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merization to obtain polymeric nanoparticles can be per-
formed in environmentally friendly solvents, such as water.

There are several heterophase processes that allow the
formation of nanoparticles in water: the most well-known
method is the emulsion polymerization technique, which is
used in many industrial applications. However, this technique
is mainly used for radical polymerization, and is not well-
suited to the encapsulation of preformed polymeric or
inorganic materials. The miniemulsion polymerization pro-
cess is a very versatile technique for the formation of a broad
range of polymers and structured materials in confined
geometries.

In general, miniemulsions consist of small, stable, and
narrowly distributed droplets in a continuous phase. The
system is obtained by high shear; for example, by ultrasoni-
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Figure 1. Principle of the miniemulsion process. Two immiscible
phases are subjected to high shear, resulting in small, homogeneous,
and narrowly distributed nanodroplets. Inside the droplet phase, an
osmotic pressure agent and possible agents for further encapsulation
are included. In a subsequent reaction process, ideally no change of
the droplets is observed.
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cation or high-pressure homogenizers. The high stability of
the droplets is ensured by the combination of the amphiphilic
component, the surfactant, and the co-stabilizer, which is
soluble and homogeneously distributed in the droplet phase;
the co-stabilizer has a lower solubility in the continuous phase
than the rest of the droplet phase and therefore builds up an
osmotic pressure in the droplets (it is therefore also called an
osmotic pressure agents) counteracting the Laplace pressure.
Such small droplets can then act as nanocontainers in which
reactions can take place, either inside the droplets or at the
interface of the droplets, resulting in most cases in the
formation of nanoparticles. The miniemulsion process is
shown in Figure 1; this review will highlight the wide variety
of structures that can be formed and obtained by the
miniemulsion process.
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2. Particle Formation
2.1. Polymerization in Miniemulsions

Polymerization in miniemulsions is possible over a very
broad range. There is no doubt that radical polymerization
can be performed with many different monomers (e.g.
styrene, acrylates, methacrylates, fluoroacrylates, acryla-
mides). Copolymerizations between two hydrophobic mono-
mers are also well-suited to obtain homogeneous copolymer
materials; the copolymerization of hydrophobic and hydro-
philic monomers leads to amphiphilic polymer particles. An
overview of the many possibilities for radical polymerizations
in miniemulsions are given in several reviews,'”! and some
examples are shown in Figure 2a-c). The strength of the
miniemulsion process is that it is not limited to radical
polymerization; other types of polymerizations can also be
carried out. Anionic polymerization can be used to obtain to

Figure 2. TEM (a—c) and SEM (d,e) images of a) polyacrylonitrile
nanoparticles and b) polyisoprene nanoparticles as obtained by radical
polymerization in direct miniemulsion; c) polyacrylamide nanoparticles
as obtained by radical polymerization in inverse miniemulsion; d) poly-
(butyl cyanoacrylate) nanoparticles as obtained by anionic polymeri-
zation; and e) PLLA particles as obtained by evaporation/miniemulsion
techniques.
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polyamide in non-aqueous miniemulsions” and in the
aqueous phase, owing to the reactivity of cyanoacrylates,
poly(butyl cyanoacrylate)® nanoparticles (Figure 2d) can be
synthesized by using different nucleophiles. Also the cationic
polymerization of p-methoxystyrene!®”) can be carried out in
a miniemulsion. Catalytic polymerizations of monomer mini-
emulsions, in which polymerization occurs in the miniemul-
sion droplets to afford polymer nanoparticles, have been
reported for the following reactions: the copolymerization of
terminal olefins in a miniemulsion to form polyolefins,’®*! the
copolymerization of terminal olefin miniemulsions to poly-
ketones,'”! the ring-opening metathesis polymerization of
norbonene,"'? the homopolymerization of terminal ole-
fins,"¥ the polymerization of phenylacetylene,'* and the step-
growth acyclic diene metathesis (ADMET) polymerization of
divinylbenzene in miniemulsions to give oligo(phenylene
vinylene) particles.!"™

Polyaddition in miniemulsions lead to polyepoxide"! and
polyurethane!'” particles. In the case of the polyurethanes in
an aqueous medium, the reaction with water has to be
minimized, which can be achieved by the addition of a catalyst
that allows create polyurethanes to be formed with high
molecular weight."® Condensation and polycondensation
processes in the presence of water appears to be contradictory
terms, as in bulk processes it is known that high temperatures
have to be applied and water has to be removed. However, in
the heterophase, a locally high hydrophobicity in the droplets
allows water to be expelled from the reaction locus. Saam
et al. studied the polycondensation in suspension of hydro-
phobic diol and diacid compounds using different sulfonate
surfactants:;'>?! however, stable latexes could not be
obtained. In a miniemulsion, stable polyester?!! nanoparticles
with a high yield in the polymerization reaction could be
synthesized.

In a completely different process, Kobayashi et al.
reported the synthesis of polyesters in the aqueous medium
catalyzed with a lipase.”>?* For example, the reaction of
sebacic acid and 1,8-octanediol using Pseudomonas cepacia
lipase in water yielded the corresponding polyester in 43 %
yield with a molecular weight of 1600 gmol~'. Much higher
molecular weight polyesters were obtained in miniemulsions
with lactones catalyzed with the lipase Pseudomonas sp.
(PS).*! The polymerase chain reaction could also be success-
fully carried out in miniemulsions for DNA replication.” In
this case, the parameters were chosen such that conditions for
single-molecule chemistry were obtained, as the three-dimen-
sional space is compartimentalized in small nanoreactors; in
each compartment, the same reaction takes place in a highly
parallel fashion on every DNA molecule.

The oxidative polymerization of aniline leads to polyan-
iline nanoparticles.””? For catalytic polymerizations in the
heterophase, the catalyst can be dispersed in small droplets in
a miniemulsion. The monomer can then diffuse to the
catalyst, where the reaction can take place to obtain
polyethylene dispersions,®=! 1,2-polybutadiene,*? or poly-
acetylene dispersions.!
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2.2. Particle Formation with Preformed Polymers

Some polymers are more difficult to synthesize directly in
the heterophase because, for example, special catalysts have
to be used. Therefore, in some cases, a preformed polymer can
be used for the preparation of polymeric nanoparticles. Such
artificial latexes can be formed from the droplets consisting of
a solution of the preformed polymer. After evaporation of the
solvent, a polymer dispersion is obtained. This way, semi-
conducting polymers, dissolved in organic solvents and
miniemulsified in an aqueous phase using a adequate
surfactant, were transferred to aqueous dispersions.*! The
combination of the emulsion/solvent evaporation method and
the miniemulsion technique was also applied in the formu-
lation of biodegradable nanoparticles using different biocom-
patible and biodegradable polymers, such as poly(L-lactide)
(PLLA; see Figure2e)), poly(D,L-lactide-co-glycolide)
(PLGA), and poly(e-caprolactone) (PCL).”” Differences in
the results of various polymers are found in terms of the
particle size and size distribution, and in the degradation time.
It was also possible to create colloidally stable lattices from
low-molecular-weight  ethylene-propylene-diene  copoly-
mers."!

3. Encapsulation of Soluble and Insoluble Materials
3.1. Soluble Materials

The miniemulsion polymerization technique also allows
the preparation of highly uniform and practically monodis-
perse latex particles containing hydrophobic metal com-
plexes, such as bis(acetylacetonato)platinum(II),
tris(acetylacetonato)indium(III), bis(tetramethylheptadiona-
to)zinc(II), bis(phthalocyanino)zinc(II), and
tris(benzoylacetonato)chromium(III), each with different
loading capacities.’” The complexes are dissolved in the
monomer prior to polymerization. In some cases, the
homogeneity of the latexes was improved further by adapted
emulsion techniques. With varying amounts of surfactant, the
particle size can be tuned between 100 and 260 nm. Larger
particles of up to 370 nm in size for a given metal complex
were obtained by an additional feeding of monomer
(Figure 3). The particles can further be used for nanolithog-
raphy (see Section 10).

Whereas the above-mentioned transition-metal com-
plexes are homogeneously distributed in the particles after
polymerization, neutral, inert inner-shell lanthanoid com-
plexes, such as [Gd™(tmhd);] (tmhd: 2,2,6,6-tetramethyl-3,5-
heptanedionate), [Eu™(fod);] (fod: 1,1,1,2,2,3,3-heptafluor-
4,6-octandionate), or [Ho™(thmd);], in combination with
ester-containing monomers, such as butyl acrylate, leads after
polymerization in miniemulsion droplets to the spontaneous
formation of highly organized layered nanocomposite par-
ticles (Figure 4a).”*! The nanocomposite comprises a lantha-
nide complex phase and a polymer phase with a lamellar
repeat period of about 3.5 nm, which is somewhat independ-
ent of the system composition. As the structure inside the
particle can vary by changing the surfactant (Figure 4b), the
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Figure 3. TEM images of platinum-complex-containing nanoparticles
of different sizes (left: 105 nm; right: 370 nm).

Figure 4. TEM images of polymer particles containing the hydrophobic
gadolinium complex [Gd (tmhd);] in combination with different surfac-
tants: a) sodium dodecyl sulfate, b) sodium stearate.

interfacial substance also plays a role in the structure
formation.

A hydrophobic fluorescent dye, for example as a marker
for cell experiments, can be easily embedded in polymeric
nanoparticles.* In this case, the dye molecules are molecu-
larly dissolved in the monomer, and after polymerization
homogeneously distributed in the polymer.

3.2. Insoluble Materials

The encapsulation of solids is more challenging. For the
encapsulation of inorganic particles, such as colloidal
silica,***!I titanium dioxide pigments,[*” and silver particles,*!
in a polymeric shell, the conventional emulsion polymeri-
zation can be used. Apart from the difficulty in controlling the
dispersion stability of inorganic particles in the aqueous phase
prior to polymerization, resulting in large aggregates, it is also
difficult to exclusively polymerize the monomer on the
surface of the nanoparticles; secondary nucleation often
takes place and leads to insufficient encapsulation efficien-
cies. Differences in the diffusion behavior of relatively water-
insoluble monomers from the monomer droplets to the
growing polymerizing particles can cause variations in the
copolymer composition. For the encapsulation of hydrophilic
components, the surfaces have to be made hydrophobic by
functionalization, which can be obtained with coupling
agents, such as 3-(trimethoxysilyl)propyl methacrylate
(MPS), through a surface chemical reaction.!! MPS leads to
an enhancement of the adsorption of nonpolar monomer and/
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or polymer on the mineral surface, and provides a covalent
attachment of polymer chains to the pigment surface with a
polymerizable alkene group. Functionalization can also be
performed through simple adsorption methods, for example
by the adsorption of cationic initiators such as 2,2"-azobis(2-
amidinopropane) dihydrochloride (AIBA-2HCI) onto nega-
tively charged surfaces. The polymerization reaction of
monomers can then be initiated by the attaching the AIBA
initiator to titanium dioxide particles, for example.[*” Encap-
sulation can also be obtained using the dispersion polymer-
ization technique. For example, MPS-coupled silica particles
can be encapsulated with polystyrene in aqueous ethanol*!
and with poly (tert-butyl acrylate) in 2-propanol.l*”!

Compared to emulsion and dispersion polymerization,
miniemulsion polymerization offers several advantages. In a
miniemulsion, the monomer droplets are small, so that the
polymerization occurs by radical entry into the preexisting
miniemulsion droplets without formation of new particles. As
the generated homogeneous monomer droplets keep their
particular identity during the polymerization without serious
exchange kinetics being involved,* the polymer composition
in the copolymerization for each particle reflects that of the
corresponding monomers in the original droplets. The intro-
duction of species such as pigments into the monomer prior to
miniemulsification in the water phase, followed by polymer-
ization, leads to high encapsulation efficiencies. Encapsula-
tion of pigments or inorganic nanoparticles with polymers
using the miniemulsion polymerization technique offers the
ability to control the droplet size, having the pigment particles
directly dispersed in the oil phase, and to nucleate all of the
monomer droplets containing the pigment particles.

Using the miniemulsion approach, nanoparticles that are
more hydrophobic than the monomer can be dispersed in the
monomer phase without any former treatment, as recently
described for the polystyrene encapsulation of organic
phthalocyanine blue pigments™®) or carbon-black particles.””
For the encapsulation of hydrophilic nanoparticles, such as
calcium carbonate,”” titanium dioxide,"*? magnetite,>
fluorescent CdS/ZnS-coated CdSeP or CdS quantum
dots,*>*! montmorillonite,”* silica,”*®" silver,® or yttrium
oxysulfide phosphorescent particles,® with hydrophobic
polymers, hydrophobization of the inorganic nanoparticles
is necessary prior to or during the introduction in the
monomer phase. Calcium carbonate®™! and magnetite par-
ticles®™ can be successfully encapsulated into polystyrene
particles using stearic acid and oleoyl sarcosine acid, respec-
tively, as hydrophobizing agents. Erdem et al. used OLOA
370, a polybutene succinimide pentamine, for a successful
dispersion of titanium dioxide nanoparticles into organic
media.’!! The silver was made hydrophobic by carbon,!l and
the quantum dots could be functionalized with a trialkyl
phosphine that was previously modified with an atom-transfer
radical polymerization (ATRP) chlorine initiator.”” Silica
nanoparticles were made hydrophobic by cetyltrimethylam-
monium chloride (CTMACI) before dispersing them in
hydrophobic monomers.” Hydrophobicity can also be
obtained by alkoxyamine initiators based on N-tert-butyl-1-
diethylphosphono-2,2-dimethylpropyl nitroxide that carry a
terminal functional group, and which were synthesized in situ
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and grafted to the silica surface. The resulting grafted
alkoxyamines have been employed to initiate the growth of
polystyrene chains from the inorganic surface./*”

However, using the approach of dispersing the inorganic
material directly into the monomer phase prior to miniemul-
sification, only a relatively low inorganic material content
(<10%) can be obtained in the resulting nanocomposites,
and its distribution is usually inhomogeneous, which is due to
strong interactions and therefore clustering of the materials to
be encapsulated.

Therefore, a new route for the production of polymer-
encapsulated hydrophobic particles has been developed that
is also based on miniemulsion processes. The co-sonication of
two separately prepared dispersions, namely the nanoparticle
dispersion and monomer miniemulsion, followed by a poly-
merization, leads to effective particle encapsulation
(Figure 5). Using this method, hydrophobic carbon-black

: i
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Figure 5. The co-sonication miniemulsion process for the encapsula-
tion of hydrophobic or hydrophobized materials in polymeric nano-
particles. Monomer miniemulsion droplets and the hydrophobized
material are dispersed separately. The application of high shear leads
to the formation of droplets incorporating the hydrophobized material
by fusion and fission processes. After subsequent polymerization,
hybrid particles are obtained.

particles or other pigments can be encapsulated by polymers
(e.g. polystyrene, polyacrylates, polyurethanes; Figure 6a)
very efficiently, and the ratio of carbon black to polymer can

100 nm

d 100 nm

Figure 6. TEM images of the encapsulation of a) carbon black aggre-
gates by polyurethane, b) azopigment colloids by polystyrene, and
c) magnetite colloids by polystyrene.

vary over a wide range.™ The polymerization can be
described as polymerization in an adsorbed monomer layer
created and stabilized as a miniemulsion (“ad-miniemulsion
polymerization”).

With the co-sonication method combining the corre-
sponding pigment dispersion and a monomer miniemulsion,
different organic pigment nanoparticles could be encapsu-
lated efficiently with the polymer, resulting in hybrid
structures with a pigment-to-polymer weight ratio of 80:20
(Figure 6b).1") The successful encapsulation was shown by a
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combination of analytic methods, including ultracentrifuga-
tion, electron microscopic methods, and streaming potential
titrations at different pH values. Comparing the reaction
kinetics of a typical styrene miniemulsion polymerization (in
the absence of pigment) with corresponding ad-miniemulsion
polymerizations proceeding on the surface of different pig-
ment particles, a significant influence on the kind of pigment
in terms of its molecular structure was detected. Considerably
lower reaction rates could be attributed to the existence of the
nitrobenzene fragment in pigment molecules retarding the
reaction by acting as an effective scavenger. The remarkable
inhibition period of the analogous reaction on other pigment
surfaces was also attributed to its molecular structure. Pig-
ment molecules with unsubstituted trans-quinacridones acted
as strong inhibitors of polymerization reactions. Using the
same encapsulation method, hydrophobized magnetite can be
encapsulated by the same procedure, resulting in particles of
high homogeneity with up to 40 wt% of magnetite (Fig-
ure 6¢).

3.3. Dual-Use Nanoparticles

Dual-use nanoparticles containing two reporters, namely
a soluble fluorescent dye and insoluble magnetite nano-
particles, were synthesized in a three-step miniemulsion
process.””] The fluorescent dye is used for visualization by
laser scanning microscopy in vitro (Figure 7a), and the
magnetite (Figure 7b) for magnetic resonance tomography
in vivo. The designing of the surface with defined amounts of
carboxylic acid groups was achieved by copolymerization of
the hydrophobic monomer styrene with acrylic acid. The
magnetization measurements demonstrated that the para-
magnetic behavior of the magnetic nanoparticles is main-
tained during polymerization, which means that the magnet-
ite nanoparticles stay well-separated within the polymeric
shell. It was shown that the uptake of these nanoparticles into
different cells is dependent on the number of carboxylic
groups on the surface. An increase of carboxylic surface
groups leads also to a significant increase in the uptake
behavior in endosomal compartments, as demonstrated by
laser scanning microscopy and transmission electron micro-
scopy. Further modification of the surface was achieved by
physically adsorbing poly(L-lysine), or covalently coupling
lysine to the surface. The positively charged transfection
functionalities leads to an significantly increased uptake; the
best uptake for the nanoparticles is obtained by the covalent
lysine modification, for which high amounts of iron can be
detected in the cells, thus making them suitable for a wide
range of biomedical applications, such as use as a contrast
agent for magnet resonance imaging, hyperthermia, and cell
selection.

4. Encapsulation of Liquids
Nanocapsules can be formulated from a variety of
synthetic or natural monomers or polymers by using different

techniques to fulfill application requirements.
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Figure 7. a) Laser scanning microscopy of Hela cells. Cell membranes
are stained with RH414 in red and the nanoparticles in green.
b) Prussian-blue staining of nanoparticles in Hela cells.

The encapsulation of peptides and proteins was achieved
by the formulation of microcapsules using the double-
emulsion technique,'®®”" emulsification/solvent evaporation,
the diffusion method,”'™! or the salting-out procedure. A
different approach is the layer-by-layer technique, which was
used to form nanocapsules by using a template as core onto
which alternately positively and negatively charged polyelec-
trolytes layers can be added.™ For example, melamine
formaldehyde as the sacrificial core and poly(allylamine
hydrochloride) and poly(acrylic acid) sodium salt as electro-
lytes were used.™ Poly(ethyleneimine) microcapsules can
also be prepared by the glutaraldehyde-mediated covalent
layer-by-layer assembly method, which cross-links the adsor-
bed poly(ethyleneimine) layer and introduces free aldehyde
groups on the surface for the next PEI adsorption on MnCO;
microparticles, followed by core removal”! Covalently
stabilized hollow capsules from biodegradable materials can
also be obtained using a combination of click chemistry and
layer-by-layer assembly.["®

Various miniemulsion-based methods for the encapsula-
tion of liquids are summarized in Figure 8 and will be
discussed in Sections 4.1 and 4.2.

www.angewandte.org

Chemie

4493


http://www.angewandte.org

Reviews

4494

polymer
a) hydrophobic oil
Polymerization |~
O O andyphase o
O separation o
— O
0© o

Hydrophilic component

b) for encapsulation
Solvent/
Non-solvent Solvent Harsotvent Transfer to e
evaporation water phase
e —-

e

Hydrophilic component
for encapsulation
Water

|
| _—Monomer 1
Addition of @@ Transfer to ®®
second monomer| water phase
—

@ @ polymét;?zation @ @ ® @

Figure 8. Formation of nanocapsules. a) Phase separation during poly-
merization: before polymerization, the monomer and the hydrophobic
oil form a homogeneous droplet phase, and polymerization phase
separation occurs, leading to the formation of nanocapsules. b) Nano-
precipitation: an inverse miniemulsion is formed with the hydrophilic
component for encapsulation inside the aqueous droplets; the contin-
uous phase consists of a solvent/non-solvent mixture for the polymer.
During evaporation of the solvent, the polymer precipitates onto the
nanodroplets, thus forming the nanocapsules, which can subsequently
transferred to the water phase. c) Interfacial polymer reaction on
miniemulsion droplets: droplets in an inverse miniemulsion contain
the hydrophilic component for encapsulation and monomer 1; addition
of the second monomer via the continuous phase leads to a
polymerization at the interface, thus forming the nanocapsules, which
can be transferred to the water phase.

<)

4.1. Hydrophobic Liquids

Throughout the polymerization process, phase separation
can be used for the synthesis of hollow polymer nanocapsules
as a convenient one-step miniemulsion process. The nano-
capsules are formed by a variety of monomers in the presence
of larger amounts of a hydrophobic oil. The monomer and
hydrophobic oil first form a common miniemulsion before
polymerization, by which the polymer is immiscible with the
hydrophobic oil and phase-separates throughout polymeri-
zation to form particles with a morphology consisting of a
hollow polymer structure surrounding the hydrophobic oil.

The effect of different monomers and monomer mixtures,
of the type and amount of surfactant, and of the hydrophobic
oil hexadecane on the morphological characteristics of the
polymer/oil composite particle has been studied.”” The
differences in the hydrophilicity of the oil and the polymer
turned out to be the driving force for the formation of
nanocapsules. In the case of poly(methyl methacrylate)
(PMMA) and hexadecane, the pronounced differences in
hydrophilicity are suitable for direct nanocapsule formation.
For styrene as monomer, the hydrophilicity of the polymer
phase has to be adjusted by surfactants or the addition of co-
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monomers to favor nanocapsule structure formation (Fig-
ure 9a).

An encapsulation by phase separation was effective in the
case of polymerizing a monomer in the presence of a solid
photoinitiator (Figure 9b)." A solution of the photoinitiator
in monomer was miniemulsified in water, followed by a
polymerization process in which phase separation of the
photoinitiator and the formed polymer led to amorphously
solidified photoinitiator nanoparticles encapsulated by poly-
mer.

Figure 9. TEM images of a) nanocapsules consisting of styrene, the
co-monomer acrylic acid, and hexadecane as hydrophobic oil after the
phase separation process, and b) encapsulation of a photoinitiator by
a PMMA shell.

The fragrance 1,2-dimethyl-1-phenyl-butyramide was
embedded in different polymer nanoparticles, also using the
miniemulsion technique.®™ The combination of transmission
electron microscopy and calorimetric experiments suggest
that the particles consists of a matrix composed of the
fragrance in the polymer up to about 25% of the fragrance;
only at larger quantities of the fragrance, small microdomains
are probably formed, which are homogeneously located in the
particle.

Amphiphilic oligomers of styrene and maleic acid were
used for a nanoencapsulation by interfacially confined con-
trolled/living radical miniemulsion polymerization. The
oligomers can adsorb at the water/droplet interface, allowing
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a radical addition—fragmentation chain transfer (RAFT)
living polymerization at the interface.l*”

4.2. Hydrophilic Liquids
4.2.1. Interfacial Polymerization

Interfacial reactions are one of the most well-established
methods in the preparation of nanocapsules. Nanometer-sized
hollow polymer particles were synthesized by employing such
interfacial cross-linking reactions as polyaddition and poly-
condensation (Figure 8b),®** radical,®® or anionic poly-
merization.®*7 It is also possible to prepare nanocapsules by
miniemulsifying the disperse phase, namely a solution of
nylon 6 in formic acid, in cyclohexane. Methanol is then
added to the miniemulsion, which immediately reacts with the
formic acid. The product of the reaction, methyl formate, is
evaporated, and water replaces the formic acid in the droplets,
thus allowing the precipitation of nylon 6 at the interface of
the droplets, resulting in the formation of nanocapsules.!!

Polyaddition: Functional hollow nanoreactors with a
hydrophilic liquid core can be obtained by interfacial
polycondensation or cross-linking reactions in an inverse
miniemulsion. By varying the monomers, polyurea, poly-
thiourea, and polyurethane nanocapsules can be formed.[®!
As nanocapsules composed of biocompatible and biodegrad-
able materials are of growing interest for the use as markers
and drug-delivery systems in the human body, nanocapsules
consisting of cross-linked potato starch with encapsulated
DNA molecules have recently been prepared. Solutions of
amines or alcohols in a polar solvent were miniemulsified in a
non-polar continuous phase. The addition of suitable hydro-
phobic diisocyanate or diisothiocyanate monomers to the
continuous phase allows the polyaddition or the cross-linking
reactions to take place at the interface of the droplets. The
resulting polymer nanocapsules could be subsequently dis-
persed in water.

The polyaddition of the chitosan stabilizer with two
biocompatible costabilizers, Jeffamine D2000 and Gluadin,
and a linking diepoxide in presence of an inert oil results in
thin but rather stable nanocapsules via an interface reaction
on miniemulsion droplets.”? As both water- and oil-soluble
aminic costabilizers can be used, these experiments lead the
way to a great variety of capsules with different chemical
structures. These capsules are expected to be biocompatible
and biodegradable, and they may find applications in drug
delivery (Figure 10a).

Different components can be encapsulated in the nano-
capsules that act as independent nanoreactor; for example,
silver nitrate was encapsulated and subsequently reduced to
give silver nanoparticles inside the nanocapsules (Fig-
ure 10b).*1 The capsules can also contain a gadolinium
complex (Magnevist, GADTPA (DTPA = diethylenetriami-
nepentaacetate); Gadovist) as contrast agent surrounded by a
shell, which is highly permeable to water, allowing almost free
exchange with the bulk water (Figure 10¢).””! In comparison
with the non-encapsulated contrast agent, 7, relaxivity
measurements using NMR spectroscopy revealed a slight
decrease of relaxivity in water and in human blood after
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Figure 10. TEM images of nanocapsules as obtained by an interfacial
polyaddition reaction. a) Chitosan nanocapsules; b) polyurethane
nanocapsules with encapsulated silver salt that was subsequently
reduced after capsule formation; c) polyurethane capsules loaded with
a contrast agent, the gadolinium complex GdDTPA.

encapsulation of Magnevist. As the limiting factor for
targeted contrast agents is the number of local receptor
sites, the local relaxivity is governed by the number of bound
capsules. Considering the high possible gadalinium load of a
single capsule of between roughly 107" mmol (50 nm) and
107" mmol (300 nm) while at least maintaining the relaxivity
of the embedded agent, the possible enhancement per binding
site is significantly boosted compared to conventional para-
magnetic extracellular contrast agents. The suggested
approach appears not to be limited to the encapsulation of
Magnevist, as shown by the Gadovist example, and can most
likely act as a new basis for versatile contrast agents in MRI.

Radical Polymerization: Aqueous-core capsules with uni-
form polymeric shells could also be prepared by using the
free-radical polymerization process. The reaction was con-
strained to the interface of water-in-oil spheres by the
alternating copolymerization of hydrophobic maleate esters
and hydrophilic poly(hydroxy vinyl ether)s. In these poly-
merizations, the kinetics, shell thickness, and release charac-
teristics of the resulting aqueous-core capsules are set by the
diffusion-limited alternating reaction of the oil-soluble mal-
eate esters and water-soluble vinyl ethers.™

Anionic polymerization: Apart from a polyaddition
reaction at the interface, anionic polymerization can also be
carried out. Monodisperse biodegradable poly(n-butyl cya-
noacrylate) nanocapsules containing DNA molecules with
790 base pairs in an aqueous core could be prepared by
anionically polymerizing n-butyl cyanoacrylate at the droplet
interface in an inverse miniemulsion.” The aqueous droplets
in the size range of 300-700 nm dispersed in the hydrophobic
continuous phase were formulated using the miniemulsion
technique, which allows an easy control of the droplet size and
size distribution. The thickness of the capsules can be tuned
by the amount of butyl cyanoacrylate used for the synthesis
(Figure 11). After polymerization, the capsules were trans-
ferred to an aqueous phase. Independent of the surfactant
type, the encapsulation efficiency of DNA was about 100 %.
At least 15 % of the total DNA was found to be in the form of
free undisturbed double helix chains, as determined by
resolved agarose gel electrophoresis.
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Figure 11. TEM images of poly(n-butylcyanoacrylate) (PBCA) capsules
obtained in the presence of 5 wt% polysorbate 80 (Span80) and
a) small and b) large amounts of the monomer butyl cyanoacrylate.

4.2.2. Nanoprecipitation

As another possibility for the formation of nanocapsules is
a nanoprecipitation of preformed polymers onto miniemul-
sion droplets. For example, by interfacial deposition of the
preformed polymer, poly(D,L-lactide)-based nanocapsules
containing an antitumoral agent® or poly(methyl methacry-
late) capsules with an entrapped antiseptic agent”” were
successfully prepared. The modified nanoprecipitation of
polymers onto stable nanodroplets with an antiseptic agent
has been successfully applied for the preparation of well-
defined nanocapsules.””’ Stable nanodroplets of a chlorhex-
idine digluconate aqueous solution were obtained by inverse
miniemulsions in a mixed solvent/nonsolvent organic medium
containing an oil-soluble surfactant and the polymer for the
shell formation. A change of gradient of the dichloromethane/
cyclohexane solvent/nonsolvent mixture led to the precipita-
tion of the polymer in the organic continuous phase and
deposition onto the large interface of the miniemulsion
aqueous droplets. The size of the polymer nanocapsules could
be adjusted by varying the amount of the surfactant within a
size range of 80-240 nm. The nanocapsules could be easily
transferred into water as a continuous phase, resulting in
aqueous dispersions with nanocapsules containing an aqueous
core with the antiseptic agent. The quantity of encapsulated
antiseptic agent was evaluated to indicate the durability of the
nanocapsule wall. Furthermore, the use of different polymer
types in this process (e.g. poly(e-caprolactone); Figure 12)
with glass transition temperatures (7,) ranging from 10 to
100°C has been also successful.

4.2.3. Inorganic Layers

Nanocapsules with a low permeability were obtained by
thin layers of a crystalline material, which can be surface-
bound to cationically charged miniemulsion droplets that
serve as templates.”® The single-crystalline building blocks
forming the capsule then were glued and sealed by a
subsequent chemical reaction. As a model system, a fully
crystalline synthetic magnesium silicate with high structural
uniformity and homogeneity was chosen with a thickness of
1.25 nm and a diameter of 28 nm. If a monomer is used for the
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Figure 12. TEM image of the encapsulation of a hydrophilic antiseptic
agent by nanoprecipitation in an inverse miniemulsion.

droplet formation, the sequential polymerization and encap-
sulation leads to “armored” latexes in which a polymer
nanoparticle is completely covered with clay plates or scales,
and film formation or coalescence is thus prevented
(Figure 13). Such “armored latexes” are expected to be of
interest as pressure-sensitive adhesives or as a new type of
filler with unconventional chemical and mechanical perfor-
mance.

5. Phase Separation of Polymers inside Particles

Most polymers do not mix, and therefore phase separation
takes place. In the case of nanoparticles, phase separation is
limited to the volume of the nanoparticle itself. Phase
separation has already been discussed in Section 4.1 for the
formation of nanocapsules. In that case, one component was a
low-molecular-weight component and one a polymer. Phase
separation of polymers within a polymer particle can lead to
different morphologies. For the preparation of the nano-
particles in minimemulsion, either preformed polymers are

Figure 13. TEM image of hollow silica nanocapsules with a poly(methyl
methacrylate) (PMMA) template.
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used, a polymerization of different monomers takes place, or
a polymer is dissolved in a monomer.

5.1. Particles from Droplets with a Solution of Preformed
Polymers

For the preparation of nanoparticles with preformed
polymers, the polymers are dissolved in a common solvent,
and the homogeneous polymer solution is subsequently
miniemulsified with an adequate surfactant in a continuous
phase that is immiscible with the solvent. The solvent is then
evaporated, resulting in polymer particles. If the two poly-
mers are immiscible in each other (which is for most polymer
combinations the case), phase separation takes place through-
out the evaporation process. The morphology is driven by the
type of the polymers, but also by the interfacial tensions
between the phases, which can easily be varied, for example
by the addition of surfactant, copolymers, and so on. The
phase separation can be effectively visualized by using
transmission electron microscopy (TEM; Figure 14). Blend
particles consisting of polystyrene and poly(propylene car-
bonate) that formed from the two immiscible polymers by the

S: 10% PPC

70% PS:30%PPC
jou J1 ;2‘

2100 nm

100 0m

Figure 14. TEM images of phase separation inside nanoparticles at
different ratios of polystyrene (PS; dark) to polypropylene carbonate
(PPC, light).
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miniemulsion process exhibits biphasic morphologies.” The
fact that no core-shell-type, but rather Janus-like structures
were found indicates that the interaction between the
solution-water interface (including the surfactant molecules)
and each of the polymer phases is similar, and that there is no
preference of only one polymer to the water phase. In
addition to the TEM experiments, photoluminescence (PL)
measurements were also performed. Both the TEM studies
and the PL experiments provide strong evidence that phase
separation and composition of the phases in these particles
strictly follows the Flory-Huggins theory. This result high-
lights the applicability of the nanoparticle approach to either
fabricate blend systems with well-controllable properties or to
study structure—property relationships under well-defined
conditions. For the PFB-F8BT blend (PFB = poly(9,9'-dio-
ctylfluorene-co-bis-N,N'-(4-butylphenyl)bis-N,N'-phenyl-1,4-
phenylenediamine), F8BT = poly(9,9'-dioctylfluorene-co-
benzothiadiazole)), it could be shown that the PFB-rich
phase contains F8BT at a concentration of only about 15 %,
whereas the concentration of PFB in the F8BT-rich phase is
even smaller, being between 5 and 10%.

It is known that polymer layers can exhibit significantly
improved performances if they possess a multicomponent
phase-separated morphology. Two miniemulsion-based
approaches were therefore compared for the formation of
films by nanoparticles.'™!'" In the first approach, hetero-
phase solid layers were prepared from an aqueous dispersion
containing nanoparticles of two polymers, whereas in the
second approach, both polymers are already contained in
each individual nanoparticle. In both cases, the upper limit for
the dimension of phase separation is determined by the size of
the individual nanoparticles, which can be adjusted down to a
few tens of nanometers. It was shown that the efficiencies of
solar cells using two component particles are comparable to
those of devices prepared from solution at comparable
illumination conditions, and that they independent of the
solvent used in the miniemulsion process.

5.2. Particles from Droplets with Monomers and Polymers

Instead of using a solvent for dissolving the polymers, a
monomer can also be used in combination with a preformed
polymer. The polymer-monomer solution can then be mini-
emulsified in water, and the monomer can subsequently be
polymerized, resulting in phase-separating hybrid particles.
For such a system, polycondensates, such as polyester,
polyurethane, alkyd resin or epoxy resin, are usually dissolved
in radically polymerizable monomer(s) before miniemulsif-
cation; a review is given by Guyot et al.'’” In the mini-
emulsion polymerization carried out with acrylic monomers
in the presence of alkyd resins,'®*!* a retardation by the
alkyd was reported; the limited monomer conversion could
be improved by high polymerization temperatures and mixed
(oil and water-soluble) initiators. The presence of two glass
transition temperatures indicates that at least two phases,
namely the poly(acrylate-graft-alkyd) and polyacrylate phase.

Tsavalas proposed a physical mechanism in which the
more hydrophobic alkyd phase-separates into the core upon
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polymerization, whereas the less hydrophobic polyacrylate
forms a shell.l! In the case of polymerizing butyl acrylate
(BA) in the presence of alkyd, at the beginning of the
reaction, BA monomer is thought to be dissolved in small
alkyd domains distributed throughout a continuous BA
particle phase. These islands eventually act as reservoirs,
diffusing monomer to the polymerization of BA in the
continuous particle phase.

Tsavalas also showed that the choice of monomer(s) is the
most important variable in determining the level of grafting,
which directly influences the phase separation. Therefore,
differences in particle morphologies between acrylates and
methacrylates could be shown that were attributed to differ-
ent grafting possibilities.'"” The grafting is lower in the case of
using methacrylates, as chain transfer dominates the inter-
action of methacrylate with resin. Conversely, the interaction
of acrylate with resin is dominated by direct addition to a
resin double bond, which is a highly efficient mode of grafting.

Miniemulsion polymerization with a three-component
acrylic system consisting of methyl methacrylate, butyl
acrylate, and acrylic acid (AA)'” was carried out in the
presence of an unsaturated polyester resin. A high level of
cross-linking (over 70 % ) was observed during polymerization
in this particular hybrid system, in contrast to those involving
alkyd as reported above. Electron microscopy showed the
hybrid particle morphology to have internal domains of
polyester resin in an acrylic matrix.

Gooch et al.'®! carried out hybrid miniemulsion poly-
merization with acrylic monomers (MMA, BA, and AA) in
the presence of oil-modified polyurethanes (OMPU). Li
et al.'®! used hybrid miniemulsion polymerization to prepare
urethane/BMA latexes (BMA =butyl methacrylate) with
particle sizes of about 50 nm. Blends prepared from these
particles show evidence of phase separation.!'” Better
homogeneity of the hybrids leads to improved elastomeric
mechanical properties, which can be obtained by the hybrid
miniemulsion polymerization of acrylate in the presence of
linoleic acid and sunflower seed oil.""]

5.3. Particles from Monomer Droplets

As a further possibility, two or more monomers can be
used for the formation of droplets, which can then be
polymerized. Miniemulsification of the mixed monomer
species allowed efficient copolymerization reactions of fluo-
rinated monomers with standard hydrophobic and hydro-
philic monomers in a joint heterophase situation, resulting
either in phase-separating block copolymers to form core—
shell latexes, or statistical copolymers with more homoge-
neous particles. Contrary to the purely fluorinated polymers,
those copolymers dissolve in organic solvents but still show
the advantageous interface properties of the fluorinated
species.'!?!

Using monomers for a polyaddition and monomers for
radical polymerization in one droplet allowed the combined
synthesis of polyaddition and free radical polymerization in
the same particle.'") Hybrid particles were prepared by
polymerizing isophorone diisocyanate with dodecanediol to
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form polyurethane at the same time that the polystyrene or
poly(butyl acrylate) was free radically polymerized. Neither
intra- nor interparticle phase separation could be detected by
TEM; the particles appeared to be homogenous.

Poly(siloxane acrylate) and poly(siloxane urethane)
latexes with small and narrowly distributed particle sizes
were synthesized by combining different polymerizations
within the nanoparticles.''¥ Poly(siloxane acrylate) latexes
were obtained in a radical polymerization process. In this
case, a copolymerization with other vinylic monomers is easily
possible, leading to highly cross-linked copolymer particles.
Owing to the confinement of the reaction within the
minidroplets, the monomers are forced to copolymerize on
the length scale of the droplets, and the phase separation is
limited to the size of the particles.

Poly(siloxane urethane) nanoparticles could be obtained
in a polyaddition process using a diisocyanate and silanediols.
Replacing parts of the siloxanediol segments with a low glass
transition temperature by alkyldiols allowed the introduction
of crystalline parts in the material with higher melting points.
However, these alkyldiols have to be sufficiently hydrophobic
so that they do not interfere with the miniemulsion process.
Hybrid particles can also be obtained on the base of those
systems by additionally using styrene or an acrylate in the
miniemulsification process. Although performed in a one-pot
reaction after the miniemulsification step, the two polymer
reactions take place consecutively. In the first reaction step,
the poly(siloxane urethane) forms; the radical polymerization
of the vinyl monomer takes place afterwards. By using
hydroxymethyl methacrylate as a coupler, the two different
polymers can be efficiently linked, and hybrid graft copoly-
mers are formed.

A suppression of the phase separation within polyur-
ethane—polystyrene nanoparticles could be obtained by
synthesizing ~ waterborne  poly(urethane-block-styrene)
latexes in an miniemulsion polymerization in only one
batch.""”l A direct miniemulsion of the monomer mixture
containing styrene, isophorone diisocyanate, 2,4-diethyl-1,5-
pentanediol, and a diol-functionalized azoinitiator was pre-
pared in water. In the first step, the polyaddition reaction of
the polyurethane was then performed at room temperature,
yielding a polyurethane macroazoinitiator. In a second step,

Figure 15. TEM images of the particles in miniemulsions after staining
with RuO,. The dark domains represent polystyrene, whereas the
lighter domains are attributed to polyurethane (PU). a) Hybrid PS-PU

homopolymer miniemulsion; b) hybrid PS-PU copolymer miniemul-
sion.
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the radical polymerization of styrene was started from the
macroazoinitiator chains by increasing the temperature. It
was shown that 45% of a (linear) copolymer consisting of a
polyurethane and polystyrene was obtained, which turned out
to be a good compatibilizer for polyurethane/polystyrene
polymer blends to suppress the phase separation within the
nanoparticles. TEM from the polymer particles in a mini-
emulsion revealed a homogeneous structure inside the
particles (Figure 15).

6. Functionalization of Nanoparticles and
Nanocapsules

6.1. Copolymerization

Carboxyl- and amino-functionalized polystyrene particles
with defined amounts of the functional groups on the surface
were synthesized by miniemulsion copolymerization.® The
number of functional groups on the surface and the particle
size can be controlled by the fraction of the functional
monomer in the reaction mixture. Significant differences were
observed between poly(St-co-AA) and poly(St-co-AEMH)
particles (St =styrene, AEMH = aminoethylmethacrylate hy-
drochloride). An increase of the acrylic acid fraction leads to
larger particles, whereas with increasing AEMH, smaller
particles were obtained. Composite particles in the size range
100-150 nm for AA as a co-monomer and from 120 to 175 nm
for AEMH were synthesized. Owing to the “hairy” layer
formation, the amount of surface carboxyl groups on poly(St-
co-AA) latex particles is three-and-a-half times higher than
the amino groups on the surface of poly(St-co-AEMH)
particles. To use the nanoparticles as markers for cells, a
defined quantity of a fluorescent dye was also embedded in
the nanoparticles. The particles could be used for the uptake
experiments into cells. It is shown that the uptake increases
with increasing surface charges, especially in the case of
amino functionalization.

In the case of anionic polymerization of butylcyanoacry-
late in a miniemulsion, a functionalization can be obtained by
using functionalized nucleophiles to start the polymeri-
zation.”! The nanoparticles were then used for cell uptake
experiments. The molar mass of the polymer determines the
onset of apoptosis, and total uptake is determined by the
functionalization of the particles."' Different uptake kinetics
were obtained with HeLa and Jurkat cells after incubation
with the same particle batch. Interestingly, the intracellular
particle distribution, visualized by confocal laser scanning
microscopy, does not show significant differences for either of
the cell lines or particle batches.

It is of particular interest that polysorbate-80-functional-
ized poly(n-butyl cyanoacrylate) (PBCA) nanoparticles pro-
vide direct evidence from in vivo experiments for the
presence of nanoparticles entering the brain and the retina
of rats, suggesting a passage through the blood-brain and
blood-retina barriers.!"”! This result makes such nanoparticles
potential candidates for drug targeting systems in the brain.
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6.2. Functionalization of Nanocapsules

The functionalization of well-defined polyurethane nano-
capsules with an aqueous core, which were prepared by
performing a polyaddition at the interface of inverse water-in-
oil miniemulsion droplets, could be obtained by two methods:
The carboxy- and amino-functionalized surface of the nano-
capsules can be tailored by an in-situ carboxymethylation
reaction (Figure 16a) or by physical adsorption of a cationic

ag

Fluorescent PU nanocapsules dispersed

2 0or 40 um o
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[ _ /O
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in SDS aqueous solution

Figure 16. a) Carboxymethylation reaction for the functionalization of
PU nanocapsules; b) Adsorption of poly(aminoethyl methacrylate)
(PAEMA) or poly(ethyleneimine) (PEI) onto PU nanocapsules.

SDS =sodium dodecylsulfate.

polyelectrolyte; that is, poly(aminoethyl methacrylate hydro-
chloride) or poly(ethyleneimine) (Figure 16b)."® The
increased uptake of amino-functionalized fluorescent nano-
capsules by HeLa cells clearly demonstrates the potential of
the functionalized nanocapsules to be successfully exploited
as biocarriers.

7. Release from Nanocapsules

In some types of nanocapsules, it might be desirable to
encapsulate the materials permanently, as for example in
pigments for coatings. However, in many cases, a release of
the encapsulated material is of interest, either over a long
period of time or in an instant. Different approaches have to
be chosen to fulfill the requirements of release kinetics.

7.1. Diffusion

Release of an encapsulated species can be obtained simply
by a diffusion process from nanocapsules. It was shown that
the release behavior of a copolymeric acrylic matrix with

different amounts of encapsulated volatile fragrance is
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significantly decelerated compared to the pure fragrance
miniemulsion. For temperatures significantly lower than the
glass transition temperature of the polymer (7< Tg),[gl]
almost no release can be observed. An increase in the
temperature to around and well above the transition temper-
ature (7> T,) results in an slightly or significantly accelerated
release of the fragrance out of the nanoparticles, respectively
(Figure 17). Thereby, the release behavior of the volatile
compound can be easily tuned by adjusting the release
temperature in comparison to the glass transition temper-
ature of the polymer shell.
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Figure 17. Release of the fragrance 1,2-dimethyl-1-phenyl-butyramide
(DMPBA) at a) 55°C and b) at 90°C. No release is detected at room
temperature.

For photoinitiator nanocapsules encapsulated in different
polymeric shells, it was shown that the capsules are permeable
and thus release the initiator in a sufficiently high concen-
tration into the surrounding (monomer) phase to start the
polymerization, even after a longer period of time.™ The
release rates clearly vary with the kind of the polymer shell
and the employed redispersing agent. Studies of the kinetics
show the great potential of these capsules for applications in
polymeric dental filling materials as initiator depots to
guarantee the required storage time.
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7.2. Nanoexplosions

Another possibility of release is a sudden but controlled
release of the encapsulated material by using switches in the
shell materials that are sensitive to factors such as light or
temperature. One possibility is to embed intact azoinitiators
by radical polymerization in miniemulsion droplets at low
reaction temperatures."'”) In spite of the thermal initiation of
the polymerization process with a first azoinitiator decom-
posing at low temperatures, the embedded second azoinitia-
tors maintain their character so that they can be detonated at
a later time at higher temperatures. The nanoexplosion
temperature has to be chosen below the glass transition
temperature of the polymer so that the nitrogen gas which
develops during the thermal treatment of the particles
(caused by the decomposition of the encapsulated azoinitia-
tor) builds up an overpressure on the inside of the particles
and affects a blow-out by which the polymer surface is
damaged (Figure 18). This concept allows a sudden release of

Figure 18. SEM image of nanocapsules with encapsulated azoinitaitor
after nanoexplosion at elevated temperatures: a) top view; b) viewing
plane tilted by 45°.

materials that are also encapsulated in the particles. The
concept can easily transferred to other “explosives”, for
example, redox initiators that functions at lower temper-
atures, which liberate a gas inside polymeric particles during
decomposition.

8. Structure Formation of Inorganic Nanoparticles

For the generation of colloid anatase nanoparticles, the
sol-gel approach is of particular interest, which includes the
controlled hydrolysis and condensation of appropriate pre-
cursors, which are usually titanium alkoxides. As the photo-
catalytic activity of anatase increases with smaller particle
size, high porosity, high specific surface area, and a high
degree of crystallinity, obtaining pure anatase at low process-
ing temperatures with both a small grain size and a high
degree of crystallinity is desired. However, the precipitates
obtained by sol-gel processing are usually porous and
amorphous. To induce a transition from the amorphous to
the anatase phase, an annealing temperature higher than
300°C is generally required, leading to a collapse of the pore
system and an increase of the particle size. A synthesis of
crystalline titania at temperatures below 100°CI"* led in most
cases to materials which have no porosity or high specific
surface areas. Combining the sol-gel process with the

Angew. Chem. Int. Ed. 2009, 48, 4488 — 4507


http://www.angewandte.org

Structures in Miniemulsions

principles of liquid crystal templating, mesoporous materials
can be synthesized. Using alkyl phosphate surfactants or
dodecylamine as templates allowed the synthesis of meso-
porous titania'*'??! with high specific surface areas of up
700 m*g ! before calcination; however, after calcination, the
specific surface area decreased to about 50 m*g~". Thermally
stable and large-pore mesoporous titania with low structural
regularity were obtained in a synthesis by combining amphi-
philic poly(alkylene oxide) block copolymers as structure-
directing agents and inorganic titanium salts in a non-aqueous
(ethanol) solution.!™

The miniemulsion process was shown to be a very suitable
technique that enables the transformation of monodisperse
stable droplets into TiO, nanoparticles. During hydrolysis and
condensation, each droplet acts as a nanoreactor under
preservation of droplet size, droplet number, and the
concentration in each droplet.'?” Recently, Zhang et al.'?!
reported a synthesis of solid anatase nanoparticles of about
15 nm in size and with a specific surface area of 170 m*’g~! by
applying the inverse miniemulsion technique with tetrabutyl-
titanate as precursor. The as-synthesized particles are amor-
phous, and phase transition to anatase is only induced after
thermal treatment at 550 °C, which is probably a consequence
of the fast condensation reaction of the precursor material.

A combination of sol-gel processing of bis(2-hydroxy-
ethyl)titanate (EGMT) as precursor with the inverse mini-
emulsion technique led to a novel template-free approach to
synthesize spherical porous anatase particles at a reaction
temperature of 100°C and with an average size of about
200 nm (Figure 19).'2* The only surfactant employed was the

Figure 19. TEM image of mesoporous TiO, (anatase) nanoparticles
prepared by the miniemulsion process.

block copolymer poly(E/B-block-EO) (EO = ethylene oxide,
B =butylene), which stabilizes the aqueous droplets with the
water-soluble precursor bis(2-hydroxyethyl)titanate (EGMT)
in the organic phase, but also leads to aggregation and pore
formation inside the particles. The lower relative rates of
hydrolysis and condensation compared to the commonly used
titanium alkoxides allow convenient handling in the mini-
emulsion. The crystalline phase composition inside the nano-
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particles could be easily adjusted by changing the synthesis
temperature, varying the ratio of precursor to hydrochloric
acid, and by using a mixture of hydrochloric acid and ethylene
glycol as the dispersed phase. To obtain pure anatase, a
temperature of 100°C and a molar ratio of precursor to
hydrochloric acid of 1:5.4 has to be employed, leading to a
specific surface area as high as 140 m*g~'. With a volume ratio
of hydrochloric acid to ethylene glycol of 1:4 as dispersed
phase, a complete preservation of the spherical aggregation
could be obtained after calcination at 400°C and with a
specific surface area of about 120 m’g~'. The crystallite size
and therefore the specific surface area can be easily adjusted
by the amount of surfactant poly(E/B-block-ethylene oxide)
that is responsible for stabilizing the inverse miniemulsion.
With 5 wt % of surfactant with respect to the dispersed phase,
the specific surface area could be increased to a value higher
than 300 m*>g ..

The advantage of this new synthetic approach is the ability
to produce selectively anatase nanocrystals arranged in a
spherical manner without any calcination step. Thus, no
thermal treatment for crystallization is necessary. Even after
calcination at 400 °C for complete removal of the surfactant, a
high specific surface area of more than 300 m*’g~' can be
preserved. This result is of interest for catalyst supports,
sorption media, and in particular in photocatalysis, because
the photocatalytic activity increases with increasing specific
surface area.

In a different approach, crystalline inorganic materials
were obtained by using cross-linked gelatin nanoparticles,
which were synthesized by the inverse miniemulsion pro-
cess!'®! as nanoenviroment and template for crystal growth in
the aqueous phase.”” The synthesis of gelatin nanoparticles
using the inverse miniemulsion technique is itself intriguing
owing to the flexibility offered by the technique in tailoring
the properties of the gelatin nanoparticles. The nanoenviron-
ment promotes a different growth environment for the crystal
because of the confinement inside the particle. The formation
of hydroxyapatite (Figure 20) inside the particles follows
Ostwald’s rule of stages. An amorphous phase is initially
formed, which has great potential in itself to be used as a
resorbable bone substitute. This phase further transforms into
single-crystalline hydroxyapatite via an octacalcium phos-
phate intermediate.

[ 3 -
Figure 20. TEM image of hybrid gelatine/hydroxyapatite nanoparticles.
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Other conceptual approaches in which hybrid calcium
phosphate nanoparticles were synthesized by employing
organic additives or templates, such as surfactants,25-13
liposomes,[*"1321 block copolymers,**13  self-associated
nanogels, ™! supramolecular hydrogels,'*! emulsions, and
microemulsions, " have also been reported. Owing to
the feasibility of controlling shape, size, crystal structure, and
orientation, the organization of inorganic colloids in poly-
meric matrices has led to biomimetic approaches being
intensively explored. The matrix mediation and the molecular
templating for mineralization have shed light on the inter-
facial chemistry between the organic and inorganic compo-
nents and also the mechanisms of crystallization in association
with the coreactants.'**!¥!] Extensive studies on organized
assemblies of amphiphilic molecules have shown them to
provide a suitable environment for the synthesis of controlled
nanoscale assemblies of biologically relevant inorganic mate-
rials. Mesoscale transformations lead to the involvement of
cooperative reorganization of inorganic and organic building
blocks and the emergence of higher order complex architec-
tures.[142-144]

9. Crystallization in Nanoparticles

The undercooling required to obtain crystallization in
miniemulsion droplets is significantly increased compared to
the bulk material; for hexadecane droplets, a shift from 12°C
(bulk) to about —4°C (droplets), for the NaCl solution a shift
from —22°C (bulk) to —46°C (droplets) (Figure 21),0*! and
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Figure 21. Comparison of sodium chloride solution in bulk (0.1 m) and

in the inverse miniemulsion with differential scanning calorimetry

(DSC). Cooling (lower curve) and heating rates (upper): 5 Kmin™".

for poly(ethylene glycol) a shift from 43°C (bulk) to about
—23°C (droplets)™! is observed. These results can be
explained by the fact that in miniemulsions, each droplet
has to be nucleated separately, and the nucleation mechanism
is shifted from heterogeneous to homogeneous nucleation.
Furthermore, the undercooling increases with decreasing
temperature, which is explained by finite size effects for
spinodal (spontaneous) decompositions. The interfacial ten-
sion does not have any influence on the crystallization
process. The crystallization rate in miniemulsion droplets is
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higher than that of the bulk and is proportional to the droplet
size.

An interesting behavior was detected for odd- and even-
chain-length alkanes.'*”! In even alkanes, the confinement in
small droplets changes the bulk crystal structure from triclinic
to orthorhombic, which is attributed to finite size effects
inside the droplets. During cooling, an intermediate rotator
phase (metastable phase) is not detected for the miniemulsion
droplets. As the nucleation barrier causes crystallization well
below the equilibrium melting point, at the temperature of
observed crystallization, the equilibrium structure is crystal-
line. On (equilibrium) heating, the transition into a rotator
phase is detected. For odd alkanes, only a strong crystalliza-
tion temperature shift relative to the bulk system but no
structure change is observed, as both in bulk and in
miniemulsion droplets, an orthorhombic structure is formed.

Inside crystallizing PEG droplets, four to five lamellae are
formed that are not interlamellar-connected, but rather
simply loosely layered."* During crystallization, only one
nucleus is present in each droplet at one time. Upon large
supercooling, only about 60 % of the chains are crystallized,
indicating a high imperfection of the superstructure. How-
ever, a rearrangement occurs at increasing temperature.
Whereas in dispersion the structure is stable, upon drying,
the lamellae slide apart from each other and arrange in a
highly ordered, zenon-structural fashion (see pattern in
Figure 22). The smallest units (the “cap” of the droplet)
consists of as little as one polymer chain. Therefore, the
crystallization of polymers confined in miniemulsions can also
be used to obtain single-chain single crystals.

Different preformed smectic polysiloxanes have been
used for the formulation of miniemulsions with droplet sizes
of between 100 and 300 nm. Smectic layers within the droplet
could be detected by electron microscopy.'*!

A structuring of liquid crystal (E7) nanodroplets, with
droplet sizes between 180 and 630 nm, was also successfully
prepared by the miniemulsion approach.'*) DSC measure-
ments showed that the nematic—isotropic temperature of the
droplets is 41°C, which is much lower than that of the bulk
(59°C). From AFM analysis, some forms of imperfect smectic

Figure 22. a) Electron micrograph obtained of the inverse miniemul-
sion with poly(ethylene oxide) (PEO; M,,=12000 gmol™). b) Repre-
sentation of the loosely packed PEO lamellae in the droplets; the
lamellae can slide apart during drying.
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molecular arrangement were formed because of the order of
the liquid crystal droplets (Figure 23). The light-scattering
results confirm that the liquid crystal droplets prepared by the

d/um

]

Figure 23. Top right: Representative section analysis of liquid crystal
miniemulsion droplets, showing the “hedgehog” structures along the
line in the AFM image (top left). The horizontal distances between the
peaks are constant at 7.813 nm; vertical distances: 17.355 nm,

11.514 nm, and 9.790 nm. Bottom: Representation of the liquid crystal
molecular arrangement in a droplet.

miniemulsion approach are stable over a period of time even
when heating and cooling steps and those droplets are
anisotropic. The anisotropy of liquid crystal droplets dimin-
ishes drastically (approximately between the temperatures of
43-48°C) on heating and cooling, which is in good agreement
with nematic-isotropic temperature measured by the DSC
experiment. The remaining small fraction of anisotropy is
attributed to a thin nematic interface layer, which is similar to
orientational wetting of planar interfaces above the nematic—
isotropic phase-transition temperature. The depolarized
dynamic light scattering gives access to internal fluctuation
modes of the liquid-crystalline droplets.

The crystallization of the miniemulsions of dyes with
primary droplet diameters of 120 nm was shown to result in
single-crystalline nanofibers of high quality, uniformity, and
chromatic definition (Figure 24).°! As these dyes are abso-
lutely insoluble in the continuous phase, the observed growth
of the crystals must have proceeded by controlled aggregation
and mesoscale transformation of colloidal intermediates. This
case can be regarded as a model for this nonclassical

mini- (&}
emulsiﬁcation... @ | crystall- mesoscale .,
and o © ization trans- °
evaporation | @ @ ® —_— formation
of CHCly ® [ ] ® ®
[® 0% o

Figure 24. Preparation of a dye miniemulsion resulting in 100 nm
separated compartments (step 1). The single droplets can undergo
crystallization (step 2), and in case of insufficient colloidal stability of
the nanocrystals, a mesoscale transformation (step 3).
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crystallization process, which has been postulated to explain
many morphosynthesis experiments of inorganic species by a
variety of research groups, but not elaborated in the clarity
possible for this system.

The fact that the crystals of those dyes are pleochromic
reveals additional information about the aggregation process.
Dye absorption, and therefore the maximum dipole moment,
are oriented perpendicular to the growth direction, which
gives strong indications that the controlled aggregation is
mediated not by dipole fields (as usually speculated), but by
polarization forces. As these fields add up coherently for
polar crystals in a highly anisotropic fashion, van der Waals
attraction in certain direction can obviously become very
strong, and indeed much stronger than the ionic and steric
stabilizers that keep the original miniemulsion stable. This
effect can be called a “super van der Waals” force, which is
highly directional and breaks the radial symmetry of the
DLVO potential (DLVO: Derjaguin, Landau, Verwey, Over-
beek). As a result, highly selective and spatially controlled
aggregation takes place, which is the prerequisite of morpho-
synthetical control of the crystal habit.

The existence of such forces also explain why industrially
optimized procedures to make dye or drug nanocrystals>!
succeed or fail from system to system in a way that is not
predictable from the properties of the molecule alone.
According to the model described above, stable nanocrystals
can only been made from crystal structures that do not show
coherent addition of molecular polarizabilities.

10. Structuring with Nanoparticles

Highly monodisperse metal-containing nanoparticles
could also be used for nanolithography (Figure 25). This
novel approach to prepare highly ordered arrays of silicon
nanopillars or nanoholes that both exhibit aspect ratios of up
to ten is again based on the miniemulsion technique, enabling
the fabrication of spherical colloidal particles loaded with a
platinum complex (see Section 3.1). These particles are used
as carriers during their self-assembly into hexagonally
ordered arrays on top of silicon substrates.'"”! The colloids
can be loaded with virtually any precursor material, which
makes the miniemulsion technique promising for many
different metals. Though the additionally applied etching
processes are similar to those previously developed for
micellar particles,"™ it was by no means obvious that these
procedures will conserve the original hexagonal order of the
colloids. The experimental evidence provided by the arrays of
silicon nanopillars and holes allows the exploitation of still
another strength of the present approach; that is, to realize
interparticle distances well beyond those obtainable by the
micellar method.!"™*

Stable precursor nanoparticles of complex lanthanide
phosphors with binary and ternary composition as obtained in
the inverse miniemulsion process can be used to for inorganic
crystalline films that can be very thin and highly homoge-
neous in topography and structure (Figure 26)."" In a
subsequent annealing process, the precursor materials are
converted into films of red, green, or blue phosphor. In the
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Figure 25. a,b) SEM images showing films of monodisperse platinum-
containing polymer particles a) before and b) after plasma etching.
The particles used as templates c) for columns or d) holes with a
depth of 180 nm.

case of the red phosphor, “single-crystal films” are formed
that show a surface roughness in the order of single-crystalline
surfaces.
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Red Phosphor

Green Phosphor

25°C

200 °C

1000 °C

Figure 26. AFM amplitude pictures of red, green, and blue phosphor
films at room temperature and after annealing at 200°C and 1000°C;
red: Yog,Eug0603, green: LagsCey3Tby,PO,, blue: BagoEug;MgAl,,O4;.
The bar corresponds to T um.

11. Conclusion

The miniemulsion process is a versatile technique for the
formation of nanoparticles obtained by different polymeri-
zation methods, ranging from radical, anionic, cationic, and
enzymatic polymerization to polycondensation and polyaddi-
tion. A surface functionalization of the nanoparticles can be
obtained by copolymerization reactions. It could be demon-
strated that the miniemulsion process is well-suited for the
encapsulation of various materials: hydrophobic or hydro-
phobized solids can be encapsulated in hydrophobic poly-
mers, and hydrophilic or hydrophobic liquids can be used for
the formation of nanocapsules in inverse or direct miniemul-
sion emulsions. For the nanoparticle formation, different
procedures are described the literature: a phase separation
mechanism, an interfacial reaction at the nanodroplet inter-
face, and a nanoprecipitation of the polymer onto the
nanodroplets. The release of the components can be tuned
to be effective for a long time period or suddenly after
applying a stimulus. The morphology of polymer—polymer
nanoparticles was shown to be dictated by the compatibility of
the polymers and the surface tensions of the different
interfaces. The nanodroplets can also be used for crystalliza-
tion or polymeric nanoparticles as templates for crystalliza-
tion. A suppression of the crystallization allowed the for-
mation of very thin and homogeneous crystalline films, and
homogeneous metal-loaded nanoparticles were used for
novel nanolithography. The examples in the review show
the broad possibility of the miniemulsion process, opening the
possibility to many more developments in the future.
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