Substrates (Mechanism of Paint Coating
and Fabrication of Ordered 2D Arrays).
The research interest to this topic was initially driven by the necessity for a deeper
understanding of the mechanisms of painting and paper coating [65, 66]. When a latex
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dispersion is spread on a hydrophilic solid substrate and allowed to dry, a continuous,
homogeneous film is finally formed. This process of film formation consists of three basic
stages: (1) evaporation of water and particle ordering, (2) particle deformation, (3)
interdiffusion of polymer across the particle-particle contact zones so that a process of particle
fusion (coalescence) takes place [65-67]. We will briefly consider the first stage in water
based dispersions, which is closely related to the subject of this paper.
The first models of the process of water evaporation from suspension layers implied a
more or less uniform reduction of the layer thickness throughout the surface, until a compact
(often ordered) multilayer of particles is formed [67-69]. The van der Waals and electrostatic
forces were considered to be of primary importance for the particle arrangement and various
theoretical models were suggested to describe the experimentally measured variation of the
rate of water evaporation from the evolving layers [68, 69]. Recent optical observations and
other experiments showed, however, that the drying process is much more complex than
initially thought [65, 66, 70-76]. The experiments showed that most latex dispersions dry with
fronts moving along the plane of the substrate, which separate dry from wet regions - see Fig.
5. As the layer dries, the wet zones shrink and the particle packing in the final dry layer is
determined mostly by the processes occurring in the transition zone, where the particle
concentration corresponds just to the limit of particle immobilization.
Model experiments under well defined conditions [70, 71] showed that the processes
occurring in the transition zone are governed mainly by capillary meniscus forces and by a
hydrodynamic drag force (Fig. 6). The hydrodynamic drag force appears as a result of water
evaporation and it plays an important role for the large-scale transport of the various
dispersion components (particles, electrolytes, surfactants). The capillary forces are important
in the final stage of the drying process, when the thickness of the aqueous layer becomes
smaller than the thickness of the compact particle layer and water-air menisci are formed in
the particle array. Two types of capillary forces are distinguished: (1) capillary bridges, which
compress the particles against each other, and against the substrate [77], (2) lateral capillary
forces, which act in the plane of the substrate facilitating in this way the formation of well
ordered, uniform in thickness particle layers [9, 29, 70, 78, 79], see Figure 6. The capillary
forces facilitate the formation of the final continuous latex film by causing particle
deformation before the complete evaporation of water [65, 66, 80]. The concept of the lateral
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drying of coating layers (in the plane of layer) was essential to explain the role of various
factors for the drying process, such as the electrolyte and surfactant concentrations, and the
shape of the layer surface [65, 66].
The same type of forces (hydrodynamic drag force and capillary forces) provide the
possibility for a controlled fabrication of highly ordered mono- and multilayers of particles,
which have the potential to be used in several interesting high-tech applications. The
experiments showed that under appropriate control of the water evaporation rate and of the
meniscus shape, one can obtain a relatively large arrays of well ordered particles [70, 71, 81,
82]. The thickness of the layers can be controlled and can vary from one to ca. hundred layers
[82]. The term "convective assembly" is sometimes used in literature for this procedure of
particulate layer formation [9]. Interestingly, when thin multilayers are produced, the same
sequence of particles arrangement, as shown in Fig. 4B, is observed [70]. 2D arrays of high
quality are obtained at lower evaporation rate, in the absence of electrolytes and surfactants,
and when working with highly monodisperse and pure suspensions [70, 81, 82].
The ordered particle arrays have a peculiar optical properties, because the particle size
and spacing are comparable to the light wavelength [83-89]. The lattice constant and the
refractive index of the particles can be varied in wide ranges, so that the optical properties of
the arrays can be finely tuned. That is why, such arrays can find application in optical devices
(e.g., as diffraction gratings, filters, switches), as photonic elements, and especially as
photonic band-gap crystals (periodic dielectric crystals, in which the photons behave in a
manner similar to that of electrons in semiconductors) [85-89].
In other studies, the ordered arrays of particles were used as lytographic masks for
deposition of regular arrays of metal dots on silicon or for etching of the silicon surface so that
regular patterns are formed [90, 91]. Furthermore, the latex arrays can be used as templates to
obtain highly porous, well structured materials of desired properties. In this way, porous
structures have been obtained during the last several years from a variety of materials, such as
inorganic oxides, polymers, glassy carbon, semiconductors, and metals [92-96]. Thus by using
a relatively simple and cheap instrumentation one can obtain highly structured arrays with
potential applications in the nano-electronics, photonics, and as catalysts [92, 93].
The combination of the convective asembly method with more sophisticated
techniques for pre-treatment (patterning) of the substrate surface, leads to a complex textured
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surfaces with a desired size and spacing of the structural elements [97, 98]. This makes the
method of convective assembly an interesting alternative to the other methods used for
production of well ordered particle arrays, such as sedimentation, filtration, slit filling,
electrodeposition and others [95, 99]. The development of new methods for particle assembly
and for controlled formation of porous structures is currently one of the most rapidly
developing branches of materials science, due to the booming interest to nanotechnologies [95,
99].
3.3. Particle Ordering in Foam and Pseudo-emulsion Films.
The investigations of the mechanism of convective assembly on solid surfaces revealed some
shortcomings of these substrates. The most important ones are the substrate roughness (except
for a specially prepared surfaces like cleaved mica and silicon) and the high probability for
immobilization of the particles, due to irreversible sticking to the substrate, before their
incorporation inside the ordered array. That is why, the quality of the solid surface
(smoothness, hydrophilicity, chemical homogeneity, etc.) is of crucial importance for
obtaining arrays of high quality. These observations created an interest towards using liquid
substrates for particle assembly, because they have the advantages that their surfaces are
molecularly smooth and tangentially mobile.
The first procedure for particle ordering in aqueous films on liquid substrates was
developed by Yoshimura et al. [100], who succeeded to obtain 2D crystals of several proteins
and protein complexes by spreading protein solution on ultra-pure mercury surface. The 2D
protein crystals, obtained after the complete evaporation of water, were transferred to a solid
support for fixation and their structure was investigated by electron microscopy and image
analysis [100-103]. Well ordered 2D arrays of latex particles were obtained by using mercury
[104] and perfluorocarbon oil (PFC) [105] as a substrate. An interesting advantage of the PFC
is its high volatility at room temperature, so that the obtained 2D arrays can be deposited
gently over a solid substrate after completing the particle assembly process. The optical
observations and a large number of experiments on mercury and PFC [103-105] showed that
the particle ordering occurs through the same mechanism of convective assembly (as for solid
substrates), which is driven by capillary forces and hydrodynamic drag force [9].
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Experiments showed [106-108] that well ordered 2D arrays of particles can be
assembled by the same mechanism in foam films. In this case no substrate is needed, and the
arrays are formed in the space confined between the two foam film surfaces (Fig. 7A). Such
arrays are particularly interesting for structural studies of soft, easily deformable particles like
vesicles, viruses, protein assemblies, surfactant micelles [109-112]. The aqueous foam films,
containing particles, can be vitrified (viz. the water can be transformed into a glassy solid
state), by a rapid plunging into a liquid ethane at -185 °C. The samples obtained in this way
can be observed by electron microscope at low temperatures, at which the water evaporation
from the film is suppressed (so called "electron cryo-microscopy" [109-112]). A major
advantage of the vitrification method is that the soft particles preserve their fine structure and
no artefacts are created by drying or by using fixation and staining agents, as it often happens
in the conventional procedures of sample preparation for electron microscopy. That is why,
the vitrification method has found a wide application for investigation of soft, unstable upon
drying objects. Since the contrast of particles imbedded in the vitrified ice is relatively low,
the structural analysis of such samples usually includes a computer-aided averaging of the
particle images over a large set of particles [109-111]. From this viewpoint, the ordered
particle arrays or 2D crystals (when available) present the most suitable objects for image
analysis. As an illustration, in Figure 7B we present a micrograph of protein-lipid vesicles,
which were first ordered by convective assembly in a foam film, then this film was vitrified
and the sample was observed by electron cryo-microscopy [108].
The presence of particles turned out to be one of the major factors determining the
stability of foam and emulsion films [113-128]. Two qualitatively different cases are
distinguished in the literature: (1) when the particles are dispersed inside the film, and (2)
when the particles are adsorbed on the film surfaces. In case (1), the films are formed from
dispersions, which contain particles of relatively high concentration, so that more or less
ordered particle layers are formed in the film interior [113-124]. A typical example for such
systems are the foam and emulsion films formed from moderately concentrated surfactant
solutions (typically of several wt. %), where the role of particles is played by the surfactant
micelles [113-118, 121-123]. As shown experimentally [113-116, 121, 122] and theoretically
[113, 117, 120, 123], the layering of particles inside the liquid films gives rise to an oscillatory
force between the film surfaces (see Fig. 8), which can be very strong and long-ranged in
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comparison with the other surface forces (van der Waals, electrostatic, etc.). Therefore, the
stability of many practical disperse systems is determined by these oscillatory forces. The
foam, emulsion, and pseudo-emulsion films containing particles, thin in multiple steps - a
process which is called stratification in the literature [113-116].
For dispersions of solid spheres, the oscillatory component of the disjoining pressure
(force per unit area of the film) can be estimated by the semi-empirical formula [123]
ì POSM cos(2p h / d P ) exp(1 - h / d P ) ; h > d P
P OSC = í
; 0 < h < dP
î- POSM

(8)

where h is the film thickness, dP is the particle diameter, and POSM is the osmotic pressure of
the suspension, which can be calculated by the Carnahan-Starling formula [129]

POSM = r P k B T

1+ f + f2 - f3
(1 - f) 3

; rP =

6f
p d P3

(9)

Here rP is the particle number density and f is the particle volume fraction. For charged
particles, one should replace the actual particle diameter with an effective diameter, which
includes the counterion atmosphere, dEFF = (dP +2/k); k-1 is the Debye screening length. The
estimates show that the oscillatory forces are important for foam and emulsion films when the
effective volume fraction of the particles is above ca. 20 % [123, 124]. More rigorous
numerical approaches and computer simulations were used to describe precisely the
oscillatory forces in various systems [117, 120].
In case (2), partially hydrophobic particles are adsorbed on the surfaces of the liquid
film and create a steric barrier, which prevents the film thinning and rupture [125-128, 130]. A
classical example for such systems are the so called "Pickering emulsions". When the
adsorbed particles are spherical and monodisperse, ordered 2D arrays can be obtained under
appropriate conditions [130]. Although the particle adsorption energy can be easily calculated
for spheres of given size and contact angle (cf. Eq. 2), still there is no general theory
explaining the stability of liquid films in the presence of adsorbed particles. Some simple
models can be found in refs. [125, 128].
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3.4. Effect of Single Particles on Film Stability - Antifoaming.
The capture of solid particles in liquid films (e.g., from the atmosphere) might create serious
problems in various technological processes, because the particles easily stick to solid surfaces
and create defects in the final product. The deteriorating effect of air-born dust in the
electronics manufacturing is a well known technological problem. In coating, the presence of
particle in a drying polymer layer can lead either to local thickening of the layer (if the particle
is wetted by the liquid) or to rupture of the layer (if the particle is dewetted) - in both cases the
uniformity of the layer thickness is disturbed. One should emphasize that the attachment of
particles to solid substrates is strongly facilitated by the presence of wetting liquid layers, due
to the action of capillary forces (cf. Fig. 6C, D).
In some industries, however, hydrophobic particles are introduced on purpose to
destroy undesirable foam [4, 131-135]. For example, the formation of excessive foam in
fermentation reactors, paper mills and washing machines can be a serious problem and
appropriate additives, called antifoams, are used to reduce the foam volume to an acceptable
level. Most often, the antifoams present micrometer sized solid particles, oil drops, or mixed
oil-solid globules [131]. Polydimethylsiloxanes or various hydrocarbons are used as oil phase,
whereas hydrophobic silica or waxes (e.g., aluminium-magnesium stearate) are used as solid
particles. A strong synergistic effect between oil and solid particles is observed in the mixed
oil-solid antifoams - usually, they are much more efficient than either of the individual
components taken separately [131]. The mixed oil-solid antifoams (if appropriately chosen)
can break within seconds foams that would be otherwise stable for hours [136, 137].
A significant progress in the understanding of the mechanism of foam destruction
process by antifoams has been achieved during the last years. The foam destruction by solid
particles occurs through the so called "bridging-dewetting" mechanism [131, 138-141], which
is illustrated in Fig. 9. According to this scenario, the particle should first contact (make a
bridge between) the two opposing film surfaces. The formed three-phase contact lines move
along the particle surface in an attempt to achieve a position corresponding to the equilibrium
three-phase contact angle. If, however, the latter is larger than 90°, the contact lines meet at
the particle equator (i.e., the particle is completely dewetted) and an unstable hole is formed in
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the foam film, which rapidly expands and destroys the entire film. This process was directly
observed by a high-speed cine-camera in a specially designed model experiment [141]. The
bridging-dewetting mechanism implies that only very hydrophobic particles, having a contact
angle larger than 90°, are active antifoams [4, 134, 140].
The foam destruction by oil containing antifoams (oil drops and mixed oil-solid
globules) is more complex and different scenarios are possible [4, 131-137, 142-147] due to
the deformability of the antifoam entities - see Fig. 10. Experiments with antifoams
comprising silicone oil and hydrophobic silica [137, 146, 147] showed that the antifoam
globules form unstable bridges, which rapidly stretch in radial direction, due to
uncompensated capillary pressures at the oil-water and oil-air interfaces, and eventually
rupture the foam films (bridging-stretching mechanism). Several studies with various
antifoams showed that one of the most important factors for the antifoam activity is the facility
of globule entry on the foam film surface [131-133, 135, 143, 148-151]. The repulsive forces
(e.g., of electrostatic origin) between the antifoam globules and the foam film surfaces, lead to
a barrier which prevents the globule entry, so that the bridge formation becomes impossible. In
these systems, the antifoam globules are expelled from the thinning foam films into the
neighboring meniscus regions (Gibbs-Plateau borders) and the foam remains stable for a long
time, minutes or hours [149]. On the contrary, if the entry barrier is low, the antifoam globules
are able easily to bridge the foam film surfaces and to destroy the foam film within seconds
[137]. The magnitude of the entry barrier was experimentally determined for several antifoamsurfactant couples, and a very good correlation with the antifoam activity was established
[151].
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Figure 1. (A) Spherical solid particle (phase 1) attached to the fluid interface between phases

2 and 3; RP is the particle radius, rC is the radius of the three-phase contact line, and a2 is the
three--phase contact angle measured through phase 2. (B) A liquid film of phase 2, formed
between phases 1 and 3. Depending on the phases one can distinguish: foam films
(gas/liquid/gas), emulsion films (liquid-liquid-liquid), suspension films (solid-liquid-solid),
and wetting films (solid-liquid-gas or liquid-liquid-gas).
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Figure 2. (A) Schematic presentation of the experimental set-up used in the experiments for

determination of the surface viscosity, hS, from the drag coefficient, f d , of a “sliding” particle
[26]. The particle configuration at the interface is also shown - y 2 is the meniscus slope angle
at the contact line. (B) Comparison between experimentally determined values of f d
(symbols) and the theoretically calculated solid curve for pure water, according to the model
from ref. [30]. (C) Dependence of the particle velocity on the applied capillary force for pure
water and for surfactant solutions of sodium dodecyl sulfate (SDS) and hexadecyl trimethylammonium bromide (HTAB). The slopes of the lines are inversely proportional to the
dimensionless drag coefficients, f d , from which the surface viscosity, hS, can be determined
[30].
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Figure 3. Falling ball viscosimetry of giant lipid vesicles [39]. (A) Schematic presentation of

the particle position on the vesicle surface. (B) Particle path on the vesicle surface.
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Figure 4. (A) Schematic presentation of the experimental cell for observation of 2D phase
transitions in colloid systems: h is the local film thickness and n shows the number of layers.
(B) Experimentally observed phase diagram with charged latex particles: the symbols D and ¨
indicate the type of the observed in-plane lattice; dP is the particle diameter; and N/N¥ is the
local particle number concentration, normalized by the particle concentration in the bulk
suspension (adapted from ref. [59]).
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Figure 5. Schematic presentation of the drying process for latex dispersion spread on a solid

substrate [65, 66]. The dry and wet regions are separated by a transition zone called also "the
compaction front". A flux of water, which drags the suspended particles towards the periphery
of the wet region, is caused by water evaporation in the transition zone (see also Fig. 6A,B).
As drying proceeds, the dry region increases in size at the expense of the wet region, i.e. the
drying front propagates in direction opposite to that of the water flux.
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Figure 6. Mechanism of ordering of micro-particles in wetting films [9, 70, 71]. (A)
Micrograph of the process of 2D array formation from latex particles of diameter 1.7 mm. The
tracks of the particles moving toward an already ordered region are seen in the upper left half
of the picture (optical microscopy in transmitted white light). (B) The directed motion of the
suspended particles in the disordered region is due to convective water flux, which carries
along the particles toward the ordered array. This convective flux is caused by the water
evaporation - once the ordered array is formed, the thinning of the aqueous layer in the array is
slowed due to the particle hydrophilicity. As a result, the ordered array "soaks" liquid from the
neighboring thicker regions to compensate the evaporating water. (C) At a later stage of the
drying process, when the thickness of the aqueous layer in the transition region becomes
smaller than the particle diameter, a lateral capillary force (indicated by arrow) appears
between the particles - for details see refs. [9, 29, 70]. (D) During the final stage of drying,
liquid bridges strongly compress the particles against each other and against the substrate [65,
66, 80].

39
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Figure 7. (A) Schematic presentation of the process of convective assembly of mono-disperse
particles in foam films [106]. (B) Electron micrograph of an ordered 2D array of lipid-protein
vesicles in vitrified foam film [108]. The vesicle diameter is 31 ± 2 nm.
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Figure 8. (A) More or less ordered particle layers appear in the liquid films when the film
thickness becomes comparable to the particle size. (B) These layers lead to a strong and longranged oscillatory contribution to the disjoining pressure (force per unit area), which acts
between the film surfaces (adopted from ref. [77]).
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Figure 9. Schematic presentation of the bridging-dewetting mechanism of foam film rupture

by hydrophobic solid particles [131, 139-141].
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Figure 10. "Bridging-stretching" mechanism of foam film destruction by a mixed oilsilica antifoam globule [137, 147]. After an oil bridge is formed (A®C), it stretches due
to uncompensated capillary pressures at the oil-water and oil-air interfaces (C®D).
Finally, the oil bridge ruptures in its thinnest central region (the vertical wavy line in D).
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