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Abstract

Nanoparticles at fluid interfaces are becoming a central topic in colloid science
studies. Unlike in the case of colloids in suspensions, the description of the
forces determining the physical behavior of colloids at interfaces still represents
an outstanding problem in the modern theory of colloidal interactions. These
forces regulate the formation of complex two-dimensional structures, which
can be exploited in a number of applications of technological interest; optical
devices, catalysis, molecular electronics or emulsions stabilization. From a
fundamental viewpoint and typical for colloidal systems, nanoparticles and
microparticles at interfaces are ideal experimental and theoretical models for
investigating questions of relevance in condensed matter physics, such as the
phase behavior of two-dimensional fluids.

This review is a topical survey of the stability, self-assembly behavior and
mutual interactions of nanoparticles at fluid interfaces. Thermodynamic models
offer an intuitive approach to explaining the interfacial stability of nanoparticles
in terms of a few material properties, such as the surface and line tensions.
A critical discussion of the theoretical basis, accuracy, limitations, and recent
predictions of the thermodynamic models is provided. We also review recent
work concerned with nanoparticle self-assembly at fluid interfaces. Complex
two-dimensional structures varying considerably with the particle nature have
been observed in a number of experiments. We discuss the self-assembly
behavior in terms of nanoparticle composition, focusing on sterically stabilized,
charged and magnetic nanoparticles. The structure of the two-dimensional
assemblies is a reflection of complex intercolloidal forces. Unlike the case
for bulk colloidal suspensions, which often can be described reasonably well
using DLVO (Derjaguin-Landau—Verwey—Overbeek) theory, the description of
particles at interfaces requires the consideration of interfacial deformations as
well as interfacial thermal fluctuations. We analyze the importance of both
deformation and fluctuations, as well as the modification of electrostatic and
van der Waals interactions. Finally, we discuss possible future directions in the
field of nanoparticles at interfaces.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The last decade has witnessed an increasing interest in the investigation of colloidal
nanoparticles adsorbed at fluid interfaces. A driving force for such studies is the range
of applications of such particles. Due to their small dimensions their properties depart
significantly from the properties of macroscopic materials. Hence, metallic and semiconducting
nanoparticles have been targeted as building blocks for materials with specific mechanical,
optical, and magnetic properties [1]. The self-assembly of nanoparticles at fluid interfaces
(liquid—vapor and liquid-liquid) has enabled the preparation of high quality two-dimensional
crystals. In particular Langmuir trough techniques provide a means to tune the interparticle
distances and facilitate the transfer of the crystal monolayers to solid substrates [2]. Particles
adsorbed at interfaces also play an important role in industrial processes concerned with foams
and emulsion [3, 4]. It has been known for many years that the large stability of particles
at interfaces can be exploited to tune the stability of emulsions. At the same time it is now
well established that particles at interfaces can be used to study also some basic problems in
condensed matter physics, such as the physical behavior of two-dimensional crystals [5—7].
The large stability of colloidal microparticles at the water—air interfaces was already
discussed by Pieranski [5]. Considering the surface energies of the particle—air, particle—water
and air—water interfaces Pieranski noted that the activation energy for particle detachment
scales quadratically with the colloid radius, being of the order of 107 times the thermal
energy for polystyrene microparticles adsorbed at the water—air interface. This high stability
enables the formation of two-dimensional [5, 8], and pseudo-two-dimensional structures [9].
The strong repulsions between the colloids, necessary to prevent coagulation in the colloidal
solutions, can be introduced through steric interactions or surface charges. Once the
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Figure 1. TEM micrographs showing the formation of clusters and stripelike arrays of alkylthiol
passivated silver nanocrystals (4—6 nm diameter) [19]. Reprinted figure with permission from Sear
et al [19]. Copyright 1999 by the American Physical Society.

colloids become complexly shaped and/or the intercolloidal potential is attractive for a certain
range of colloid—colloid distances [10], the phenomenology of self-assembly patterns is
greatly enriched. For colloidal objects with sizes >10 um possible orientation dependent
attractions are well understood in terms of flotation forces, for experimental realizations
see [11, 12].

In comparison with colloidal ‘microparticles’, the stability of ‘nanoparticles’ at interfaces
is greatly reduced, with activation energies of the order of 10—100 times the thermal energy.
Nanoparticles are therefore more sensitive to thermal fluctuations than microparticles. Indeed
the competition between thermal fluctuations and interfacial forces gives rise to particle size
dependent self-assembly [13]. Also, the stability of nanoparticles at fluid interfaces exhibits a
stronger dependence with interfacial forces such as the line tension, the free energy of the three-
phase line introduced originally by Gibbs [14]. Recent investigations using thermodynamic
models and computer simulations have illustrated the potential relevance of the line tension in
describing the behavior of spherical and nonspherical nanoparticles [15—17]. For nonspherical
particles it has been predicted that line tensions of the order of 10~''=1071" N can completely
destabilize nanoparticles of elongated shape [17], illustrating the importance of particle shape
as a variable determining surface activity at fluid interfaces.

Several experimental studies of nanoparticles at interfaces have reported the formation
of unusual two-dimensional structures [18, 19], motivating new theoretical approaches to
colloidal interactions beyond the traditional bulk considerations. It has been shown that
silver passivated nanoparticles (quantum dots) at the air—water interface spontaneously form
clusters and stripelike arrays [18] (cf figure 1). Some of these patterns are reminiscent of
the structures formed by charged polystyrene microparticles at the air—water interface [20],
although the interactions between nanoparticles and microparticles are expected to be rather
different. It has been argued that the interplay between attractive van der Waals forces and a
long range repulsive tail could be responsible for limiting the cluster size and induce the pattern
formation [19]. The physical origin of these interactions is nonetheless a matter of debate,
given the lack of experimental and theoretical work that can explain them unequivocally.
Thus, a major challenge is the development of theories and robust microscopic models that
provide an understanding of the interfacial interactions between nanoparticles and that clearly
elucidate the differences between these interactions and the interactions of nanoparticles in
bulk phases. As a matter of fact such differences are illustrated by the case of charged
colloids. Screened Coulombic interactions will be modified due to the existence of dielectric
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discontinuities (for instance air—water and oil-water interfaces). Similarly the net van der
Waals interactions will depend on the properties of two solvent phases (not just one) which
complicates the application of theoretical treatments to model these interactions at interfaces.
In addition to the Coulombic and dispersion interactions considered in the context of bulk
colloidal theories such as DLVO [21], new types of interactions connected to the interface
deformation also arise. Hence, capillary forces are expected to play a role in the self-assembly
of nanoparticles at interfaces. Such interfacial deformations are well understood in the case of
macroscopic particles [22] where the interface deformation is induced by the particle weight.
However, gravity plays a negligible role for nanometer size particles. Nevertheless at these
small scales, immersion forces (arising for particles partially immersed in thin liquid films)
may play a significant role [22]. Additionally electric field induced capillary interactions of
charged particles at interfaces may emerge [23, 24]. These have been derived for the case of
micrometer size particles; for high charge densities on colloid surfaces (around one elementary
charge e per nm?) they appear to be relevant also for the nanosized particles. Moreover,
particle topology [25] and particle shape [10] can induce local interfacial deformations with
strong anisotropic capillary forces between particles. In addition to the effect of static
interface deformations, thermal fluctuations of the interface position are expected to add a
nonnegligible contribution to the interactions between particles at interfaces [26, 27]. Finally,
on very short separation between the colloids, the correlations between the fluid molecules
will also induce general ‘solvation’ forces that may differ from the solvation or depletion
forces observed in bulk colloidal suspensions due to the specific molecular correlations in the
interface zone.

Closely related to the behavior of colloids at interfaces are the interactions of biological
macromolecules, proteins and viruses, as well as nanoparticles adsorbed at membranes.
Static capillary and fluctuation effects (equivalent to the case of fluid interfaces) in the
mutual interactions between membrane enclosures exist; surveys on this topic can be found
e.g. in [22, 28]. Recent experiments of proteins adsorbed at air—water interface indicate that
the partial denaturation undergone by proteins may play a role in enhancing their stability at
the interface [29]. On the other hand the interactions between nanoparticles and biological
tissues are becoming the central topic of a new field of research, nanotoxicology. It is known
that particles can adsorb at the lungs, and they can be responsible for a number of respiratory
disorders. The retention of the particles at biological tissues depends on a number of variables;
particle size, shape, surface properties, and the mechanical properties of the biological tissues.
In a recent work it has been noted that very small particles, 6 um and smaller, tend to be
retained at the conducting airways for periods longer than one day [30].

From the introductory discussion above, it emerges that the investigation of nanoparticles
at interfaces offers numerous challenges to theorists as well as experimentalists. For a start
the in situ observation and characterization of nanoparticles at fluid interfaces is more difficult
than that of micrometer particles, for which optical methods can be employed. Moreover,
a detailed view of the interfacial structure around nanoparticles (and also microparticles) is
difficult to obtain. Consequently, a full microscopic understanding of the interactions acting
between nanoparticles at interfaces requires a dual approach with experiment and theory closely
working together.

In this work we review the current status of research on nanoparticles at interfaces.
We consider both experimental and theoretical studies focusing on nanoparticle sizes in the
range 1...10° nm. The investigations of the larger nanoparticle sizes (1 um) are useful to
rationalize the physical behavior observed for smaller particles, and also to illustrate the size
dependent behavior observed in nanometer dimensions.
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Figure 2. Sketch of nanoparticles ‘p’ adsorbed at a fluid interface. ‘1’ and ‘2’ refer to the two fluid
phases.

2. Thermodynamic models of nanoparticles at interfaces

2.1. The free energy

Thermodynamic models, utilizing the standard thermodynamic bulk quantities and a few
material parameters (surface and line tension, Tolman length...) provide a powerful and
simple theoretical background to understand the adsorption behavior of particles at interfaces.
Since these model abstract from the molecular nature of the solvent, their use seems more
justified at the micrometer level where indeed adsorption phenomena can be discussed
almost exclusively through surface tension effects. Nonetheless, recent investigation using
e.g. computer simulations [16, 31, 32] have indicated that the behavior of truly nanoscale
particles can be described within a wide range of conditions by such a phenomenological
thermodynamic model upon introduction of particle size dependent surface tensions and three-
phase line tensions. However, the introduction of line tensions poses some conceptual problems
which are not fully resolved yet (see below).

The free energy of a system consisting of a nanoparticle adsorbed at a fluid—fluid interface
can be written as,

F=FT,V,Ny,...,Np, X1,...,Xp) €))
where V is the volume of the system, N; is the number of particles of species i (i = 1,m)
and X ; represent additional extensive variables that characterize the system. For a nanoparticle
adsorbed at a planar interface that separates two thermodynamic phases, 1 and 2 (see figure 2),
the free energy is given by:

F=F(T,V,Ni, N>, Apa, Ap1, Ao, L) 2
where A,; are the areas of the particle-fluid interface and Aj, is the area of the fluid-
fluid interface (e.g. liquid-liquid). L represents the three-phase line where the three phases
meet [33].

The surface tension, ¥, (associated to the interface between nanoparticle and fluid i), and
the line tension, 7 (associated to the nanoparticle—fluid—fluid contact line), are given by:

F

Yoi = | ——

P dA,;
PL/ T, V,Ni, Ny, Apy, Apjzi, L

oF
)
oL T.V.N\, N2, Ap, Ayt Ap

The free energy of the nanoparticle at the interface, Fiy, is normally expressed with
reference to the free energy of the particle immersed in one of the fluid phases, Fj:

Fou=F(T,V,Ni, N2, Az, Ap1, Apa, L) — Fo(T, V, N1, N2, A, Ap) - (5)

3
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where A, is the total area of the particle. The explicit expression for the free energy in terms of
the interfacial areas is,

Fin = (Y2A12 + Yp1Ap1 + V2Ap2 + TL — Agyi2) — VoA — Vp14p (6)

where Ag is the interface area removed by the nanoparticle. Considering that the total area of
the particle, A, is constant A, = Ay + Apz equation (6) simplifies to:

Fini = (Vo2 — Yp1)Ap2 — Y12Ag + L. @)
Equation (7) is very general and it can be used to investigate nanoparticles of different shapes.
The equations for spherical particles were derived by Aveyard and Clint [15] who arrived at a
compact expression of the free energy in terms of the immersion of the particle in one of the
phases,

F=-0=h")+Lcost(l =)+ iz 1 -7 ®)

where F = F/(yi2Ap), Ay = 47 R? is the area of a particle of radius R. The immersion
h = h/R in equation (8) is defined such that 4 = 0 corresponds to the configuration where
the center of mass of the particle is at the interface, i.e., when the contact angle defined by
cos Oy = (Vp2 — ¥p1)/¥12 s 90°. The reduced line tension, T is given by:

T
T=——— (€))

Y124/ Ap/ 4w

More recently Faraudo and Bresme have extended the free energy expressions to the case
of nonspherical particles [17]. This problem is more complicated than that of the spherical
particle. Besides immersion depth, the particle orientation is an additional degree of freedom
and for arbitrary particle orientation the fluid interface would not remain flat after minimizing
the free energy. To avoid this complication, a generic model consisting of prolate and oblate
particle was considered. The free energy of a prolate-shaped particle with one major axis (of
length z,,) perpendicular to the interface and the other two main axes (of equal length r,,) in
the interface plane (see figure 2) becomes,

F | ) — |
— (1 =7 +cosOAn(h) +T
YA, 4G o 2/G

with the reduced immersion depth given by 4 = h/z,, and the surface area, A, = 4nri Ga =
Zm/¥m), 1s defined in terms of an aspect ratio dependent function G («):

-2

1—h (10)

1 2 1+ V1= a2
G@) ==+ —2 4 ifo <1 a1
2 4J1 —a? 1 —+1—a?

1 o
G(a) = = + ————arcsin(v/ 1 —a2) ifo > 1. (12)
2 21 —a?

It is easy to see that equation (10) reduces to equation (8) when o = 1. Similar equations can
be derived for other configuration, for which the main axes of the nanoparticle are located in
the interface plane (see [17]). It is important to note that in the general case of nonspherical
particles certain orientations result in an undulated contact line around the nanoparticles. This
effect has been neglected in the thermodynamic treatments considered to date which assume
a flat three-phase line. Nonetheless, a recent theoretical/simulation study has shown that this
approximation is accurate in describing the adsorption behavior of nonspherical nanoparticles
at liquid-liquid interfaces [34, 35].

After a discussion of some aspects of the theory and experimental determination of line
tensions, we turn in section 3 to the application of the thermodynamic model introduced above
to a range of situations concerned with spherical and nonspherical particles.

6
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2.2. Line tension of nanoparticles at fluid interfaces

The line tension was introduced by Gibbs [14, 33] to define the excess free energy associated to
the line where three phases meet. The accurate experimental measurement of the line tension
has been a considerable challenge. In fact, the uncertainty in the order of magnitude of the
line tension has generated a very large number of studies. The literature is very extensive, the
interested reader is referred to a recent review devoted to the current status of the three-phase
line tension [36]. Line tensions inferred from experiments span several orders of magnitude,
107221075 N [36, 37], reflecting the variety of experimental techniques (which are all indirect)
and the variety of materials used.

On theoretical grounds the line tension can be either positive or negative and it is expected
to be a small force [33], 107! N. For simple fluids away from criticality, dimensional
analysis gives T ~ kgT /o where ¢ ~ 0.1 nm is a typical atomic length scale. See
e.g. reference [38] for the calculation of the line tension of a liquid wedge using a microscopic
density functional theory. It is not clear from the outset that the concept of line tension is
unique, i.e. independent from notional shifts of the interfaces (which also shift the location
of the contact line) that should be permitted within the molecularly diffuse interface region.
Indeed, following reference [39], it is seen that the line tension introduced in the free energy
model for a nanoparticle at the interface, equation (6), is affected by a notional change of
the colloid—fluid interface, whereas line tensions inferred from measurements on droplets on
substrates are unique to leading order (in the size of the droplet). Nevertheless, a relation
between these two line tensions can be established [39].

The thermodynamic model introduced in the previous section indicates that small line
tensions can be responsible for noticeable changes in the contact angle of nanoparticles at
interfaces. This can be summarized in the so called ‘modified” Young—Dupré equation, which
can be obtained by minimization of the interfacial free energy with respect to the particle
contact angle,

cosf = cosby — L (13)
rYi2

—1
T
6 = G|l — ——— . 14
cos cos 0[ R sin91| (14)

The first expression holds for a sessile drop on a solid surface, where r is the radius of the
three-phase contact line. The second expression applies to spherical particles of radius R at a
fluid interface. In both expressions cos 6 is the wetting coefficient given by Young’s equation,
cos By = (Vp1 — ¥p2)/ V12, Where p refers to the nanoparticle or to a substrate. Although often
used in the literature, these equations are somewhat phenomenological and should be regarded
with caution as they suffer from the above mentioned dependence on notional shifts of the
interfaces. For an invariant expression in the case of the droplet, see [39]. Nevertheless,
equations (13) and (14) offer a simple way to estimate the effect of the line tension on the
contact angle. The line tension effect becomes irrelevant for large enough particles or droplets,
but can otherwise be significant for nanoparticles (R ~ t/yj2). In fact, lowering the size
of nanoparticles may induce their detachment from fluid interfaces provided the line tension
is large enough [40, 15-17]. For the case of droplets on surfaces, several experiments have
addresses the effect of the line tension on their wetting behavior, yielding this enormous spread
of line tension values between 10~ '2-107° N [37, 36]. Wang et al [45] have investigated liquid
droplets of size ~1 um. The analysis of the experimental data yields a line tension of the order
of 107'° N (positive or negative), changing sign when the wetting transition is approached. This
behavior agrees with several theoretical predictions [41, 42]. A similar physical behavior has
been observed in experiments of ‘micron’ hexaethylene glycol droplets on silicon, where line

7
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tensions of the order of 107! N [43] have been reported. Recent experiments [44] using micron
and nanosized alkane droplets at silanized silicon surfaces have questioned the validity of
equation (13). The line tension was estimated in these experiments using the method discussed
in [38]. The line tensions were negative and of the order of 10712 N.

With regard to particles at interfaces, estimates of the line tension of micron size spherical
glass beads at liquid—vapor interface suggest that the line tensions should not be larger than
1078 N [46]. The results of experiments on spherical particles adsorbed at the air—water
interface have been reviewed in [37], quoting line tensions in the range 10~'>~107° N. As an
example, line tensions of the order of 10~1-1010 N [47] have been measured for micrometer
size glass spheres at the air-water interface, and a considerable spread of 107'>~10~° N has
been reported [48, 37] for the case of palladium particles. Exceptionally large values have been
reported by Yakubov et al [49], of the order of 10~ N for silica coated particles and —107° N
for polystyrene particles. These experiments were performed using an atomic force microscope
unlike the previous results which are mostly based either on particle attachment/detachment.
Most of these experiments are based on microparticles and among them many of the techniques
rely on optical microscopes to deduce the contact angle from geometric measurement. There
are obvious limitations to extend these methods to the nanoparticle domain. Moreover,
systematic effects (independent from line tensions) which lead to a possible change of the
observed contact angle with respect to Young’s angle have rarely been taken into account.
Such effects may be caused by the presence of surfactant, roughness of particles and electric
fields originating from surface charges.

As a consequence it is fair to say that there are no truly reliable measurements of the
line tension of nanoparticles at interfaces. A notable exception with some perspective for
nanoparticle line tension is the work by Aveyard and co-workers [50]. These authors developed
a technique that is based on surface pressure measurements. This technique has been used
to estimate the contact angle and size of stabilized calcium carbonate nanoparticles (*3 nm
diameter). In this instance the line tension was also estimated to be of the order of 10~!' N.
The interpretation of the experiments relies on the idea that the particles are expelled from
the interface at the collapse pressure—occurring for dense packing, which is geometrically
determined by the contact angle. However, it has been shown that this assumption is not
always correct. Computer simulations [51, 52] and also experiments [53] have shown that
particle arrays do actually fold as an alternative mechanism to particle ejection.

As we attempted to show, the application of the corrected Young’s equation to extract
line tension values encloses some difficulties since measuring contact angles of sub micron
particles is still nowadays a major challenge. As an alternative, nanoparticle contact
angles have been computed using molecular dynamics simulations, of spherical structureless
nanoparticles [16, 31, 32] as well as realistic (quantum dots) nanoparticles [54]. For the
spherical particles, the line tension has been calculated using a free energy perturbation
approach. The line tensions obtained from the simulations are in the range 10~'>~10~"! N and
apply to particles with diameters ranging from 1 to 5 nm, adsorbed at liquid—vapor and liquid—
liquid interfaces. The line tensions were both positive and negative, depending on the particle
size and the interfacial tension of the fluid interfaces. In addition to quantifying the nanoparticle
line tension, these molecular dynamics simulations provided a molecular view of the three-
phase line (see figure 3) and enabled testing the validity of macroscopic approaches such as the
Young’s and modified Young’s equation for the specific case of structureless nanoparticles at
liquid—vapor and liquid-liquid interfaces. One conclusion from these studies was that Young’s
equation is surprisingly accurate in predicting the contact angle of small nanoparticles down
to sizes of the order of 1-3 nm (as reflected in the smallness of the line tension values). The
introduction of the line tension through the modified Young’s equation further improved the
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Figure 3. Left: Liquid—vapor density profile of a Lennard-Jones model (y1y = 3 mN m~!) around
a nanometer size particle of 3 nm diameter. The contact angle of the nanoparticle at the interface
is indicated in the figure. Right: Variation of the contact angle with the nanoparticle diameter.
Contact angles obtained directly from the simulation are compared with estimates from Young’s
and modified Young’s equations. The contact angles converge for large nanoparticle sizes to the
contact angle of the liquid with a planar wall, which corresponds to the limit of particle of infinite
radius [16].

description of the contact angles but it was found that for very small particles the macroscopic
approach breaks down.

3. Stability of nanoparticles at interfaces

3.1. Spherical particles

The thermodynamic model outlined in section 2 is completely general and can be applied
to many problems concerned with particles at interfaces and also droplets on substrates.
Widom [40] used a similar model to investigate the effect of the line tension on the contact angle
between a micrometer size sessile drop and a solid substrate (see equation (13)). It was shown
that large enough, positive values of the line tension, 1071 N, can result in a discontinuous
jump in the contact angle, inducing surface drying and therefore inhibiting droplet adsorption
on the surface. An extension of these ideas to spherical nanoparticles at interfaces was done
by Aveyard and Clint [15] (see the free energy expression, equation (8)). Figure 4 shows the
free energy curves predicted by the thermodynamic model for different values of line tension.
The thermodynamic model predicts three different scenarios depending on the magnitude of
the line tension; stable, metastable and unstable states. It indicates that the activation energies
associated with particle removal from the interface can be relatively low in the presence of the
line tension. As a matter of fact, for a line tension of 10~!! N, which is of the order expected
from theory and simulation studies [33, 16], the activation energy would be around 5 kg7
for a particle of ~1.7 nm radius. The order of magnitude of the activation energy points to the
growing importance of fluctuations at the nanometer scale, which should become more relevant
as the dimensions of the nanoparticle decrease. Recent computer simulations of nanoparticles
at liquid—vapor interfaces by Bresme et al [16] have shown that very small nanoparticles of the
order of 0.5 nm radius are unstable at liquid—vapor interfaces. In these cases the line tension
was negative, therefore it stabilized the particle at the interface by increasing the three-phase
line length.
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Figure 4. Free energy of a nanoparticle at a fluid interface as a function of nanoparticle immersion.
The data correspond to a contact angle of 85° and line tensions t/yyR = 0 (stable), 0.4
(metastable), 0.7 (unstable).

Lin et al [13, 55] have also suggested that thermal fluctuations can result in a weak
interfacial segregation of the nanoparticles at liquid-liquid interfaces. As the particles approach
nanometer size the thermal energy becomes comparable to the interfacial energy. In a series of
experiments they considered CdSe nanoparticles of diameter 2.7/2.8 nm and 4.6 nm adsorbed at
the toluene—water interface and size dependent adsorption and desorption was observed. This
effect gives rise to a two-dimensional phase separation at the interface. Considering typical
estimates for particle—oil and particle-water surface tensions: 15 and 40 mN m~! respectively,
and the oil-water surface tension, 35.7 mN m~!, one can estimate that the activation energy
for the detachment of the small particles is about 5kg7. This small energy gives rise to a
thermally activated escape. The actual value that was inferred from the experiment is in good
agreement with the thermodynamic model predictions. Furthermore, consistently with the
thermodynamic model the smaller particles have been observed to be less stable than the larger
ones and consequently were replaced by those at the interface. The time ¢ associated with
particle desorption is expected to follow the following expression, 1 = Aexp(—AE/kgT).
The adsorption energy, A E, increases with the square of the particle radius, indicating that the
residence time of the nanoparticles will increase exponentially with particle size. In fact it was
found that the 4.6 nm particles assembled at the water—toluene interfaces were stable for days
whereas the 2.7 nm particles coalesced within hours due to desorption [55].

The stability of charged nanoparticles at the water—oil interface has also been considered in
other experiments [56]. Using nanometer-sized carboxilic acid functionalized gold and CdTe
nanoparticles with sizes smaller than 10 nm, it was shown that the nanoparticle adsorption
can be regulated by modifying the pH value of the solution. The reversibility observed in
this system points to the adequacy of a thermodynamic description of the interfacial stability
of the nanoparticles. Reincke and co-workers observed [56] that upon addition of ethanol
the contact angle of the gold nanoparticles approaches 90°, resulting in maximum stability at
the interface. Wetting experiments have indicated that a contact angle of approximately 90°
is required to form stable gold and silver nanoparticle monolayers [57], consistent with the
maximum activation energy for detachment inferred from the thermodynamic model.

10
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Figure 5. Transmission electron micrograph of the airway epithelium of a hamster. Two polystyrene
particles 6 pum diameter are deposited on the airway wall. Reprinted figure with permission from
Gehr et al [30]. Copyright 2000 The Royal Society.

The thermodynamic model has also been employed to investigate the behavior of small
particles in biological tissues (see figure 5). This is a problem of considerable importance in
nanotoxicology, with respect to the possible entrapment of very small particles in pulmonary
airways. Besides the surface tension of the nanoparticles, line tension effects have also
been considered [58]. The stability of biomolecules at fluid interfaces has also been studied
by Russel et al [59], who investigated the 30 nm diameter cow pea mosaic virus at the
perfluorodecalin—water interface (liquid-liquid). The experiments indicated that the virus is
stable at the interface.

An extension of the thermodynamic model to particles with heterogeneous wettability,
Janus particles, has been considered recently [60]. It was predicted that Janus particles, which
unlike homogeneous particles are amphiphilic, do exhibit enhanced stability at the interface.
The expected maximum desorption energy of nanoparticles of radius ~10 nm at an oil-water
interface (Voil—waer = 36 mN m™!) is of the order of 103 kgT. This result could suggest a
route to diminish the effect of thermal fluctuations in experiments dealing with self-assembly
of nanoparticle monolayers at interfaces.

3.2. Nonspherical nanoparticles at interfaces

The investigation of nonspherical particles represents a current challenge in the area of
nanoparticles at interfaces. This is due in part to the difficulty in manufacturing nanoparticles
of specific anisotropic shapes. Recent advances in materials science have provided new routes
to produce ellipsoidal and disc-like particles [61-64, 10, 65]. These methods are mostly
applicable to microparticles and the production of nanometer ellipsoids with specific aspect
ratios remains a challenge in nanomaterials research. Nonetheless, methods for synthesizing
particles with some anisotropic shape have been reported [66—69]. These anisotropic
nanoparticles should play an important role in testing the predictions and applicability of
thermodynamic models at the nanoscale, but systematic studies are still lacking.

The thermodynamic model for prolate/oblate particles at interfaces [17, 70] has been
introduced in section 2, see the free energy expression, equations (10) and (11). According
to this, it is predicted that the stability of nanoparticles at fluid interfaces is strongly dependent
on the particle geometry; in particular, particles with an aspect ratio « larger than a critical value
are not stable at the interface. Figure 6(a) shows the impact of the particle geometry on the free
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Figure 6. (a) Free energy of nanoparticles at a fluid interface. T = 0.6 (10~ '° N for a nanoparticle
of radius 10 nm) and y}1 = 2. e is the particle aspect ratio, o < 1 corresponds to oblate particles
(discs), « = 1 spheres, and @ > 1 prolate particles (fibers, needles). (b) Stability diagram of
nonspherical particles at fluid interfaces, yp1 = ¥p2. The arrow indicate that for a line tension of
T = 0.6, nanoparticles with aspect ratio ~10 would detach from the interface [17].

energy of three nanoparticles with the same surface area but different shapes. For a line tension
of the order of 107!° N and nanoparticle sizes of ~10 nm size, only oblate-shaped particles
would be stable at a water—air interface (y; = 72 mN m~"). Spherical nanoparticles would be
metastable and prolate particles would be completely unstable, detaching from the interface.
According to the general stability diagram of figure 6(b) the increased instability of elongated
nanoparticles over spherical and oblate particles persists for other choices of (positive) line
tensions. The stability is strongly dependent on the nanoparticle orientation as well (see
figure 7). Also the theory indicates that the line tension effects are more important in elongated
objects such as nanotubes, nanorods or some biomolecules (viruses). These nanoparticles might
prove ideal to investigate experimentally the magnitude of the line tension, given the limited
applicability of line tension experiments with microparticles to the nanodomain as discussed in
section 2.2.

Recent experimental and molecular modeling investigations have considered 2—5 nm
diameter overbased detergent particles [71]. Oblate particles at the interface result in higher
values of the surface pressure at close packing as compared with prolate ellipsoids. These
results are consistent with the enhanced stability predicted by the thermodynamic model
discussed above.

The stability of inorganic nanorods (BaCrO,4) with 20 nm length and 5 nm diameter at the
water—air interface has been demonstrated recently [72]. Guided by the stability diagram of
figure 6, the fact that the rods are stable at the interface implies that the line tension associated
to the rod—water—air three-phase line is lower than +107'° N or negative. This is roughly in
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Figure 7. Relative stability of nonspherical nanoparticles at fluid interfaces depending on the
particle shape and orientation.
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Figure 8. Average density profile of gold passivated nanoparticles adsorbed at the water—air
interface. Reprinted with permission from [54]. Copyright 2006 American Chemical Society.

line with the line tensions expected from theory or computer simulations (10~'>~107'! N, see
the discussion in section 2.2). Regarding other anisotropic particles such as nanotubes, the
formation of pure carbon nanotube monolayers at the air—water interface represents a major
challenge. Nonetheless, it has been reported that coating the nanotube with a polystyrene salt
results in tubes that are partially hydrophilic, stabilizing them at the interface [73]. The aspect
ratio of the nanotubes can be very large (o« >> 100), according to our previous considerations
this might imply that the line tension is either negligible or negative. More experiments in that
direction are needed, however, to arrive at more precise statements on the line tension of the
nanotube—water—air interface. The stability of disc-shaped nanoparticles at fluid interfaces has
also been illustrated in experiments of Laponite discs (30 nm x 1 nm) adsorbed at the toluene—
water interface which are relevant in the stability of Pickering emulsions [74]. According to
the thermodynamic model this shape is the one that results in stronger adsorption at interfaces.

Very recently the stability of realistic models of 3 nm gold passivated nanocrystals at the
air-water interface has been investigated using molecular dynamics simulations [54]. This
study has provided the first microscopic image of the structure of these interfacially trapped
nanoparticles. The shape of the particles is strongly influenced by the length of the passivating
layer (see figure 8), which determines whether the particles adopt a roughly spherical shape
or rather a lens shape. All the nanoparticles investigated were found to be stable at the
air—water interface. They had characteristic contact angles, between 70° and 97° for the
nanoparticle—air suprasurface contact angle and between 115° and 140° for the subsurface
contact angle. The description of the wetting behavior of these particles requires a formulation
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of the thermodynamic model that takes into account the ‘soft” character of the nanoparticle
passivated layer.

Besides nanoparticles with soft coatings, liquid enclosures at interfaces form lens-shaped
nanoparticles. The thermodynamics of a drop entry at interfaces has been considered before [3].
Mainly, the stability of liquid ‘particles’ is determined by the spreading coefficient, S,

S =yi—p+ vp) 15)

This coefficient must be positive to avoid spreading of the droplet on the interface. Most
experiments on liquid droplets at the nanoscale have considered the situation of a droplet
on a substrate [44]. On the other hand the stability of 5 nm nanolenses at liquid-liquid
interfaces has been investigated via molecular dynamics simulation [75] showing that the
Neumann construction [33] very accurately predicts the wetting behavior of these small liquid
particles. Also the pressure inside the lens was consistent with the result predicted by Laplace’s
equation. Overall this investigation showed that macroscopic approaches are very accurate in
the description of very small interfaces, similar to the characteristics of the solid, structureless
nanoparticles [16] discussed before.

3.3. Nucleation at fluid interfaces

There are many problem of technological interest that are concerned with nucleation processes
at fluid interfaces. For example electrodeposition [76] is a process in which metal particles
nucleate at a liquid—liquid interfaces under the action of an external electric field. This method
has been used to synthesize nanoparticles at liquid-liquid interfaces [77]. Johans et al [78]
have applied the thermodynamic model described in section 2 to investigate the feasibility of
nucleation of metal nanoparticles at liquid—liquid interfaces via electrodeposition experiments.
As expected, the surface activity (mainly controlled by the interfacial tensions) of the small
nucleus is important in enabling the nucleation process. It was found that nucleation kinetics
of palladium at liquid-liquid interfaces was slowed down upon adding surfactant (DOPC), thus
reducing the surface tension. This was interpreted as being consistent with the expectations
from the thermodynamic model.

Another problem concerned with nucleation at fluid interfaces is the formation of
lenticular nuclei from insoluble monolayers. This issue has been investigated by Retter and
Vollhardt [79]. Using classical nucleation theory an expression for the free energy of formation
of a critical nucleus at an interface was derived. The critical nucleus is strictly speaking a
nanoparticle entity with a typical radius of the order of 2-3 nm and its Gibbs free energy is
connected to the thermodynamic model discussed before,

AG(n) =nAGy + VplApl + ypzApz —ynAp+ 1L (16)

where A G is the negative of the supersaturation, n the number of atoms or molecules involved
in the cluster and L is the circumference of the nucleus growing at the interface. The free
energy of formation shows an explicit dependence with the line tension. From the nucleation
of methyl stearate at the air—water interface, line tension values of the order of 10~ N have
been estimated [80].

4. Self-assembly of nanoparticles at fluid interfaces

The investigation of nanoparticle self-assembly at fluid interfaces has attracted a significant
number of works [81] driven by the motivation to control the preparation of well-characterized
films of metallic, semiconducting, magnetic and ferroelectric nanoparticles, which are finding
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important applications in advanced materials with specific properties; mechanical, optical or
magnetic [1]. Compared to other techniques such as deposition where the film is strongly
dependent on the substrate topology, assembly at fluid interfaces proceeds through a rapid
exploration of free energy minima owing to the softness and defect-free nature of fluid films.

One major challenge in the self-assembly at fluid interfaces is to control the structure of
the resulting aggregate. In the literature, various self-assembled structures at fluid interfaces
have been reported, whose origin defies our current understanding of colloidal forces. In the
following we review work on nanoparticle self-assembly, classifying the various studies in
terms of the nature of the particles; sterically stabilized particles (neutral), charged particles
and magnetic particles.

4.1. Sterically stabilized nanoparticles—neutral

Many experiments dealing with sterically stabilized nanoparticles have been performed using
metallic quantum dots [82—-84]. These nanoparticles consist of a crystalline core of typically
100-300 atoms passivated with alkylthiol layers which make the particles partially hydrophobic
and stabilize them at the air—water interface. Array formation for such passivated nanoparticles
has been discussed by Gelbart er al [18] where it is pointed out that the ratio of metal core
radius to passivating layer length to a great extent determines the morphology of the self-
assembled structures. A comprehensive investigation of the phase behavior of 2D monolayers
of passivated gold and silver nanoparticles (2-7.5 nm diameter) at the air—water interface has
been reported by Heath er al [85]. Different types of structures were obtained as a function
of the volume available to the passivating molecules. Large volumes result in low density
monolayers that form 2D foams when compressed. Small volumes on the other hand result
in fractal aggregates similar to those obtained from diffusion-limited aggregation, whereas for
intermediate volumes, 2D hexagonal phases are obtained. The structural changes undergone
by the monolayers as a function of the packing fraction have a strong impact on the collective
electrostatic response of the array. It has been reported that silver quantum dot monolayers
undergo a metal-insulator transition upon monolayer compression in a Langmuir trough [86].
On the other hand, investigations of polydisperse systems have reported size segregation
effects with nanoparticles of the same size tending to group together [87, 88]. This effect
has been explained in terms of the size dependence of van der Waals interactions between the
particles [88], which is large enough to drive size segregation. Thus, monodispersity is an
important requirement for the formation of high quality crystalline arrays.

Experiments have also provided evidence for the formation of exotic nanoparticle
structures. Metal nanoparticles (4—6 nm diameter) form circles and linear chains at the air—
water interface [18]. It has been argued that these structures are interconnected and that the
effect of increasing the nanoparticle concentration is to drive the formation of stripes from
circles and networks from linear chains. For a small ratio of passivating layer length to core
radius, circular islands are favored, whereas for a large ratio stripes are formed (see figure 1).
In the latter case the anisotropy needed to form chains is commonly assigned to interdigitation
effects. Computer simulations offer contrasting evidence for interdigitation of ligand shells
though [89, 90]. In line with experimental results, the simulations confirm the dependence
of the self-assembled structures on the ratio of passivating layer length to core radius. At
low packing fractions, nanoparticles passivated with short surfactant layers (butanethiols) form
open structures, with local order corresponding to hexagonal packing. For the same core size,
longer surfactants (dodecanethiol) give rise to more compact structures exhibiting a change
in the crystal symmetry from hexagonal to a distorted square lattice (see figure 9). Similar
symmetry changes have been reported in three-dimensional arrays [89].
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Figure 9. (a) Two-dimensional array of butanethiol nanoparticles. Figures represent the array
with (left) and without (right) the passivating layer. The formation of hexagonal lattice has been
highlighted. (b) Array of dodecanethiol nanoparticles [90].

The formation of the circular nanoparticle structures discussed above suggests the
existence of longer ranged repulsive interactions that limit the cluster size. In [19] it was
suggested that the repulsive interactions are connected to electric dipole—dipole interactions
with the dipoles being formed by aligned water molecules close to the nanoparticle. Computer
simulations of realistic particles have indicated that water molecules reorient at the nanoparticle
surface giving rise to a local dipole potential [91]. The electrostatic potential due to this
water reorientation is of the same order of magnitude as that of the water—air interface [54].
Nonetheless, to the best of our knowledge the dipole potential has not been measured in
experiments, thus the actual origin of the repulsive interaction still remains an open question.

Several computer simulation studies of models employing a combination of attractive and
longer ranged repulsive contributions in the intercolloidal potential [19, 92-94] can account
with more or less success for the anisotropy connected to the formation of nanoparticle chains.
Interestingly, stripe structures can also arise from isotropic repulsive interactions, when the
repulsive pair potential is defined in terms of two characteristic length scales [95]. The physical
origin of some of the longer ranged repulsions used in these studies is related to the entropic
repulsion resulting from the overlap of nanoparticle surfactant layers, similar to the interaction
originally considered by de Gennes in the context of solid surfaces grafted with polymer
chains [96]. On the other hand, for the special case of realistic, passivated gold nanoparticles
computer simulations have provided more quantitative information on the effective interactions
between the particles. In vacuum the interparticle forces are strongly attractive, the main
contribution to this attraction coming from the van der Waals interactions between the atoms of
the passivating layer [90, 89]. These interactions can nonetheless be strongly modified when the
particles are immersed in a solvent [97] and such modification of the van der Waals interactions
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Figure 10. Surface pressure isotherm of nanoparticles (3 nm diameter) at a liquid—vapor interface,
computed using molecular dynamics simulations. The solvent is not shown. The snapshots illustrate
different stages in the compression process. For pressures beyond the collapse pressure buckling of
the monolayer can be observed [51].

in the case of interfacially trapped particles is even more complicated since media with different
dielectric constants have to be taken into account in the screening of the van der Waals potential
(see section 5).

Besides the formation of clusters and rings, two-dimensional nanoparticle crystals can be
assembled which undergo ‘buckling’ transformations upon compression, characterized by the
folding of the monolayer. This effect has been reported in computer simulations [51] (see
figure 10) and experiments have confirmed this observation for the case of silver nanoparticles
adsorbed at a liquid-liquid interface (water—dichloromethane) [98]. Incidentally, a similar
buckling behavior has been observed with latex microparticles at air—water and oil-water
interfaces [99], indicating that folding might be a general mechanism that operates in a wide
range of length scales.

The importance of thermal fluctuations in the adsorption behavior of nanoparticles at
interfaces has been addressed by Lin et al [13, 55]. It was observed that in CdSe nanoparticles
(1-8 nm) thermal fluctuations result in a weak interfacial segregation at water—toluene
interfaces, see also the discussion in section 3.1. This work also indicated that the in-plane
diffusion of the nanoparticles is much slower than the one in solution. In a recent article
Dai et al [100] investigated the self-assembly of dodecanethiol-capped silver nanoparticles (1—
5 nm) at the water—trichloroethylene interface. It was suggested they form multilayers instead
of a clear monolayer at the interface and that the liquid-liquid interface is very broad with the
nanoparticles having no clear preference for either phase. The plausibility of these arguments
and thus the origin of these observations is nonetheless unclear. Molecular dynamics simulation
of modified hydrocarbon nanoparticles (1.2 nm diameter) at the water—trichloroethylene
interface show that this interface has a thickness of molecular dimensions [101]. In this study
the particles showed a preference for the hydrophobic phase, and they self-assembled in that
phase and not at the interface.

Droplet evaporation as the main nonequilibrium method to induce nanoparticle self-
assembly has been investigated by many authors, see e.g. [102—104]. Bigioni et al found that
the morphology of the assembly formed by gold nanoparticles at a water droplet surface, is
mainly controlled by the evaporation kinetics and the particle interactions with the liquid—air
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interface [104]. Rapid evaporation and initial formation of two-dimensional islands are needed
to obtain extended monolayers in the late stages of drying. Interestingly the islands were
found to grow in time both linearly and exponentially, which can be explained considering
the diffusion distance traveled by the particles at the interface before they meet an island. The
importance of the evaporation rate in driving 2D structures has been addressed in the self-
assembly of passivated metal nanoparticles (5.8—7.5 nm diameter) [102]. Fast evaporation of
the droplet enables assembly at the droplet liquid—vapor interface whereas slow evaporation
conditions favor the nanocrystal diffusion away from the interface and formation of three-
dimensional structures.

4.2. Charged nanoparticles

Most studies of charged particles at interfaces have been performed with microparticles owing
to their visibility under light microscopes. In the first study of charged polystyrene particle
assembly at the water liquid—vapor interface Pieranski [5] reported an electrostatic repulsions
between particles, whose range is longer than the electrostatic repulsions in bulk water. This is
due to the electric dipoles formed by the colloid surface charge and the counterions, resulting
in a power-law dipole—dipole repulsion between the particles, which drives the formation of
compact 2D lattices at air—water interfaces (see section 5). Subsequent work using polystyrene
particles has investigated the sensitivity of the monolayer structures to electrolyte concentration
(water salinity) [105, 99]. At low salinity the repulsion between particles results in fairly
ordered arrays. Increasing the salt concentration appears to screen the repulsive interactions
and favors irreversible 2D cluster formation. This cluster formation was early addressed by
Hurd and Schaefer [106] in investigations of aggregation of silica spheres (300 nm diameter) at
the air—water interface. The clusters formed fractal aggregates with a low, characteristic fractal
dimension of ~1.2, consistent with the formation of string-like structures at the interface. The
tendency to form these structures was rationalized in terms of the energy difference between a
particle approaching a dimer from the end and from the side. Larger fractal dimensions (*1.47—
1.58) have been observed for polystyrene particles at the oil-water interface [108] and the
induction time for cluster formation upon addition of salt and surfactant has been investigated.
The addition of salt alone induces cluster formation only after several days (pointing to a still
sizable electrostatic barrier) whereas in combination with surfactants the induction time can be
reduced to less than 1 h. It is important to recall that similar fractal aggregates have also been
observed in gold nanoparticle experiments (see section 4.1).

The marked insensitivity of very ordered 2D crystal structures of particles at the oil—
water interface to salt concentration [99, 107, 108], has been interpreted in terms of likewise
dipolar repulsions with no salinity dependence, caused by small residual charges at the particle—
oil interface [109, 107]. However, the use of linear screening theory (which for charges
present only at the colloid—water surface predicts a strong decrease of the repulsions with
increasing salt concentration, see equation (17) below) for interpreting the experiments as done
in [99, 107] is hazardous, considering the high charge densities on the water side (~1e nm~2).
Nonlinear theory predicts a drastic reduction of the salinity dependence of the electrostatic
repulsions [110] (see equation (19) below), however, the absolute magnitude of the observed
repulsions still points to additional charges on the oil side beside the ones on the water
side [110, 111].

In a series of papers it has been reported that micrometer-size polystyrene
particles form mesostructures of circular, chain and soap-froth type at the air—water
interface [112, 113, 20, 25] (see figure 11) indicating the possible existence of an attractive
minimum in the intercolloidal potential at distances of a few colloid radii. As an alternative
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Figure 11. (a) Polystyrene particle arrays formed at the water—air interface. Reprinted with
permission from Ruiz-Garcia er al [20]. Copyright 1998 by The American Physical Society.
(b) Reprinted with permission from Ghezzi and Earnshaw [113]. Copyright 1997 Institute of
Physics. (c) Structure formed at a water—air interface contaminated with silicone oil. Reprinted
figure with permission from Ferndndez-Toledano ef al [115]. Copyright 2004 American Chemical
Society. (d) Reprinted figure with permission from Chen et al [119]. Copyright 2006 by The
American Physical Society.

explanation, different authors [114—116] have suggested that such structures could be explained
by oil contamination of the interface. In recent work [117-119] care has been exercised to avoid
surface contaminations, yet the colloids still formed small clusters with the particles being well
separated, consistent with the original assumption of a longer ranged attractive component in
the potential. Stamou et al [25] suggested that the attractive contribution could be due to a
rugged three-phase contact line which results in the distortion of the air—water interface and
induces anisotropic capillary forces between the colloids. Such a rugged contact line could
be due to surface roughness, and for sizable capillary attractions between microparticles, the
lateral separation between ‘hills’ and ‘valleys’ on the colloid surface needs to be on the order
of several 100 nm (see equation (25) below). However, electron micrographs of the surface
of a polystyrene colloid indicate typical distances between elevations and valley much smaller
than that [49]. Another type of heterogeneity on the colloid surface has been demonstrated
in [118, 119]. An atomic force microscopy analysis of the distribution of dissociable groups on
the colloids showed domains with sizes of the order of 100 nm, indicating that the charge
distribution upon immersion in water will be spatially heterogeneous. Through a likewise
asymmetric screening cloud, attractive effects in the potential may be expected, however, the
theoretical model presented in [119] is not applicable since it is based on the picture that the
effective dipole moment of the colloid possesses also a component parallel to the interface
plane when the colloid orientation is fluctuating around equilibrium. However, it can be shown
that for an arbitrary surface charge distribution (and hence for arbitrary orientation of the
colloid) the counterions arrange such that the net dipole moment is always perpendicular to
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the interface [120]. Possible attractions arise in higher multipoles; their quantitative effect
deserve further consideration. In [121] the possible existence of an attractive minimum between
like charged colloids was deduced from the quantitative analysis of a metastable, hexagonal
seven-particle cluster of poly(methyl methacrylate) particles at an oil-water interface. It was
concluded that the interface deformation induced by the particles was responsible for a capillary
interaction that varies logarithmically with distance. This interpretation has been criticized
in [122] and contradicted in [23, 24]. On general grounds the capillary forces between charged
particles vary with the particle distance as 1/d* (see section 5). In summary, the precise origin
of the attractive minimum is still a matter of debate.

The work reviewed above shows that the behavior of charged particles at interfaces is a very
dynamic area of research with many questions that still remain to be solved. Experiments using
small nanoparticles indicate that the forces inferred from experiments at the microscale may
also be found at the nanoscale. Experiments on charged metal nanoparticles (10 nm diameter)
at the water—oil interface have been reported very recently [123, 57, 56]. It was found that
the interface coverage and consequently the self-assembly could be regulated by changing the
nanoparticle surface charge [123, 56]. This was discussed in similar terms by Okubo [124], who
correlated the surface activity of silica (100-200 nm diameter) and polystyrene nanoparticles
(100-200 nm diameter) to their respective surface character (polar and hydrophobic). In an
attempt to explain these results, the surface activity of the nanoparticles was modeled using
the thermodynamic model supplemented by electrostatic terms, hence following the same lines
used to discuss the behavior of micrometer size particles. It appears that this approximation
provides a qualitative explanation of the behavior observed in the small 10 nm particle systems.

The relative ease in the formation and study of 2D colloidal crystals at interfaces also
allows to study fundamental questions related to the nature of the liquid—solid phase transition
in two dimensions (Kosterlitz—Thouless transition). The equation of state for monolayers of
1.0 and 2.9 pum particles adsorbed at the air—water interface has been reported by Armstrong
et al [125]. The bigger particles exhibited a behavior consistent with the existence of an
hexatic phase [126, 127] characterized by short range translational order and quasi-long range
bond-orientational order. Interestingly, the smaller particles showed a first order melting
transition. It is difficult to rationalize how such small changes in particle size can impart
such dramatic change in the phase behavior as invoked by the authors. Later work has
provided clearer evidence for the existence of a first order liquid—hexatic phase transition [128].
Computer simulation of colloidal particles confined to a plane, interacting through dipole—
dipole interactions have also considered the formation of hexatic phases [129, 8, 130]. These
simulations have reported a first order melting transition, and also provided evidence for
the formation of hexatic phases. Nonetheless this simulation work ignores some degrees of
freedom that might be relevant in the description of particles at interfaces, for instance particle
fluctuations in the direction normal to the interface. The importance of particle motion in the
third dimension and its relevance to the hexatic and buckling transitions, has been discussed
by Zangi and Rice [131]. The main conclusion form these and other studies [51] is that an
appropriate modeling of nanoparticles at interfaces requires the modeling of particle motion in
the third dimension.

Mutual interactions of nonspherical nanoparticles will be much richer compared to
spherical ones and should give rise to more complex self-assembled structures. However, the
study of this field is not yet as well developed as the investigation of spherical particles due to
the complications in manufacturing anisotropic shapes in a controlled manner. One can expect
that for small distances the shape immediately influences the van der Waals attractions and
the steric repulsions. For larger distances, the isotropic electric dipole repulsion will compete
with anisotropic capillary forces. For micrometer ellipsoids the latter appear to dominate
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the structure formation altogether, as experiments with stretched polystyrene particles (with
strong tendency to assemble tip to tip) on the air—water interface show [10, 132]. In the
compression of such ellipsoidal monolayers a complicated sequence of buckling and flipping
transitions is observed which sets in at much smaller than close packed 2D densities [133].
Recently, the pattern formation of polyelectrolyte/nanotube complexes has been investigated
experimentally [73]. These carbon nanotube complexes are stable at the air—water interface and
form nematic-like structures, soap froths, rings and cumuli-like structures at different surface
pressures. The formation of rings has been explained as a result of competition between the
elastic and interfacial energies of the nanotubes. Investigations of BaCrO4 nanorod (20 x 5 nm)
monolayers [72] have also shown a number of structural changes upon compression in a
Langmuir trough. Pressure induced isotropic—nematic—smectic transitions were reported. The
existence of nematic order is in contrast with the phase diagram of a pure hard rod system [134]
for which only isotropic—smectic transition have been observed when the aspect ratio is smaller
than 7.

4.3. Magnetic particles

Magnetic particles are starting to attract some attention in the scientific community. This
in part is connected to the availability of synthetic methods that enable the making of high
quality magnetic nanoparticles. Examples of successful routes to manufacture 13 nm Fe;O,
magnetic nanoparticles have been reported [135]. The compression of nanoparticle films
result in the formation of circular domains as well as close packed arrays for high surface
pressures. Experiments with similar magnetic nanoparticles, y Fe,O5 (7.5-15.5 nm in diameter)
at the air—water interface [136] have reported the formation of chains and compact circular
aggregates, reminiscent of the aggregates observed in both neutral and charged particles. These
experimental observations have been interpreted in terms of a balance between van der Waals
and magnetic dipole—dipole interactions. Preliminary results under the action of a magnetic
field [136] indicate that the interactions with the external field are important for field strengths
larger than 100 mT.

Magnetic microcolloids adsorbed at the air—water interface have also been used to
address the fundamental questions concerning 2D phase transitions. Zahn and Maret [6]
investigated the dynamic behavior of a 2D crystal at melting where the crystal consisted of
superparamagnetic particles (4.5 um). In contrast to most other studies with interfacially
trapped particles the colloids here were fully wetting and thus did not penetrate the interface
but became stabilized near the interface through balancing gravitational weight with repulsive
Hamaker forces. A similar method to trap fully hydrophobic, charged particles near water
interfaces is presented in [137]. Notably the experimental results were in agreement
with the KTHNY theory [126, 127]. These studies were extended to binary mixtures of
superparamagnetic colloidal particles [138]. The observed partial clustering (with the small
particles in clusters and the big particles left unclustered) was explained in terms of negative
nonadditivity in the interactions.

Computer simulations are playing an increasingly important role also in the
investigation of two-dimensional magnetic systems. Froltsov et al [139] have investigated
superparamagnetic suspensions confined to a planar liquid—gas interface and exposed to an
external magnetic field. The mutual interaction in these model studies was controlled by
magnetic dipole—dipole interactions. The tilt angle of the magnetic moment can be used to
control the symmetry of the two-dimensional lattice. Very recently a combined theoretical and
simulation study has considered magnetic nanoparticles of ellipsoidal shape at a liquid-liquid
interfaces [34, 35]. According to this study, the application of an external field can reorient
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Figure 12. Sketch of two nanoparticles adsorbed at the water—air interface. The asymmetry in the
ion cloud gives rise to an electrical dipole moment, jt.

nonspherical nanoparticle at the interface, but the change in orientation features a discontinuous
jump that indicates a possible orientational transition at a specific field strength.

5. Forces between nanoparticles at fluid interfaces

The experimental studies of nanoparticles at interfaces have shown a rather complex
phenomenology. There is a significant number of works that have proposed theoretical
approaches to explain this complex physical behavior. In the following we review the current
state of the art on modeling the interactions between particles at interfaces.

5.1. Electrostatic interactions

The electrostatic interaction between charged colloidal particles adsorbed at water interfaces
with nonpolar media become strongly modified compared to their interaction in bulk water
which is of screened exponential type. Usually, the colloid surface is covered with dissociable
groups which release ions when brought in contact with water, resulting in highly charged
colloid-water surfaces. However, when the nonpolar medium is oil, residual charges may settle
on the colloid—oil surface [107]. In both cases, the effective electrostatic interaction between
the colloids is of dipole—dipole type for large distances. In case of the highly charged colloid—
water surface, the dipole is formed by the surface charges and the counterions in water (see
the discussion below), in case of the charged colloid—oil surface (where the charges reside at a
finite distance from the interface) the dipole is formed by the surface charges and their image
charge in water.

In a simple model studied by Stillinger [140] and Hurd [141] (colloids are taken as
point charges right at the interface and the water phase is treated within linearized Poisson—
Boltzmann theory), it was pointed out that in addition to the screened Coulomb repulsive
contribution a dipole—dipole interaction was present when particles adsorb at interfaces (see
figure 12). The qualitative features of this interaction are expected to be accurate for
long intercolloidal distances, where, firstly the potential is smaller than kg7, therefore the
linearization becomes a good approximation, and secondly, where the point charge approach
is expected to be accurate. However, the strength of the dipole interaction as well as its
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dependence on the electrolyte concentration through the Debye screening length «~!, are
subject to strong renormalization [110] of the charge densities on colloid—water surfaces
usually encountered in experiment (e.g. 0. ~ le nm™2 for polystyrene colloids). Also,
at short intercolloidal distances (high packing fractions) the nanoparticle-water interface is
expected to add a nonnegligible contribution to the electrostatic interactions between these
particles [142, 54, 91]. In these cases the molecular nature of water should be considered
explicitly.

The (screened) Coulombic and dipole contributions to the interaction energy of two point
charges ¢ = Ze = o.A (A is the colloid surface area exposed to water and o, the surface
charge density) within the linearized Poisson—Boltzmann equation are given by [141]:

Ze\? 1 1 (rczlc’z
Udipole o 2 ; E X g PE (kd > 10) (17)
(linear screening)
(Ze)? €?
Ucoulomb & 2 exp(—kd) (kd < 10) (18)
ed ) er—1

where € is the ratio of dielectric constants of the liquid (water) and the nonpolar medium, and
d is the intercolloidal distance. The effective dipole moment of each particle (as ‘seen’ in the
nonpolar medium) is given by i = Zex ~!/e. Hurd showed that above xr & 10 the interaction
is dominated by the dipole—dipole term. For the case of spherical colloids of radius R it has
been shown [110] that the squared dependence on the charge density and the screening length
of the strength of Ugipole is changed to a squared logarithmic one if the nonlinearities in the
Poisson—-Boltzmann equation are taken into account,
€np€0 R4 2 -1 . .
202 e In“(ock ™ Be/ewep) (nonlinear screening). (19)
Here, €, and €,, are the dielectric constants of the nonpolar phase and water, respectively, €
is the dielectric constant of vacuum and 8 = 1/(kgT) is the inverse temperature. Furthermore
g = 0(1) is a geometry factor depending on the contact angle which determines the position
of the colloid interface. It turns out that g is independent of o, and weakly depends on x~';
furthermore this implies that the renormalized form of the dipole interaction (19) should be
valid for colloids of more or less arbitrary shape, as long as ! is smaller than the colloid size.

Very recently it has been demonstrated experimentally that the charge distribution on the
particles might be quite inhomogeneous [119]. This inhomogeneity result in anisotropies of the
electrostatic interaction in the interface plane. However, it can be shown that for large distances
the isotropic dipole repulsion is dominant and possible orientation dependent attractions must
be oc d*. Effects of such inhomogeneous charge distributions on the particle arrays formation
might be expected when the screening clouds of two colloids overlap significantly. Further
theoretical work is needed to accurately describe this important situation.

Electrostatic forces between colloids are intimately linked to the appearance of
electrocapillary interactions due to the deformability of the interface under the action of
electrostatic stresses. These implications will be discussed below in section 5.3.

Udipole ~ 8

5.2. Van der Waals and short range repulsive interactions

The van der Waals interaction between partially immersed particles is more complicated than
that between particles in bulk. This was already noted by Williams and Berg [143] who
proposed an extension of the Hamaker treatment to the case of particles at interfaces. This
approach can be used to estimate the effective Hamaker constant in terms of the fractional
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volume of the particle immersed in the liquid. For a liquid—vapor interface the following
equation was derived [143],

Aint = Avac + 23 = 21) (Atiquia — Avac) (20)

where f is a linear fractional immersion and Ay,. and Ajquig, are the Hamaker constants of
the particles in vacuum and in the liquid. This treatment of course ignores the thickness of the
interface, and the large changes in density around it (see figure 3), and consequently it is bound
to become inaccurate in the case of nanoparticle systems. Nonetheless this simple expression
illustrates that van der Waals interactions between particles at liquid—vapor interfaces are
expected to be stronger than in the bulk liquid, a point that must be taken into account when
interpreting experimental results.

Experiments have provided insight on the dependence of the dispersion interactions with
nanoparticle size [88]. In a series of experiments of polydisperse samples of gold nanocrystals
capped with dodecanethiol, it was observed that the particles assembled into domains with
the larger particles in the center, surrounded by smaller particles. This effect was interpreted
in terms of the size dependence of the dispersion interactions. Assuming that the alkylthiol
chains have the same dielectric properties as the alkane solvent, the following expression for
the interaction between particles of radii Rs and Rp can be used [144],

Usow(h) = =28 X + 1
YW T T2 | h(1+ h/2(Ra + Rg)) | 1+ h/R + h2/4RARg

+21n( h(1+h/2(Ra + Rp)) )}

20
R(1+h/R+ h?/4RARp)

where h = d — (Ra + Rp) is the shortest distance between the two particles, Ay is the Hamaker
constant for gold—gold interactions through dodecane, and R = 2RARg/(Ra + Rp). This
expression varies as 1/h% for 4 > R similar to a normal 1/d® dispersion interaction, whereas
it decays with 1/h for h <« R, which corresponds to the limit obtained with the Derjaguin
approximation [145].

Computer simulations have suggested that metal passivated nanoparticles interact very
strongly through dispersion interactions mediated by the passivating layers. For molecular
crystals the interactions are predicted to be of the order of ~150 kg7 [89]. A similar order
of magnitude was obtained for passivated nanoparticle pairs in vacuum [90]. Nonetheless it is
important to note that the interactions are sensitive to solvent conditions. As a matter of fact,
the solvent can strongly modify the Hamaker constant, and screen completely the attractive
interactions between nanoparticles in solution [97].

One attempt to get information on the interaction strength between small passivated
nanocrystals (& 2-4 nm radius) was reported in [146]. The effective pair potential was
extracted from small angle x-ray data by means of the hypernetted-chain integral equation.
The results were fitted to a potential consisting of a van der Waals contribution, equation (21),
and an steric repulsion. The steric repulsion was derived by de Gennes for a tightly packed
monolayer in a good solvent [96]. Moreover a Lennard-Jones potential was also considered as
effective pair potential. It was concluded that the Lennard-Jones potential adequately fits the
experimental results. This suggest that the van der Waals interactions can be well described
by an attractive 1/h° interaction. Also it was suggested that the repulsive interactions is
short ranged, a feature that is not well described by the steric repulsion in the case small of
nanoparticles.
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Figure 13. Capillary interactions. (a) Flotation forces: gravity acting on macroparticles causes
long ranged, logarithmically varying interface deformations and capillary energies. (b) Immersion
forces: microparticles on a substrate covered with a thin film also give rise to logarithmically
varying capillary interactions. (c) Freely floating and charged nanoparticles experience capillary
interactions of shorter range, od ™3, due to the combined action of a vertical force on the colloids
and an inhomogeneous stress on the interface.

5.3. Capillary forces

Forces isotropic in the interface plane. Capillary forces between small particles have been
extensively discussed by Kralchevsky and Nagayama [22], mostly for the case when no stresses
act on the interface. In this case, forces on the colloids acting perpendicular to the interface
result in strong lateral forces between particles (which can be attractive or repulsive) due to
logarithmic interface (meniscus) deformations (see figure 13(a)). For macroscopic particles,
gravity can induce such deformations, causing flotation forces whose strength decreases with
the sixth power of the particle size. These forces are irrelevant for small particles, <10 um
whose dimensions are much smaller than the interface capillary length &~ mm. For these small
particles another type of capillary force arises when the particles are adsorbed in a thin film
or partially immersed in a liquid. This situation leads to interface perturbation giving rise
to immersion forces, which again can be attractive if both menisci are concave or convex,
or repulsive if one of the meniscus is concave/convex and the other one is convex/concave.
These forces result in aggregation across a wide range of length scales, from nanometer to
macroscopic scales. For nanoparticles of the same radii, R, partially immersed in a liquid or
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in a thin film (see figure 13(b)) the capillary energy as a function of the particle separation d
reads [22]

Uep o ¥ R*Ko(qd) adgl —yR? In(gd) (immersion) (22)

where y is the interfacial tension, Ko(x) is the modified Bessel function of zeroth order,
q = «/(Apg — II")/y is the inverse capillary length in thin films, where I1’ is the derivative
of the disjoining pressure with respect to the film thickness. This expression is valid when
the distance between the particles is much smaller than the capillary length (d <« ¢,
Gumer = 2.7 mm) and when the radii of the two contact lines is much smaller that the particle
separation. The first condition is readily achieved in nanoparticle systems, the second only
when particle separation is large enough (low covering). It should be noted that unlike flotation
forces, the immersion force increases linearly with the interfacial tension.

Surface charges on colloids may induce capillary effects which go beyond the forces
discussed above. In this case the meniscus deformation is caused by the combined effect of
a vertical force F acting on the colloid and an inhomogeneous stress field p.; acting on the
interface, see figure 13(c). This stress field is the difference between the electrostatic stress
tensor right above and below the interface. It is very important to distinguish the cases where
mechanical isolation holds and where not. Mechanical isolation states that the total force on
colloid plus interface is zero (F = — f dAmenper) and the asymptotic meniscus deformation
around a single sphere is power-law like, u(r) o< r~*. Mechanical isolation together with
the absence of logarithmic meniscus deformations should apply to nanocolloids on a flat
interface but it can be shown to hold also for colloids sitting on mesoscopic droplets [147]
(for the controversy on this particular case, see [148—150]). The ensuing capillary interaction
is attractive and shows a dipole-like decay as does the electrostatic interaction [151, 152],

Ucap(d) ~ —&r Ugipote(d) (mechanical isolation). 23)

Its relative strength compared to the electrostatic dipole repulsion is given by eg = F/(2nwy R),
which is the ratio of the total vertical force acting on the colloid with a force scale set by
the surface tension. This ratio must be of order 1 for the capillary attraction to overcome the
electrostatic repulsion. As discussed in section 5.1, the colloids may be charged on the nonpolar
(oil) side as well as on the water side. On the nonpolar side, charge densities are low [107]
(0c ~ 107%e nm™?), thus ep ~ 62 R/(€qpy) is small already for microparticles and renders the
capillary interaction unimportant for nanoparticles (&, is the dielectric constant of the nonpolar
phase). The possibly large colloid charge densities on the water side necessitate to take into
account aspects of the full, nonlinear Poisson—Boltzmann problem and yield ep ~ o, kgT/(ye)
(colloid size independent if the screening length x ' is smaller than the colloid size), and
in this case the capillary attractions can become asymptotically dominant if o, ~ le nm—2
and the surface tensions, are low (y ~ 0.01 N m~!, as e.g. for water surfaces treated with
surfactant) [151].

Mechanical isolation does not hold if AF = F + f dAmenper # 0. Then the asymptotic
meniscus deformation u(r) o (AF/y) In(gr) is logarithmic, as it is the ensuing capillary
potential

(AF)?

Uep(d) = AF u(d) In(gd) (no mechanical isolation).  (24)

The flotation interaction is just a special case where the system is not mechanically isolated
(F = Fgay, pe = 0). Other examples may be realized when there are external fields acting on
the colloids (e.g. laser tweezers).
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Forces anisotropic in the interface plane. Colloidal anisotropies may also give rise to
meniscus deformations, which result in capillary interactions that are anisotropic themselves.
Stamou et al [25] have proposed that for spherical colloids the three-phase contact line itself
may be wiggly due to surface roughness. In a multipole decomposition of the contact line, the
quadrupolar term (with amplitude uquaq) causes asymptotically the dominant contribution to the
meniscus deformation (monopoles and dipoles must be zero due to force and torque balance).
It results in a capillary interaction energy

R 4
Ueap ~ ¥ Upyaa <Z) cos(2¢; + 2¢) (quadrupole interaction)  (25)

where ¢p; parametrizes the quadrupole orientation of colloid 1 or 2 in the interface plane.
Such an interaction may favor the formation of linear and branched aggregates. Assuming
Uquad ~ R/10 this capillary force could result in an interaction energy of 10* kg7 for 1 um
particles separated by a distance of 2 um. It would be desirable, however, to gain more insight
into the shape of the three-phase contact line using realistic models for the surface roughness
of colloidal particles. Undulated contact lines and thus anisotropic capillary forces have
been achieved recently with the fabrication of metal and silicon dioxide microparticles [64].
As another example, polymeric ellipsoids have been produced with sizes in the micrometer
domain [10]. Their aspect ratio, however, appears to be easily tunable in the range 1-10. For
contact angles 6 # 90°, Young’s law necessitates sizable undulations of the contact line, with a
leading quadrupole amplitude uquaq Of several hundred nm, if the aspect ratio is large [10, 132].
According to equation (25), this leads to strong interactions and the resulting surface structure
might not necessarily be thermally equilibrated [133]. For small eccentricities, the capillary
problem can be solved perturbatively and Langevin simulations of the structure formation result
in dendritic or hexagonal-lattice-type structures [153].

5.4. Fluctuation forces

The instantaneous location of a fluid interface between two phases in equilibrium is not
fixed but is affected by thermal fluctuations. The resulting deviations u(r) from a certain
mean position of the interface are termed capillary waves which are easily excitable.
Without damping, capillary waves would completely blur an interface, however damping
on a macroscopic length scale is introduced by gravity (associated with the capillary length
A ~ O (mm)) or through a finite interface (as e.g. on a droplet). Thermal correlators of capillary
waves are long ranged, logarithmic for distances smaller than the capillary length, (u(r)u(0)) ~
(kgT/y) In(A/r), and the squared width of the interface diverges logarithmically with the
capillary length (or the interface size), (u?(r)) ~ (kgT/y) In(A/o), where o is a characteristic
atomistic length of the fluid [154]. For atomistic fluids, capillary waves can be probed with x-
ray and dynamic light scattering, see e.g. [155, 156], for interfaces of colloidal fluids they have
been visualized by videomicroscopy in real space [157].

Colloids trapped on an interface can be viewed as ‘obstacles’ which restrict the possible
fluctuations of the capillary waves through boundary conditions at the three-phase contact line.
If two colloids are placed on the interface at mutual distance d, the fluctuation spectrum of
capillary waves will depend on d as will the associated free energy of the capillary waves. Thus
a distance dependent fluctuation force arises which is a thermal variant of the Casimir effect
which was originally discussed in the context of the force induced by quantum fluctuations
between two plates in vacuum [158].

General aspects of the Casimir effect associated with thermal Gaussian fluctuations (which
capillary waves belong to) have been discussed in [159]. Note that the amplitude of the
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corresponding Casimir energies is generically fixed by kg7, thus one would expect that these
become more important if one moves from the microcolloidal to the nanocolloidal domain.

The fluctuation potential has two contributions [26, 27]: (i) from the effects of the
fluctuating interface itself with the three-phase contact line held at constant, equilibrium
position and (ii) from a random motion of the three-phase contact line. The contributions
to (ii) can be varied by certain constraints imposed on the colloid which strongly influence the
fluctuation energy at large distances (yet smaller than the capillary length). For the example of
spherical colloids of radius R (6 = 90°) at distance d > R, the fluctuation potential is double
logarithmic in the distance for fixed colloids (e.g. by laser tweezers), whereas it is a weak power
law for freely fluctuating colloids [26, 27],

d
kgT Inln <E) (fixed colloid)
Ufue ~ 3 (26)
—kgT < — ) (free colloid).

On the other hand, the potential is independent on the constraints on the colloid when they are
close and it is divergent when the surface-to-surface distance & = d — 2R goes to zero:

U ol T ﬁ h—0 27
fluc = B 24 h ( g ) ( )
Thus the fluctuation potential is very strong for small separations, similar to the van der Waals
potential (which however is stronger, Uygw ~ 1/h for h/R — 0, see section 5.2). This implies
that when the effective Hamaker constant at the interface is small and thus van der Waals forces
are weak, the fluctuation force could drive colloidal coagulation.

Anisotropies in the particle shape lead to anisotropies in the fluctuation potential. Note,
however, that as for capillary interactions, where logarithmic terms arising from a net force on
colloid and interface are always isotropic, the logarithmic terms in the fluctuation potential
(caused by fixing the colloid) are isotropic. Thus anisotropic fluctuation interactions are
asymptotically dominant only if the colloids are not fixed. The only example treated in the
literature is the case of thin rods of length L who experience a potential [160],
kT (L\* .

BETT) <—) cos” (¢ + ¢2) (thin rods) (28)

Uﬂuc = d

where ¢; parametrizes the orientation of rod i = 1 or 2 in the interface plane.

5.5. Solvation forces

For colloids becoming smaller and their size approaching typical solvent length scales one can
expect that molecular details of the solvent and interface structure become important. These
molecular details are not captured completely by the mesoscopic type of interactions discussed
above. For bulk solvents, the associated solvation forces between colloids [161] have been
discussed for various systems, most notably depletion effects in hard body solvents or the
chemically and biologically important case of colloids in water. However, there are not at the
moment systematic investigations of the solvation forces between nanoparticles at interfaces.
Only preliminary studies [162] indicate that the solvation forces are reduced with respect to the
forces in the liquid phase, and that exhibit a long range behavior that could be consistent with
the fluctuation force associated to the interfacial thermal fluctuations (Casimir effect).

28



J. Phys.: Condens. Matter 19 (2007) 413101 Topical Review

Table 1. Interactions of nanoparticles at fluid interfaces. R denotes the colloid size (e.g. the radius
for spherical colloids) and % a distance of closest approach (h = d — 2R for spherical colloids). The
interaction potential is generically given by (functionality) x (strength). The last column indicates
the range of particle sizes for which the corresponding interactions are expected to play a significant

role.
Interaction Character Functionality Strength (kg7')  Particle size
Capillary

—immersion att/rep In(R/d) 10...10° nm... mm

—electrostatic att (R/d)3 1...10° 100 nm. .. um

—anisotropic att/rep (R/d)* f(#) 1...10° um
Electrostatic

—dipolar rep (R/d)3 10...10° nm... um
Van der Waals att (R/h)...(R/d)® 0.1...1 nm... um
Fluctuation force

—fixed colloids  att (R/W)'% .. .Inln(d/R) 1 nm

—free colloids ~ att (R/WYV? .. (R/d)® 1 nm
Solvation att/rep/osc 1 nm

5.6. Summary of interactions between particles at interfaces

In table 1 we summarize the properties of the colloidal interactions which may occur at fluid
interfaces. Electrostatic and van der Waals interactions have been the cornerstone for discussing
colloidal properties in the bulk, and they retain their importance for colloids at interfaces.
Here, the presence of the interface introduces an additional dipole character in the electrostatic
interactions. Peculiar to colloids at fluid interfaces are capillary interactions. Long-known
gravity induced capillary interactions are unimportant for microparticles and nanoparticles but
new electrocapillary interactions arise which necessarily accompany the electrostatic dipole
repulsions. For nonspherical colloids, the resulting capillary interactions are anisotropic
and strong and presumably they will play a major role in the self-assembly of anisotropic
nanocolloids.

Capillarity and electrostatics are only marginally affected by thermal fluctuations and may
be regarded as ‘classical’ interactions. On the other hand, fluctuations manifest themselves in
the appearance of Casimir-type interactions which should gain importance in the nanocolloidal
regime when the ‘classical’ interactions become smaller. Finally, colloidal interactions
connected to molecular details of the fluid interface (solvation forces) represent the least known
type of interaction and represent a major challenge for the future.

6. Conclusion

As we attempted to show in this small survey on the research activities concerning nanoparticle
behavior near interfaces, this topic is increasingly gaining focus in studies of colloid science.
Most of the experimental and theoretical activities that have been reviewed here address basic
features of nanoparticle physics at interfaces, with emphasis on qualitative aspects rather than
on quantitative details. Nevertheless, a more quantitative characterization is desirable and will
become available with the advance of measurement techniques and nanoparticle production
technology. The experiments performed in the last decade (especially on self-assembly) point
to the possible applicability of interfacially trapped nanoparticles to technological problems as
well as to their use as (quasi-)two-dimensional model systems in condensed matter physics.
The self-assembly of nanoparticles adsorbed at fluid interfaces, e.g. air—water, can be very
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complex as illustrated by the unusual two-dimensional structures observed in experiments. For
the purpose of generating structures in a controlled manner, a clear microscopic interpretation
of the origin of these structures in terms of molecular interactions is highly wanted and remains
a major challenge in colloid science. As discussed in this review the theoretical treatment
of nanoparticles at interfaces is far from trivial. Unlike many bulk colloidal suspensions,
which can be well characterized in terms of a balance of electrostatic and van der Waals
forces, the effective interactions between particles at interfaces include more contributions due
to the deformability of the interface as well as due to the inherent discontinuities (density,
permittivity) of the interfaces. Interface deformation in particular may play a very important
role in the self-assembly of nanoparticles at interface, especially when the particles are
complexly shaped or chemically heterogeneous. The disentanglement of the various effective
interface forces in experiment should become possible with the availability of methods for the
synthesis of nanocolloids with specific shapes and chemical compositions. This, we believe,
represents an important challenge for the coming years.

Given the complexity of the interactions of particles at interfaces, the availability of
simple, effective theoretical models describing the generic physical behavior of these systems is
desirable as well. Macroscopic concepts represent a natural first approach in this sense. Indeed,
despite all the complications arising from approaching the molecular scale, it would be useful
to understand the stability and also aspects of the intercolloidal forces using the macroscopic
concepts of surface and line tension, i.e., gain an understanding on how these quantities are
modified on small scales with respect to larger systems. As we summarily showed in this work,
there is experimental evidence that these macroscopic ideas can explain the generic stability
behavior of particles at interfaces. Additionally, computer simulations of model systems
have enabled to test the applicability of macroscopic approaches to nanoparticles adsorbed
at interfaces, showing that these can be surprisingly accurate for particles as small as 3 nm
in diameter. Moreover, at the time of writing simulations appear to be the quantitatively
most reliable tool to predict line tensions (which according to available results span
~107'2...107"" N) and to study stability effects linked to line tension. These predictions
ask for experimental confirmation, necessitating the development of experimental methods
to accurately measure line tensions and to observe the related effects. The use of standard
techniques to measure the line tension is complicated in the case of nanoparticles and at the
moment there are none which are able to accurately measure contact angles or line tensions of
nanoparticles of a few nanometers diameter. Further in the future, the visualization of interfaces
on the molecular scale, in particular the shape of the three-phase line around a nanoparticle, is
an important objective as well which would give us immediate access to the understanding of
nanoparticle interactions related to interface deformation.
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