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Various Aspects of the Interfacial Self-Assembly
of Nanoparticles

Nicole Popp, Sergej Kutuzov, and Alexander Boker

Abstract We describe the interfacial self-assembly of nanoparticles at liquid-liquid
interfaces and in block copolymers. At the interface of two immiscible liquids,
the particles assemble into disordered but densely packed monolayers. This self-
assembly process was investigated ex situ with scanning force microscopy (SFM)
and transmission electron microscopy (TEM), and laser scanning confocal mi-
croscopy (LCSM) methods. Adsorbed particles can be crosslinked at the interface
to fabricate mechanically stable capsules and membranes. In addition, it was shown
by pendant drop tensiometry that Janus particles consisting of gold and iron oxide
show a significantly higher interfacial activity than homogeneous gold or iron oxide
nanoparticles of comparable size and chemical nature. For the self-assembly of
nanoparticles in block copolymer mixtures, it was shown theoretically and exper-
imentally that these composite materials form hierarchically ordered structures.
Therefore, thin films from mixtures of a cylindrical polystyrene-block-poly(2-
vinylpyridine), with tri-n-octylphosphine oxide-covered CdSe nanoparticles were
prepared and investigated with SFM, TEM, and grazing-incidence small angle x-ray
scattering (GISAXS) after thermal annealing.
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Abbreviations

DFT Density functional theory

FLIP Fluorescence loss induced by photobleaching

FRAP Fluorescence recovery after photobleaching

GISAXS Grazing-incidence small-angle X-ray scattering

LbL Layer-by-layer

o Oil

PS Polystyrene

PS-b6-P2VP  Polystyrene-block-poly(2-vinyl-piridine)

RhB Rhodamine B

SCFT Self-consistent field theory

SFM Scanning force microscopy

TEM Transmission electron microscopy

TOPO Tri-n-octylphosphine oxide

W Water

1 Introduction

This chapter is concerned with the increasing use of liquid interfaces as templates for
the self-assembly of colloidal particles [1]. In particular, besides micrometer-sized
colloids, nanoscopic particles with sizes down to a few nanometers have recently
been investigated. On one hand, control of the structure formation processes at
the nanometer level poses a challenging problem. On the other hand, the use of
nanoparticles yields ample opportunities for the fabrication of nanostructured de-
vices (e.g., nanoporous containers or filtering devices). In addition to the use of
classical oil-water (O/ W) emulsion systems, like the so-called Pickering emul-
sions, fluid interfaces such as found in block copolymer nanostructures can be
employed. Here, the nanoparticles impart specific functions to the nanostructures,
such as magnetism or charge transport, as required in magnetic data storage media
or polymer-based photovoltaic devices, respectively.
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1.1 Pickering Emulsions

More than a century ago, Pickering [2] and Ramsden [3] investigated paraffin—water
emulsions contains solid particles such as iron oxide, silicon dioxide, barium sul-
fate, and kaolin and discovered that these micron-sized colloids generate a resistant
film at the interface between the two immiscible phases, inhibiting the coales-
cence of the emulsion drops. These so-called Pickering emulsions are formed
by the self-assembly of colloidal particles at fluid—fluid interfaces in two-phase
liquid systems (Fig. 1).

The desorption energy, which is directly related to the stability of emulsions,
depends on the particle size, particle—particle interaction and, of course, particle—
water and particle—oil interactions [4, 5].

Almost 80years after Pickering’s discovery, the behavior of the colloidal par-
ticles was described theoretically by Pieranski, who argued that the assembly of
spherical particles at the O/ W interface was determined by a decrease of the total
free energy [5]. The placement of a single particle with an effective radius r, at the
interface between an oil and water leads to a decrease of the initial interfacial energy
Ey to E) yielding an energy difference of AE;:

n-r? 2
E|—Ey=AE; = ——— [Yo,w — (%/w — ¥0/0)] ey
Yo/w

Here, the three contributions to the interfacial energy arise from the particle—oil
interface (¥p/0), the particle-water interface (}%,w), and the oil-water interface
(Yo w)- From (1) it is evident that, for a given emulsion system (i.e., with fixed %0,
¥p/w. and Yo w), the stability of the particle assembly is determined by the square
of the particle radius r. For microscopic particles the decrease in total free energy
is much larger than the thermal energy (a few kg7, where kg is the Boltzmann con-
stant and 7 is temperature) leading to an effective confinement of large colloids
to the interface. Nanoscopic particles, however, are confined to the interface by an
energy reduction comparable to thermal energy. Consequently, nanoparticles are

oil
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Fig. 1 Self-assembly of solid nanoparticles at the oil-water interface
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easily displaced from the interface, leading to a constant particle exchange at the
interface, the rate of which depends on particle size. The thermally activated escape
of small particles takes place more often than for larger ones and, for the equilibrium
state of assembly, the total gain in free energy is lower for smaller particles. There-
fore, assemblies of larger particles are more stable. This size dependence allows the
nanoparticle assembly to attain their equilibrium structure at the interface, whereas
micrometer-size colloids might be trapped in a non-equilibrium state. Following
these theoretical thoughts, various colloidal systems with particles of different size
and surface chemistry (e.g., polystyrene lattices, silica particles, etc.) were described
in the literature [4, 6-9]. Moreover, the behavior of nanometer-size particles was in-
vestigated in detail due to their high potential for the construction of hierarchical
and functional structures [10-13].

In addition to the size of the nanoparticles, the interfacial tension and, therefore,
the wettability of a particle surface, also dictates the desorption energy [4]. The
wettability is described by the contact angle 8 between the solid and the oil-water
interface. The stability of oil-in-water (O/W) emulsions or water-in-oil (W/O) emul-
sions depends on this contact angle. In general, the less-wetting liquid becomes the
dispersed phase. If 0 is lower than 90°, O/W emulsions are more stable; at contact
angles greater than 90°, W/O emulsions are favored (Fig. 2) [14].

The variation of the desorption energy with the contact angle is displayed in
Fig. 3. Binks and Lumsdon investigated a toluene—water system with constant inter-
facial tension of 36 mN/m by using silica nanoparticles of constant radius of 10 nm
and various wettabilities [4]. At a contact angle of 90°, a maximum in desorption
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energy was observed. Increasing or decreasing the contact angle, starting from the
maximum stabilization at 90°, also decreased the stability of the emulsion. If the
contact angle was between 0 and 20° or between 160 and 180°, the energy was
10kgT or less, which is on the order of magnitude of the desorption energy of con-
ventional surfactants [15].

So far, the stabilizing effect has only been described for particles with a homo-
geneous surface, i.e., a surface with homogeneous wettability. Later in this chapter,
we will give a brief introduction to the theoretically anticipated behavior of particles
with a heterogeneous surface exhibiting heterogeneous wettability.

1.2 Nanoparticles as Building Blocks

Besides the basic interest in the parameters governing particle interfacial assem-
bly, there is also considerable technological potential associated with the structures
formed at liquid-liquid interfaces. For example, nanoparticles could serve as build-
ing blocks for capsules and membranes with nanoscopic pores for filtering or
encapsulation and for delivery purposes.

During recent years, several approaches for the design of nano- and microscopic
capsules have been described in the literature. The electrostatic adsorption of poly-
electrolytes [16—18] or particles [19] has also been investigated. Capsules have been
successfully produced by polymerization in so-called mini-emulsions [20]. The
most promising process so far uses a nanometer-to-micrometer-sized solid template
of a water-insoluble substance, which is subsequently degraded to yield a hollow
material [21-23]. These capsules swell in appropriate solvents and are filled by
a diffusion-controlled process from the surrounding phase. The drawbacks of this
method are the broad pore size distribution, and the ex situ filling procedure, during
which only substances sufficiently small to pass the pores from the outside can be
inserted into the capsule. Further experiments have focused on the use of liquid—
liquid interfaces (i.e. water droplets dispersed in oil or a flat oil-water interface)
as templates for the production of microporous capsules and membranes. Schiith,
Fowler and others grew zeolite structures or silica spheres at such interfaces, but
failed to generate structures with defined pore sizes and size distribution [24-28].

Pore size control in microparticle colloidal assemblies was reported by
Dinsmore et al., using assembly of the particles at fluid interfaces, followed by
sintering. The resulting interstices of the quasi-hexagonal array of particles gave
pores in the range of several hundred nanometers [29, 30]. Furthermore, Godel
et al. fabricated elastic, nanoporous membranes from silica-polyisoprene hybrid
materials spread in a Langmuir trough. Crosslinking the nanoparticle-polyisoprene
film by UV radiation, followed by dissolution of the silica particles gave robust
polymer membranes with pore sizes between 30 and 500 nm [31-34].

It remains a challenge, however, to fabricate capsules and membranes with
precisely controlled pore size and a pore size distribution on the lower nanome-
ter scale. Capsules with pores between 5 and 20 nm have been a long-standing goal
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for encapsulation and immuno-isolation of cells for treatment of diabetes, cancer
and other illnesses [35-38]. After implantation of living cells into a host, pores of
this size protect the cells from the host’s immune response, yet allow exchange
of nutrients and secreted chemicals. Existing approaches towards fabrication of
immuno-isolating capsules might result in a distribution of pore sizes too broad to
be effective [35], or might require laborious lithographic processing of one capsule
at a time [39].

A novel approach for the synthesis of such materials lies in the use of a
nanoparticle toolkit that consists of particles with diameters ranging from 2 to
10nm. The necessary toolkit is readily available due to the developments on
nanoparticle synthesis (CdSe, Au, SiOy, etc.) and surface functionalization methods
using state-of-the-art techniques [40, 41]. So far, there are only a few publications
dealing with the fluid-directed self-assembly of nanoparticles. Many papers, how-
ever, describe particle self-assembly at solid interfaces. Korgel et al. for example
created self-organized superstructures from 5Snm gold particles [42—-44]. Anal-
ogous experiments using CdSe, CdTe, and HgTe nanoparticles were described
by Bawendi et al. [45]. First studies on the nanoparticle self-assembly at curved
(droplet) interfaces in Pickering emulsions were recently published by Lin et al. [12,
46, 47], Mann et al. [48], Dai et al. [49], and Mohwald and coworkers [10, 11, 13].

1.3 Homogeneous Nanoparticles at Fluid Interfaces

The structure of CdSe nanoparticles segregated to the fluid interface as shown by
confocal microscopy (Fig.4a) has been investigated ex situ with scanning force
microscopy (SFM) and transmission electron microscopy (TEM) methods. All re-
sults point to a monolayer of nanoparticles with liquidlike ordering at the interface
(Fig. 4b,c) [46].

In another approach, the interfacial diffusion of the nanoparticles was determined
using two photobleaching methods: fluorescence loss induced by photobleaching
(FLIP) and fluorescence recovery after photobleaching (FRAP). It was found that
the lateral diffusion of the nanoparticles at the interface as well as the diffusion
normal to and from the interface deviated by about four orders of magnitude from
the values obtained in free solution [46].

Moreover, a study using pendant drop tensiometry to follow the change in in-
terfacial tension accompanied by simultaneous ex situ TEM measurements yielded
insight into the mechanism of nanoparticle adsorption to the liquid interface [50]. As
can be inferred from the data in Fig. 5, different stages of adsorption can be distin-
guished. The TEM images in Fig. 6 show the mechanism of nanoparticle monolayer
formation in detail. First, free nanoparticle diffusion to the interface occurs. Sec-
ondly, the particles pack closer and form clusters that grow to form a closely
packed particle array, lowering the interfacial tension. Finally, thermally activated
exchange between adsorbed and incoming particles is observed leading to a tightly
packed monolayer and only a slow decrease in interfacial tension at later times.
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Fig. 4 (a) Fluorescence confocal microscope image of water droplets dispersed in toluene,
covered with CdSe nanoparticles. (b) Differential interference contrast optical microscopy
image of dried droplets on a silicon substrate. Inset: The atomic force microscopy height sec-
tion analysis shows twice the thickness of a monolayer. (¢) TEM image of a dried droplet.
Inset: Auto-correlation function of the TEM image reveals a mean particle distance of 7.2 nm,
which is in good agreement with the value expected for particles with 4.6nm diameter and
0.8 nm hydrocarbon ligand. Reprinted with permission from Langmuir [46]. Copyright (2005)
American Chemical Society

These observations point to the formation of a nanoparticle monolayer by nucleation
and growth. Furthermore, the relationship between the free diffusion and the diffu-
sion for the late stage of adsorption as calculated from the changes in interfacial
tension reveals an energy barrier at late stages that corresponds to the activation en-
ergy for a thermally triggered escape of nanoparticles from the interface. This is in
good agreement with the observed packing behavior.

To fabricate mechanically stable capsules and membranes from the spheri-
cal nanoparticle assemblies, the adsorbed particles need to be crosslinked at the
interface. This can be done by the use of nanoparticles that are stabilized by re-
active organic molecules. CdSe nanoparticles, stabilized by benzene vinyl ligands,
segregated to the toluene—water interface and were subsequently crosslinked us-
ing a water-soluble radical initiator. This process yielded robust membranes that
maintained their integrity even when removed from the interface (Fig. 7) [47]. Such
crosslinked nanoparticle assemblies show high elasticity, extraordinary stability in
water, and even serve as effective diffusion barriers for small molecule dyes. Using
the process described above, a nanoparticle membrane has been generated in an
Eppendorf tube at the toluene—water interface (Fig. 8). After removal of the organic
phase and introduction of an aqueous Rhodamine B solution, a well-defined diffu-
sion of the dye across the membrane was observed within about 15 min, without any
sign of turbulent mixing (Fig. 8) [47].
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Fig. 5 Dynamic interfacial tension (y) measurements of a toluene—water interface during adsorp-
tion of 6-nm CdSe nanoparticles to a pendant water drop in toluene (CdSe concentration was
1.58 x 10~% mol/L). The circles mark the time at which TEM samples shown in Fig. 6 were pre-
pared. The inset depicts the data on a logarithmic time scale. Reprinted with permission from
Physical Chemistry Chemical Physics [50]. Copyright (2007) RSC Publishing

Consequently, the use of functionalized ligands attached to the nanoparticles
is shown to provide an effective means of stabilizing the interfacial assembly by
crosslinking. Moreover, the nanoparticle assembly proved to be as elastic and robust

Fig. 6 Series of TEM images of 6-nm nanoparticle adsorption to the toluene—water interface at dif-
ferent adsorption times as marked in Fig. 5: (a) 230, (b) 1060s, (c) 14005, (d) 3514 s, (e) 4700s,
and (f) 10,800s. Structure formation via nucleation and growth of clusters can be seen. Scale
bars: 40 nm. Reprinted with permission from Physical Chemistry Chemical Physics [50]. Copy-
right (2007) RSC Publishing
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Fig.7 Confocal microscope image from different viewing angles of a nanoparticle sheet prepared
by crosslinking the functional ligands. Scale bars: 50 um. Reprinted with permission from Journal
of the American Chemical Society [47]. Copyright (2003) American Chemical Society

as expected for a nanometer thin sheet of polystyrene (PS). This work can be seen
as a proof-of-concept for the use of nanoparticles as building blocks for nanoporous
membranes and capsules.

A drawback of the crosslinking strategy used initially for nanoparticle as-
semblies is the elevated temperature (~60°C) necessary to initiate the radical
crosslinking of the vinyl benzene ligands Ligand systems have since been de-
veloped that allow crosslinking at room temperature. Ring-opening metathesis
polymerization was employed using a norbornene derivative as the ligand at-
tached to CdSe/ZnS core—shell nanoparticles in combination with a water-soluble
poly(ethylene glycol)-conjugated (PEGylated) Grubbs catalyst. It was shown that
these novel nanoparticles form stable assemblies at the toluene—water interface
and that these assemblies could be crosslinked to yield well-defined CdSe/ZnS
capsules [51]. Recently, Kotov et al. reported on the spontaneous formation of
two-dimensional free-floating nanoparticle sheets from tetrahedral CdTe nanocrys-
tals in solution [52]. Computer simulations revealed the interplay between the

CdSeltoluene

Fig.8 Rhodamine B dye (RhB, red solution) diffusing across a membrane of crosslinked nanopar-
ticles (dotted line). The bold arrows point to the interface in each tube. The two right-hand
images represent a time frame of about 15 min. Subsequent addition of water to the RhB/water
droplet replaces the CdSe/toluene solution leading to a RhB/water—water interface separated by
the nanoparticle membrane. Reprinted with permission from Journal of the American Chemical
Society [47]. Copyright (2003) American Chemical Society
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electrostatic interaction and the anisotropic hydrophobic attraction between the
nanoparticles to be crucial for the aggregation process. In addition, Tsukruk et al.
generated free-standing polymer-nanoparticle composite films of only 20 nm thick-
ness for sensor applications using a layer-by-layer (LbL) assembly technique [53].

1.4 Janus Particles at Fluid Interfaces

A Janus particle is defined as having two distinctly different hemispherical or
surface regions; polar and apolar regions are one example. Such a particle is char-
acterized by the contact angle of the polar region and the contact angle of the apolar
region. The ratio of the areas of the polar and apolar regions can be changed, where
the angle a specifies the position of the surface boundary between both regions.
(Fig.9) Values of « of either 0° or 180° correspond to homogeneous particles, while
a Janus particle in the original meaning would have a value of ¢ of 90° due to the
equal polar and apolar regions [54].

As discussed by Binks and Lumsdon, amphiphilic Janus particles can exhibit
an interfacial activity several times higher than simple homogeneous particles [54].
Janus particles combine the amphiphilic character of surfactants and the physical
properties of nanoparticles, which opens new opportunities in emerging areas of
nanotechnology and emulsion stabilization.

Recently, Perro et al. [55] reviewed the developments in the field of Janus
particles over the last 15 years, describing various strategies to obtain Janus-type
particles using polymer precursors. One strategy is based on the self-assembly of
ABC terpolymers in bulk [56, 57] or in solution [58]. Another uses the electrostatic
interactions of AB and CD diblock copolymers, which lead to inter-polyelectrolyte
complexes [59]. A different synthetic concept is to obtain Janus particles made
of inorganic materials, e.g., acorn-like particles made of PdSx—CogSg [60] or

Apolar

surface
region

oil

water

Polar
surface
region

Fig. 9 Geometry of a Janus particle at the oil-water interface. The relative areas of the polar and
apolar particle surface regions are parameterized by the angle o. 8 denotes the immersion angle of
the particle at the oil-water interface. Reprinted with permission from Langmuir [54]. Copyright
(2001) American Chemical Society



Various Aspects of the Interfacial Self-Assembly of Nanoparticles 49

dumbbell-like CdS—FePt [61] and Ag—CoFe,03[62]. Recently, Duguet et al. showed
the synthesis of an intermediate Janus particle composed of an inorganic part
such as SiO; and an organic part consisting of PS, yielding dumbbell-like and
snowman-like shapes [63]. Granick and coworkers successfully synthesized silica
Janus colloid particles in large quantities at the liquid-liquid interface of molten
wax and water [64, 65]. Moreover, Cohen et al. produced Janus-type microcapsules
via LbL assembly followed by stamping an additional polymer layer onto one side
of the LbL-capsule [62].

In addition to the efforts concerning the synthesis of Janus particles, their in-
terfacial behavior was also of interest in order to verify Binks’ predictions [54]
experimentally. In this respect, it is a challenging problem — especially for polymer-
based Janus structures — to clearly demonstrate the Janus character of the synthe-
sized objects [66, 67]. The advantage of inorganic Janus particles is that they have a
well-defined structure and geometry, which can often be visualized by electron mi-
croscopy. Thus, the interfacial properties of Janus particles can be directly compared
to their homogeneous analogues. Recently, Glaser et al. [68] prepared Janus parti-
cles (Fig. 10) consisting of a gold part and an iron oxide part following a synthesis
by Yu et al. [69]. For the Janus particles, the mean diameter of the gold particle is
around 4 nm while the diameter of iron oxide is about 10 nm, resulting in an overall
diameter of about 14 nm. (The diameters were determined by the image analysis
program package Image] from the National Institutes of Health, Bethesda, MD).
The homogeneous nanoparticles show a slightly smaller diameter compared to the
overall size of the Janus type: the gold nanoparticle diameter is about 10 nm and
the iron oxide nanoparticle diameter is about 7 nm (Fig. 10). Then, the particle am-
phiphilicity was tuned by ligand exchange with dodecanethiol or octadecanethiol on
the gold part, and their interfacial activities were compared to those of the homoge-
neous gold and iron oxide particles using pendant drop tensiometry. The reduction
in interfacial energy supported the theoretical predictions of Binks and Lumsdon
(Fig. 11) [54, 68].

Fig. 10 TEM images of the nanoparticles: (a) Janus particles consisting of gold (darker
spheres) and iron oxide (brighter spheres); (b) homogeneous iron oxide particles; (¢) gold par-
ticles. Scale bars: 25nm. Reprinted with permission from Langmuir [68]. Copyright (2006)
American Chemical Society
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Fig. 11 Dynamic interfacial tension () measurements of a hexane—water interface during
adsorption of nanoparticles to a pendant water drop in hexane (for all particle types, concentration
was 1.2 x 10~* mmol/L). The gold moieties were modified using dodecanethiol (DDT) or octade-
canethiol (ODT). NP homogeneous nanoparticles, JP Janus particles. Reprinted with permission
from Langmuir [68]. Copyright (2006) American Chemical Society

1.5 Self-Assembly of Nanoparticle/Block Copolymer Mixtures

Incorporating nanoparticles into polymer matrices produces novel hybrid materi-
als with special electrical, magnetic, and optical properties. One approach is to
directly evaporate or synthesize inorganic nanoparticles inside well-ordered block
polymer templates. Cohen [70], Sohn [71, 72], Moller [73] and coworkers have
shown that polymer—nanoparticle composites can be generated by directly reducing
the metal precursors inside block copolymer templates of different morpholo-
gies. Jaeger and coworkers demonstrated that by evaporating a series of metal
nanoparticles on polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) tem-
plates, well-aligned metal wires could be obtained on the PS domains after thermal
treatment at 180°C [74]. The disadvantages of these methods are lack of control of
the size distributions of the nanoparticles, and lack of control of the position dis-
tributions of the nanoparticles inside the polymer matrices. Recently, Cheyne and
Moffit demonstrated the formation of mesoscopic wires and cables via co-assembly
of PS-decorated CdSe nanoparticles and a polystyrene-block-poly(ethylene oxide)
(PS-b-PEO) block copolymer at the water—air interface [75]. Another approach was
inspired by theoretical predictions of Balazs and coworkers [76-78], who calcu-
lated the morphology and thermodynamic behavior of copolymer—particle mixtures
without requiring a priori knowledge of the equilibrium structures. The method
combines a self-consistent field theory (SCFT) for the polymers with a density
functional theory (DFT) for the particles. They applied this theory to diblock
nanoparticle mixtures. The theory predicts ordered phases where particles and di-
blocks self-assemble into spatially periodic structures. They allowed the particles,
by changing their solubility, to interact with both parts of the diblock copolymer
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Oa

Fig. 12 Two-dimensional density plots for the diblock/particle systems obtained from the
SCFT/DFT theory. Plots are for yagN = 20, yap = xsp = 0.02, N = 1000, f = 0.35, and
¢, = 0.15. Plots on the left represent the distribution of the A blocks and plots on the right repre-
sent the distribution of the centers of mass of the particles. Light regions indicate a high density,
while dark regions indicate low densities. The image in part (a) shows that the system displays
a cylindrical phase when R, = 0.1R( and the image in part (b) shows that the mixture forms a
lamellar phase when the particle size is increased to R, = 0.3R¢. Reprinted with permission from
Macromolecules [77]. Copyright (2002) American Chemical Society

and found that variations in the particle—block interaction energies can induce phase
transitions in the morphology of the mixture. At fixed interactions, variations in
particle size can also induce similar transitions (Fig. 12).

Experimentally, Thomas and coworkers found that hydrocarbon-coated gold
nanoparticles, with a diameter of 3.5 nm, segregated to the interface between the
microdomains of poly(styrene-block-ethylene propylene) (PS-b-PEP) copolymer,
whereas larger hydrocarbon-coated silica nanoparticles (21.5 nm in diameter) were
located at the center of the PEP domains [79]. In the absence of specific enthalpic
interactions between the two types of nanoparticles and the polymer matrix, the re-
sult suggests a profound influence of entropic contributions to the self-organization
process. For large particles, the decrease in conformational entropy of the respec-
tive polymer subchains after particle sequestration is dominant, whereas for smaller
particles, the decrease in entropy is outweighed by the particle translational entropy.

Manipulating the location of nanoparticles in the materials can also be achieved
by controlling the surface properties of the nanoparticles. By using enthalpic interac-
tions, Kramer and coworkers found that gold nanoparticles covered with sufficient
thiol-terminated PS ligands are held inside the PS microdomains in polystyrene-
block-poly(2-vinyl-piridine) (PS-b-P2VP) copolymers, whereas gold nanoparticles
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covered with both PS and P2VP ligands selectively segregate to the interfaces of PS
and P2VP to minimize the interfacial energies [80, 81]. A similar phenomenon was
also observed by Composto and coworkers for immiscible polymer blends in the
presence of silica nanoparticles [82]. Subsequent reports demonstrated that control-
ling the ligand density on the surface of gold nanoparticles also greatly affects the
nanoparticle positional distribution inside the PS microdomains. Strong enthalpic
interaction between the gold nanoparticles and pyridine units in P2VP drive the
nanoparticles with low PS ligand density to the interface of PS and P2VP, whereas
at high PS ligand density, the blocking of enthalpic interaction results in a distribu-
tion of gold nanoparticles inside the PS microdomains [83, 84].

In the melt, block copolymer interfaces can be considered as “fluid”, with dynam-
ics much slower than for conventional liquids. However, the use of block copolymer
interfaces provides an opportunity to study the nanoparticle assembly at fluid in-
terfaces in more detail since the polymer melt can be quenched at any stage of the
assembly process. This allows the “quasi in situ” study of nanoparticle assembly at
the block copolymer interfaces. Therefore, thin films from mixtures of a cylindrical
PS-b-P2VP diblock copolymer with tri-n-octylphosphine oxide-(TOPO)-covered
CdSe nanoparticles were prepared and investigated with SFM, TEM, and GISAXS
after thermal annealing. Surprisingly, these composite materials are found to form
hierarchically ordered structures via a cooperative self-organization. On the one
hand, the cylindrical microdomains of the copolymer dictate the spatial distribution
of the nanoparticles within the film. On the other hand, nanoparticles are found to
segregate to the interfaces, mediating interfacial interactions and surface energies,
resulting in an orientation of the cylindrical domains normal to the surface, even
when the interactions of one of the blocks with the substrate are strongly attrac-
tive (Fig. 13). Thus, the synergy between two assembly processes produces unique
structures, without the use of external fields, and opens a novel route to new self-
directing, self-assembling architectures [85].

To reveal the details of the cooperative self-organization of the PS-b-P2VP block
copolymer/nanoparticle composites leading to the above-described hierarchically

Fig. 13 (a) TEM image of cross-section of a PS-b-P2VP block copolymer/CdSe nanoparticle film
after annealing at 170°C for 2 days. (b) Data from GISAXS measurements: of the same film at
incident angle of 0.09° with a penetration depth of 61 A. Reprinted with permission from Nature
[85]. Copyright (2005) Nature Publishing Group
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Fig. 14 Series of in-situ GISAXS images of a cylindrical nanoparticle-doped PS-b-P2VP film
during thermal annealing at 180°C: (a) Oh, (b) 4 h, and (c) 14 h after spin coating. Reprinted with
permission from Advanced Materials [86]. Copyright (2007) Wiley-VCH

ordered structures, the structure formation process was investigated with in situ
GISAXS during thermal annealing. It was found that the orientation of the
microdomains starts at the free surface and propagates into the film (Fig. 14),
while the CdSe nanoparticles segregate to the P2VP phase, filling the cylinders
from the top. To demonstrate the universality of this process, lamellar microdomain
morphologies were used in addition to cylindrical ones. The results are shown in
the SEM image in Fig. 15, where the microdomains of a lamellar PS-b-P2VP block
copolymer oriented perpendicular to the substrate can be seen. The inset depicts the
decoration of the lamellae with CdSe nanoparticles (bright spots).

S, 20nm
d —'—_

200nm

Fig. 15 High resolution SEM image of the lamellar PS-b-P2VP/CdSe nanoparticle composite thin
film after annealing in CHCI; for 1 day, without staining. The image is taken at 1kV acceleration
voltage. Reprinted with permission from Advanced Materials [86]. Copyright (2007) Wiley-VCH
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2 Conclusion

The interfacial self-assembly of nanoparticles has been discussed and examples are
highlighted above. For liquid-liquid interfaces, the reduction in the interfacial en-
ergy is the dominated driving force. Nanoparticles assemble at the interface of two
immiscible liquids in a disordered but densely packed monolayer. With increasing
surface coverage, there exists an increasing difference between the diffusion at the
early and late stages of adsorption. This reveals an energy barrier at late stages that
corresponds to the activation energy for a thermally triggered escape of nanoparti-
cles from the interface.

A promising application of the self-assembly of nanoparticles at droplet surfaces
is the interfacial crosslinking of chemically functionalized nanoparticles. This en-
ables the encapsulation of water-soluble or oil-soluble materials inside the resulting
nanocontainers. By varying the concentration of reactive moieties, it will be possible
to control the permeability and strength of these nanostructured membranes.

A special case of nanoparticle self-assembly is the Janus particle. It was shown
that Janus particles are considerably more active than homogeneous particles of
comparable size and chemical nature and that the interfacial activity can be in-
creased by increasing the amphiphilic character of the particles. Thus, the Janus par-
ticles show a significant advantage in the stabilization of emulsions and foams over
homogeneous particles as they unify the Pickering concept and the amphiphilicity
of a simple surfactant.

For the self-assembly of nanoparticles in block copolymers, it was shown that
these composite materials form hierarchically ordered structures via a cooperative
self-organization: The microdomains of the copolymer dictate the spatial distri-
bution of the nanoparticles within the film. The nanoparticles segregate to the
interfaces, mediating interfacial interactions and surface energies, resulting in an
orientation of the block copolymer domains normal to the surface. With respect to
the wide range of synthetic methods for the production of well-defined nanoparti-
cles of various types, the self-assembly of nanoparticles into hierarchically ordered
structures, using interfacial interactions, represents a rich new area leading to po-
tential applications in optical, acoustic, electronic, and magnetic materials.
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