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Preface

Over the past forty years, good-old fashioned colloid chemistry has undergone
something of a revolution, transforming itself from little more than a collection
of qualitative observations of the macroscopic behavior of some complex
systems into a discipline with a solid theoretical foundation and a whole tool-
box of new chemical techniques. It can now boast a set of concepts which
go a long way towards providing an understanding of the many strange and
interesting behavior patterns exhibited by natural and artificial systems on the
mesoscale.

This second volume of “Topics in Current Chemistry” on Colloid Chemistry,
focuses on supramolecular approaches and new approaches towards polymer
colloids, also with strong emphasis on biological and biomedical applications.
Again topics were chosen which are expected to have broader relevance and to
be interesting to a more general readership.

The volume opens with a contribution by C.M. Paleos in which new amphi-
philes are presented which not only self-assemble to micelles or vesicles but also
possess the ability to show specific recognition of complementary H-bridge pat-
terns. Such structures might point a way to a rational addressing of surfaces and
supramolecular structures by purely chemical means.

In the contribution by K. Esumi, the use of dendrimers or dendritic amphi-
philes for the controlled generation of nanoparticles is reviewed. Depending on
dendrimer generation, different well-defined particle sizes and hybrid morpho-
logies can be made, whereas the outer shells are still given by the dendrimer and
its functionality pattern on the outer rim. As in the previous contribution, such
systems may be very relevant for controlled contrasting and recognition in bio-
logical systems.

Ascending the accessible length scales of colloid chemistry, K. Holmberg
demonstrates how microemulsions can be favorably used to perform specific
organic reactions in a highly efficient way. Microemulsions expose large, stable
oil-water interfaces of up to 1000 m? g~! the control of which is the key factor
whenever reactants/catalysts/products show very different polarity and live in
different phases. This is especially worth considering when the reactions can be
performed in the “green solvent” water.

The very high promise of reactions in heterophase systems is extended by
K. Landfester who writes about the “boom-topic” miniemulsions. Miniemul-
sions are liquid/liquid dispersions with stable droplets with a size range between
30 nm<d<300 nm, and they are indeed the first convenient realization of
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stable nanoreactors, with a number of perspectives especially for polymer,
nanoparticle, and nanohybrid synthesis.

G. Tovar describes one of the novel chemical applications of modern colloi-
dal systems by using such miniemulsions (in addition to classical suspension
polymerization) for molecular imprinting. Here, the stable nanoreactor situa-
tion is used to “synthesize” particle surfaces with molecular sized cavities for
biomedically relevant species or species to be separated from each other. Such
“receptor” sites are nowadays preferentially made by the pathways of modern
colloid chemistry.

It is again a special chemical surface design of polymer latex particles which
is delineated in the contribution by A. Elaissari. Here, special routes have been
developed to modify both the particle polarity, the surface charge and its chem-
ical functionality to reveal specific binding with DNA and peptides. Obviously,
such species are highly relevant for particle-based diagnostic and particle-based
cell separation.

F. Caruso uses monodisperse polymer spheres and their colloidal crystals
only as templates to create hollow capsules or extended opal arrays with the
layer-by-layer technique. Again this is a typical colloid chemistry tool which is
unparalleled in low molecular weight organic chemistry, and hollow mesostruc-
tures systems with astonishingly high complexity and chemical function can be
generated.

The volume is closed with a contribution by ]. Bibette who describes and
illustrates a simplified process of making monodisperse emulsions and emul-
sion based particles with predictable size and size distribution by a simple
shearing device. I regard this very flexible route as important for the conception
of many future particle-based systems, devices and procedures, and it is rather
the rule than the exception that colloid chemistry nicely integrates mechanical
and engineering procedures to access the nanoscale in a rational way.

I think that the present two “Colloid Chemistry” issues of “Topics in Current
Chemistry” nicely cover the width and the modern spirit of colloid science
which (mostly just recently) has given chemists a whole new toolbox for treating
and creating chemical nanostructures in a rational way. With this in mind, I hope
that all the readers will find some inspiration and profit in the various con-
tributions.

Markus Antonietti, Potsdam March 2003
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Amphiphiles bearing polar heads capable of forming hydrogen bond(s) exhibit unique orga-
nizational and aggregational properties. Thus they are hierarchically organized in supramol-
ecular assemblies, which in turn interact through hydrogen bonding with other complemen-
tary counterparts affording larger and more elaborated aggregates. For liposomes, which are
primarily investigated in this review, a number of examples have demonstrated their interac-
tion mode and the associated phenomena as related with the structural features of the
supramolecular aggregates obtained. A limited number of molecular recognition experiments
is discussed for micellar systems due to their dynamic character and non-clearly defined
shape and interface. The recognition between cells, following incorporation of recognizable
amphiphiles in their membranes, demonstrate the approximate resemblance of liposomes
with cells as well as the similarities of liposomal interactions with those of the cells.
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ATP  Adenosine-5"-triphosphate
CD Circular dichroism

CHOL Cholesterol

cmc  Critical micelle concentration
ITC  Isothermal titration microcalorimetry
NMR Nuclear magnetic resonance
PC Phosphatidylcholine

PEG  Poly(ethylene glycol)

SANS Small angle neutron scattering
SDS  Sodium dodecyl sulfate

UV Ultraviolet

1
Introductory Remarks on the Hierarchical Aggregational Organization
of Hydrogen-bonded Amphiphiles

The principle of molecular recognition [1] was introduced by Emil Fischer [2]
in 1894 and proved very fruitful in non-covalent synthesis [3] which primarily
involves hydrogen bonding interactions between complementary molecules.
Molecular recognition of non-amphiphilic complementary molecules is effec-
tive in aprotic solvents [4] and also in the bulk melt phase affording a diversity
of supramolecular systems. The research activity in this area has been included
in numerous papers, but here suffice to mention some representative publica-
tions dealing with the preparation and properties of crystalline [5] and liquid
crystalline materials [6]. For amphiphilic molecules, however, recognition
occurs both in aprotic solvents and in water. In this case the preorganization-
aggregation step of the amphiphiles leads to the formation of supramolecular
organizates including liposomes, membranes, lyotropic liquid crystals, micelles
or monolayers at the air-water interface.

The aggregation coupled with the organization of amphiphilic molecules is
induced by the segregation of the polar moieties from their lipophilic segments.
A consequence of the organization attained in supramolecular aggregates is the
facilitation of interaction with their complementary counterparts [7]. In this
second-level interaction, with the exception of the directional hydrogen bond-
ing interactions, cooperative and multivalency effects [8] are also operating,
providing the possibility for the complementary groups to interact more effec-
tively with each other compared to isotropic media. Specifically, the binding ef-
ficiency is increased by a factor of 10>~10* each time one proceeds from isotropic
to organized media, i.e. from the bulk water to microscopic interfaces of micelles
or liposomes and finally to air-water macroscopic interfaces [9]. This is shown
schematically in Fig. 1 depicting the association of guanidinium and phosphate
moieties in different media. Even under the disrupting action of water on hy-
drogen bonds, amphiphilic molecules bearing hydrogen-bonding moieties can
form supramolecular organizates with elaborated structures in certain cases,
which are distantly comparable to biological systems. This process is illustrated
by the initial formation of complementary liposomes which further interact at a
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Fig. 1. Binding patterns of guanidinium and phosphate moieties in media of varying degree
of organization

second-stage, simulating in a way cell-cell or cell-liposome recognition. In fact,
in biological cells, the receptor is located at their surface at fixed spatial arrange-
ments, facilitating interaction and adhesion with other cells [10]. Furthermore,
the aggregation of amphiphilic molecules is simultaneously associated with
compartmentalization of the so-formed supramolecular organizates, giving rise
to selective solubilization of various compounds. This latter property is shared
by liposomes and is finding application in drug delivery. Thus, the main charac-
teristics of biological cells such as organization, compartmentalization and
recognition are in a way also shared by liposomes. It therefore justifies the char-
acterization of liposomes, especially of the giant ones [11], as the closest artifi-
cial analogs of cells.

Interaction of hydrogen-bonded amphiphiles has also been investigated at
air-water interfaces and was reviewed some years ago [12]. As mentioned above,
air-water interface strongly favours the organization of amphiphiles and, since a
higher organization is obtained compared to liposomes hydrogen bonding,
interaction of complementary molecules is more effective [9]. Air-water inter-
faces however lack colloidal properties and therefore they will not be discussed
any further in this review.

Taking into consideration the above introductory remarks, molecular recog-
nition between liposomes will be primarily discussed within the framework of
hydrogen bonding interactions of complementary moieties located at their sur-
faces. The functionalization of the external surface of liposomes for rendering
these particles recognizable is achieved at their preparation stage by employing
established methods [13]. The mode of molecular recognition in liposomes and
the associated phenomena will be discussed in conjunction with the supramol-
ecular structures obtained. Examples of recognition occurring in colloidal
micellar systems are rarely reported in the literature. This is due to the dynamic
equilibrium between micelles and their non-aggregated amphiphiles, resulting
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in a non-clearly defined shape and interface. Finally, in order to illustrate the
approximate resemblance of liposomes to cells, the recognition of the latter will
be discussed following incorporation of a synthetic recognizable amphiphile in
cell membranes.

2
Interaction of Liposomal Dispersions with Molecules Dissolved
in Water Through Hydrogen Bonding

The interactions of liposomes with simple molecules dissolved in water will
precede the discussion of inter-liposomal processes. Liposomes are render-
ed recognizable by the introduction of hydrogen bonding groups at their exter-
nal surface, through incorporation of appropriate lipids during their pre-
paration. Liposomes are therefore susceptible to interaction with comple-
mentary molecules dissolved in water through hydrogen bonding. Mole-
cules with more than one recognizable moieties can act as “sticky material”,
binding liposomes together. The following examples will illustrate the processes
occurring in liposomal dispersions in the presence of complementary mole-
cules.

The association of biotin, 1, (vitamin H) with streptavidin or avidin, two ho-
mologous water soluble proteins with molecular weights of 60 KDa and 68 KDa
respectively, has been extensively investigated [14], being one of the first systems
employed for assembling liposomes. The hydrogen bonding system of biotin is
recognized by each of the four identical subunits of streptavidin as shown in
Fig.2A. Recent crystallographic data [15] support this view. This recognition re-
action has an exceptionally high binding constant, 10*> M~! corresponding to a
binding energy of the order of a covalent bond. Therefore binding of biotin to
avidin/streptavidin is virtually irreversible.

In this context Chiruvolu et al. [16] prepared mixed unilamellar liposomes
based on dilauroylphosphatidylcholine and incorporating dipalmitoylphos-
phatidylethanolamine-conjugated biotin as a recognizable amphiphile. When
streptavidin was added to the biotinylated liposomal dispersion, aggregation
occurred followed by precipitation. The resulting liposomal aggregates were
studied by cryoelectron microscopy and it was shown that only minimal
changes in their shape and size occurred. Tethered liposomes were formed
through biotin-streptavidin bridges shown schematically in Fig. 2B. Most of the
liposomes formed large aggregates while only few free liposomes were ob-
served. The aggregates were bound strongly, withstanding breakage even during
the relatively large shears exerted in preparing samples for cryoelectron
microscopy.
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;2 g biotin
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Fig. 2. A Interaction of biotin with the tetrameric protein streptavidin. B Schematic represen-
tation of the aggregation of biotinylated liposomes induced by the tetrameric streptavidin
protein (taken from [16])
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Following the previous early report on the biotin-streptavidin system the sur-
face of liposomes were structurally elaborated in order their external surface to
approximately mimic the functional behaviour of cell surfaces. Thus, mixed rec-
ognizable liposomes were obtained [17] by introducing biotin at their external
surface through the incorporation of biotin-(CH,),-hexadecylphospatidyl-
ethanolamine amphiphile. In addition, for providing a repulsive steric barrier,
poly(ethylene glycol) of molecular weight 750 (PEG”>’) was also linked at the
head group of another component of these liposomes, i.e. of distearoylphos-
phatidylethanolamine. The comparatively short-chain PEG’’ moiety was cho-
sen as a steric barrier since it was found not to inhibit completely adsorption of
avidin at low biotin concentrations. It should also be noted that PEG’*° prevented
non-specific van der Waals adhesion between the two liposomes in the absence
of biotin-avidin-biotin cross-bridges. The placement of these recognizable
groups on a liposomal bilayer and PEG”** are shown schematically in Fig. 3.

The interaction effectiveness of biotin with avidin was enhanced by the in-
troduction of a poly(methylene) spacer between the polar head of the lipid and

avidin bound
to biotin

@DW E

S S

' % biotin-avidin-biotin
;O cross bridges

Fig. 3. Schematic representation of interacting PEG-coated liposome bilayers bearing the rec-
ognizable biotin group with avidin molecules dissolved in water
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biotin moiety. Separately prepared avidin-coated liposomes when interacted
with biotinylated liposomes lead to liposome-liposome adhesion. In both cases
the detection of avidin on the biotinylated vesicle surface and in adherent con-
tact zones is made possible by fluorescently labelled avidin. With these molecu-
larly engineered liposomal surfaces the main results of the detailed study were
summarized in the following:

1. The rate of avidin absorption was found to be four times less with 2 mol%
PEG’* than the unmodified surface while 10 mol% PEG”** completely sup-
pressed binding of avidin to biotin.

2. The rate of cross-bridges accumulation was consistent with the diffusion of
the lipid-linked “receptors® into the contact zone. PEG’* did not influence the
mechanical equilibrium established between the bilayers because it was not
compressed in the contact zone but on the contrary PEG performed an im-
portant function by eliminating non-specific adhesion.

In a recent work [18] liposomes bearing recognizable groups were allowed to
interact with dendrimers to which complementary groups had been introduced
at their external surface. Thus, phosphatidylcholine based liposomes incorpo-
rating dihexadecylphosphate as a recognizable lipid interacted with partially
guanidinylated poly(propylene imine) complementary dendrimers of the fourth
and fifth generation. The interaction is schematically shown in Fig. 4 and the
main conclusions are summarized in the following:

1. The higher generation dendrimeric derivative proved more effective in its
interaction with liposomes. This behaviour was attributed to multivalent
effects, exhibited at a greater extent by this dendrimeric derivative. Under an
equal concentration of functional moieties the reactivity is favoured when the
groups are located in a smaller number of particles. Thus the dendrimeric
materials act as molecular “glue” causing adhesion of liposomal particles.

2. Redispersion of the resulting aggregates was achieved by the addition of a
phosphate buffer. Therefore the process is reversible.

3. The stability of the liposomal membranes during the collapse and redisper-
sion processes was assessed by the calcein fluorescence method, TEM and
AFM. It was established that liposomes are not disrupted during these
processes and their TEM images after redispersion of the liposomal aggre-
gates are shown in Fig. 5.

Molecular recognition of the biotin-streptavidin system was also used for
preparing,among others, multicompartmental aggregates of tethered liposomes
encapsulated within large liposomes. These aggregates were called vesosomes
[19] and were prepared by an elegant but rather tedious procedure. Large ag-
gregates of unilamellar liposomes were prepared as described above [16] by
the addition of streptavidin to unilamellar liposomes based on dilauroylphos-
phatidylcholine and incorporating dipalmitoylphosphatidylethanolamine-con-
jugated biotin as a recognizable amphiphile, the size of which was reduced
through extrusion. With this method a dispersion of liposomes with diameters
ranging from 0.3 to 1.0 pm was prepared. These aggregates were encapsulated
within an outer bilayer through interaction with cochleate cylinders, which are
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Fig. 4. Schematic representation of the aggregation of liposome bilayers induced by comple-
mentary dendrimers

biotin functionalized multilamellar lipid tubules formed spontaneously by cer-
tain negative phospholipids such as phosphatidylserine in the presence of Ca'’.
This scheme of formation is shown pictorially in Fig. 6. The formation of veso-
somes not only establishes the ability of molecular recognition to construct
elaborate biomimetic structures but it also provides an elegant method for the
preparation of vehicles for multifunctional or multicomponent drug delivery
systems.

The interaction of liposomes leading to the formation of tethered liposomes
and/or large aggregates, as mentioned above, cannot however be generalized.
Depending on the interacting species transformation to other type of aggregates
of the original liposomes may occur. For instance, in the interaction of dihexa-
decylphosphate liposomes with increasing quantities of guanidinium cations
(C(NH2)**) or its derivatives, the size of liposomes decreases and the aggregates
are finally transformed into micelles at 1:1 molar concentration of the inter-
acting moieties [20]. In this case the guanidinium counterions are bound to
the phosphate groups by combined electrostatic and hydrogen bonding forces,
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Fig. 5. TEM images of mixed phosphatidylcholine-dihexadecylphosphate liposomes originat-
ing after the redispersion of liposome-dendrimer aggregates with phosphate buffer. The bar
represents 100 nm

and in analogy with simple ionic counterions, the surfactant parameter require-
ment [21], v/a€ < 1/3 was fulfilled and therefore micelles were formed. In this
formula v is the volume per hydrocarbon chain, or of the hydrophobic region of
the surfactant, € is an optimal hydrocarbon chain length related to the maxi-
mum extended length and « is the head group area.

3
Inter-Liposomal Interactions via Hydrogen Bonding

Molecular engineering of liposomal surfaces, by the introduction of functional
groups having the ability to form hydrogen bonds with complementary moieties
introduced in other liposomes, is leading to the formation of large aggregates.
During this interaction the following two processes may be encountered [22]: a)
adhesion or aggregation in which the liposomes are simply conjoined but retain
separate inner compartments and b) fusion in which the liposomes merge shar-
ing a common inner compartment. In this second process a sequence of events
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Fig. 6. Schematic representation of the process for the preparation of vesosomes. DLPC=di-
lauroylphosphatidylcholine, DOPS=1,2-dioleoylphosphatidylserine, DPPE=dipalmitoylphos-
phatidylethanolamine (taken from [19])

occurs giving rise to the mixing of the aqueous content of liposomes with or
without leakage or rupturing of the fused vesicles. Concerning the mechanism
of membrane fusion two processes have been investigated and which are shown
schematically in Fig. 7, i.e. the conventional one involving the non-lamellar fu-
sion (Fig. 7, upper half) and the method proceeding through restructuring and
ultimately merging of the membrane on a less ordered basis (Fig. 7, lower part).
It is supported that both mechanisms are energetically favourable at least for
small-scale fusion. However it has to be noted that small liposomes, e.g. with di-
ameters of about 45 nm comprising of less than 10000 molecules, do not have
sufficient number of amphiphiles to form a non-lamellar phase without disinte-
grating; these liposomes are however known to fuse extensively, apparently
through membrane restructuring [22]. Taking into account the above-men-
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Fig. 7. Schematic representation of the mechanisms of membrane fusion. Conventional
process involving the non-lamellar fusion (upper) and method proceeding through restruc-
turing and ultimately merging of the membrane on a less order basis (lower) (taken from [22])

tioned associative mechanisms, processes such as the exchange of amphiphiles
or the effect of liposomal size on the efficiency of interaction should also have a
bearing on the binding of liposomes. With these considerations in mind and
with the understanding that the fusion of phospholipid liposomes has been used
as a model for simulating biological membrane fusion, the cited examples on li-
posome interactions will be discussed. Fusion has been studied extensively in
recent years [22] and experimentally the process has been monitored by a di-
versity of techniques [23] including differential scanning calorimetry, optical,
electron and scanning probe microscopies, light scattering and gel filtration. For
giant liposomes [24], by employing video-enhanced optical microscopy tech-
niques these transformations were observed in real-time.

As previously mentioned, the functionalization of the external surface of li-
posomes was achieved through the preparation of mixed liposomes. In this
manner, the functional moieties at the external surface originate from the am-
phiphilic components, which were incorporated in these mixed liposomes. It
was thus possible to monitor the reactivity of liposomes by changing the type
and concentration of the incorporated recognizable lipid.

In an early experiment [25] the amphiphiles 5,5-didodecylbarbituric acid, 2,
and 9-hexadecyladenine, 3, were incorporated separately at an approximately
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1/7 molar ratio to didodecyldimethylammonium bromide, 4, based liposomes.
The interaction effectiveness was evaluated indirectly by phase contrast optical
and atomic force microscopies, which have shown that larger aggregates were
formed. In Fig. 8 are shown the AFM images (tapping mode) of liposomes before
and after recognition. These liposomes were mainly built from the positively
charged and strongly hydrated didodecyldimethylammonium bromide lipid
and therefore they would normally repel each other. It is interesting to note that
the mixed liposomes of 4 with 2 or 3 exhibit excellent stability and one has to add
more than about 40% alcohol in order to destroy them. This is shown in Fig. 9 in
which the turbidity of the liposomal dispersions is plotted relative to the added
volume of ethanol; the constancy of turbidity value is an indication of the sta-
bility of liposome dispersions.It is evident that the incorporation of amphiphilic
barbituric and adenine derivatives results in the stabilization of these lipo-
somes.

The recognition of a complementary pair of liposomes based on lecithin con-
taining amphiphilic derivatives of barbituric acid, 5, and triaminopyrimidine, 6,
respectively up to 10% molar ratio was the subject of detailed and thorough re-
cent investigations from Lehn’s group [26]. The recognition of the complemen-
tary moieties was facilitated by the insertion of a suitable spacer in between the
recognizable and polar groups. In the first preliminary experiments [26a], it was
established that the complementary particles aggregate and fuse generating
larger aggregates as shown in Fig. 10 at various time intervals by employing
freeze-fracture electron microscopy.

In a recent study from the same laboratory [26b] the same complementary
pair was employed and the consequence of the recognition features on aggrega-
tion,adhesion and fusion were investigated, identifying the physicochemical pa-



Molecular Recognition and Hydrogen-Bonded Amphiphiles 13

)\ 3 I C18H37
(6] l?l (6]
H
5
NH> C1gHaz
N/ O\/\)go/\C/N\ .
s | 8 CigHay
HoN™ N7 NH,
6
=
8

80.000 nm

25 MM 25 MM

Fig. 8A-D. Images obtained with AFM microscopy of simple vesicles derived: A from 4; B from
mixed vesicle originating from 2; C from mixed vesicle originating from 3; D vesicles obtained
after the interaction of B and C liposomes



14 C.M. Paleos, D. Tsiourvas
4
s 4+3
o 4+2
3tk A 4
o e recognition mixture
o g a
C a o
© °
2
o
(7]
Ko}
<
a
a
0 10 20 30 40 50 60 70 80
% Ethanol viv
Fig. 9. Stability of vesicles as judged by turbidity studies by the addition of increasing quanti-

ties of alcohol in their dispersion

rameters that participate in these processes. The main conclusions of this study
are summarized in the following:

1.

Rapid and selective aggregation (in less than 30 s) occurs between the com-
plementary liposomes, which is followed by lipid exchange (within 30 min af-
ter mixing). The lipid exchange, which takes place when the membranes are
in contact, results either in fusion or, if fusion does not occur, to a redisper-
sion of the liposomes within 17 h.

. The aggregation process of the system under investigation can be weakened

by decreasing the ionic strength, through the addition of a soluble barbituric
competitor or by decreasing the concentration of the recognizable am-
phiphiles. The effect of ionic strength underlines the basic role of electrosta-
tic interaction in the initial aggregation step. On the other hand the effect of
the concentration of the recognizable amphiphiles supports the view accord-
ing to which the recognizable system stabilizes the adhesion state.

. The fusion process was observed by electron microscopy and remained at a

low level, not resulting in an intermixing of the aqueous pools of the lipo-
somes in significant proportion. It seems that fusion resulted from the col-
lapse of mixed triaminopyridine/barbituric acid liposomes with neighbour-
ing liposomes.

. The size of the liposomes affects crucially the recognition phenomena. Thus

aggregation was not observed when giant liposomes were encountered. The
recognizable groups do not interact strongly enough to stabilize a contact be-
tween giant liposomes. A rapid adhesion however occurs between comple-
mentary large and giant unilamellar liposomes.

Cholesterol is a basic constituent of cell membranes and is known to affect their
properties [10]. Thus experiments with liposomes incorporating varying
amounts of cholesterol may simulate the function of cholesterol in cell mem-
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Fig. 10A-D. Freeze-fracture electron micrographs of mixed liposomes composed of lec-
ithin and lipids 5 or 6 before and after mixing: A image of lecithin liposomes containing
lipid 5 or 6 before mixing; B aggregation immediately following mixing of the complemen-
tary liposomes; C,D images obtained after incubation for at least 15 minutes (taken from
[26a])

branes and recognition. For this purpose a pair of liposomes was used [27] pre-
pared from hydrogenated phosphatidylcholine (PC) and various amounts of cho-
lesterol also incorporating di-n-hexadecylphosphate, 7, and 1-(4-(dihexadecyl-
carbamoyl)butyl)guanidinium p-toluenesulfonate, 8, as recognizable molecules
respectively. The complementary pair of guanidinium and phosphate groups in-
teract strongly (Fig. 11) due to combined action of electrostatic forces and hy-
drogen-bonding [9]. The initially prepared small complementary liposomes can-
not be observed by optical microscopy; however they interacted spontaneously
following their mixing and the resulting liposomal aggregates were observed by
phase contrast optical microscopy. This observation was made possible since the
initially formed aggregates, due to unreacted recognizable moieties, interact fur-
ther resulting in even larger aggregates, which in certain cases encapsulate
smaller liposomes as shown in Fig. 12. This behaviour is reminiscent of previous
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Fig. 11. Schematic representation of molecular recognition of phosphatidylcholine-choles-
terol based liposomes bearing the complementary guanidinium and phosphate moieties
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Fig. 12. Phase-contrast optical microscopy images after mixing phosphatidyl-cholesterol
based liposomes bearing the complementary guanidinium and phosphate moieties

experiments [19] obtained during the recognition of liposomal aggregates with
cochleate cylinders, which led to encapsulation of liposomal aggregates.

Furthermore, as derived from turbidimetric measurements and isothermal
titration calorimetry, cholesterol incorporated in liposomes significantly en-
hances their molecular recognition effectiveness. The enhancement in molecu-
lar recognition ability, observed when cholesterol is incorporated into mixed li-
posomes at concentration levels of 10-50%, can be attributed to the structural
features of lipid-cholesterol bilayers. In this case the membrane structure is such
that contributes to a favourable exposure of the complementary groups of the
lipids and the interaction is thus more efficient. As discussed [27] this is in
agreement with the effect of cholesterol upon the molecular order of the lipid bi-
layer membrane summarized in a widely accepted phase diagram [28]. Accord-
ing to this phase diagram at the temperatures employed in these experiments
and with cholesterol in amounts higher than 25 mol% the so-called liquid-or-
dered phase is obtained. The bilayer is in a fluid form from the point of view of
lateral disorder and diffusion and therefore it affects the mobility of membrane-
incorporated compounds. Since in these experiments the incorporated recog-
nizable lipids are at low concentrations (1:19 molar ratio), their presence will not
appreciably perturb, as mentioned before, the molecular order of the PC-cho-
lesterol bilayer and therefore the interacting moieties would most likely en-
counter the previously described organized environment. It is thus possible to
tune the association ability of liposomes by changing the incorporated amounts
of cholesterol in the liposomal bilayer. Based on these findings, model liposomal
systems may be produced in order to explore the role of cholesterol in molecu-
lar recognition in cell membranes and drug delivery targeting.
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In a recent work [29] the recognizable amphiphiles 5,5-didodecylbarbituric
acid, 2, and 9-hexadecyladenine, 3, previously incorporated in didodecyldimethy-
lammonium bromide liposomes, were employed in another lipid environment for
inducing again recognition between liposomes. They were incorporated in lipo-
somes based on neutral lipids, i.e. hydrogenated PC and cholesterol (CHOL) in a
PC:CHOL 2:1 molar content. In this case a relatively high molar content of the rec-
ognizable molecules 2 or 3 (1:4 with respect to PC) was needed for quantitatively
assessing liposomes recognition properties and obtaining measurable thermody-
namic parameters. At these high concentrations of recognizable molecules incor-
porated in the PC and the PC-cholesterol based liposomes, the bilayer order may
be severely affected and merits investigation. In fact the effects of additives on bi-
layer order and other properties of liposomes was a matter of meticulous investi-
gations since the mid-1980s [30] and it is still the focus of intense research [30b].
Thus, for the PC:CHOL unilamellar liposomes the high molar concentration of 2
and 3 relative to PC enforces a considerable degree of lateral heterogeneity in the
bilayer and the lipids are not in the liquid-ordered phase but instead in a solid-or-
dered/liquid-ordered phase coexistence region [29].

Molecular recognition of liposomes becomes most effective at 1:1 molar ratio
of the recognizable molecules as deduced from turbidity studies. In addition the
incorporation of cholesterol in the bilayer of liposomes enhanced the molecular
recognition effectiveness a result in agreement with the previous studies [27].
Also AFM microscopy (tapping mode) proved the interaction since liposomes
with diameters 50-140 nm were transformed to aggregates with sizes between
300 and 450 nm. Furthermore the initially collapsing and aggregating particles
are relatively stable since no detectable disruption of the liposomes was ob-
served as judged by calcein experiments.

Quantitative investigation of recognition of this pair of liposomes was per-
formed with isothermal titration microcalorimetry (ITC). It has been found that
one-to-one binding between adenine and barbituric acid in the lipid/water/lipid
interface occurs. However at T=58°C, above the main lipid phase transition, the
situation is different and no liposomal binding is detected. This is mainly due to
the molecular disorder within the bilayer (liquid-disordered/liquid ordered
phase coexistence) that limits the capacity of complementary moieties to bind,
due to the weakening of the hydrogen bonds at these high temperatures.

The inhibitory role of protective poly(ethylene glycol) (PEG) coating on mole-
cular recognition was assessed by employing complementary liposomes based
on hydrogenated PC and cholesterol [31]. The liposomes contained as recogniz-
able lipids either octadecylguanidine hydrochloride, 9, or N-[3-(N,N dioctade-
cylamino)propyl] guanidine hydrochloride, 10, and di-n-hexadecylphosphate,
7, respectively. PEG (molecular weight 5000) coating at the interface of lipo-
somes was introduced by incorporating varying amounts of PEGylated choles-
terol, 11, which was anchored inside the membrane by the cholesteryl moiety.
Segments of the interacting complementary particles are shown in Fig. 13.

The interaction effectiveness between liposomes with the above-mentioned
recognizable pair of lipids was assessed by turbidimetry. A number of PEGylated
cholesterol concentrations were tested in order to determine the optimum con-
centration at which both the interaction ability and the protection of liposomes
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Fig. 13. Schematic representation of molecular recognition between phosphatidyl-cholesterol
based liposomes protected with PEG and bearing the complementary guanidinium and phos-
phate moieties respectively
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is secured. As shown in Fig. 14A, interaction between liposomes is significant at
a 5% molar incorporation of PEGylated cholesterol, i.e. at a concentration in
which effective protection is achieved in biological systems. Furthermore anal-
ogous results were obtained when 9 was replaced by 10, i.e. a double chain am-
phiphile with the recognizable group attached through a spacer at the end of the
lipophilic moiety. The interaction between liposomes incorporating 10 is rather
more effective compared to liposomes incorporating 9. Larger aggregates were
obtained, resulting in more turbid dispersions. This may be due to a better
arrangement of the double-chain amphiphile within the bilayer coupled with
the presence of the spacer, which makes the recognizable group to protrude out-
side of the external surface of the bilayer. The same enhanced recognition was
also observed for liposomes incorporating PEGylated cholesterol and 10
(Fig. 14B). It should be noted that in this case even with a 15% molar content in
PEGylated cholesterol, interaction was effective while for liposomes containing
9 (Fig. 14A), 15% PEGylated derivative almost completely suppressed liposomes
ability for interaction.
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Fig. 14A,B. Turbidity change during interaction experiments between PC-CHOL-DHP and: A
PC-CHOL-ODG; B PC-CHOL-DODG liposomes. Both liposome dispersions incorporate PEG-
ylated cholesterol at various concentrations. The X axis represents the percent concentration
of liposomes based on DHP in the aqueous dispersion: (filled squares) 0%, (open circles) 1%,
(filled circles) 5%, (open squares) 8%, (filled triangles) 15% PEG-cholesterol
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Analogous results were also obtained microscopically. Interactions occurred
spontaneously and large aggregates were formed, which were visible with phase
contrast optical microscopy. These particles interact further giving rise to even
larger aggregates, which in certain cases encapsulate smaller aggregates.

Association of the liposomes by this guaninium-phosphate pair did not lead
to disruption. As deduced from fluorescence experiments, calcein fluorescences
only slightly because of self-quenching since it remains entrapped at high con-
centrations in the interior of the liposomes [32]. However if liposomes were
disrupted, calcein would be diluted in the bulk aqueous phase resulting in
enhanced fluorescence since quenching was reduced.

Anchoring amphiphilic recognizable molecules and PEGylated cholesterol in
the membrane of PC-cholesterol based liposomes may lead to a promising
model system for drug delivery. At these concentrations of the recognizable and
protective functional moieties a liposomal system was prepared that exhibited
significant stability together with targeting ability.

Molecular recognition has also been achieved though hydrogen bonding in-
teractions between complementary liposomes originating from phosphatidyl-
nucleoside-based amphiphiles [33] 12-14. In this case the phosphate groups,
among other things, reproduce the charge of the repeating units in nucleic acids.
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Fig. 15. Time dependence of UV hypochromicity (squares) compared to circular dichroism
(CD) increase in ellipticity (circles) occurring when mixing dioleylphosphatidyl (DOP)-
adenosine and DOP-uridine (taken from [33])

The UV-vis spectroscopic behaviour of samples obtained from pure phospho-
liponucleosides remains constant for over 2-3 weeks. A quite different behav-
iour was however displayed upon mixing of complementary liposomes. Thus,
when liposomes derived from 12 were mixed with liposomes prepared from 13,
the absorption at 260 nm decreases slowly with time as shown in Fig. 15. Since
the size distribution of the dispersion remains constant, indicating that aggre-
gation does not occur, the onset of a hypochromic effect can be ascribed to
adenosine-uridine interaction. Non-complementary liposomes, originating
from 12 and 14 do not show the hypochromic effect observed for the comple-
mentary phospholiponucleosides. It should be noted that these UV changes that
were obtained during mixing are the same as those obtained from the “mechan-
ical” equimolar mixture of two complementary nucleobase lipids, i.e. when the
two complementary lipids were first mixed and subsequently used for the prepa-
ration of liposomes. This UV hypochromicity of the nucleobases, was coupled to
a large increase in circular dichroism (CD), Fig. 15, whereas the CD spectra of
simple component liposomes were comparable to those of adenosine mono-
phosphate and uridine monophosphate. The increase of CD intensity has been
observed in nucleobase pairing interactions of polynucleotides in solution. The
time-scale of the CD changes occurring upon mixing of complementary nucle-
obase liposomes was the same as the UV changes shown in Fig. 15. The slow
progress of the spectral changes is most likely determined by the mechanism of
lipid exchange between liposomes. In fact it was established that lipid exchange
in phosphatidylcholine liposomes is very slow and in this case the re-adjusting
for base pairing may require an additional slower step.
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4
Molecular Recognition in Micellar Systems

Micelles are in dynamic equilibrium with their non-aggregated amphiphiles in
solution; a consequence of this is that micellar interfaces are not clearly defined
and micelles are rather flexible supramolecular systems. Thus micelles, although
easily prepared through simple dissolution of amphiphiles in water, are not suf-
ficiently organized to favour interaction of the moieties located at their inter-
face. For this reason only a limited number of examples of micellar interactions,
occurring through molecular recognition between complementary moieties at
micellar interfaces, has been reported. The micellar interior however, due to
its non-polar character, provides the appropriate microenvironment for molec-
ular recognition to occur between complementary moieties of the solubilized
molecules.

Molecular recognition of complementary amphiphiles was achieved in the
micellar core of sodium dodecyl sulphate (SDS) employing adenine derivatives,
15, and positively charged (thyminylalkyl)ammonium salts, 16 [34]. Binding oc-
curs at 1:1 molar ratio as established by NMR studies and the Job’s plot method
and is shown schematically in Fig. 16. The binding of complementary molecules
was affected by the lipophilicity of adenine substrate, the position of the
thymine group within the micelles and the role of SDS. For investigating these
factors the length of the alkyl group attached on adenine, the length of the
aliphatic chain of the thymine derivative and the concentration of SDS were var-
ied. It was found that the lipophilicity of adenine derivatives affect more effi-
ciently the association constant K. According to the proposed model the ade-
nine derivative partitions between the external water phase and the interior of
the micelle where it pairs with the thymine derivative.

Employing the above-mentioned complementary pair the same authors [35]
replaced the charged (thyminylalkyl)ammonium salts, by 1-alkylthymine deri-
vatives 17, which again interact with the complementary adenine derivatives in
the interior of SDS micelles while stacking occurs in its absence. NMR titration
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showed that adenine and thymine moieties play different roles in the binding
process, i.e. the thymine derivative acts as the receptor, with the adenine deriva-
tive as the ligand. For efficient base pairing to occur the alkylthymine must be
very hydrophobic in order to be solubilized within the micelles. In contrast the
adenine derivative may be considerably less hydrophobic and it is not required
to be largely incorporated in the micelles. However, higher binding constants
(K,ps) are determined with adenine derivatives of higher lipophilicity. According
to the proposed model the alkylated adenine derivative partitions between the
exterior and the interior of the micelles and thymine is bound to adenine deriv-
ative, which is solubilized in the core of the micelle.

Following the recognition experiments occurring in the micellar core, Kuni-
take et al. [9] reported that recognition can also take place at the interface of the
micelles. For this purpose monoalkyl guanidinium amphiphiles 18 and 19 were
prepared which form micelles in water. The guanidinium moiety located at the
interface of the micelles interacted with the phosphate group of AMP, ADP and
ATP nucleotides. The binding constants were in the range of 10-10* M~'. These
values are significantly larger than that of 1.4 M! found for guanidinium chlo-
ride and a simple phosphate in bulk water. Thus, water molecules at the interface
of the aggregates provide much less interference for binding of the guanidinium
with the phosphate group.

Replacing the long aliphatic chains of the previously discussed phosphatidyl-
nucleoside-based amphiphiles, 12-14, i.e. of oleoyl by octanoyl, micelles were
formed [33] through self-assembly. A first indication of recognition between
these complementary amphiphiles results from their cmc values, determined by
light scattering. A negative deviation of the cmc for the 1:1 complementary pair
is observed with respect to the pure components. In principle, preferential in-
teractions exercised between amphiphiles with complementary nucleobases
should be reflected in the structural properties of micellar aggregates. In this
connection neutron scattering has proved a powerful method, allowing the de-
termination of micellar structures and the intermicellar correlations resulting
from their interactions. A meaningful decrease of the polar head group size in
the 1:1 complementary pair was therefore observed, which was ascribed to a
favourable interaction between polar head groups undergoing molecular recog-
nition. The area contraction, determined by SANS data analysis, shows a good
correlation with UV-vis, CD and NMR spectroscopy investigations; this proves
that molecular recognition occurs between the complementary lipids not being
observed for non-complementary nucleobases.
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5
Cell-Cell Interactions Through Complementary Hydrogen Bonding
Moieties Located at their External Surface

For establishing the usefulness of the notions described above in the real bio-
logical world a cell-cell system was investigated by employing synthetically pre-
pared recognizable amphiphiles, which were incorporated in their bilayers. In
this case the aggregation of the cells was achieved by properly functionalized
poly(ethyleneoxides), 20 [35]. Specifically, unsymmetrically substituted PEGs
bearing at one end a hydrophobic cholesteryl group and at the other end a
hydrophilic biotin group were anchored in the membrane of SubT1 cells (a hu-
man CD4 expressing T-lymphoblastoil cell line) via their cholesteryl group fol-
lowing an incubation for 4 h at 37°C. The length of the PEG spacer must be such
as to protrude the glycocalyx of the cell in order to be accessible for interaction
with the added streptavidin. Therefore the molecular weight of PEG spacer
chain was varied between 2000 and 35,000 g mol-!, i.e. its root-mean-square end-
to-end distance being approximately 6-20 nm. The scheme of the interaction be-
tween biotinylated cell membranes and streptavidin is shown pictorially in
Fig. 17 together with optical microscopy images of the cells. It is interesting to
note that aggregation is reversed by addition in the cell dispersion of a large ex-
cess of free biotin. It is therefore reasonable to assume that the biotinylated
polymer has a significantly lower binding affinity for streptavidin compared
to free biotin. As claimed by the authors, streptavidin aggregation is not
only shared by lymphoblastoid cells but it can also occur with hepatocytes or
bacteria.
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6
Concluding Remarks and Future Prospects

The incorporation into liposomes of amphiphiles bearing moieties capable of
forming hydrogen bond(s) with each other induces their molecular recognition.
These liposomes form large supramolecular aggregates of usually more elabo-
rate structure compared to their interacting counterparts. The functional
groups that render liposomes recognizable were introduced at the stage of their
preparation with the strategy of non-covalent synthesis. Specifically mixed lipo-
somes were prepared by the established methods, where one lipid bears at its po-
lar head a recognizable moiety. Complementarity of the functional groups and
a favourable interplay [37] of entropic and enthalpic effects are the driving
forces for the formation of these aggregational-based biomaterials, which in cer-
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tain cases exhibit multicompartmental properties. Although research activity in
this area is still far from its ultimate goal, i.e. that of building tissue-like materi-
als, the first steps have already been made and intensification of the effort to-
gether with elaborated experiments are required for accomplishing this goal.
More nearby, analogous studies could form a firm basis for tackling current re-
search problems associated with liposomal drug delivery.
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Since dendrimers consisting of regularly branched structure are controlled by chemical struc-
ture, molecular weight, and its distribution as well as molecular size and molecular shape, they
are unique macromolecules with many functional properties.

By using dendrimers as templates, dendrimer-metal nanoparticles are synthesized in
aqueous and non-aqueous media. Particle sizes of metals are significantly affected by many
factors including concentration of dendrimers and generation of dendrimers. In particular,
structure of dendrimer-metal nanoparticles is characterized by TEM, SANS, and SAXS.

Synthesis of dendrimer-semiconductor nanoparticles such as CdS and CuS is also de-
scribed.
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1
Introduction

Dendrimers are macromolecules with a regular and highly branched three-
dimensional architecture. The first example of an iterative synthetic procedure
toward well-defined branched structures has been reported by Vogtle et al. [1],
who named this procedure a “cascade synthesis”. The paper concerning den-
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drimers, which has received widespread attention, was presented by Tomalia et
al. [2] at the first international polymer conference at Kyoto in 1984 and was
published in Polymer Journal in 1985. Tomalia’s poly(amidoamine)dendrimer
(PAMAM) and Newkome’s arborol [3] have been obtained by the divergent
method, while Hawker and Fréchet [4] introduced the convergent approach for
precise synthesis of dendrimers.

Since dendrimers consisting of regularly branched structure are controlled
by chemical structure, molecular weight, and its distribution as well as molecu-
lar size and molecular shape, they are unique macromolecules with many func-
tional properties. In addition, it is possible to make a molecular design of den-
drimers with respect to core, branched chain, and surface functional groups and
the pore space of dendrimers can also be utilized. Dendrimers can provide a
dimensional functionality which is different from conventional linear polymers;
although conventional linear polymers can be modified by grafting branched
chains, dendrimers have superior properties to build up three-dimensional
molecular architectures [5-8]. Dendrimers have many applicable potentials
such as nanocapsules, gene vectors, catalysis, magnetic resonance imaging
agents, electron conduction, and photon transduction. The science of den-
drimers has grown by a strong connection with disciplines that include physical
and materials chemistry, biotechnology, and applied physics. At present,
PAMAM and poly(propyleneimine)dendrimers are available commercially
which are made by the divergent method.

In this chapter we introduce structures and physicochemical properties of
dendrimers. Then synthesis and characterization of dendrimer-nanoparticles
are discussed.

2
Synthesis and Structure of Dendrimers

2.1
Synthesis of Dendrimers

Two different methods for the construction of high-generation dendrimers have
been proposed: the divergent and convergent approaches.

In the divergent method, the dendrimer is grown in a stepwise manner from
a central core, implying that numerous reactions are performed on a single mol-
ecule. This method provides a high yield. PAMAM dendrimers and poly(propy-
leneimine)dendrimers have been synthesized commercially by this method.
Figure 1 shows the reaction steps of divergent method for PAMAM dendrimers.

In the convergent method, the synthesis of dendrimers starts from the pe-
riphery and ends at the core. In this method, a constant and low number of re-
action sites is warranted in every reaction step throughout the synthesis. As a
consequence, only a small number of side products can be formed in each reac-
tion. It is necessary to employ a purification process in order to remove unre-
acted dendrons or defected dendrons after reaction. Accordingly it seems diffi-
cult to produce dendrimers on a large scale by this method. However, den-
drimers synthesized convergently can provide defect-free ones.
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In the divergent method, the presence of a small number of statistical defects
cannot be avoided unless the substitution by branched reaction is perfect at
every step. In particular, the defects are apparently seen when the generation of
dendrimers increases. Considering the dendrimers as useful and potential func-
tional molecules and materials, the influence of a small number of defects will
be negligible from the standpoints of basic research and industrial application.
It should be mentioned that highly purified dendrimers can be synthesized by
the divergent method through a process of size exclusion chromatography.

2.2
Structure of Dendrimers

Dendrimers consisting of core with symmetrical branched structures can be
recognized as a spherical molecule when the generation increases. According to
numerical calculations [9-12] using the kinetic growth model it can be pre-
dicted that the ends of the branches are not positioned at the surface but are
severely backfolded. These results suggest that we can provide proper freedom
and fluidity to the surface end groups as well as flexible movement of inner mol-
ecules of the dendrimers.

Since dendrimers have regular branched structures, their shape and size can
be controlled systematically. Dendrimers are of a nanometer-size scale and their
size increases with generation. Table 1 shows the relationship between molecu-
lar weight, number of end groups, and diameter for PAMAM dendrimers [13].
Although the diameter is relatively wider from the stretching of the branched
chains, the diameter is well controlled compared to that of conventional linear
polymers. The size of dendrimers is larger than a fullerene with diameter of
0.7 nm, but smaller than fine particles with diameters of 0.1-10 pm. It is appar-
ent that molecular construction of nanoscale dimension becomes significantly
feasible by using dendrimers. In nature, there are many biopolymers, e.g., pro-
teins, whose sizes are nanoscale with constant molecular shapes. Accordingly it
is easily understood that a significant advance in the precision of molecular con-

Table 1. Effect of generation on selected properties of poly(amidoamine) PAMAM dendrimers
(ammonia core)

Generation Calculated No. of surface Molecular weight?
diameter (nm) groups
0 0.96 3 359
1 1.28 6 1043
2 1.76 12 2411
3 2.41 24 5147
4 3.06 48 10619
5 3.85 96 21563
6 4.75 192 43451
7 6.18 384 87227

2 Corey-Pauling-Koltun(CPK) model.
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struction can be achieved with dendrimers from the standpoint of the molecu-
lar shape as well as the molecular size.

The size and shape of dendrimers have been estimated using transmission
electron microscopy [14]. Producing better images of dendrimers may supply
answers to fundamental questions such as whether dendrimers have truly uni-
form sizes, spherical shapes, and dense cores. The visualization of dendrimer
assemblies would also be helpful to confirm the structure and morphology for
many applications of dendrimers. The positively stained PAMAM dendrimers
are shown in Fig. 2 for G10 to G5, respectively. The dendrimer molecules appear
as dark objects on a light background of the amorphous carbon substrate and
they are well separated from each other. The shapes of the stained molecules are
spherical to a first approximation for G10 to G7, with some molecules showing

Fig. 2a-f. TEM images of PAMAM dendrimers positively stained with 2% aqueous sodium
phosphotungstate: a G10; b G9; ¢ G8; d G7; e G6; f G5. Reprinted with permission from [14].
Copyright 2002 American Chemical Society
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Table 2. Size measurements on poly(amidoamine)PAMAM dendrimers (ethylenediamine
core) from computer analysis of TEM images

Generation Mean diameter Median diameter No. of Standard

(nm) (nm) dendrimers deviation
5 4.3 4.3 285 0.7
6 6.9 6.9 239 0.5
7 8.0 8.0 576 0.7
8 10.2 10.3 459 0.8
9 124 12.5 1331 0.8
10 14.7 14.8 413 1.1

“edges” or slightly polyhedral shapes. For G6 and G5 the shapes become more
indistinct because the carbon substrate is closer in size to the molecule and
the edges become more difficult to delineate. The mean and median diameters
of each generation are listed in Table 2, along with the standard deviation of
the measurement. In general, the agreement between the mean and median
diameters is good, indicating that the distribution is approximately Gaussian in
shape. The mean diameters range from 14.7 nm for G10 to 4.3 nm for G5. The
mean diameters of PAMAM dendrimers measured by TEM on the stained speci-
mens compare well with SAXS measurements in methanol. The close agreement
between the techniques suggests that the staining done on wet dendrimer mole-
cules locks in the size of the dendrimer in solution.

PAMAM dendrimers in the G5-G10 range have been imaged by tapping
mode atomic force microscopy (AFM) [15].Individual dendrimer molecules can
be clearly observed in the AFM images, which show that these dendritic parti-
cles appear to be monodispersed, dome-shaped, and randomly distributed on
the mica surface (Fig. 3). Molecular diameter and height can also be measured
from each particle’s profile section from the AFM line scans. The diameter and
height data are used to calculate the molecular volume of each single molecule.
Absolute molecular weight and polydispersity are then estimated for each den-
drimer generation. The calculated molecular weights for G5-G8 are in very good
agreement with the theoretical ones. Although individual molecules of lower
generations such as G4 cannot be imaged due to their lower rigidity, the smaller
number of surface functional groups, and as well as the ability of the branches
of lower generations to interpenetrate easily one another, the surface morphol-
ogy of G4 dendrimer films on mica at different surface densities is observed by
AFM.

3
Synthesis of Dendrimer-Metal Nanoparticles

Synthesis of metal particles has been intensively investigated because metal
nanoparticles have been applied to electrooptical devices, electronic devices,
imaging materials, catalysis, and so on [16]. Fabrication of nanoparticles be-
comes one of important topics in nanotechnology. For that purpose, it is neces-
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Fig. 3. Tapping mode AFM 3D images of PAMAM dendrimers from G5 to G10. Dendrimer
molecules (0.001 wt%) are deposited on the mica surface by spin coating. Reprinted with per-
mission from [15]. Copyright 2002 American Chemical Society

sary for reliable nanoscale devices to control particle size, shape, and size distri-
bution of metal nanoparticles.

Since dendrimers contain a large number of regularly spaced internal and
external functional groups, it is expected that they operate as templates to grow
inorganic crystal in the internal or external region of dendrimers which provide
organic-inorganic hybrid nanostructures.

When metal ions mix with PAMAM dendrimers in solutions, complex forma-
tion by ligand-metal ion interaction, acid-base interaction, etc. might occur at
the surface or inside the dendrimers. After the reduction the location of metal
nanoparticles strongly depends on the place of complex formation. Accordingly,
dendrimer-metal nanoparticle structures can be schematically illustrated in
Fig. 4. In Fig. 4a, metal ions interact with surface functional groups of the den-
drimers and the resulting nanoparticles are present on the surface of the den-
drimers. Also, for lower generation dendrimers whose diameters are smaller
than those of metal nanoparticles, a nanocomposites structure like in Fig. 4a
might be suggested. When metal ions are diffused into the dendrimers com-
plexed with the binding sites, metal particles after the reduction might be en-
capsulated into the dendrimers as shown in Fig. 4b. Such encapsulation might
occur at higher generation dendrimers. In addition, there is a possibility of a
mixed structures of Fig. 4a,b. Results obtained from dendrimer-metal nanopar-
ticles prepared so far are discussed below.
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Fig. 4a,b. Possible structures of dendrimer-metal nanoparticles: a lower generation den-
drimers; b higher generation dendrimers

3.1
Synthesis of Dendrimer-Metal Nanoparticles in Aqueous Solutions

The dendrimer-copper nanoparticles were first synthesized using PAMAM den-
drimers with various surface functional groups [17, 18]. In the case of copper
sulfate and dendrimer with surface hydroxyl group, chemical reduction of Cu**-
loaded generation fourth dendrimer (G4-OH) with a fivefold molar excess of
sodium borohydride results in intradendrimer Cu clusters. The solution color
immediately changes from blue to golden brown: the absorbance bands origi-
nally present at 605 and 300 nm disappear and are replaced with a monotoni-
cally increasing spectrum of nearly exponential slope toward shorter wave-
lengths. This behavior results from the appearance of a new interband transition
arising from the formation of intradendrimer Cu clusters. TEM results indicate
the presence of intradendrimer Cu clusters after reduction. Micrographs of Cu
clusters within G4-OH reveal particles having a diameter less than 1.8 nm, much
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smaller than the 4.5 nm diameter of G4-OH. Clusters formed in the presence of
G4-OH are stable for at least one week in an oxygen-free solution. However,
in air-saturated solutions the clusters revert to intradendrimer Cu?** ions
overnight. When G4 dendrimers with surface amino group are used as template,
they adsorb Cu** ions which bind primarily to the surface amino groups. Re-
duction of a solution shows a formation of Cu clusters >5 nm in diameter. This
larger size is a consequence of agglomeration of Cu particles adsorbed to the un-
protected dendrimer exterior. Another study of the synthesis of dendrimer-cop-
per nanoparticles using copper acetate and hydrazine as a reductant suggests
that copper particles are present at both the interior and exterior of the den-
drimer with surface amino groups. Thus, depending on the polarity of the den-
drimer surface substitutes, the metallic particles may be directed primarily near
the dendrimer surface or deeper into the interior. Using poly(propylene imine)
dendrimers Cu nanoparticles have also been synthesized. The geometry of the
dipropylenetriamine-Cu®* end-group complexes is reported and the Cu size de-
creases with increasing dendrimer generation [19].

The dendrimer-gold nanoparticles are synthesized by reduction of AuCl,”
with irradiation of UV in aqueous solution [20]. The absorption band of gold
particles appears at around 520 nm, and its intensity increases with an increase
of the irradiation time. In the case of lower generations at low concentrations,
the plasmon band is shifted to longer wavelength with increasing UV irradiation
due to coagulation of gold particles. Typical TEM images of gold particles ob-
tained in the presence of G5-NH2 and their particle size distributions are shown
in Fig. 5. At a ratio of [surface amino group]/[HAuCl,]=1, the particle size of
gold particles is 2-18 nm, having a broad distribution. When the ratio is in-
creased to 4, monodispersed gold particles with a diameter less than 1 nm are
obtained. The changes in the average particle size with the surface amino group
concentration of G(0-5) dendrimers are shown in Fig. 6. The average particle
size decreases with an increase of the concentration of surface amino group for
each dendrimer. At a ratio of [surface amino group]/[HAuCl,]=1, the average
particle size is not dependent on the generation of the dendrimers, but at [sur-
face amino]/[HAuCl,]>4 it becomes smaller with an increase of the dendrimer
generation. These results suggest that the dendrimers of lower generation GO do
not operate an effective protective colloid, but the dendrimers of higher genera-
tions provide sites for complex formation as well as an effective protective ac-
tion.

By addition of reductants such as sodium borohydride into noble metal ions-
dendrimers aqueous solutions, dendrimer-noble metal nanoparticles (gold, sil-
ver, platinum, palladium) are also synthesized [21,22]. The average sizes of gold
decreases with an increase of the concentration of surface amino groups for
G(3-5) dendrimers, while the average sizes of platinum are insensitive against
the generation of the dendrimers above a certain ratio of [amino group]/[Pt*']
(Figs.7 and 8). A fact that higher dendrimer concentrations are required for ob-
taining stable platinum particles compared to that for gold particles suggest that
the interaction between platinum particles and the dendrimers is weaker than
that between gold particles and the dendrimers. In fact, FT-IR spectra of the
dendrimer-platinum nanoparticles show that the absorption band due to the in-
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Fig. 5a,b. TEM images and size distribution of gold nanoparticles, molar ratio of surface
amino group of G5 and HAuCly: a 1:1; b 4:1. Reprinted with permission from [20]. Copyright
2002 American Chemical Society

teraction between platinum particles and amino groups of the dendrimers is
very weak.

Since it is anticipated that Ag* ions strongly adsorb on the dendrimers with
surface carboxyl groups through electrostatic attractive forces, synthesis of den-
drimer-silver nanoparticles is carried out by the reduction of AgNO; with
sodium borohydride in the presence of dendrimers with surface carboxyl
groups (G(3.5-5.5)). When Ag* ions are reduced with sodium borohydride in the
presence of dendrimers, the color of silver particles changes with an increase of
G5.5 concentration; yellow at the ratio of [carboxyl group]/[Ag*]=1 turns to or-
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Fig. 6. Change of the average particle size of gold with the dendrimer concentration (surface
amino group). The feed concentration of HAuCl, is 0.2 mmol dm=. Reprinted with permission
from [20]. Copyright 2002 American Chemical Society

ange at the higher ratios. In the cases of G3.5 and G4.5 dendrimers, a similar
color change is observed as that of G5.5 dendrimer. It is interesting to note that
the time required for the color change to yellow or orange after addition of
sodium borohydride increases with an increase of the dendrimer concentration
because of the repulsive action of BH,~ with negatively charged dendrimers that
carry reacting Ag* ions [23]. Unfortunately, at above the ratio of [carboxyl
group]/[Ag*]=5 we could not observe any silver nanoparticles by TEM because
the particle size is too small to detect in this experimental condition. The ab-
sorption spectra of silver particles show that a typical plasmon band of silver
particles is observed at 380 nm at the ratio of [carboxyl group]/[Ag*]=1 and an-
other band at around 450 nm appears with an increase of the ratio (Fig. 9). A
similar absorption band at 440 nm for silver clusters has been observed when
the reduction of Ag* ions on polyacrylate in aqueous solution has been carried
out by y-irradiation.

On the other hand, by using fourth-generation PAMAM dendrimer with sur-
face hydroxyl group it is suggested that platinum or palladium nanoparticles can
be capsulated inside the dendrimer [22]. This is probably due to different inter-
actions of platinum or palladium nanoparticles with the functional groups of
the dendrimers. Note that the hydrogenation reaction rates can be controlled by
using dendrimer-metal nanoparticles, i.e., the rates decrease with an increase of
the dendrimer generation. In addition, it has also been pointed out [24] that the
structure of dendrimer-gold or silver nanoparticles is the function of the den-
drimer structure and surface functional groups as well as the formation mech-
anism and chemistry involved.

To verify the structure of dendrimer-gold nanoparticles, gold nanoparticles
synthesized by reduction of HAuCl, with sodium borohydride in the presence of
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Fig. 7a,b. TEM images and size distribution of platinum nanoparticles obtained in the pres-
ence of dendrimer: a [H,PtCl¢]=0.1 mmol dm3, [G4]=8.0 mmol dm™3; b [H,PtCl;]=0.1 mmol
dm=, [G5]=8.0 mmol dm™. Reprinted with permission from [21]. Copyright 2002 American
Chemical Society

PAMAM dendrimers with surface amino groups (G2-G10) are characterized by
TEM, SANS, and SAXS [25]. Figure 10 shows TEM image of gold particles con-
taining G9 dendrimer. The image indicates that gold particles are formed inside
the dendrimer. Under slow reaction condition, one gold particle per dendrimer
is predominantly formed. The sizes estimated for the dendrimer and gold are 13
and 4 nm, respectively. The results obtained by SANS and SAXS are in good
agreement with that by TEM. Further, it is suggested for the dendrimers with
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Fig. 9. Absorption spectra of silver nanoparticles synthesized in the presence of dendrimer.
Reprinted with permission from [21]. Copyright 2002 American Chemical Society

various generations that several dendrimers surround the surface of gold parti-
cle formed for G2-G4 dendrimers, while gold particles are completely formed
inside individual dendrimers for G6-G10 dendrimers. For G10, multiple gold
particles within one dendrimer are formed due to the more crowded volume in-
side the dendrimer. Thus such a transition has been shown from colloid stabi-
lization by low molecular mass molecules to polymer nanotemplating with in-
crease of molecular mass but unchanged chemistry of the stabilizing species.
For metal ions that do not form either covalent bonds or strong complexes
with the interior amine groups of PAMAM dendrimers, a new method for the
synthesis of dendrimer-encapsulated metal nanoparticles has been reported
[26]. For example, when G6 dendrimer (with surface hydroxyl group) -encapsu-
lated copper is exposed to a solution containing ions more noble than copper,



44 K. Esumi

b
& - ._-"I;-'
¥
gl 4

Fig. 10a,b. TEM images of gold nanoparticles containing PAMAM G9 dendrimer obtained at
1:1 loading. The dendrimers have been stained with phosphotungstic acid and appear gray;
the gold colloids appear black: a fast reduction; b slow reduction. Reprinted with permission
from [25]. Copyright 2002 American Chemical Society

the copper is displaced and the more noble ions are reduced. By using this
method, silver, gold, palladium, and platinum dendrimer-encapsulated metal
particles have been obtained.

Gold and silver nanoparticles can also be synthesized in the presence of
sugar-persubstituted PAMAM dendrimers (sugar ball) without reductants [27].
Actually, the hydroxyl groups of glucose residue of sugar ball can operate as re-
ductant. In the case of silver nanoparticles, the addition of NaOH is required to
reduce Ag* ions. It is suggested that several sugar balls adsorb on the surface of
gold or silver particles, resulting in a stable dispersion in aqueous solution. Their
diameters are ranged between 2 and 6 nm. In addition, the kinetics of the for-
mation of gold and silver nanoparticles is affected by the generation of sugar
ball as well as the additive concentration of sugar ball. The observed rate con-
stants increase with the concentration of sugar ball, where the rate constants for
early generation sugar ball are greater than those for late generation. Such sugar
ball-gold nanoparticles are of considerable interest in biochemical and medical
applications.
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Fig. 11. a UV-visible absorption spectra of HAuCl, (0.2 mmol dm™) in ethyl acetate; b PA-
MAM G5.5 (13 mmol dm™ in tertiary amine concentration) in ethyl acetate; ¢ Evolution of
UV-visible absorption spectra after mixing HAuCl, with PAMAM G5.5. Reprinted with per-
mission from [28]. Copyright 2002 Academic Press

3.2
Synthesis of Dendrimer-Metal Nanoparticles in Non-Aqueous Solutions

Gold and platinum nanoparticles are synthesized in ethyl acetate by reduction
of respective metal salts with dimethylamineborane in the presence of PAMAM
dendrimers with surface methyl ester groups [28-30]. When HAuCl, in ethyl ac-
etate is added to dendrimers in ethyl acetate, a formation of dendrimer-Au®* is
observed (Fig. 11) [28]. As shown in Fig. 11a, HAuCl, in ethyl acetate shows an
intense absorption at 324 nm which can be assigned to LMCT band of AuCl;. On
the other hand, G5.5 dendrimer shows a small absorption maximum at 278 nm,
as shown in Fig. 11a. A new band develops at 280 nm at the expense of 324 nm
band and the latter band completely disappears in 15 min of stirring. In addi-
tion, an isobestic point is found at 304 nm, indicating that a ligand substitution
from AuCl; to another Au** complex occurs through a participation of the den-
drimer. It is also found from FT-IR measurements that the bands for surface
methyl ester groups at 1044, 1200, 1438, and 1736 cm™! scarcely change by intro-
ducing Au**, while amide I band at 1647 cm™ for interior amide groups under-
goes a high-frequency shift to 1649 cm™ and a single peak for amide II band
splits into two peaks by addition of Au**. Au** ions in the presence of the den-
drimers in ethyl acetate are readily reduced by adding an excess amount of
dimethylamineborane. Interestingly it is found that above the ratio of
[G]/[Au**]>10 the maximum particle size of gold is less than the hydrodynamic
diameter of the dendrimer (G3.5 and G5.5), whereas in the case of G1.5 den-
drimer the maximum size of gold is larger than that of G1.5 dendrimer (Fig. 12).
These results may suggest that the encapsulation of gold nanoparticles by G3.5
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or G5.5 dendrimer predominantly occurs, while G1.5 dendrimers adsorb on the
surface of gold nanoparticle.

When HAuCl, in formamide solutions in the presence of PAMAM den-
drimers with surface methyl ester groups is reduced by addition of sodium
borohydride, gold nanoparticles are also obtained whose size decreases with an
increase of the dendrimer concentration as well as the generation [29]. Further,
the particle size of gold is affected by the elapsed time for the solution before re-
duction since HAuCl, in formamide is reduced to some extent. In N,N-di-
methylformamide in the presence of dendrimer, relatively monodispersed gold
nanoparticles are obtained. It may be suggested that stable gold nanoparticles
are prepared by adsorbing a low generation dendrimers on the nanoparticles,
while dendrimer-encapsulated gold nanoparticles are obtained in the case of a
higher generation dendrimers.

Platinum nanoparticles have also been synthesized in ethyl acetate in the
presence of PAMAM dendrimers with surface methyl ester groups [30]. Differ-
ent from the preparation of gold nanoparticles, the elapsed time after mixing of
H,PtCl; and the dendrimer in ethyl acetate is very important to control the par-
ticle size. Figure 13 shows TEM images of platinum nanoparticles obtained in
the presence of G5.5 dendrimer at 5 min of elapsed time after mixing. One can
see that even at different concentrations of dimethylamineborane, large (about
18 nm in diameter) and small (about 3 nm in diameter) platinum particles are
formed. In particular, when the concentration of dimethylamineborane is 90
times that of H,PtCl,, it is visualized that the large particles are coated by G5.5
dendrimer, where the thickness of coating is about 4-5 nm and is smaller than
the hydrodynamic diameter (7.6 nm) of G5.5 dendrimer determined by dy-
namic light scattering measurements in ethyl acetate. It is suggested that G5.5
dendrimers are flattened on the surface of the platinum particle. Actually, the
structural distortion of the dendrimers on gold surfaces has been reported [31]:
the height of generation 8 of PAMAM dendrimer on a naked gold surface ranges
from 3.5 to 4.0 nm, which is less than the ideal-sphere diameter of 9.7 nm. On the
other hand, it is seen that the small platinum particles are encapsulated by G5.5
dendrimer in which the diameter of G5.5 dendrimer-encapsulated platinum is
about 10 nm. It seems that the G5.5 dendrimer-encapsulated platinum particle
is flattened on the grid surface. Microstructural studies of dendrimer adsorp-
tion at solid surfaces also indicate that the dendritic macromolecules are flat-
tened on the surfaces [32]. When the concentration of dimethylamineborane is
reduced to ten times that of H,PtCl,, the image of visualized dendrimers is not
observed, although similar large and small platinum particles are obtained. It
should be noted that the visualization of G5.5 dendrimer from mixtures of di-
methylamineborane and G5.5 dendrimer is not observed, suggesting that plat-
inum particles play an important role for the visualization of G5.5 dendrimer.
Such a formation of large and small platinum particles at short elapsed time
may occur due to nonuniform distribution of Pt** ions in the solution and in the
G5.5 dendrimer. When the elapsed time after mixing is increased, the average
particle diameter decreases: the average diameters are about 1.7 nm (standard
deviation, 0.3 nm) at one day of the elapsed time and 0.8 nm (standard devia-
tion, 0.1 nm) at three days of the elapsed time. Since the particle size is consid-
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Fig. 13A-F. TEM images of platinum nanoparticles obtained by reduction of Pt** jons in the
presence of PAMAM G5.5 in ethyl acetate at a mixing ratio of dendrimer: H,PtCl;=150:1: A
5 min of elapsed time and concentration of dimethylamine borane 18 mmol dm; B enlarge-
ment of particle a; C enlargement of particle b; D 5 min of elapsed time and concentration of
dimethylamine borane 2 mmol dm™; E one day of elapsed time and concentration of di-
methylamine borane 18 mmol dm™; F three days of elapsed time and concentration of di-
methylamine borane 18 mmol dm™. The concentration of H,PtClg is 0.2 mmol dm™.
Reprinted with permission from [30]. Copyright 2002 American Chemical Society
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erably smaller than the diameter of G5.5 dendrimer at longer elapsed times, it is
conceivable that many clusters of platinum are entrapped in the interior of G5.5
dendrimer. When the mixing ratio of [G5.5]/[H,PtCly] is varied from 150 to 50,
the average diameter of platinum is not appreciably changed. In addition, it is
suggested that G3.5 dendrimer-encapsulated platinum particles are formed,
while G1.5 dendrimers adsorb on the surface of platinum particles because the
particle size of platinum obtained is larger than the diameter of G1.5 dendrimer.

In toluene, which is less polar organic solvent than ethyl acetate, dendrimer-
gold nanoparticles have been synthesized using a hydrophobically modified PA-
MAM dendrimer [33]. The modified dendrimer is synthesized by reaction of
PAMAM dendrimer with surface amino group with 1,2-epoxydodecane [34]. So-
lution of the hydrophobically modified dendrimer in toluene is carefully layered
on top of HAuCl, aqueous solution. After the solution stands for several hours at
room temperature, a bright yellow color emerges in toluene. The extraction ex-
periment is continued for one day. Since HAuCl, is not soluble in toluene alone,
it is reasonable to consider that AuCl, ions should be incorporated in the inte-
rior of the hydrophobically modified dendrimer in toluene. Then, by addition of
dimethylamineborane-toluene solution, AuCl,” ions are reduced. The average
diameters of gold nanoparticles obtained range between 2.5 and 3.4 nm which
is smaller than the diameter (4.5 nm) of G4 PAMAM dendrimer. A similar result
has also been obtained using chloroform.

Another approach for the preparation of dendrimer-noble metal nanoparti-
cles in toluene is a process driven by acid-base chemistry and ion pairing [35].
At first, palladium nanoparticles are prepared by reducing aqueous K,PdCl,
with sodium borohydride in the presence of G4 dendrimer where the pH of den-
drimer solution is adjusted to about 2. The low pH protonates the exterior
amines to a greater extent than the less basic interior tertiary amines. Accord-
ingly, Pd** binds preferentially to the interior tertiary amines and upon reduc-
tion palladium particles form within the dendrimer interior. After the complete
reduction, the pH of solutions is adjusted back to about 8.5. Then, these
nanocomposites can be quantitatively transported from the aqueous phase into
toluene containing 10-20% of dodecanoic acid. The transition is visualized by
the color change: brown aqueous solution of dendrimer-palladium nanoparti-
cles becomes clear after addition of the acid, while the toluene layer turns
brown.

4
Synthesis of Dendrimer-Semiconductor Nanoparticles

Semiconductor nanoclusters (quantum dots) possess chemical and physical
properties that differ substantially from those of the analogous bulk solids
[36-38]. Quantum dots have been synthesized using hosts such as zeolites [39],
porous glass [40], micelles [41], membranes [42], and anionic polymers [43].
The synthesis and characterization of CdS quantum dots in dendrimer hosts
have been studied [44-48]. Here, two PAMAM dendrimers are used; one is G3.5
with surface carboxyl group and the other is G4 with surface amino group. Mix-
ing solutions of Cd** and $*~ in pure methanol result in a yellow precipitate of
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Fig. 14. Absorption (left) and photoluminescence (right) of CdS/COOH-D nanocomposites
prepared in MeOH (dotted curves) and CdS/NH,-D nanocomposites prepared in MeOH (solid

curves) and in water (dashed curves). Reprinted with permission from [45]. Copyright 2002
Wiley-VCH

bulk CdS after 10 min. However, mixing Cd?* and $?~ in a methanol solution of
dendrimer (either type) produces no precipitate. Photon correlation spec-
troscopy data show that these dendrimer-stabilized CdS clusters slowly associ-
ate to produce aggregates. At higher temperatures and reactant concentrations,
aggregate diameter increases as a power of time, suggesting diffusion-limited
colloidal aggregation. The dendrimer-stabilized CdS nanocluster aggregates re-
main colorless and free of precipitate for at least two months storage at —-10°C.
X-ray energy dispersive analysis confirms the presence of CdS in these solu-
tions. It is postulated for the aggregation behavior that rapid nucleation and
growth of CdS nanoclusters are followed by slow aggregation where nucleation
occurs within the dendrimers. The most remarkable feature of the dendrimer-
CdS nanocomposites is their optical properties. Absorbance measurements in-
dicate that methanol solutions of dendrimer do not absorb light at wavelengths
greater than about 250 nm. On the other hand, methanol solutions of den-
drimer-CdS nanocomposites show significant absorption of UV light (Fig. 14)
but almost none in the visible part of the spectrum (400-750 nm). These results
indicate the presence of very small semiconducting CdS clusters. The size of
these CdS clusters can be estimated from the absorption edge using Brus’ effec-
tive mass model. From absorption edge values of 382 nm (CdS/NH2-D) and
349 nm ( CdS/COOH-D), the Brus model predicts CdS cluster diameters of 2.8
and 2.4 nm, respectively.

Upon excitation with light at a wavelength of 340 nm, the same solutions
manifest strong photoluminescence with emission maximizing at about 450 nm.
Although the peak height varies in magnitude for samples prepared under iden-
tical conditions, the emission spectra have the same general features. In all cases,
bright blue-green emission is observed. The emission quantum yield has been
determined by comparing the integrated emission of CdS/NH2-D to that of a
standard solution of Coumarin 47. The quantum yield of 0.22 has been obtained
which is extremely larger than the quantum yield of less than 0.001 for CdS col-
loids. These results suggest that nanoparticles can provide a new class of lu-
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Fig. 15. Schematic representation of the model nanomolecular composite structure from
SANS and SAXS measurements. Left, individual dendrimer molecule with CuS trapped at its
periphery. Right, multimolecular cluster of individual dendrimer/Cu$ particles. Reprinted
with permission from [49]. Copyright 2002 Elsevier Science

minophores for use in chemical sensing, DNA sequencing, high throughput
screening, and other biotechnology applications. Linear polymer such as
poly(ethylene imine) analogue of the dendrimer molecules can be used to make
CdS nanocomposites with similar optical properties in solution, albeit with re-
duced quantum yield of emission.

Dendrimer-CuS nanocomposites have also been synthesized using G4 PA-
MAM with surface hydroxyl group [49]. Complexation is accomplished by
adding copper(II) acetate to a dilute solution of PAMAM dendrimer in deuter-
ated water. Then, the solution is reacted with a slow stream of hydrogen sulfide
gas. The structure of dendrimer-CuS nanocomposites has been studied by a
combination of SAXS and SANS techniques. The physical size of the dendritic
molecule is not perturbed by internal complexation of Cu?* ions, or by the sub-
sequent conversion of these ions into the neutral CuS species. Comparisons
between SANS and SAXS measurements of dendrimer-copper complexes and
dendrimer-CuS nanocomposites in solution indicate that the ions in the com-
plexes are primarily distributed throughout the dendrimer molecules, but that
conversion of the Cu** ions to neutral CuS molecules results in a redistribution
of the inorganic species. The results imply that the CuS molecules in the
nanocomposites are localized at the periphery of individual dendrimer mole-
cules. In addition, a strong evidence of aggregation in the nanocomposite
system suggests that the stable form of the dendrimer-CuS$ hybrid species in so-
lution is in supermolecular clusters containing more than 50 individual den-
drimer-copper sulfide molecules. A schematic representation of the dendrimer-
CuS nanocomposites is shown in Fig. 15.
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The use of microemulsions as media for organic reactions is a way to overcome the reagent in-
compatibility problems that are frequently encountered in organic synthesis. In this sense, mi-
croemulsions can be regarded as an alternative to phase transfer catalysis. The microemulsion
approach and the phase transfer approaches can also be combined, i.e. the reaction can be car-
ried out in a microemulsion in the presence of a small amount of phase transfer agent. A very
high reaction rate may then be obtained. The reaction rate in a microemulsion is often influ-
enced by the charge at the interface and this charge depends on the type of surfactant used.
For instance, reactions involving anionic reactants may be accelerated by cationic surfactants.
The surfactant counterion also plays a major role for the reaction rate. The highest reactivity
is obtained with small counterions, such as acetate, that are only weakly polarizable. Large po-
larizable anions, such as iodide, bind strongly to the interface and may prevent other anionic
species to reach the reaction zone.
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1
Introduction

Microemulsions are used as reaction media for a variety of chemical reactions.
The aqueous droplets of water-in-oil microemulsions can be regarded as
minireactors for the preparation of nanoparticles of metals and metal salts and
particles of the same size as the starting microemulsion droplets can be ob-
tained [1-3]. Polymerisation in microemulsions is an efficient way to prepare
nanolatexes and also to make polymers of very high molecular weight. Both dis-
continuous and bicontinuous microemulsions have been used for the purpose
[4]. Microemulsions are also of interest as media for enzymatic reactions. Much
work has been done with lipase-catalysed reactions and water-in-oil micro-
emulsions have been found suitable for ester synthesis and hydrolysis, as well as
for transesterification [5, 6].

Microemulsions, being microheterogeneous mixtures of oil, water and sur-
factant, are excellent solvents for both polar and non-polar compounds. The ca-
pability of microemulsions to solubilize a broad spectrum of substances in a
one-phase formulation has been found useful in preparative organic synthesis.
Microemulsions are one way, out of several, to overcome the reagent incompat-
ibility problems that one frequently encounters in preparative organic chem-
istry. The capability of microemulsions to compartmentalise and concentrate
reagents can lead to unusual reactivity in organic synthesis. Attempts have also
been made to use the oil-water interface of microemulsions as a template to in-
duce regiospecificity of organic reactions.

This chapter deals with the use of microemulsions as media for organic syn-
thesis. The distinguishing characteristics of microemulsion-based reactions, as
well as typical examples of syntheses carried out in such media, will be dis-
cussed. Emphasis will be put on recent development in the area.

2
Overcoming Reagent Incompatibility

2.1
General

A common practical problem in synthetic organic chemistry is to attain proper
phase contact between non-polar organic compounds and inorganic salts. There
are many examples of important reactions where this is a potential problem: hy-
drolysis of esters with alkali, oxidative cleavage of olefins with permanganate-
periodate, addition of hydrogen sulfite to aldehydes and to terminal olefins,
preparation of alkyl sulfonates by treatment of alkyl chloride with sulfite or by
addition of hydrogen sulfite to a-olefin oxides. The list can be extended further.
In all examples given there is a compatibility problem to be solved if the organic
component is a large non-polar molecule.

There are various ways to solve the problem of poor phase contact in organic
synthesis. One way is to use a solvent or a solvent combination capable of dis-
solving both the organic compound and the inorganic salt. Polar, aprotic sol-
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vents, such as dimethylsulfoxide (DMSO) and tetrahydrofuran (THF), are some-
times useful for this purpose but many of these are unsuitable for large-scale
work due to toxicity and/or difficulties in removing them by low vacuum evap-
oration.

Alternatively, the reaction may be carried out in a mixture of two immiscible
solvents. The contact area between the phases may be increased by agitation.
Phase transfer reagents, in particular quaternary ammonium compounds, are
useful aids in many two-phase reactions. Also, crown ethers are very effective in
overcoming phase contact problems; however, their usefulness is limited by high
price. (Open-chain polyoxyethylene compounds often give a ‘crown ether effect’
and may constitute practically interesting alternative phase transfer reagents.)

Microemulsions are excellent solvents both for hydrophobic organic com-
pounds and for inorganic salts. Being macroscopically homogeneous yet micro-
scopically dispersed, they can be regarded as something between a solvent-
based one-phase system and a true two-phase system. In this context micro-
emulsions should be seen as an alternative to two-phase systems with phase
transfer reagents. As will be shown below, the microemulsion and the phase
transfer catalysis approaches can be combined. Addition of a phase transfer
agent to a microemulsion can give very high reactivity.

Micellar solutions have also been used as media for organic reactions. Reac-
tions in micellar solutions have much in common with reactions in microemul-
sions but the capability to solubilize hydrophobic components is much smaller
in micellar solutions than in microemulsions. Micellar solutions are therefore of
limited value for preparative purposes. For both systems separation of the sur-
factant from the product may constitute a work-up problem.

2.2
Reaction in Winsor Systems

Organic reactions in microemulsions need not be performed in one-phase sys-
tems. It has been found that most reactions work well also in two-phase Winsor
I or Winsor II systems, i.e. an oil-in-water microemulsion coexisting with excess
oil or a water-in-oil microemulsion coexisting with excess water, respectively
[7, 8]. A Winsor III system, i.e. a three-phase system in which a middle phase
microemulsion coexists with both oil and water, has also been successfully used
as reaction medium [9]. The transport of reactants from the excess oil or water
phase to the microemulsion phase, where the reaction takes place, is evidently
fast compared to the rate of the reaction. This is a practically important aspect
on the use of microemulsions as media for chemical reactions because it simpli-
fies the formulation work. Formulating a Winsor I or Winsor II system is usually
much easier than formulating a one-phase microemulsion of the whole reaction
mixture. Winsor systems can also be of value to simplify the work-up process,in
particular to separate the product from the surfactant, as will be discussed be-
low in Sect. 2.4 (see also [6]).

Figure 1 illustrates the use of Winsor I and Winsor II systems as reaction me-
dia for the synthesis of 1-phenoxyoctane from sodium phenoxide and 1-bro-
mooctane. The reaction was performed in microemulsions based on various
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water — oil — Triton X-100
a=04;y=02;T=79°C

\:| excess phase 4

251 [ ] microemulsion phase 1

30

4 | | 4
T T T T

chloro- toluene cumene i-octane n-hexa- paraffin
benzene decane oil

Fig. 1. Change of the phase volumes caused by variations of the oil component in the system
oil-water-nonionic surfactant (redrawn from [8]). The microemulsions were used as reaction
media for the reaction between sodium phenoxide and 1-bromooctane to give 1-phenoxyoc-
tane

aliphatic and aromatic hydrocarbons as oil and with an octylphenol ethoxylate
as surfactant [8]. The figure shows the relative phase volumes obtained with the
different hydrocarbons. A one-phase microemulsion is only obtained with
toluene as oil component. The more hydrophobic oils, i.e. cumene, isooctane,
hexadecane and paraffin oil, all give a microemulsion in equilibrium with an
excess oil phase,i.e.a Winsor I system. With the more hydrophilic chlorobenzene
as oil a microemulsion coexisting with an excess water phase, i.e.a Winsor II sys-
tem, is obtained. As is also shown in Fig. 1, the reactivity is highest in the
chlorobenzene- and paraffin oil-based microemulsions, i.e. in the systems that
are at the extremes in terms of phase separation. The relative reactivity is
believed to be governed by the solubility of the surfactant in the oil. The higher
the solubility, the less surfactant is available to form the interface. Since the
reaction occurs exclusively at the interface (sodium phenoxide has no solubility
in the oil and 1-bromooctane is insoluble in water), it is important to have as
large an interface as possible.

The use of Winsor systems as reaction media is not unique to organic syn-
thesis. Winsor I and Winsor II systems, as well as three-phase systems of Winsor
I1I type, have been successfully employed as media for a variety of enzymatic -
reactions [7,10-12].
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2.3
Substitution Reactions

The majority of organic reactions that have been performed in microemulsions
are substitution reactions, most commonly bimolecular nucleophilic substitu-
tions, i.e. Sy2 reactions. Figure 2 shows representative examples of such reac-
tions that have been investigated in microemulsion media. Some of the reactions
will be discussed below. Previous reviews can be consulted for other examples
[13-15].

CyoHpBr + HSO, — C, H,,SO, + HBr

Scheme 1

C6H130H\;/CH2 + HSO, — C.H,,CH—CH;SO,

OH
Scheme 2
NO, NO, NO,
i _BX :[l OH,
CH, CH, CH
X NS +|
N l?l ITI
R R
NBP NBP-R+ Violet product
Scheme 3
NO, NO,
BFOCO‘CHEO‘Q—N% + Br ———Br@—co—CHzBr +0 NO,
Scheme 4 NO, No

Fig. 2. Examples of nucleophilic substitution reactions performed in microemulsions.
Scheme 1: synthesis of decyl sulfonate from decyl bromide and hydrogen sulfite. Scheme 2:
synthesis of 2-hydroxyoctyl sulfonate from 1,2-epoxyoctane and hydrogen sulfite. Scheme 3:
reaction of 4-nitrobenzylpyridine (NBP) with an alkyl halide (RX) followed by alkaline hy-
drolysis of the N-alkyl derivative (NBP-R*) formed. Scheme 4: a reaction involving displace-
ment of the trinitrophenoxide ion by bromide



58 M. Héger et al.

Oh et al. [16] have demonstrated that a microemulsion based on a nonionic
surfactant is an efficient reaction system for the synthesis of decyl sulfonate
from decyl bromide and sodium sulfite (Scheme 1 of Fig. 2). Whereas at room
temperature almost no reaction occurred in a two-phase system without surfac-
tant added, the reaction proceeded smoothly in a microemulsion. A range of mi-
croemulsions was tested with the oil-to-water ratio varying between 9:1 and 1:1
and with approximately constant surfactant concentration. NMR self-diffusion
measurements showed that the 9:1 ratio gave a water-in-oil microemulsion and
the 1:1 ratio a bicontinuous structure. No substantial difference in reaction rate
could be seen between the different types of microemulsions, indicating that the
curvature of the oil-water interface was not decisive for the reaction kinetics.
More recent studies on the kinetics of hydrolysis reactions in different types of
microemulsions showed a considerable dependence of the reaction rate on the
oil-water curvature of the microemulsion, however [17]. This was interpreted as
being due to differences in hydrolysis mechanisms for different types of mi-
croemulsions.

In a related reaction Anderson et al. used a microemulsion for ring opening
of along-chain epoxide with sodium hydrogen sulfite (Scheme 2 of Fig. 2) [9]. In
two-phase systems with no surfactant added the reaction was very sluggish. Mi-
croemulsions based on alcohol ethoxylates proved to be efficient reaction me-
dia, giving almost complete conversion of epoxide to hydroxysulfonate in 2 h at
75°C. A microemulsion based on the anionic surfactant sodium dodecylsulfate
gave a slower rate of epoxide consumption. In addition, the dodecylsulfate anion
took an active part in the reaction, competing with the hydrogen sulfite ion as
ring opening reagent. This may be a side reaction to consider in many cases
where a microemulsion based on an anionic surfactant is used as medium for a
nucleophilic substitution reaction.

Scheme 3 of Fig. 2 shows alkylation of 4-nitrobenzylpyridine (NBP) with
alkyl halide (RX) followed by reaction with hydroxide ion to form a violet prod-
uct. The reaction, which is used for the detection of alkylating agents, is a good
example of the advantage of using a microemulsion as reaction medium [18,19].
In the conventional procedure a non-aqueous solvent is employed to dissolve the
oil soluble NBP and the RX. This solution is then treated with an aqueous base
in a two-step process since NBP and base, when combined, slowly react to form
an interfering blue colour. However, the use of an anionic microemulsion per-
mits a combination of the two reagents in the same solution. The addition of Ag*
is required to effect alkylation by methyl iodide. The suggested mechanistic ex-
planation is as follows: NBP is solubilized in the oil phase and is exposed to only
a very low hydroxide ion concentration since OH™ is electrostatically repelled by
the anionic interface. Added methyl iodide, aided by Ag*, which is concentrated
at the negatively charged interface, reacts with the NBP to form 4-nitrobenzyl-
1-methylpyridinium ion (NBP-Me*). This more water-soluble ion is accessible to
attack by OH" to form the final violet product. Due to accumulation of Ag* (from
AgNO;) and OH" (from NaOH) in different domains of the microemulsion, the
solubility product of AgOH is never exceeded.

Bunton and de Buzzaccarini have studied the kinetics of substitution reac-
tions in microemulsions and compared the result with the reaction kinetics in
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micellar solutions and also in true solutions. Scheme 4 of Fig. 2 shows an exam-
ple of an Sy2 reaction that has been investigated in some detail [20]. The reac-
tion was performed in microemulsions based on the cationic surfactant
cetyltrimethylammonium bromide (CTAB). It was found that the second-order
rate constants in the microemulsion droplets were similar to those in CTAB mi-
celles in water and in alcohol-water mixtures. The rates were slightly higher than
those estimated for the reaction in water but smaller than rate constants in al-
cohol-water mixtures of low water content.

Microemulsions can be formulated with carbon dioxide in supercritical state
instead of a hydrocarbon as nonaqueous solvent. Fluorinated surfactants are
commonly used to prepare such microemulsions. Water-in-carbon dioxide mi-
croemulsions can be made and the droplet size has been found to be similar to
the size of the droplets of water-in-hydrocarbon microemulsions with similar
composition [21]. Such a microemulsion was used for conversion of benzyl
chloride to benzyl bromide using KBr as hydrophilic nucleophile. The yield was
an order of magnitude higher in the carbon dioxide microemulsion than in a
conventional microemulsion at similar conditions, a fact that has been ascribed
to low interfacial viscosity [22]. The big advantage with these microemulsions is
the environmental friendliness and the ease of work-up associated with carbon
dioxide as solvent.

24
Hydrolysis Reactions

Many types of hydrolysis reactions have been performed in microemulsions and
some examples are given in Fig. 3.

Mackay and coworkers have studied in detail alkaline hydrolysis of 4-nitro-
phenyl diphenyl phosphate, Scheme 1 of Fig. 3. This work has been driven by an
interest to use microemulsions as a medium for decontamination of toxic sub-
stances such as chemical warfare agents [23-26]. Because the reacting species is
the hydroxyl ion, the reaction is promoted by cationic surfactants and retarded
by anionic surfactants. In the cationic microemulsion the intrinsic rate constant
is approximately the same as in micelles. The observed rate constant, however, is
higher in micelles due to their greater surface potentials. It is also observed that
there is no effect of ionic strength on the rate of reaction up to an added elec-
trolyte concentration of 0.5 mol/l, a clear indication of the reaction taking place
in the microemulsion interfacial region where the effective ion strength is of the
order of 3 mol/l. The effect of cosurfactant was investigated in some detail. It was
found that some quaternary ammonium compounds, notably tri(octyl-de-
cyl)methyl ammonium chloride, gave much faster reactions than the common
alcohol cosurfactants. This could be a useful observation.

Scheme 2 of Fig. 3 shows an elegant way of catalysing the hydrolysis of a phos-
phate ester [26-28]. Iodosobenzoates, such as the one shown in the figure, are
strong nucleophiles and are efficient agents for splitting of phosphate ester
bonds. The iodosobenzoate of Fig. 3, Scheme 2 is fully ionised at pH 8 in a micro-
emulsion based on a cationic surfactant. The same hydrolysis rate was obtained
at pH 8 in the presence of the iodosobenzoate as at pH 11 in the absence of the
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Fig. 3. Examples of hydrolysis reactions performed in microemulsions. Scheme 1: alkaline hy-
drolysis of 4-nitrophenyldiphenyl phosphate. Scheme 2: catalysis of phosphate ester hydro-
lysis by a iodosobenzoate. Scheme 3: alkali- and lipase-catalysed hydrolysis of 4-nitro-
phenyldecanoate
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RCOOR’ RCOOH + R’"OH
heat, HC1
———(a a9
OH~
Na*
OH" Na" Cl

Na*

Fig. 4. Ester hydrolysis in a Winsor I system followed by heat-induced transition into a Win-
sor III system

iodosobenzoate. Thus, addition of the iodosobenzoate is a way to perform the
detoxification reaction in a microemulsion under much milder conditions. As is
seen from the figure, the reaction is a true catalytic reaction with no net con-
sumption of the iodosobenzoate.

Lif and Holmberg have demonstrated the efficiency of microemulsions as a
medium for both organic and bioorganic hydrolysis of a 4-nitrophenyl ester; see
Scheme 3 of Fig. 3 [7]. The reactions were performed in a Winsor I type mi-
croemulsion and took place in the lower phase oil-in-water microemulsion. Af-
ter the reaction was complete a Winsor I—III transition was induced by a rise in
temperature. The products formed, 4-nitrophenol and decanoic acid, parti-
tioned into the upper oil phase and could easily be isolated by separation of this
phase and evaporation of the solvent. The principle is outlined in Fig. 4. The sur-
factant and the enzyme (in the case of the lipase-catalysed reaction) resided in
the middle-phase microemulsion and could be reused.

2.5
Miscellaneous Reactions

A wide variety of reactions other than substitutions and hydrolyses have been
performed in microemulsions. Examples include alkylations [29], Knoevenagel
condensations [13], oxidations [30, 31], reductions [32], formation and decom-
position of Meisenheimer complexes [33], aromatic substitution reactions such
as nitration and bromination [34-36], nitrosation [37] and lactone formation,
i.e. esterification [38-40]. Microemulsions have also been used for photochemi-
cal and electrochemical reactions [41-45].

Figure 5 shows bromination of a small series of aromatic compounds per-
formed in a microemulsion based on cationic surfactants. The bromide ion is at
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| Br
SN NS SN \ + HNO, + surfactant +
X X X

Fig. 5. Bromination of phenols and anisols using a quaternary ammonium bromide in com-
bination with nitric acid as bromination reagent.Y is OH and OCHj; for phenols and anisols,
respectively. X is H or CH,

the same time surfactant counterion and source of the brominating agent. The
reaction gives a quantitative yield of monobrominated species and an advantage
compared to conventional bromination is that the procedure avoids the use of
elemental bromine or other unpleasant bromination reagents.

3
Microemulsions vs Phase Transfer Catalysis

Use of a microemulsion to overcome reagent incompatibility can be seen as an
alternative to the more conventional approach of carrying out the reaction in a
two-phase system with the use of a phase transfer catalyst. The latter is usually
either a quaternary ammonium salt or a crown ether. There are several examples
in the literature of comparisons between the microemulsion concept and phase
transfer catalysis. The topic has also recently been reviewed [46].

An early example of a comparison between the microemulsion approach and
the process of phase transfer catalysis was a study by Menger et al. on the
hydrolysis of trichlorotoluene to form sodium benzoate; see Fig. 6 [47]. As can
be seen from Table 1, hydrolysis in the presence of the cationic surfactant

COOH

G =

Fig. 6. Alkaline hydrolysis of trichlorotoluene

Table 1. Hydrolysis of trichlorotoluene to sodium benzoate using 20% NaOH at 80°C [47].
CTAB, C,E,; and TBAB stand for cetyltrimethylammonium bromide, tricosa(ethylene gly-
col)monododecyl ether and tetrabutylammonium bromide, respectively

Additive Reaction time (h) Yield (%)
CTAB (0.01 mol/l) 1.52 98
None 1.5 0
Dioxane (20%) 1.5 0
Cy,E,; (0.006 mol/l) 11° 97
TBAB (0.02 mol/l) 152 98
None 602 97

2 This is roughly the minimum time required for completion of the reaction.
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/—Qﬁ—v CH,GH,SCH,CH,OH
i
. CH,CH,SCH,CH,CI

OcCl

CH,CH,SCH,CH,CI

Fig. 7. Transformation of 2-chloroethylethyl sulfide (half-mustard) into 2-hydroxyethylethyl
sulfide by alkali or into 2-chloroethylethyl sulfoxide by hypochlorite

cetyltrimethylammonium bromide (CTAB) required 1.5 h. The reaction without
the surfactant took 60 h. The nonionic surfactant tricosa(ethylene glycol)mon-
ododecyl ether (C,,E,;) also accelerated the reaction but to a lesser extent than
did CTAB. The commonly used phase transfer agent tetrabutylammonium bro-
mide (TBAB) gave a rate enhancement comparable to that of the nonionic sur-
factant. Evidently the solubilizing power of a properly formulated microemul-
sion was at least as effective as phase transfer catalysis for overcoming the com-
patibility problems common to hydrolyses of lipophilic organic compounds.

In another comparison between the microemulsion approach and the use of
phase transfer agents, Menger and Elrington investigated the decontamination
of chemical agents, in particular bis(2-chloroethyl)sulfide, commonly known as
mustard [30]. Mustard is a well-known chemical warfare agent. Although it is
susceptible to rapid hydrolytic deactivation in laboratory experiments where
rates are measured at low substrate concentrations, its deactivation in practice is
not easy. Due to its extremely low solubility in water, it remains for months on a
water surface. The addition of strong alkali does not increase the rate of reac-
tion. Microemulsions were explored as media for both hydrolysis and oxidation
of ‘half-mustard’, CH;CH,SCH,CH,Cl, a less toxic mustard model (Fig. 7). Oxi-
dation with hypochlorite turned out to be extremely rapid in both oil-in-water
and water-in-oil microemulsions. In formulations based on either an anionic, a
nonionic or a cationic surfactant oxidation of the half-mustard sulfide to sul-
foxide was complete in less than 15 s. The same reaction took 20 min when a
two-phase system, together with a phase transfer agent, was employed [48].
Menger and Rourk have more recently made further progress in optimising mi-
croemulsion formulations for decontamination of chemical warfare agents [49].

Different types of microemulsions were evaluated as reaction media for syn-
thesis of the surface active compound sodium decyl sulfonate from decyl bro-
mide and sodium sulfite (Scheme 1 of Fig. 2). The reaction rates of the nucle-
ophilic substitution reaction performed in microemulsions were compared with
the rates obtained by phase transfer catalysis using either a quaternary ammo-
nium salt (tetrabutylammonium hydrogen sulfate) or a crown ether (18-crown-
6) as catalyst [50]. The microemulsions were based on the nonionic surfactant
penta(ethylene glycol)monododecyl ether (C},Es) and two compositions were
used, one in the water-in-oil region (the L2 phase) and the other in the bicon-
tinuous region. The reaction profiles are shown in Fig. 8. As can be seen, the re-
action was much faster in the microemulsions than in the two-phase systems
with added phase transfer agent. In the reference system, hydrocarbon-water
with neither a surfactant, nor a phase transfer agent, there was virtually no re-
action at all.
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Fig. 8. Reaction profiles for synthesis of sodium decyl sulfonate from decyl bromide and
sodium sulfite in either a microemulsion or a two-phase system with or without added phase
transfer agent (from [50])

As can be seen from Fig. 8, the addition of a phase transfer agent to the two-
phase system did not much affect the reaction rate. It has been suggested that the
reason why phase transfer agents are not effective as catalysts in this reaction is
that the product formed, decyl sulfonate, is a much more lipophilic anion than
the inorganic ions. Hence, Q* will prefer to form an ion pair with R-SO3 rather
than with HSOj3, which means that transfer of the latter ion across the oil-water
interface will decline as more and more decyl sulfonate is being produced dur-
ing the course of the reaction. Figure 9 illustrates the competing processes.

Schomaicker compared the use of nonionic microemulsions with phase trans-
fer catalysis for several different types of organic reactions and concluded that
the former was more laborious since the pseudo-ternary phase diagram of the
system had to be determined and the reaction temperature needed to be care-
fully monitored [13,29]. The main advantage of the microemulsion route for in-
dustrial use is related to the ecotoxicity of the effluent. Whereas nonionic sur-
factants are considered relatively harmless, quaternary ammonium compounds
exhibit considerable fish toxicity.

The use of a two-phase system with added phase transfer catalyst and the use
of a microemulsion are two alternative approaches to overcome reagent incom-
patibility problems in organic synthesis. Both routes have proved useful but on
entirely different accounts. In phase transfer catalysis the nucleophilic reagent is
carried into the organic phase where it becomes highly reactive. In the mi-
croemulsion approach there is no transfer of reagent from one environment to
another; the success of the method relies on the very large oil-water interface at
which the reaction occurs.
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Aqueous phase:
Na,SO,+ QHSO, — NaHSO, + NaQSO,

Interface:
Q" + HSO; — Q'HSO, (org.)

Organic phase:
+ - +. -
R—Br+ QHSO, — R—SO,H + QBr

Side reaction
Interface:
R—SOH(org) —= R—s0O; + H’

Fig. 9. Reaction steps involved in the synthesis of decyl sulfonate from decyl bromide and
sodium sulfite using phase transfer catalysis. Q stands for tetrabutylammonium

In an attempt to combine the two approaches of accelerating organic reac-
tions, a nucleophilic substitution reaction has been carried out in a microemul-
sion in the presence of a phase transfer agent [51]. The aim of the work was to
investigate if a combination of the two approaches would give a reaction rate
higher than that obtained in either the microemulsion approach or in a two-
phase system using phase transfer catalysis.

The reaction chosen was ring-opening of 1,2-epoxyoctane by sodium hydro-
gen sulfite, Scheme 2 of Fig. 2. The synthesis was performed in an oil-in-water
microemulsion based on a chlorinated hydrocarbon, water and surfactant with
tetrabutylammonium hydrogen sulfate added to the formulation. Attempts to
formulate a microemulsion with standard nonionic surfactants containing poly-
oxyethylene chains as polar head group failed, probably due to too high solubil-
ity of these surfactants in the oil domain. Polyol surfactants are less soluble in
chlorinated hydrocarbons and a microemulsion with a relatively broad range of
existence could be obtained by using a combination of two alkylglucoside sur-
factants. Figure 10 shows the reaction profiles for the synthesis carried out in a
two-phase system with and without the phase transfer catalyst and in a micro-
emulsion containing the catalyst. As can be seen, the combined approach leads
to a very fast reaction. Obviously a substitution reaction in a microemulsion can
be greatly accelerated by addition of a phase transfer catalyst.

An attempt was also made to accelerate the same reaction performed in a
microemulsion based on water, nonionic surfactant and hydrocarbon oil [9].
The reaction was performed in a Winsor III system and the same Q salt, tetra-
butyl ammonium hydrogen sulfate, was added to the formulation. In this case
the addition of the phase transfer catalyst gave only a marginal increase in reac-
tion rate. Similar results have been reported for an alkylation reaction per-
formed in different types of micellar media [52]. The addition of a Q salt gave no
effect for a system based on cationic surfactant, a marginal increase in rate for a
system based on nonionic surfactant and a substantial effect when an anionic
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Fig. 10. Reaction profiles for synthesis of 2-hydroxyoctyl sulfonate from 1,2-epoxyoctane and
hydrogen sulfite using either a two-phase system with or without added Q salt or a micro-
emulsion with added Q salt as reaction medium. Q stands for tetrabutylammonium (from

[51])

surfactant was used. The last system, also with Q salt added, gave lower yield
than the first two, however, most likely due to electrostatic repulsion of the neg-
atively charged nucleophile by the anionic micelles, as discussed above for mi-
croemulsion-based reaction media.

4
Effect of Surfactant and Surfactant Counterion on Reactivity

Microemulsion droplets and micellar aggregates can catalyse or inhibit chemi-
cal reactions by compartmentalization and by concentration of reactants and
products. The catalytic effect in micelles has been widely studied, a typical reac-
tion being base catalysed hydrolysis of lipophilic esters. This rate enhancement
is normally referred to as micellar catalysis. The analogous effect occurring in
microemulsions may be called microemulsion catalysis.

The groups of Menger and Bunton have made early significant contribu-
tions to the understanding of the effect organized media has on catalysis of
organic reactions [53, 54]. A number of kinetic studies, on hydrolysis and other
reactions, have been made in micellar systems, i.e. aqueous solutions of surfac-
tants at concentrations above the critical micelle concentration. The rate
enhancement in such systems is often very substantial. The effect of micelle
formation on reaction rates is primarily a consequence of reactant compart-
mentalization. Inclusion or exclusion of reactants from the Stern layer has
either an accelerating or an inhibitory effect on the reaction rate, depending on
reaction type and the nature of the micelle. The most widely used model to
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describe these phenomena is the pseudophase kinetic model. This approach
assumes that micelles act as a phase (pseudophase) apart from water. Further,
it is assumed that effects on reaction rates are due primarily to the distribution
of reactants between the micellar and aqueous pseudophases [55, 56]. The rate
of a chemical reaction is then the sum of adjusted rates in the aqueous and mi-
cellar pseudophases. Although it has been clearly demonstrated that hydrolysis
reactions of hydrophobic substrates can be strongly accelerated when carried
out in micelles, true micellar catalysis is of limited preparative value (except
when the surfactant itself is the reacting species) since the reactant concentra-
tion is normally too low. A micellar solution has a limited solubilization capac-
ity. By introducing a nonpolar solvent into the system, i.e. by creating a mi-
croemulsion, a much higher solubilization capacity will be achieved. The
pseudophase model has been successfully applied to microemulsion systems
[56-58].

An excellent example of the importance of the surfactant charge for the reac-
tion rate is given in Fig. 11. The reaction studied, iodosobenzoate-catalysed
hydrolysis of a phosphate ester, was previously shown in Scheme 2 of Fig. 3 [26].
As can be seen from the figure, the reaction is slow and independent of water
content when a nonionic amphiphile is used as microemulsion surfactant. In
microemulsions based on a cationic surfactant the reaction is much faster and
the rate is highly dependent on the relative amount of water. The reason for the
higher reactivity in cationics-based microemulsions is obviously related to the
charge of the interface; the negatively charged nucleophile is attracted by the
positively charged surfactant palisade layer. The increase in reaction rate with
an increase in water content is interpreted as an effect of increasing counterion,
i.e. bromide, dissociation. An increase in counterion dissociation leads to a
higher surface potential and, consequently, to a higher concentration of the an-
ionic nucleophile in the interfacial zone, where the reaction occurs.

It has been shown that the addition of a small amount of the anionic surfac-
tant sodium dodecyl sulfate (SDS) to a microemulsion based on nonionic sur-
factant increased the rate of decyl sulfonate formation from decyl bromide and
sodium sulfite (Scheme 1 of Fig. 2) [59, 60]. Addition of minor amounts of the
cationic surfactant tetradecyltrimethylammonium gave either a rate increase or
a rate decrease depending on the surfactant counterion. A poorly polarizable
counterion, such as acetate, accelerated the reaction. A large, polarizable counte-
rion, such as bromide, on the other hand, gave a slight decrease in reaction rate.
The reaction profiles for the different systems are shown in Fig. 12. More recent
studies indicate that when chloride is used as surfactant counterion the reaction
may at least partly proceed in two steps, first chloride substitutes bromide
to give decyl chloride, which reacts with the sulfite ion to give the final pro-
duct [61].

The effect of surfactant charge on the reaction rate was investigated for a re-
lated reaction, ring opening of 1,2-epoxyoctane with sodium hydrogen sulfite
(Scheme 2 of Fig. 2). The reaction, which was performed in a Winsor IIT mi-
croemulsion, was fast when a nonionic surfactant was used as the sole surfactant
and considerably more sluggish when a small amount of SDS was added to the
formulation [9].
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Fig. 11. Relative phase volume-corrected rate constants vs weight fraction water for the io-
dosobenzoate-catalysed hydrolysis of a phosphate ester in water/hexadecane microemulsions
stabilized by various surfactant/cosurfactant mixtures. Curve (a) Brij 96/1-butanol; curve (b)
CTAB/I-butanol; curve (c) CTAC/dibutylformamide; curve (d) CTAB/2-methylpyrrolidone
and Adogen 464 (from [26])

An interesting example of a specific ion effect in microemulsions is a strong
increase in reactivity found for large, polarizable anions such as iodide. The ten-
dency for such ions to interact with, and accumulate at, the interface can be
taken advantage of for preparative purposes. The increased concentration of
such ions in the interfacial zone, where the reaction takes place, will lead to an
increase in reaction rate. Expressed differently, the reactivity of iodide and other
highly polarizable ions [62, 63] will be very high in such systems. The micro-
emulsions need not be based on cationic surfactants that would drive the anions
to the interface by electrostatic attraction. Also microemulsions based on non-
ionic surfactants display the effect because large, polarizable anions interact
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Fig. 12. Effect of addition of ionic surfactant to a microemulsion based on a nonionic surfac-
tant on the rate of synthesis of decyl sulfonate from decyl bromide and sodium sulfite (from

[601)

with the hydrophobic surface by dispersion forces [64]. The mechanism of
attraction (and the background for the increased concentration of reacting
species) is, thus, different from that of micellar catalysis, which is basically an ion
exchange process [65].

In a recent work 4-tert-butylbenzylbromide was reacted with potassium io-
dide to give 4-tert-butylbenzyliodide (Fig. 13). The reaction was performed in a
microemulsion based on the nonionic surfactant penta(ethylene glycol)mon-
ododecyl ether (C|,E;) and the temperature was varied from 23 to 29°C, which is
the total temperature range of the isotropic L1 region of this system [66]. It was
found that the reaction rate decreased considerably when the temperature was
increased from 23 to 29°C.12I-NMR showed a marked temperature effect on line
broadening; the lower the temperature the broader the signals (within the tem-
perature range 23 to 29°C). This indicates that the iodide ion interacts more
strongly with the interface at lower temperature, which is likely to be the reason
for the inverse temperature-reactivity relationship. Thus, ion binding to the
microemulsion interface can have a pronounced effect on reactivity also in
microemulsions based on uncharged surfactants.

%—@—\ + Nal —— ’>_®—\ + NaBr
Br |

Fig. 13. Synthesis of 4-tert-butylbenzyliodide from 4-tert-butylbenzylbromide and sodium
iodide
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5
Inducing Regiospecificity

Organic molecules with one more polar and one less polar end will accumulate
at the oil-water interface of microemulsions. They will orient at the interface so
that the polar part of the molecule extends into the water domain and the non-
polar part extends into the hydrocarbon domain. This tendency for orientation
at the interface can be taken advantage of to induce regiospecificity in an or-
ganic reaction. A water-soluble reagent will react from the ‘water side’, i.e. at-
tack the polar part of the amphiphilic molecule and a reagent soluble in hydro-
carbon will react with the other end of the amphiphilic molecule. Figure 14
shows an example of the principle although the reaction in this case is per-
formed in a micellar solution, not in a proper microemulsion [67]. The micelle-
water interface is used as a template to control the regioselectivity of a Diels-
Alder reaction in which both reactants are surface active. The diene (a), as well
as the dienophile (b), is a lipophilic molecule with a trimethylammonium head
group. This Diels-Alder system should display no regiochemical preference in
the absence of orientational effects because the substituents at carbons 2 and 3
within a and those at carbons 1 and 2 within b are close to being both elec-
tronically and sterically equivalent with respect to the diene and dienophile re-
action centres.

The two possible regioisomers of the reaction are shown in Fig. 15. When the
reactions were run in an organic solvent, i.e. in absence of micellar orientational
effects, the two regioisomers were obtained in equal amounts. When, on the
other hand, the reactions were carried out in an aqueous buffer, in which the
reagents form mixed micelles, a regioisomer ratio c to d of 3 was obtained. Prod-
uct c is the expected regioisomer if a and b react in their preferred orientations
within a mixed micelle, with the quaternary ammonium head groups at the out-
side of the aggregate and the remainder of the reactant molecules extended into
the micelle interior. The fact that regioselectivity is not complete seems to indi-
cate that a fraction of the reaction occurs outside of the micelles.

+
CgHi7 _@SHS@(CHZ)4 N(CHg)3Br a

(o}

+
O (CHa)g N (CHg)3 Br b
CgHq70

o

Fig. 14. A surface-active: a diene; b dienophile used as reagents in a Diels-Alder reaction
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Fig. 15a,b. The two possible regioisomers formed by Diels-Alder reaction of the diene and the
dienophile of Fig. 14
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OH OH OH
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In water 35% 65 %
In microemulsion 80 % 10 %

Fig. 16. Nitration of phenol in water and microemulsion (redrawn from [34])
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Another example, this time in a proper microemulsion, is the stereoselective
nitration of phenol, shown in Fig. 16. It has been claimed that the reaction in an
oil-in-water microemulsion gives a preference for ortho nitration whereas con-
ventional nitration in a homogeneous reaction system gives predominantly para
nitration [34]. The results have been questioned, however, and nitration in
microemulsion seems not to give very different ortho to para ratio than nitra-
tion in a homogeneous medium [36]. A related reaction, bromination of phenols
and anisols (Fig. 5), gives a higher para to ortho ratio than conventional bromi-
nation [36]. The strong preference for para substitution can be of preparative
value.

6
Concluding Remarks

This review shows that microemulsions are of interest as media for organic re-
actions on several accounts. First of all they can be used as a means to overcome
reagent incompatibility, which frequently occurs between a lipophilic organic
compound and an inorganic salt. Used for this purpose they can be regarded as
an alternative to the use of a two-phase system with added phase transfer cata-
lyst. The concept of a microemulsion medium and phase transfer catalysis can
also be combined to give a system of very high reactivity.

The reaction rate in microemulsions can be high not only because of the large
internal interface but also because there can be a catalytic effect related to the in-
terface. First, a charged interface, i.e. an oil-water interface stabilized by an ionic
surfactant, will attract species, such as reacting nucleophiles, of opposite charge.
Second, large polarizable ions, such as iodide or thiocyanate, will accumulate in
the interfacial region due to strong interaction with the interface. This can sub-
stantially increase the rate of reactions involving such species.

The oil-water interface of microemulsions can also be used as a template
for organic molecules with one more polar and one less polar end, thus induc-
ing regioselectivity of reactions. Water-soluble reagents will attack the amphi-
philic compound from the water side and oil-soluble species will react from the
oil side.
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Miniemulsions are specially formulated heterophase systems consisting of stable nano-
droplets in a continuous phase. The narrowly size distributed nanodroplets of 50 to 500 nm
can be prepared by shearing a system containing oil, water, a surfactant, and an osmotic pres-
sure agent which is insoluble in the continuous phase. Since each of the nanodroplets can be
regarded as a batch reactor, a whole variety of reactions can be carried out starting from
miniemulsions clearly extending the profile of classical emulsion polymerization. This arti-
cles gives an overview about the mechanism of formation of and polymerizations in
miniemulsions and reviews the current standing of the field for both the synthesis of new
polymers and of dispersed hybrid systems.
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1
Introduction

The synthesis and application of polymeric nanoparticles dispersed in a contin-
uous media enjoy great popularity in academy and industry. This is due to a
number of reasons. On the one hand the formulation of polymers without the
use of organic solvents is of high importance because of security, health, and en-
vironmental reasons. Consequently, the formulation in an environmentally
friendly solvent, in general water, is highly desired. This is why polymer science
is confronted with the problems of dispersing or synthesizing more and more
polymers in water, although dispersion in water might interfere with the poly-
merization process.

On the other hand, there is a technological trend towards a high solid content
of polymer formulations, e.g., to minimize shrinkage effects or to shorten pro-
cessing times. A high polymer content at reasonable processing viscosities can
only be obtained by polymer dispersions, either in water or hydrocarbon sol-
vents.
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As a third advantage, polymer particles in dispersions allow one to control or
imprint an additional length scale into a polymer bulk material, given by the
diameter of the particle, which is offered by the process of film formation. That
way, polymer materials can be generated employing rational structure design
not only on the molecular scale, but also on the mesoscale.

Usually or most widely applied, polymer latexes are made by emulsion poly-
merization [1]. Without any doubt, emulsion polymerization has created a wide
field of applications, but in the present context one has to be aware that an in-
conceivable restricted set of polymer reactions can be performed in this way.
Emulsion polymerization is good for the radical homopolymerization of a set of
barely water-soluble monomers. Already heavily restricted in radical copoly-
merization, other polymer reactions cannot be performed. The reason for this is
the polymerization mechanism where the polymer particles are the product of
kinetically controlled growth and are built from the center to the surface, where
all the monomer has to be transported by diffusion through the water phase.
Because of the dictates of kinetics, even for radical copolymerization, serious
disadvantages such as lack of homogeneity and restrictions in the accessible
composition range have to be accepted.

There are a variety of other techniques to generate polymer dispersions, such
as polymerization of microemulsions, suspension polymerization, or the gener-
ation of secondary dispersions by precipitation, which will be discussed in more
detail below. All of them found their applications which, however, cannot really
be extended to more general procedures in polymer science since they are hand-
icapped by serious disadvantages such as excessive use of surfactant, insufficient
colloidal stability, or costly procedures. It is therefore an idealized concept in
heterophase polymerization to generate small, homogeneous, and stable
droplets of monomer or polymer precursors, which are then transferred by (as
many as possible) polymer reactions to the final polymer latexes, keeping their
particular identity without serious exchange kinetics being involved. This
means that the droplets have to become the primary locus of the initiation of the
polymer reaction. Then, polymerization or polyaddition should proceed as in a
hypothetical bulk state, where the continuous phase is still good to transport ini-
tiators, side products, and heat. This is a state we call ‘nanoreactors’, since every
droplet behaves as an independent reaction vessel without being seriously dis-
turbed by all the other events.

With the concept of ‘nanoreactors’ one can take advantage of an additional
mode control for the design of nanoparticles where both thermodynamic as-
pects as well as shear history enter the particle size and the inner structure of
the latexes or hybrid particles. The polymerization in such nanoreactors takes
place in a highly parallel fashion, i.e., the synthesis is performed in 10'8-10%
nanocompartments per liter that are separated from each other by a continuous
phase. In miniemulsion polymerization, the principle of small nanoreactors is
realized as demonstrated in Fig. 1.

In a first step of the miniemulsion process, small stable droplets in a size range
between 30 and 500 nm are formed by shearing a system containing the dis-
persed phase, the continuous phase, a surfactant, and an osmotic pressure agent.
In a second step, these droplets are polymerized without changing their identity.
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Fig. 1. The principle of miniemulsion polymerization

The main focus of this article is a detailed description of the working prin-
ciples of miniemulsions, the examination of kinetics during the polymeriza-
tion process, and the generation of different particle structures by appropriate
handling of interface effects. It will be shown that miniemulsions are indeed not
restricted to radical polymerization in water, but open the way to new polymers
via a liquid/liquid technology both in direct (aqueous solvent) and inverse (or-
ganic or hydrocarbon solvent) situations. It will be shown that this principle is
also highly favorable for the generation of nanoparticulate metals and ceramics,
and for the encapsulation of nanoparticles into polymer shells to generate
nanocomposites with high stability and processibility.

2
Miniemulsions and Miniemulsion Polymerization

2.1
Emulsion Stability Against Ostwald Ripening, Collisions, and Coalescence

Emulsions are understood as dispersed systems with liquid droplets (dispersed
phase) in another, non-miscible liquid (continuous phase). Either molecular dif-
fusion degradation (Ostwald ripening) or coalescence may lead to destabiliza-
tion and breaking of emulsions. In order to create a stable emulsion of very small
droplets, which is, for historical reasons, called a miniemulsion (as proposed by
Chou et al. [2]), the droplets must be stabilized against molecular diffusion
degradation (Ostwald ripening, a unimolecular process or 1, mechanism) and
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against coalescence by collisions (a bimolecular process or 7, mechanism). Sta-
bilization of emulsions against coalescence can be obtained by the addition of
appropriate surfactants, which provide either electrostatic or steric stabilization
to the droplets.

Mechanical agitation of a heterogeneous fluid containing surfactants always
leads to a distribution of droplet sizes results. Even when the surfactant provides
sufficient colloidal stability of droplets, the fate of this size distribution is deter-
mined by their different droplet or Laplace pressures, which increase with
decreasing droplet sizes resulting in a net mass flux by diffusion between the
droplets. If the droplets are not stabilized against diffusional degradation, Ost-
wald ripening occurs which is a process where small droplet will disappear lead-
ing to an increase of the average droplet size [3].

In 1962, Higuchi and Misra examined the quantitative aspects of the rate of
growth of the large droplets and the rate of dissolution of the small droplets in
emulsion for the case in which the process is diffusion controlled in the contin-
uous phase [4]. It was proposed that unstable emulsions may be stabilized with
respect to the Ostwald ripening process by the addition of small amounts of a
third component, which must distribute preferentially in the dispersed phase
[4]. The obtained stability in miniemulsions is said in the literature to be
metastable or fully stable. The stabilization effect by adding a third component
was recently theoretically described by Webster and Cates [5]. The authors con-
sidered an emulsion whose droplets contain a trapped species, which is insolu-
ble in the continuous phase, and studied the emulsion’s stability via the Lifshitz-
Slyozov dynamics (Ostwald ripening).

The rate of Ostwald ripening depends on the size, the polydispersity, and the
solubility of the dispersed phase in the continuous phase. This means that a
hydrophobic oil dispersed as small droplets with a low polydispersity already
shows slow net mass exchange, but by adding an ‘ultrahydrophobe’, the stability
can still be increased by additionally building up a counteracting osmotic pres-
sure. This was shown for fluorocarbon emulsions, which were based on perfluo-
rodecaline droplets stabilized by lecithin. By adding a still less soluble species,
e.g., perfluorodimorphinopropane, the droplets’ stability was increased and
could be introduced as stable blood substitutes [6, 7].

2.2
Techniques of Miniemulsion Preparation and Homogenization

In order to obtain emulsification, a premix of the fluid phases containing sur-
face-active agents and further additives is subjected to high energy for homog-
enization. Independent of the technique used, the emulsification includes first
deformation and disruption of droplets, which increase the specific surface area
of the emulsion, and second, the stabilization of this newly formed interface by
surfactants.

In early papers, miniemulsions were prepared by using mechanical homoge-
nization, e.g., by simple stirring or by the use of an omni-mixer and an ultra-tur-
rax. However, the energy transferred by these techniques is not sufficient to ob-
tain small and homogeneously distributed droplets [8]. A much higher energy
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for the comminuting of large droplets into smaller ones is required, significantly
higher than the difference in surface energy yAA (with y the surface/interfacial
tension and AA the difference between former and the newly formed interface),
since the viscous resistance during agitation absorbs most of the energy.

In high force dispersion devices, ultrasonication is used today especially for
the homogenization of small quantities, whereas rotor-stator dispersers with
special rotor geometries, microfluidizers, or high-pressure homogenizers are
best for the emulsification of larger quantities.

Power ultrasound emulsification was first reported in 1927 [9]. There are
several possible mechanisms of droplet formation and disruption under the in-
fluence of longitudinal density waves [10-12]. Cavitation is the mechanism
generally regarded as crucial under practical conditions [13, 14]. Parameters
positively influencing cavitation in liquids improve emulsification in terms of
smaller droplet size of the dispersed phase right after disruption. Imploding
cavitation bubbles cause intensive shock waves in the surrounding liquid and
the formation of liquid jets of high velocity with enormous elongational fields
[15]. This may cause droplet disruption in the vicinity of the collapsing bubble.
However, the exact process of droplet disruption, due to ultrasound as a result of
cavitation, is not yet fully understood.

Using a high-pressure homogenizer with an orifice valve [16], it was shown
that the time droplets spend in the laminar flow is long enough for a large num-
ber of disruption steps to take place subsequently, because the deformation time
is much lower than the mean residence time in the elongation flow. During the
deformation and break-up of a single droplet, almost no surfactant molecule
adsorbs at the newly forming interface because the adsorption time is longer
than one disruption step. This is why a special mechanical design to ensure
either highly turbulent flow after disruption or sufficient residual times in the
elongational flow is necessary to enable surfactant adsorption at the newly
formed droplets. Then the disruption process can be facilitated by the presence
of surfactants.

In direct miniemulsions, the droplet size is in turn determined by the amount
of oil and water, the oil density, the oil solubility, and the amount of surfactant.
It is found for direct miniemulsions that the droplet size is initially a function of
the amount of mechanical agitation [17, 18]. The droplets also change rapidly in
size throughout sonication in order to approach a pseudo-steady state, assum-
ing a required minimum amount of energy for reaching this state is used. Once
this state is reached, it was found that the size of the droplet does not change any
more. At the beginning of homogenization, the polydispersity of the droplets is
still quite high, but by constant fusion and fission processes the polydispersity
decreases, and the miniemulsion then reaches a steady state (see Fig. 2) [19].

The process of homogenization can be followed by different methods, e.g., by
turbidity, by conductivity, and by surface tension measurements. With increas-
ing time of ultrasound, the droplet size decreases and therefore the entire
oil/water interface increases. Since a constant amount of surfactant has now to
be distributed onto a larger interface, the interfacial tension as well as the sur-
face tension at the air/emulsion interface increases since the droplets are not
fully covered by surfactant molecules. The surface tension can reach a value
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Fig. 2. Scheme for the formation of a miniemulsion by ultrasound (US)

close to 60 mN m™, indicating that the coverage of the droplets is indeed very
low (calculated as 10% of a dense layer). The conductivity of the system is char-
acterized by the surfactant and its distribution between the different bound
states only. The conductivity due to free surfactant molecules, to surfactant
micelles as well as the conductivity of charged dispersion droplets will also dif-
fer significantly. Increasing the droplet number during ultrasonication will
decrease the free surfactant molecules and micelles; this is always accompanied
with a strong decrease of the conductivity till an equilibrium is reached as seen
in Fig. 3. The surface tension and the conductivity measurements are sensitive to
the total oil/water interface, but both techniques can hardly distinguished be-
tween polydisperse and monodisperse systems as long as the overall interfacial
area in the system is the same. Supplementing turbidity measurements (in-
cluded in Fig. 3), which are sensitive to the size and size distribution of the
droplets, equilibrate later than the surface tension or conductivity measure-
ments, indicating the complexity of the underlying equilibration process.

The droplet size and size distribution seems to be controlled by a Fokker-
Planck type dynamic rate equilibrium of droplet fusion and fission processes,
i.e., the primary droplets are much smaller directly after sonication, but col-
loidally unstable, whereas larger droplets are broken up with higher probability.
This also means that miniemulsions reach the minimal droplet sizes under the
applied conditions (surfactant load, volume fraction, temperature, salinity, etc.),
and therefore the resulting nanodroplets are at the critical borderline between
stability and instability. This is why miniemulsions directly after homogeniza-
tion are called ‘critically stabilized’ [19, 20]. Practically speaking, miniemulsions
potentially make use of the surfactant in the most efficient way possible.

23
Influence of the Surfactant

Colloidal stability is usually controlled by the type and amount of the employed
surfactant. In miniemulsions, the fusion-fission rate equilibrium during sonica-
tion and therefore the size of the droplets directly after primary equilibration
depends on the amount of surfactant. For sodium dodecylsulfate (SDS) and
styrene at 20% dispersed phase, it spans a range from 180 nm (0.3% SDS relative
to styrene) down to 32 nm (50 rel.% SDS) (Fig. 4a). Again, it is anticipated that
rapidly polymerized latexes also characterize the parental miniemulsion. As
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Fig. 3. Homogenization process followed by surface tension and conductivity measurements
until a steady state is reached

compared to emulsion- and microemulsion polymerization, those particles are
- with respect to the amount of used surfactant - very small, comparable to the
best emulsion polymerization recipes. A latex with a particle size of 32 nm is
already translucent and very close to the size, which was obtained in a micro-
emulsion polymerization process with no hydrophobe, but the fourfold amount
of a SDS/alcohol mixture [21].

The area per surfactant molecule on the particle surface, Ay, also show a
strong dependence on the particle size. It is seen that the entire range from a
dense surfactant monolayer (A, about 0.4 nm?) for small particles to very in-
completely covered latex particles (A, about 7 nm?) is obtained (see Fig. 4b).
This reflects the fact that smaller particles have at comparable volume fractions
a higher particle number density, a shorter averaged surface-to-surface dis-
tance, a higher relative mobility, and lower potential barriers, and therefore rely
on denser surfactant layers to become colloidally stable. Since surfactant layer
densities also influence the chemistry of such objects, e.g., permeation rates
through the interface or enrichment of polar components within the droplet,
this effect is important to remember: certain effects and reactivities might de-
pend on the droplet size and work better for larger particles, which is somewhat
counterintuitive.

It is a matter of course that the different surfactant coverages are also re-
flected in the corresponding surface tensions y of the latexes (see Fig. 4b). An
increase of the surface tension with increasing diameter is observed. The
miniemulsions based on polystyrene particles exceeding 100 nm have a surface
tension of close to the one of pure water (72 mN m™). This is due to the fact that
the bare particle surface is so large that adsorption equilibrium ensures a very
low surfactant solution concentration. Smaller particles with their higher sur-
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face coverage also have a higher equilibrium concentration of free surfactant,
but the concentration usually still stays well below the critical micelle concen-
tration value (cmc). This means that in miniemulsions there are no free micelles
present. This is very important for the chemical reactivity and the polymeriza-
tion kinetics in such systems. Just in the case of the highest surfactant load (50%
SDS), a dense surface layer and a y value typical for a micellar phase are ob-
served. Here we leave the composition region for well-defined miniemulsions.

24
Influence of the (Ultra)hydrophobe

As stated above, the destabilization of nanodroplets by Ostwald ripening after
the homogenization process can be efficiently slowed down by an addition of a
hydrophobic agent to the dispersed phase, which now counteracts the droplet or
Laplace pressure of the droplet. The agent has to be chosen so that it is trapped
in each droplet and cannot diffuse from one droplet to the other. The effective-
ness of the hydrophobe increases with decreasing water solubility in the contin-
uous phase and there is a low but finite hydrophobe content in order to become
operative to efficiently suppress Ostwald ripening. Many ultrahydrophobes can
be used for the formulation of miniemulsions: beside hexadecane as a model
[22, 23], other alkanes with different chain lengths [24], hydrophobic dyes [25],
hydrophobic comonomers [26, 27], chain transfer agents [28, 29], hydrophobic
initiators [30, 31], plasticizers, silanes, siloxanes, isocyanates, polyester, fluori-
nated alkanes [20], or other additives are effective agents to prevent Ostwald
ripening. Long chain alcohols which acts as a hydrophobe and a cosurfactant at
the same time [32, 33] are less effective.

A steady-state of miniemulsification is reached if an efficient homogenization
process is performed and an adequate amount of hydrophobe is used. After
stopping sonication, a rather rapid and minor equilibration process has to occur
where the effective chemical potential in each droplet (which can be expressed
as an effective net pressure) is equilibrating. Since the droplet number after son-
ication is fixed, the averaged size is also not influenced by this process, but the
droplet size distribution usually undergoes very fast change. It can be calculated
that the Laplace pressure within the resulting nanodroplets and the osmotic
pressure created by the hydrophobe are still far away from being equal: the
Laplace pressure is still larger than the osmotic pressure. It was found that
steady-state miniemulsification results in a system ‘with critical stability’, i.e.,
the droplet size is the product of a rate equation of fission by ultrasound and
fusion by collisions, and the minidroplets are as small as possible for the time
scales involved [19].

The Laplace pressure p; ;.. and the osmotic pressure can be calculated as
shown in [20]. For a typical hexadecane concentration of 2 mol% relative to
styrene, this results in an osmotic pressure of 4.5 bar, which is usually well
below the Laplace pressure of 12 bar in a typical miniemulsion system (1.7%
SDS relative to styrene, ca. 100 nm diameter). This means that right after steady-
state miniemulsification the droplet size is not given by an effective zero droplet
pressure, i.e., Praplace=Tosm=0, Which would represent a real thermodynamic
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equilibrium state, but it is rather characterized by a state of equal pressure in all
droplets. Minor statistical differences of the pressure directly after sonication
are presumably rapidly equilibrated, since changing the particle size leads to an
adaptation of the Laplace pressure with R™!, whereas the osmotic pressure goes
with R, This means that minor changes in size change the pressure balance sig-
nificantly.

The equality of droplet pressures makes such systems insensitive against net
mass exchange by diffusion processes (after the very fast equilibrium process at
the beginning), but the net positive character of the pressure makes them sensi-
tive to all changes of the droplet size. Experimental observations were made [19]
that steady-state homogenized miniemulsions, which are critically stabilized,
undergo droplet growth on the timescale of hundreds of hours, presumably by
collisions or by hydrophobe exchange. The droplets seem to grow until a zero
effective pressure is reached. Accordingly to Webster and Cates these miniemul-
sions are then fully stable [5]. It is, however, possible to obtain immediate long-
term colloidal stability of miniemulsions by addition of an appropriate second
dose of surfactant after the dispersion step. This dose is not used to increase the
particle number, but goes to the bare interface of the preformed miniemulsion
droplets in order to decrease the interfacial tension between the oil and the wa-
ter phase and to decrease the coupled Laplace pressure. Such post-stabilized
miniemulsions do not change their droplet size on the timescale of days and
even several months. This leads to the conclusion that most miniemulsions de-
scribed in the literature are indeed thermodynamically only metastable, i.e.,
with respect to conservation of particle number they are in a local minimum of
the chemical potential, which, however, is deep enough to allow chemical reac-
tions without significant change of the particle size and structure.

The particle size of rapidly polymerized minidroplets does not or does just
weakly depend on the amount of the hydrophobe [34-36]. It was found that dou-
bling the amount of hydrophobe does not decrease the radius by a factor of 2 (as
expected from a zero effective pressure), it is just that the effective pressure
(pressure difference) has to be the same in every droplet, a mechanism which in
principle does not depend on the amount of hydrophobe [19]. However, a mini-
mum molar ratio of the hydrophobe to the monomer of about 1:250 is required
in order to build up a sufficient osmotic pressure in the droplets exceeding the
influence of the first formed polymer chains. This also explains the fact that a
small amount of high molecular weight polymer, e.g., polystyrene, can barely act
as an osmotic stabilizing agent; here stabilization can only be achieved for the
time of polymerization [37, 38].

The investigation of the droplet size is also an important issue in the litera-
ture. The size of the polymer particles is easily determined by light scattering or
microscopic methods since the dispersions can be diluted without changing the
particles. Few attempts have been made at measuring droplet sizes in emulsions
directly. Ugelstad et al. [24] and Azad et al. [39] stained miniemulsions with OsO,
and used transmission electron microscopy. However, the treatment can alter
the sizes. Goetz and El-Aasser [40] made some attempts to determine droplet
sizes using light scattering and transmission electron microscopy. Miller et al.
[41] used capillary hydrodynamic fractionation (CHDF). Nevertheless, for those
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measurements the emulsions had to be diluted, which seriously changes the sys-
tem. Even if the emulsion is diluted with monomer-saturated water [42], the size
of the droplets will change slightly due to different solubility effects.

Measurement of characteristics of the emulsion droplets in concentrated me-
dia is indeed a difficult task. Some indirect methods have been used. The inter-
facial area and therefore the droplet size were determined by measuring the crit-
ical micelle concentration of miniemulsions [43]. Erdem et al. determined
droplet sizes of concentrated miniemulsions via soap titration, which could be
confirmed by CHDF measurements [44]. Droplet sizes without diluting the sys-
tem can much better be estimated by small angle neutron scattering (SANS)
measurements [23].

2.5
Inverse Miniemulsions

The concept of emulsion stabilization is not restricted to direct miniemulsions,
but it could also be extended to inverse miniemulsions where the osmotic pres-
sure is built up by an agent insoluble in the continuous oily phase, a so-called
‘lipophobe’. Ionic compounds, simple salts or sugars, show a low solubility in or-
ganic solvents and can be used as lipophobes in water-in-oil miniemulsions
[45]. Another adaptation of the process is that for the dispersion of polar
monomers in non-polar dispersion media; surfactants with low HLB (hydro-
philic-lipophilic balance) values are required. A number of surfactants were
screened, including standard systems such as CgEO,y, sodium bis(2-ethyl-
hexyl)-sulfosuccinate (AOT), sorbitan monooleate (Span80), and the nonionic
block copolymer stabilizer poly(ethylene-co-butylene)-b-poly(ethylene oxide)
(PE/B-EO) consisting of hydrophilic and hydrophobic block lengths of about
3700 g mol’, respectively. PE/B-EO turned out to be most efficient due to its
polymeric and steric demanding nature, providing maximal steric stabilization
which is the predominant mechanism in inverse emulsions. A comparison of the
direct and inverse miniemulsion is given in Fig. 5.

The extraordinarily high droplet stability against exchange processes can be
demonstrated in a very illustrative way by the formation of a nickel murexid
complex inside the droplets: One miniemulsion with droplets containing a
Murexid solution, and one miniemulsion containing a Ni(NO,), solution are
mixed. As seen in Fig. 6a, the mixed miniemulsion stays orange-red for weeks,
which indicates that the droplets with the different species stay separated as col-
loidal entities on the time scale of most chemical reactions. Repetition of the
same experiment with two microemulsion or micellar solutions would lead to
an immediate reaction because of unblocked droplet exchange. In miniemul-
sions, the exchange can be stimulated by mechanical energy, such as ultrasoni-
cation used to prepare the original miniemulsions. In this case, fusion and fis-
sion processes are induced, and with increasing ultrasonication the miniemul-
sion indeed turns yellow (see Fig. 6b).

Also in the inverse case, the droplet size throughout the miniemulsification
process runs into an equilibrium state (steady-state miniemulsion) which is
characterized by a dynamic rate equilibrium between fusion and fission of the
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droplets, as it can be determined by turbidity measurements. High stability of
the droplets after the high shear treatment, however, is obtained with the
osmotic agent. The type of lipophobe has no influence on the stability of the in-
verse miniemulsion. The droplet size depends, unlike in regular miniemulsions,
on the amount of osmotic agent [46]. It seems that in inverse miniemulsions the
droplets experience shortly after miniemulsification a real zero-effective pres-
sure situation (the osmotic pressure counterbalances the Laplace pressure)
which makes them very stable. This is speculatively attributed to the differ-
ent stabilization mechanism and mutual particle potentials, which make a
pressure equilibration near the ultrasonication process possible. This is why it
is believed that inverse miniemulsions are not critically stabilized, but are fully
stable systems.

Nevertheless, for inverse miniemulsions the surfactant is used in a very effi-
cient way, at least as compared to inverse microemulsions [47,48] or inverse sus-
pensions [49] which are used for subsequent polymerization processes. Again,
the surface coverage of the inverse miniemulsion droplets with surfactant is
incomplete and empty inverse micelles are absent. Again this is important for
the interpretation of the reaction mechanism.

The fusion/fission mechanism of minidroplet formation also results in the
typical triangular relation between the amount of surfactant, the resulting par-
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ticle size,and the surface coverage. With increasing amount of the surfactant, the
particle size decreases. The smaller the particles, the higher the coverage of the
particles by surfactant. For inverse miniemulsions these relations also depend
on the amount of hydrophobe.

2.6
Preservation of Particle Identity Throughout Miniemulsion Polymerization

The idea of miniemulsion polymerization is to initiate the polymerization in
each of the small stabilized droplets, without major secondary nucleation or
mass transport processes involved. Preservation of particle number and parti-
cle identity is therefore a key issue. Therefore, the growth of minidroplets is ide-
ally slower than the polymerization time, and a situation very close to a 1:1 copy-
ing of the monomer droplets to polymer particles is obtained. From today’s
point of view, it is either possible to polymerize a freshly prepared, steady-state
miniemulsion with minimal particle size, freezing the critically-stabilized state
by rapid polymerization, or by adding an adequate second dose of surfactant
(controlled by surface tension measurements to saturate the particle surface
avoiding the presence of free micelles). The growth of the minidroplets is then
effectively suppressed, and polymerization avoids any ‘racing’ situation.

The preservation of particle character and size throughout polymerization
itself is very hard to determine. The size of the final polymer particles is easily
determined by light scattering or microscopic methods since the dispersions
can be diluted without changing the particle size. Measurements of the emulsion
droplets in concentrated media on the other hand are a very difficult task and
have already been discussed above.

Indirect techniques, such as conductivity measurements and the determina-
tion of the surface tension were carried out to get more information about the
surfactant distribution during the polymerization and were applied to charac-
terize the droplet or particle sizes before and after the polymerization without
diluting the system [23]. As a powerful method small angle neutron scattering
experiments were applied to characterize the droplet or particle sizes before and
after the polymerization without diluting the system [23].

2.7
Surfactant Variation

The majority of the recipes described in the literature are based on the anionic
sodium dodecylsulfate (SDS) as a model system. The possibility of using
cationic surfactants such as octadecyl pyridinium bromide for the preparation
of miniemulsions was first exploited in 1976. However, the emulsions were pre-
pared by stirring and the resulting emulsions showed broadly distributed
droplet sizes [2,39, 50]. Recent work on steady-state miniemulsions showed that
cationic and nonionic surfactants form well-defined miniemulsions for further
miniemulsion polymerization processes, resulting in narrow size distributed
stable cationic and nonionic latex particles [51]. Similar molecular amounts of
the simple cationic surfactant, cetyltrimethylammonium bromide or chloride



Miniemulsions for Nanoparticle Synthesis 89

(CTAM-Br or -Cl), compared to the anionic surfactant, SDS, result in similar par-
ticle sizes showing that the particle size is essentially controlled by a limit of the
surfactant coverage of the latex particles. From surface tension measurement
results, this surface coverage was determined to be of the order of 30%, which
proves the very efficient use of surfactants in the miniemulsification process. A
new class of cationic surfactants with sulfonium headgroups was also effectively
employed for the synthesis of miniemulsions. The ring-opening reaction of
epoxides with thioethers, followed by addition of organic acids, is a versatile
approach towards a broad variety of different sulfonium surfactant structures.
By use of a wide variety of accessible reactants, the sulfonium surfactant archi-
tecture was varied in terms of (a) the hydrophobic chain length, (b) the counte-
rion of the sulfonium headgroup, (c) the structure of the sulfonium headgroup,
and (d) the surfactant architecture, i.e., single-chain or bola- or star-shaped sur-
factants [52].

Nonionic miniemulsions can be made by using 3-5% of a poly(ethylene
oxide) derivative as surfactant, resulting in larger, but also very well defined
latexes [51]. Chern and Liou used a nonionic surfactant nonylphenol poly-
ethoxylate with an average of 40 ethylene oxide units per molecule [53]. Particle
sizes between 135 and 280 nm were realized. The particle size mainly depends
on the type and amount of the hydrophobe and therefore on the degree of the
suppression of Ostwald ripening [53].

Capek described the use of a macromonomer in miniemulsion polymeriza-
tion [54]. Lim and Chen used poly(methyl methacrylate-b-(diethylamino)ethyl
methacrylate) diblock copolymer as surfactant and hexadecane as hydrophobe
for the stabilization of miniemulsions [55]. Particles with sizes between about
150 and 400 nm were produced. It is possible to create stable vinyl acetate
miniemulsions employing nonionic polyvinyl alcohol (PVA) as surfactant and
hexadecane as hydrophobe [56].

The favorable use of an amphiphilic graft copolymer comprised of octadecyl
acrylate and acrylic or methacrylic acid groups for the formation of polystyrene
miniemulsion latexes has been demonstrated in our laboratory by Baskar et al.
[57] The comb-like polymers had molecular weights of about 4x10* g mol™'. In
this case, the polymer acts as a surfactant and a hydrophobe at the same time
which is of large industrial significance. Since those polymers neither dissolve
homogeneously in monomer or water, the polymers are anticipated to be located
only at the oil-water interface [57]. Compared to the surface-active cetyl alcohol,
the water solubility is shown to be very low, which ensures the stability of the
miniemulsion droplets.

By variation of the relative amount of the surfactant, it was possible to vary
the particle size over a wide range [58]. Figure 7 shows that, depending on the
type of the surfactant, different size ranges can be achieved. Latexes synthesized
with ionic surfactants, e.g., sodium dodecyl sulfate (SDS), CTAB, or the C,, sul-
fonium surfactant show about the same size-concentration curve, i.e., the effi-
ciency of the surfactants and the size dependent surface coverage is very simi-
lar, independent of the sign of charge. The efficiency of the nonionic surfactants
is lower in contrast to the ionic ones and the whole size-concentration curve is
shifted to larger sizes. This is attributed to the lower efficiency of the steric sta-
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styrene miniemulsion

bilization as compared to electrostatic stabilization and the fact that steric sta-
bilization relies on a more dense surfactant packing to become efficient. As can
be derived from the surface tension of the latexes and surfactant titrations, the
nonionic particle surfaces are, nevertheless, incompletely covered by surfactant
molecules and the latexes show surface tensions well above the values of the sat-
urated surfactant solution where saturated surfactant layers occur. Also, the bio-
surfactant lecithin can be used for the preparation of stable miniemulsions.

2.8
Checklist for the Presence of a Miniemulsion

In some crucial cases it might be not obvious whether the system represents a
miniemulsion or not. Therefore a short checklist summarizing the characteris-
tics of miniemulsions is provided:

1. Steady-state dispersed miniemulsions are stable against diffusional degrada-
tion, but critically stabilized with respect to colloidal stability.

2. The interfacial energy between the oil and water phase in a miniemulsion is
significantly larger than zero. The surface coverage of the miniemulsion
droplets by surfactant molecules is incomplete.

3. The formation of a miniemulsion requires high mechanical agitation to reach
a steady state given by a rate equilibrium of droplet fission and fusion.

4. The stability of miniemulsion droplets against diffusional degradation results
from an osmotic pressure in the droplets, which controls the solvent or
monomer evaporation. The osmotic pressure is created by the addition of a
substance, which has extremely low water solubility, the so-called hydro-
phobe. This crucial prerequisite is usually not present in microemulsions, but
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can be added to increase the stability. Such miniemulsions can still undergo
structural changes by changing their average droplet number to end up in a
situation of zero effective pressure, however, on very long time scales. This
secondary growth can be suppressed by an appropriate second dose of sur-
factant added after homogenization.

. Polymerization of miniemulsions occurs by droplet nucleation only.

6. During the polymerization, the growth of droplets in miniemulsions can be
suppressed. In miniemulsions the monomer diffusion is balanced by a high
osmotic background of the hydrophobe, which makes the influence of the
firstly formed polymer chains less important.

7. The amount of surfactant or inherent surface stabilizing groups required to
form a polymerizable miniemulsion is comparably small, e.g., with SDS be-
tween 0.25 and 25% relative to the monomer phase, which is well below the
surfactant amounts required for microemulsions.

wu

3
Radical Polymerizations of Miniemulsions

3.1
Mechanisms and Kinetics in Miniemulsion Polymerization

In miniemulsion polymerization the nucleation of the particles mainly starts in
the monomer droplets themselves. Therefore, the stability of droplets is a crucial
factor in order to obtain droplet nucleation. The better the droplets are stabilized
against Ostwald ripening, the higher is the droplet nucleation.

In Fig. 8 the calorimetric curve of a typical miniemulsion polymerization for
100-nm droplets consisting of styrene as monomer and hexadecane as hydro-
phobe with initiation from the water phase is shown. Three distinguished inter-
vals can be identified throughout the course of miniemulsion polymerization.
According to Harkins’ definition for emulsion polymerization [59-61], only
intervals I and III are found in the miniemulsion process. Additionally, interval
IV describes a pronounced gel effect, the occurrence of which depends on the
particle size. Similarly to microemulsions and some emulsion polymerization
recipes [62], there is no interval II of constant reaction rate. This points to the
fact that diffusion of monomer is in no phase of the reaction the rate-determin-
ing step.

The first interval is the interval of particle nucleation (interval I) and de-
scribes the process to reach an equilibrium radical concentration within every
droplet formed during emulsification. The initiation process becomes more
transparent when the rate of polymerization is transferred into the number of
active radicals per particle n, which slowly increases to n=0.5. Therefore the start
of the polymerization in each miniemulsion droplet is not simultaneous, so that
the evolution of conversion in each droplet is different. Every miniemulsion
droplet can be perceived as a separate nanoreactor, which does not interact with
others. After having reached this averaged radical number, the polymerization
kinetics is slowing down again and follows nicely an exponential kinetics as
known for interval IIT in emulsion polymerization or for suspension polymer-
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Fig. 8. Calorimetric curve of a typical miniemulsion polymerization consisting of 20%
styrene in water, 1.2% SDS (relative to styrene), and KPS as initiator

ization. As reasoned by the droplet nucleation mechanism, only the monomer in
the droplet is available for polymerization, which is exponentially depleted from
the reaction site. The average number of radicals per particle, n during interval
III is quite accurately kept at 0.5, implying that the on/off mechanism known
from emulsion polymerization [63] upon entry of additional radicals into such
small latex particles is strictly valid.

The boost found in interval IV is the typical gel-peak well known also from
suspension polymerization, which is due to the viscosity increase inside the par-
ticles and the coupled kinetic hindrance of the radical recombination. This is also
reflected in a steep rise of .

3.2
Droplet Size

The polymerization kinetics is governed by the droplet size. Tang et al. found that
the polymerization of styrene miniemulsions created by the microfluidizer was
faster than that of miniemulsions created by the omnimixer [64]. This behavior
can mainly be attributed to the different droplet size prior to polymerization. In
the first case, the droplets are smaller than in the second case [65]. Fontenot and
Schork observed similar behavior for MMA miniemulsions. With increasing
shear and increasing concentration of surfactant, the polymerization rate in-
creases [22]. This again can be explained by different sizes of the initial droplets.
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Fig. 9. Calorimetric curves for styrene miniemulsion polymerizations with different SDS con-
tents, e.g., different particle sizes (0.3 rel.% SDS leads to 151-nm, 1.0 rel.% SDS to 105-nm, and
10 rel.% SDS to 55-nm particles)

In steady-state or mechanically equilibrated miniemulsions, the droplet size
can be easily varied by variation of the amount of surfactant. Depending on the
droplet size of the miniemulsions, we obtained calorimetric curves with various
kinetic features which are shown in Fig. 9 [66]. Disregarding the complexity of
the kinetics and the existence of the three intervals, the reaction time to reach
95% conversion depends as a rule of thumb about linearly on the particle size
and thus varies between 20 and 120 min.

Independent of the size of the droplets, interval I (see also Fig. 8) has a simi-
lar duration and takes about 5 min, which again supports the concept that this
interval is only influenced by processes in the continuous aqueous phase which
do not depend on the droplet size. The maximum reaction speed, however,
shows a strong particle size dependence and is proportional to the particle num-
ber, i.e., the smaller the particles are, the faster is the reaction.

3.3
Initiators

For miniemulsion polymerization, the initiator can be either oil- or water-solu-
ble. In the case of an oil-soluble initiator, the initiator is dissolved in the
monomeric phase prior to miniemulsification. Then the reaction starts within
the droplets. This is comparable to suspension polymerization where the initia-
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tion is carried out in the large droplets. Because of the finite size of the mini-
emulsions droplets, radical recombination is here the problem to face. Also a
water-soluble initiator can be used to start the polymerization from the water
phase. The start from the continuous phase is similar to the conventional emul-
sion polymerization where usually water-soluble initiators are used.

It was found that the chain length of the resulting polymer is inversely pro-
portional to the square root of the initiator concentration [66], underlining that
the reaction in miniemulsion is rather direct and close to an ideal radical poly-
merization. It could be shown that the amount of initiator used for polymeriz-
ing the latex does not have an effect on the number of nucleated droplets which
shows that droplet nucleation is by far the dominant mechanism over the whole
range of initiator concentrations.

For the styrene/hexadecane system, the amount of initiator does not have an
effect on the particle number, but in the case of more water-soluble monomers,
for example MMA and vinyl chloride [67], secondary particle formation was
observed. Here, the amount of new particles increases with the concentration of
the water-soluble initiator. Homogeneous nucleation in the water phase can be
restrained by using a water-soluble redox initiator, e.g., (NH,)S,04/NaHSO; at
lower temperature (45°C) [68] or even more efficiently by using an interfacial
acting redox initiator (cumene hydroperoxide/Fe?*/ethylenediamine tetraac-
etate (EDTA)/sodium formaldehyde sulfoxylate (SES)) [69, 70] to initiate the
miniemulsion polymerization. The hydrophobic radicals decrease the homoge-
neous nucleation in the aqueous phase.

The miniemulsion polymerization also allows the use of oil-soluble initiators
which is the preferential choice for monomers with either high water solubility
(e.g., MMA in order to prevent secondary nucleation in the water phase) or for
monomers with an extremely low water solubility (e.g., LMA) where the
monomer concentration in the water phase is not high enough to create oligo-
radicals which can enter the droplets.

The ability of initiators with different water solubilities, namely lauroyl per-
oxide (LPO), benzoyl peroxide (BPO) and 2,2’-azoisobutyronitrile (AIBN) in
stabilizing monomer droplets against degradation by molecular diffusion and
their efficiency for polymerization was investigated [30]. Upon heating, the ini-
tiator decomposes, and a sufficiently long polymer chain will be formed only
when a single radical appears. ‘Single radicals’ refer to radicals that appear in the
monomer droplets one at a time as opposed to pair generation in which, due to
initiator decomposition, two radicals appear in the monomer droplet at the
same time. Single radicals can be formed by desorption of one of the radicals
formed by initiator decomposition and by entry of a radical from the aqueous
phase. This makes oil-soluble initiators effective only when one or both of the
formed radicals are sufficiently hydrophilic to undergo desorption. Comparing
different oil-soluble initiators, the probability of nucleation is much larger for
AIBN than in the cases of LPO and BPO.
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4
Different Polymerization Reactions in Miniemulsions

The process of miniemulsion allows in principle the use of all kinds of
monomers for the formation of particles, which are not miscible with the con-
tinuous phase. In case of prevailing droplet nucleation or start of the polymer re-
action in the droplet phase, each miniemulsion droplet can indeed be treated as
a small nanoreactor. This enables a whole variety of polymerization reactions
that lead to nanoparticles (much broader than in emulsion polymerization) as
well as to the synthesis of nanoparticle hybrids, which were not accessible before.

4.1
Radical Homopolymerization in Regular Miniemulsions

As a model monomer for radical homopolymerization of hydrophobic mono-
mers, styrene is described in many papers. The polymerization of acrylates and
methacrylates is also well known. It could also be shown that the miniemulsion
process also easily allows the polymerization of the ultrahydrophobic monomer
lauryl methacrylate without any carrier materials as necessary in emulsion poly-
merization [71].

Not only hydrophobic but also fluorinated monomers were applied for the
synthesis of latexes in the size range of 100-250 nm by employing rather low
doses of protonated surfactants [72]. As a model system, the fluorine-contain-
ing monomer tridecafluorooctyl methacrylate (CH,=C(CH;)CO,(CH,),(CF,)¢F)
was used for the miniemulsion procedure. Indeed, this monomer could be
miniemulsified using perfluoromethyldecaline or the polymerizable heptadeca-
fluorodecyl methacrylate (CH,=C(CH;)CO,(CH,),(CF,)sF) as hydrophobes and
the standard hydrocarbon surfactant sodium dodecyl sulfate (SDS). The use of
this simple standard surfactant is worth mentioning, since most other recipes
relied on fluorinated surfactants or long chain alkyl surfactants (dense packing).
Already at surfactant loads as low as 0.66 rel.% (weight percent SDS relative to
the dispersed phase), a stable miniemulsion could be obtained. Due to the low
water solubility of the monomer, it was not possible to perform initiation from
the water phase, and the polymerization was started inside the droplets by using
AMBN (2,2’-azobis(2,4-dimethylbutyronitrile)) as a hydrophobic initiator. With
0.66 rel.% SDS, coagulate-free latexes with particle diameters of about 200 nm
were obtained. The size of the final particles could be easily decreased by in-
creasing the amount of surfactant from about 200 nm (0.66% SDS) to 100 nm
(5.33% SDS). As compared to polystyrene latexes made under similar condi-
tions, all fluoromethacrylate latexes are slightly larger, thus expressing the more
hydrophobic surface and the connected higher packing density of surfactant re-
quired for stabilization. On the other hand, the latexes are smaller than those
made from lauryl methacrylate (see Fig. 10a), which we interpret with a higher
average surface energy for the fluoromethacrylate due to the fact that metha-
cryloyl units are also pointing to the water phase.

The hydrophobic monomer vinylnaphthalene also forms at temperatures
above its melting temperature miniemulsions and the miniemulsion droplets
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can be polymerized, resulting in polymer particles with a refractive index of the
polymer particles of 1.6818 which is one of the highest known for polymers (see
Fig. 10b). Since the scattering intensity for particles with the same diameter is
proportional to A(n;-n,)? (where n; and n, are the refractive indexes of the par-
ticles and the continuous medium respectively), the scattering intensity of poly-
naphthalene latex particles is twice as high (A(n,-1,)?=0.1213) as for styrene la-
tex particles with the same size (A(n,-1,)?=0.0660).

The polymerization of more hydrophilic monomers is also possible, as shown
for MMA and vinyl acetate [36, 56, 73]. In the case of monomers with a pro-
nounced water solubility, the nucleation in water should be efficiently sup-
pressed in order to avoid secondary nucleation in the water phase. This can be
achieved, e.g., by using an oil-soluble initiator and the polymerization of acry-
lonitrile or by adding a termination agent to the continuous phase. A typical
calorimetric curve of MMA polymerization using a hydrophobic initiator shows
a fast conversion.

PVC latex particles consisting of two size populations can be generated in
a miniemulsion polymerization. The mechanism for the formation of two dis-
crete particle families relies upon polymerization of two distinct kinds of drop-
lets [74].

4.2
Formation of Particles in Non-Aqueous Solvents

It was shown that the principle of aqueous miniemulsions could be transferred
to non-aqueous media [45]. Here, polar solvents, such as formamide or glycol,
replace water as the continuous phase, and hydrophobic monomers are
miniemulsified with a hydrophobic agent, which stabilizes the droplets against
molecular diffusion processes. It turned out that steric nonionic surfactants
based on poly(ethylene oxide) tails are far more efficient than ionic stabilizers,

Fig. 10a,b. TEM photographs: a polylaurylmethyacrylate latex particles; b polynaphthalene
latex particles
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which is speculatively attributed to a low degree of ion solvation and degree of
dissociation in formamide. It is possible to make particles as small as 70 nm,
which is unusually small for non-aqueous heterophase polymerization tech-
niques. An increase of the particle size with decreasing amounts of surfactant is
detected. For the polymerization of the monomer droplets, both AIBN and KPS
were employed as initiators. AIBN dissolves in both organic phases leading to an
aggregation of the particles since the polymerization can be started simultane-
ously and uncontrolled in the droplets and in the continuous phase. The hydro-
philic initiator KPS, however, turned out to be suitable, since it starts the poly-
merization controlled from the continuous phase.

4.3
Formation of Particles in Inverse Miniemulsion

In the case of inverse systems, hydrophilic monomers such as hydroxyethyl acry-
late, acrylamide, and acrylic acid were miniemulsified in non-polar media, e.g.,
cyclohexane or hexadecane [45,46]. Rather small and narrow distributed latexes
in a size range between 50 nm<d<200 nm were synthesized with nonionic am-
phiphilic block copolymers. Depending on the system, the surfactant loads can
be as low as 1.5 wt% per monomer, which is very low for an inverse heterophase
polymerization reaction and clearly underlines the advantages of the miniemul-
sion technique.

For the moderately hydrophilic hydroxyethyl methacrylate, cyclohexane and
hexadecane were chosen as the continuous phase. As initiators, PEGA200 which
is soluble in the monomer phase, but not in cyclohexane, turned out to be ap-
plicable. AIBN which is mainly soluble in the cyclohexane phase could also be
successfully used. KPS cannot be employed as initiator due to solubility prob-
lems. Small amounts of water act as lipophobe, and it could be shown by turbid-
ity measurements that the addition of water increases the emulsion stability.

Rather small latex particles in the size range between 80 nm and 160 nm and
narrow size distributions are obtained. The systems are stable down to 1.6 wt%
surfactant relative to the monomer; at lower amounts the systems tend to co-
agulate. With increasing amount of surfactant, the particle size decreases as
expected. The area per surfactant molecule, A, decreases with decreasing par-
ticle size and follows the same trend as in the case of direct miniemulsions
shown earlier. This means that again the surface coverage is a function of the
particle size: for smaller particles more surfactant is required in order to obtain
stable latexes. It is remarkable that the final dispersions are stable for longer time
even at low surface coverage.

For the synthesis of acrylamide in a miniemulsion polymerization process,
the solid crystalline monomer has to be dissolved in water, and therefore a
higher amount of water was applied for the synthesis. As the continuous phase,
cyclohexane or IsoparM were chosen. The miniemulsions after sonication show
only a low stability (less than 1 h) without the addition of a strong lipophobe
(1 mol/l NaCl); its presence increases the stability of the miniemulsions to the
timescale of several days. A polymerization started with AIBN from the contin-
uous phase resulted in stable polymer dispersions, as shown in Fig. 11.
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Fig. 11. Hydrophilic polyacrylamide particles obtained in inverse miniemulsion polymeriza-
tion in IsoparM

The high homogeneity and rather well-defined character of those latexes is
clearly observed. Again, already surfactant loads as low as 1.8% relative to the
dispersed phase result in stable latexes. The particle size is getting smaller with
increasing amounts of the surfactant, and the surface area per surfactant mole-
cule A, is between 18 nm? at low surfactant amounts (1.8 rel.%) and 7 nm? for
higher surfactant amounts (7.1 rel.%), depending on the particle size.

Acrylic acid was polymerized in inverse miniemulsions together with 4 wt%
of the crosslinking agent diethylene glycol diacrylate in order to obtain homo-
geneous polyelectrolyte microgels, which can be redispersed and characterized
in water. However, the solubility of acrylic acid in cyclohexane is not negligible.
The addition of water to acrylic acid already decreases the solubility of acrylic
acid in cyclohexane significantly. Therefore, a 5 mol/l NaOH solution at a 1:1
ratio NaOH solution/acrylic acid was used in order to shift the partitioning of
acrylic acid more into the water phase. NaOH not only acts as a lipophobe, but
also neutralizes the acid, which leads to a higher hydrophilicity of the compo-
nent. Starting from a critical surfactant amount of 2.5 rel.% to prevent the
formed polymer particles from aggregation, stable latex particles of about
100 nm diameter were produced. Increasing the surfactant amount leads to
smaller particles. The surfactant efficiency or the stabilized area per surfactant
molecule, Ay, is very high. In the case of low surfactant concentration, A, is
as big as 25 nm? per stabilizing molecule and decreases to 13.2 nm? in the case
of higher amounts of surfactant.

As compared to classical inverse heterophase polymerization techniques
such as polymerization in inverse microemulsions [47] or dispersion polymer-
ization [75, 76], polymerization of inverse miniemulsions is favored by the very
efficient use of surfactant and the copying process from the droplets to the par-
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ticles. This leads to a homogeneous structure and composition of the resulting
particles (no kinetic effects are involved). The latter feature is especially impor-
tant for homogeneous crosslinking or copolymerization in inverse heterophase
polymerization.

4.4
Nanocrystalline Polymers

Polyacrylonitrile, which is a semicrystalline polymer, can be used for many
engineering applications, such as fiber spinning or for housing and package
applications. A peculiarity of polyacrylonitrile is that it is insoluble in its mono-
mer. This makes it very difficult to homopolymerize acrylonitrile in an emulsion
polymerization process since nucleated polymer particles cannot grow by
monomer swelling.

Polymerization in miniemulsion is a very suitable technique to avoid this
problem since each droplet acts as a nanoreactor. As a result, pure polyacryloni-
trile (PAN) nanoparticles were obtained in the size range 100 nm<d<180 nm de-
pending on the amount of surfactant as usually observed in miniemulsion sys-
tems (2.0 rel.% SDS leads to 180-nm particles, 6 rel.% to 98-nm particles) [77].
As compared to a standard styrene miniemulsion system, it has to be considered
that the solubility of acrylonitrile in water is rather high (7.35%). For a
miniemulsion with 20 wt% acrylonitrile, just about 70% of the monomer is lo-
cated inside the droplets, whereas 30% is dissolved in the water phase. This is no
restriction for a miniemulsion polymerization process, and the use of a hydro-
phobic initiator 2,2’azobis(2-methylbutyronitrile) allows the preservation of the
droplets as the reaction sites by droplet nucleation (see Fig. 12). Initiation of the

Fig. 12. Transmission electron micrograph of PAN latex particles
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miniemulsion in the water phase would lead to polymerization in the water
phase and secondary nucleation of new polymer particles. However, it has to be
noted that the more SDS is used and therefore the smaller the droplets are, the
more difficult it is to control the fast polymerization within the droplets.

Due to the insolubility of the polymer in the monomer, the formed polymer
precipitates and crystallizes during the polymerization within the droplets; ca.
10-nm large polymer nanocrystals are formed. Pure PAN latexes have a crum-
pled appearance where the single polymer nanocrystals remain in the final
structure and are easily identified by their sharp edges and flat surfaces.

4.5
Radical Copolymerization

4.5.1
Hydrophobic/Hydrophobic Copolymers

Miniemulsion copolymerization of a 50:50 styrene/methyl methacrylate mono-
mer mixture, using hexadecane as hydrophobe, was carried out by Rodriguez et
al. [78]. The mechanism of mass transfer between miniemulsion droplets and
polymer particles in the miniemulsion copolymerization of styrene-methyl
methacrylate (AIBN as initiator, hexadecane as hydrophobe) was studied, ana-
lyzing the mass transfer of highly water-insoluble compounds from miniemul-
sion droplets to polymer particles by both molecular diffusion and collisions be-
tween droplets and particles [79, 80].

Copolymerization of styrene and butyl acrylate was successfully carried out
by Huang et al. using the redox initiator system (NH,),S,05/NaHSO; at lower
temperature [68]. The rate of the miniemulsion polymerization increases with
increasing butyl acrylate concentration and decreases with increasing styrene
concentration. This was attributed to differences in the water solubility. The
lower water solubility of styrene either increases the desorption rate of the rad-
icals or reduces the radical absorption of the monomer droplet [81].

Inaba et al. prepared a series of model styrene/butyl acrylate copolymer la-
texes with glass transition temperatures at room temperature. The functional
monomer 2-(3-isopropenylphenyl)-2-methylethylisocyanate (TMI) was used as
monomer/crosslinking agent for further film formation. A small amount of
methacrylic acid was introduced in some formulations in order to enhance the
crosslinking reaction. A redox initiation system was used to reduce premature
crosslinking during the polymerization [82].

The copolymerization of monomers where one of the monomers acts as the
hydrophobe was reported by Reimers and Schork [26]. MMA was copolymer-
ized with p-methylstyrene, vinyl hexanoate, or vinyl 2-ethylhexanoate. The
resulting copolymer composition tended to follow the predictions of the reac-
tivity ratios, i.e., the reaction progresses as a bulk reaction. In contrast, copoly-
mer compositions obtained from the (macro)emulsion copolymerizations
tended to be more influenced by the relative water solubility of the comonomer
and mass transfer. Wu and Schork used monomer combinations with large dif-
ferences in reactivity ratios and water solubility: vinyl acetate/butyl acrylate,
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vinyl acetate/dioctyl maleate, and vinyl acetate/N-methylol acrylamide. The
miniemulsion system follows more closely the integrated Mayo-Lewis equations
than the comparable emulsion system [73].

The copolymer composition in miniemulsion copolymerization of vinyl
acetate and butyl acrylate during the initial 70% conversion was found to be less
rich in vinyl acetate monomer units [34]. Miniemulsion polymerization also
allowed the synthesis of particles in which butyl acrylate and a PMMA
macromonomer [83, 84] or styrene and a PMMA macromonomer [85] were
copolymerized. The macromonomer acts as compatibilizing agent for the
preparation of core/shell PBA/PMMA particles. The degree of phase separation
between the two polymers in the composite particles is affected by the amount
of macromonomer used in the seed latex preparation.

In a previous chapter the polymerization of fluorinated monomers in
miniemulsion polymerization was shown. The fluorinated monomers can also
be copolymerized with protonated monomers. It was shown in our laboratory
that miniemulsification of such mixed monomer species allows one to perform
efficient copolymerization reactions with standard hydrophobic and hydro-
philic monomers in a common heterophase situation, resulting either in core-
shell latexes or in statistical copolymers. In contrast to the pure fluorinated poly-
mers, these copolymers dissolve in organic solvents but still show the profitable
interface properties of the fluorinated species. In order to obtain a negatively
charged surface, the surfactant SDS and small amounts of acrylic acid were used,
whereas positively charged particles are expected to be obtained by cetyl
trimethylammonium chloride as surfactant and MADQUAT as polymerizable
comonomer. In all cases, coagulum-free and stable polymer latexes were ob-
tained. It could be shown that the use of AA or MADQUAT did not significantly
affect the particle size. However, the size distribution is broader than for the
pure fluorinated polymer particles. An increase in the surfactant amount leads
often to bimodal distributions; 1.3% surfactant seems to be well suited.

4.5.2
Amphiphilic Copolymers

Small amounts of carboxylic monomers (acrylic acid (AA) or methacrylic acid
(MAA)) [86] or 2-hydroxyalkyl methacrylates [87] could be easily used in a
styrene miniemulsion polymerization, using DMA or SMA as hydrophobe and
SDS as emulsifier.

The polymerization process of two monomers with different polarities in
similar ratios is a difficult task due to the solubility problems. Using the
miniemulsion process, it was possible to start from very different spatial
monomer distributions, resulting in very different amphiphilic copolymers in
dispersion [88]. The monomer, which is insoluble in the continuous phase, is
miniemulsified in order to form stable and small droplets with a low amount of
surfactant. The monomer with the opposite hydrophilicity dissolves in the con-
tinuous phase (and not in the droplets). As examples, the formation of acryl-
amide/methyl methacrylate (AAm/MMA) and acrylamide/styrene (AAm/Sty)
copolymers was chosen using the miniemulsion process. In all cases the synthe-
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ses were performed in water as well as in cyclohexane as the continuous phase.
If performing the synthesis in water, the hydrophobic monomer with a low
water solubility (styrene or methyl methacrylate) mainly forms monomer
droplets, whereas the hydrophilic monomer acrylamide with a high water solu-
bility will be mainly dissolved in the water phase. In the case of inverse mini-
emulsion, the hydrophilic monomer is expected to form the droplets, whereas
the hydrophobic monomer is dissolved in the continuous phase.

Starting from those two dispersion situations, the locus of initiation is expect-
ed to have a great influence on the reaction products and the quality of the
obtained copolymers. Therefore three different initiators were used, an oil-solu-
ble initiator (e.g., 2,2’azobis(2,4-dimethylvaleronitrile (ADVN)), an interfacial
active initiator (e.g., PEGA200), and a water-soluble initiator (e.g., potassium
peroxodisulfate (KPS)) in order to initiate the polymerization selectively in one
of the phases or at the interface.

In the system AAm/MMA, the best copolymer with respect to low content of
homopolymers, low blockiness, and good redispersibility in polar and non-po-
lar solvents was obtained in inverse miniemulsion with initiation in the contin-
uous phase cyclohexane. In this case, the MMA chains grow in the continuous
phase till they become insoluble and precipitate onto the AAm-droplets which
enables the radicals to cross the interface; then AAm units can be added to the
polymer chain. In the system AAm/Sty, the best copolymer was also obtained in
the inverse miniemulsion process, but using interfacial initiation. This leads to
almost homopolymer free copolymer samples with low blockiness indicating a
fast change of the growing radical between the phases in order to add Sty and
AAm units. A copolymerization in the direct miniemulsion with water as con-
tinuous phase using the interfacial initiator PEGA200 (see Fig. 13) results in a
higher homo-AAm content. This can be attributed to the fact that the initiator
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Fig. 13. TEM micrograph of the PMMA/AAm copolymer obtained in a direct miniemulsion
polymerization with interfacial initiation stained with RuO,



Miniemulsions for Nanoparticle Synthesis 103

due to its hydrophilicity has a slightly higher tendency to be in the water phase
where AAm units can be captured. In order to obtain also in this direct case a
statistical copolymer, the hydrophilicity of the interfacial initiator will be
changed by in further experiments.

4.6
Catalytic Chain Transfer in Miniemulsion

The employment of a cobalt catalytic chain transfer agent in miniemulsion poly-
merization allows the direct control of the molecular weight [89]. The solubility
of the cobalt catalyst was found to have a large influence on the mechanism of
the reaction. Cobaltoxime boron fluoride partitions approximately equally be-
tween the water and oil phases. In this case, the reaction was found to be
extremely sensitive to the selection of the initiator, displaying poor catalytic ac-
tivity in the presence of oxygen-centered radicals (derived from potassium sul-
fate), which can be explained by a poisoning and/or deactivation of the catalyst.
By contrast, tetraphenylcobaltoxime boron fluoride resides exclusively in the oil
phase. The catalytic activity proved to be independent of the initiator type, as
the catalyst does not come in direct contact with the initiator-derived radicals.
Therefore, miniemulsions allow effective isolation from the initiator radicals,
thereby allowing a batch reaction to proceed without significant loss of catalytic
activity.

4.7
Controlled Free-Radical Miniemulsion Polymerization

Living free-radical polymerization represents a promising technique to produce
polymers with highly controlled structures. Different possible systems known
from bulk polymerizations have been used in miniemulsions. The living free
radical polymerization of, e.g., styrene via the miniemulsion approach allows
one to eliminate the drawback of the bulk system where an increase in polydis-
persity was found at high conversions due to the very high viscosity of the reac-
tion medium [90].

Four different approaches for controlled radical polymerization have been
adapted to the miniemulsion polymerization process:

1. The controlled free-radical miniemulsion polymerization of styrene was
performed by Lansalot et al. and Butte et al. in aqueous dispersions using a
degenerative transfer process with iodine exchange [91, 92]. An efficiency
of 100% was reached. It has also been demonstrated that the synthesis of
block copolymers consisting of polystyrene and poly(butyl acrylate) can be
easily performed [93]. This allows the synthesis of well-defined polymers
with predictable molar mass, narrow molar mass distribution, and complex
architecture.

2. In a stable free-radical polymerization (SFRP), the initiated polymer chains
are reversibly capped by a stable radical, for example, the 2,2,6,6-tetra-
methylpyridin-1-oxyl radical (TEMPO). Stable PS dispersions via miniemul-
sion polymerization were prepared by MacLeod et al. with an optimized ratio
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and amount of surfactant, hydrophobe, nitroxide and KPS as initiator at
135°C [94]. TEMPO in combination with BPO was used by Prodpran et al.
[95]. Utilizing TEMPO-terminated oligomers of polystyrene also results in
stable latexes, but the particle size distribution is unexpectedly broad [96]. In
order to decrease the reaction temperature below 100°C, an acrylic S-phos-
phonylated nitroxide in combination with the KPS/Na,S,0; redox initiator
system was used [97].

3. Living radical polymerizations in miniemulsions have also been conducted by
de Brouwer et al. using reversible addition-fragmentation chain transfer
(RAFT) and nonionic surfactants [98]. The polydispersity index was usually
below 1.2. The living character is further exemplified by its transformation
into block copolymers.

4. Reverse atom transfer radical polymerization (ATRP) of butyl methacrylate
was successfully conducted in miniemulsions by Matyaszewski et al. using the
water-soluble initiator V50 and the hydrophobic ligand 4,4’-di(5-nonyl)-4,4"-
bipyridine (dNbpy) to complex the copper ions. Although the forming radi-
cal mediator Cu(II) complex had a large water-partitioning coefficient, the
rapid transfer of Cu(II) between the organic and aqueous phases assured an
adequate concentration of the deactivator in the organic phase. As a result,
controlled polymerization was achieved [99, 100].

5
Hybrid Nanoparticles by Miniemulsion Technologies

5.1
Polymer-Polymer Hybrids

Water-insoluble materials such as resins by dissolution or dispersion can be in-
corporated easily in the organic phase by using the miniemulsion process.
Miniemulsion copolymerizations were carried out with acrylic monomers
(methyl methacrylate, butyl acrylate, and acrylic acid) in the presence of alkyd
resin in order to produce stable polymer-polymer hybrid latex particles incor-
porating an alkyd resin into acrylic coating polymers [42]. Throughout the re-
action, the resin simultaneously acts as a hydrophobe and allows the stabiliza-
tion of the miniemulsion. The double bonds served as grafting sites of the alkyd
onto the polyacrylate and predominantly poly(acrylate-g-alkyd) was formed
[101]. Despite a high degree of crosslinking (>70%), residual double bonds were
still present in the polymer-polymer hybrid latex for curing reactions during
film formation [102].

Polymerizing acrylic monomers in the presence of oil-modified polyure-
thane leads also to a grafting onto the polyacrylics, resulting in dispersions suit-
able for stable water-borne latexes with good adhesion properties and fair hard-
ness properties [103].

Oil-acrylate hybrid-emulsions were formed using the fatty-acid hydroper-
oxides as initiator system for the miniemulsion polymerization of acrylate.
The initiation took place at the droplet interface and resulted in the forma-
tion of triglycide modified polyacrylate molecules which act as compatibili-
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zers between the oil and the PMMA phase, resulting in more homogeneous par-
ticles [104].

5.2
Encapsulation of Pigments by Direct Miniemulsification

For the encapsulation of pigments by miniemulsification, two different ap-
proaches can be used. In both cases, the pigment/polymer interface as well as the
polymer/water interface have to be carefully chemically adjusted in order to
obtain encapsulation as a thermodynamically favored system. The design of the
interfaces is mainly dictated by the use of two surfactant systems, which govern
the interfacial tensions, as well as by employment of appropriate functional
comonomers, initiators, or termination agents. The sum of all the interface en-
ergies has to be minimized.

For a successful incorporation of a pigment into the latex particles, both type
and amount of surfactant systems have to be adjusted to yield monomer parti-
cles, which have the appropriate size and chemistry to incorporate the pigment
by its lateral dimension and surface chemistry. For the preparation of the
miniemulsions, two steps have to be controlled (see Fig. 14). First, the already hy-
drophobic or hydrophobized particulate pigment with a size up to 100 nm has
to be dispersed in the monomer phase. Hydrophilic pigments require a hydro-
phobic surface to be dispersed into the hydrophobic monomer phase, which is
usually promoted by a surfactant system 1 with low HLB value. Then, this com-
mon mixture is miniemulsified in the water phase employing a surfactant sys-
tem 2 with high HLB, which has a higher tendency to stabilize the monomer
(polymer)/water interface.
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Fig. 14. Principle of encapsulation by miniemulsion polymerization
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Erdem et al. described the encapsulation of TiO, particles via miniemulsion
in the two steps. First, TiO, was dispersed in the monomer using the OLOA 370
(polybutene-succinimide) as stabilizer [105]. Then this phase was dispersed in
an aqueous solution to form stable submicron droplets [106]. The presence of
TiO, particles within the droplets limited the droplet size. Complete encapsula-
tion of all of the TiO, in the colloidal particles was not achieved; the encapsula-
tion of 83% of the TiO, in 73% of the polymer was reported. Also the amount of
encapsulated material was very low: a TiO, to styrene weight ratio of 3:97 could
not be exceeded [107, 108].

Nanoparticulate hydrophilic CaCO; was effectively coated with a layer of
stearic acid as surfactant system 1 prior to dispersing the pigments into the oil
phase [58]. The -COOH groups act as good linker groups to the CaCO;, and the
tendency of the stearic acid to go to the second polymer/water interface was
found to be low. Then 5 wt% of CaCO; based on monomer could be completely
encapsulated into polystyrene particles [58]. It was shown that the weight limit
was given by the fact that, at this concentration, each polymer particle already
contained one CaCOj; colloid, which was encapsulated in the middle of the latex
particle (Fig. 15a).

The encapsulation of magnetite particles into polystyrene particles was
efficiently achieved by a miniemulsion process using oleoyl sarcosine acid [109]
or the more efficient oleic acid as first surfactant system to handle the inter-
face magnetite/styrene, and SDS to stabilize the interface styrene/water,
thus creating a polymer-coated ferrofluid (Fig. 15b). Since the magnetite parti-
cles were very small (ca. 10 nm), each polymer particle was able to incorporate
many inorganic nanoparticles. A content of 20 wt% could be incorporated in
this way.

W iaf

Fig. 15. a Encapsulation of one colloid per polymer particle: CaCO; nanoparticles in PS latex
particles; b Encapsulation of many colloids per polymer particle: Fe;O, in PS particles
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5.3
Encapsulation of Carbon Black by Co-Miniemulsion

Since carbon black is a rather hydrophobic pigment (depending on the prepara-
tion conditions), the encapsulation of carbon black in the latexes by direct dis-
persion of the pigment powder in the monomer phase prior to emulsification is
again a suitable way [58]. Here, full encapsulation of non-agglomerated carbon
particles can be provided by the appropriate choice of the hydrophobe. In this
case the hydrophobe not only acts as the stabilizing agent against Ostwald ripen-
ing for the miniemulsion process, but also mediates to the monomer phase by
partial adsorption. However, this direct dispersion just allows the incorporation
of 8 wt% carbon black since the carbon is still highly agglomerated in the
monomer. At higher amounts, the carbon cluster broke the miniemulsion, and
less defined systems with encapsulation rates lower than 100%, which also con-
tained pure polymer latexes, were obtained.

To increase the amount of encapsulated carbon to up to 80 wt%, another ap-
proach was developed [110] where both monomer and carbon black were in-
dependently dispersed in water using SDS as a surfactant and mixed afterwards
in any ratio between the monomer and carbon. Then this mixture was cosoni-
cated, and the controlled fission/fusion process characteristic for miniemulsi-
fication destroyed all aggregates and liquid droplets, and only hybrid particles
being composed of carbon black and monomer remain due to their higher
stability [110]. This controlled droplet fission and heteroaggregation process
can be realized by high energy ultrasound or high pressure homogenization as
was shown earlier.

TEM and ultracentrifuge results showed (see Fig. 16) that this process re-
sults in effective encapsulation of the carbon with practically complete yield:
only rather small hybrid particles, but no free carbon or empty polymer par-
ticles, were found. It has to be stated that the hybrid particles with high car-
bon contents do not possess spherical shape, but adopt the typical fractal
structure of carbon clusters, coated with a thin but homogeneous polymer
film. The thickness of the monomer film depends on the amount of mono-
mer, and the exchange of monomer between different surface layers is - as in
miniemulsion polymerization - suppressed by the presence of an ultrahydro-
phobe.

Therefore the process is best described as a polymerization in an adsorbed
monomer layer created and stabilized as a miniemulsion (‘ad-miniemulsion
polymerization’). The process is schematically shown in Fig. 16.

5.4
Encapsulation of a Liquid - Formation of Nanocapsules

The polymerization in miniemulsion can also be performed in the presence of
an oil, which is inert to the polymerization process. During polymerization, oil
and polymer can demix, and many different structures such as an oil droplet en-
capsulated by a polymer shell, sponge like architectures, or dotted oil droplets
can be formed. The formation of such structures is known from classical emul-
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sion polymerization, but is usually kinetically controlled [111-113]. The synthe-
sis of hollow polymer nanocapsules as a convenient one-step process using the
miniemulsion polymerization, however, has the advantage of being thermody-
namically controlled [114].

The chemical control of the expected particle morphology for an encapsula-
tion process is a system with a complex parameter field. The particle morphol-
ogy reacts sensitively on the chemical nature of the emulsifier, the polymer, and
the oil, as well as on additives such as an employed additional hydrophobe, the
initiator, or possible functional comonomers. It is obvious that the development
of the final morphology in polymer microparticles also involves the mobility or
diffusion of at least two molecular species influenced by some driving force to
attain the phase-separated structure. The ease of movement may be related to
the phase viscosity, but in this approach the main emphasis is laid on the driving
force, which is the Gibbs free energy change of the process.

It was found that the nanocapsules are formed in a miniemulsion process by
a variety of monomers in the presence of larger amounts of a hydrophobic oil.
Hydrophobic oil and monomer form a common miniemulsion before polymer-
ization, whereas the polymer is immiscible with the oil and phase-separates
throughout polymerization to form particles with a morphology consisting of a
hollow polymer structure surrounding the oil. The differences in the hydro-
philicity of the oil and the polymer turned out to be the driving force for the for-
mation of nanocapsules.

In the case of poly(methyl methacrylate) (PMMA) and hexadecane as a
model oil to be encapsulated, the pronounced differences in hydrophilicity are
suitable for direct nanocapsule formation. PMMA is regarded as rather polar
(but is not water soluble), whereas hexadecane is very hydrophobic so that the
spreading coefficients are of the right order to stabilize a structure in which a
hexadecane droplet core is encapsulated in a PMMA shell surrounded by water
[114]. In the state of miniemulsion, the monomer and the hexadecane are mis-
cible, but phase separation occurs during the polymerization process due to the
immiscibility of hexadecane and PMMA. Miniemulsions were obtained by mix-
ing the monomer MMA and hexadecane at varying ratios together with the
hydrophobic, oil-soluble initiator AIBN and miniemulsifying the mixture in an
aqueous solution of SDS. After polymerization polymer capsules were obtained
as shown in Fig. 17a. Nanocapsules with an increased shell stability can be ob-
tained by using up to 10 wt% of EGDMA as crosslinking agent. It is a fortunate
experimental situation that the particle size in this reaction does not change
with the amount of the anionic surfactant SDS or the nonionic surfactant Luten-
sol AT50 (a hexadecyl modified poly(ethylene glycol)). This means that with
increasing surfactant load the surface coverage also increases, and the interfacial
tension at the droplet/water interface decreases. That way, the influence of the
systematic variation of one of the interface tensions on the particle morphology
was examined, and a continuous morphological change towards engulfed struc-
tures was found (Fig. 17b) [114].

In the case of styrene as monomer and hexadecane as model oil, the cohesion
energy density of the polymer phase is closer to that of the oil and therefore the
structure of the final particles depends much more on the parameters, which
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Fig. 17. a TEM micrographs of nanocapsules with an MMA to HD ratio of 1:1 using SDS as
surfactant; b Coexistence of nanocapsules and capped particles in the case of using the sur-
factant Lutensol AT50

critically influence the interfacial tensions. A variety of different morphologies
in the styrene/hexadecane system can be obtained by changing the spreading
parameter. This was done by changing the monomer concentration, the type and
amount of surfactant, as well as the initiator and the functional comonomer.

The best results were obtained by using the block copolymer surfactant
SE3030 together with the nonionic initiator PEGA200 which supports interface
stabilization and improves the structural perfection (Fig. 18a) of the polystyrene
capsule morphology.

Another very powerful approach to improve the perfection of the capsules is
the addition of a comonomer to the oil phase. Depending on the polarity of the
monomer, it will enter one of the two interfaces (polymer/water or polymer/oil)
and reduce the corresponding interfacial tensions and spreading coefficients. It
was shown that the very hydrophobic comonomer lauryl methacrylate, which is
expected to minimize the interfacial tension between styrene and the hexade-
cane phase, has no significant effect on the resulting morphology of the parti-
cles, meaning that this interfacial energy is of minor importance since it is al-
ready quite low. On the other hand, the slightly more hydrophilic MMA and the
very hydrophilic AA affect the interfacial tension of styrene to water, and here
a pronounced influence on the morphology was found. The influence depends
on the partitioning coefficient: for MMA about 50 wt% of monomer was
needed to create only close-to-perfect capsules, whereas 1 wt% of AA was suf-
ficient in order to saturate the capsule surface with carboxylic groups, and hol-
low shell structures with constant capsule thickness were found (Fig. 18b).
There is, however, a minor fraction of small homogeneous polymer latexes
which we attribute to secondary nucleation due to the high content of water-
soluble acrylic acid.
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Fig. 18a,b. TEM micrographs of PS/hexadecane: a with SE3030 as surfactant and PEGA200 as
initiator; b with AA as comonomer

5.5
Surface Coating of Miniemulsions with Inorganic Nanoparticles
and Crystalline Building Blocks

In many cases gas permeation or chemical sensitivity of polymer capsules is still
too high to be efficient for encapsulation. Here the employment of crystalline in-
organic materials, such as clay sheets of 1.5 nm thickness, can be recommended.
Since those clay sheets are fixed like scales onto the soft, liquid miniemulsion
droplet, the resulting objects are called ‘armored latexes’ [115]. Since clays carry
a negative surface charge, miniemulsions stabilized with cationic sulfonium-sur-
factants represented a convenient way to generate those armored latexes or crys-
talline nanocapsules. Due to their high stability against changes in the chemical
environment, it is possible to use miniemulsion droplets themselves, but also
polymerized latex particles as templates for such a complexation process. As a re-
sult, the liquid droplets or the polymer particles are then completely covered
with clay plates and therefore film formation or coalescence is prevented. A syn-
thetic monodisperse model clay with small lateral extensions was employed. As
a result, the liquid droplets or the polymer particles are then completely covered
with clay plates, which is also macroscopically visible by the absence of film for-
mation or coalescence. However, complexation with the clay plates alone was not
always sufficient to prohibit the release of low T, polymer (e.g., PBA) or liquid
material. In order to glue further together the single clay sheets, silicic acid was
used as a ‘mortar’. Therefore the stability of the shells can be increased by a con-
densation reaction with silicic acid, which reacts with itself, but also with resid-
ual surface OH-groups of the clay. In this case, film formation is indeed com-
pletely suppressed as shown by TEM for dried sample with PBA as template
(Fig. 19a). The figure shows intact nanocapsules still filled with PBA with about
the same size as found previously in solution. To receive an emptied, purely in-
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Fig. 19a,b. TEM of armored latexes: a sealed clay on PBA template particles; b sealed clay on
PMMA template particles after removal of the PMMA in the core

organic shell, PMMA latex particles were used as templates. By intense illumina-
tion with the electron beam, PMMA depolymerizes to MMA, which uses or cre-
ates little pores in the shell to evaporate under the TEM high vacuum conditions.
Figure 19b shows such emptied capsules as obtained by electron degradation. In
any case the inorganic structure has not disintegrated; this means that the col-
loidal ‘laying of bricks’ was successful. These ‘armored’ droplets and latexes par-
ticles could be of high interest for pressure sensitive adhesives or as a new type
of filler with unconventional chemical and mechanical performance.

5.5.1
Miniemulsions with Silica Nanoparticles

Switching from the very hydrophilic clays towards other inorganic nanoparti-
cles, e.g., colloidal silica, leads, in the interplay with polymerization in mini-
emulsions, into a potential structural complexity, which covers the whole range
from embedded particles (such as in the case of the calcium carbonate and car-
bon blacks) to surface bound inorganic layers (such as in the case of the clays).
For basic research they are ideal systems to analyze complex structure forma-
tion processes in emulsions, since the original droplet shows a structure which
is essentially established by molecular forces and local energy considerations,
and which is ideally just solidified into a polymer structure.

It was discussed that the structure created by the ternary system oil/water/
nanoparticle follows the laws of spreading thermodynamics, as they hold for
ternary immiscible emulsions (oil 1/0il 2/water) [114, 116, 117]. The only differ-
ence is that the interfacial area and the curvature of the solid nanoparticle has
to stay constant, i.e., an additional boundary condition is added. When the inor-
ganic nanoparticles possess, beside charges, also a certain hydrophobic charac-
ter, they become enriched at the oil-water interface, which is the physical base of
the stabilizing power of special inorganic nanostructures, the so-called Picker-
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Fig. 20. a Scheme for using silica particles as stabilizer for monomer droplets of miniemul-
sions(Pickering stabilization); b Represents a latex with a monomer to silica ratio of 1:0.32

ing-stabilizers [118-120]. This means that the surface energy of the system
oil/nanoparticle/water has to be lower than the sum of the binary combinations
oil/water and water/nanoparticle to enable superstructure formation to occur.
Since all three terms can be adjusted by the choice of the monomer and the po-
tential addition of surfactants, this spans a composition diagram with a variety
of morphologies to occur. Silica nanoparticles are quite ideal as model nanopar-
ticles for the systematic examination of compositional phase behavior since
they are easy to obtain and to control with respect to their surface structure and
interacting forces. The latter is done either by variation of pH, which changes the
surface charge density, or by adsorption of cationic organic components, chang-
ing the polarity of the objects.

It was shown that silica nanoparticles in the absence of any surfactant could
act as a Pickering stabilizer for a miniemulsion process [121]. The high quality
and small overall particle size obtained only under alkaline conditions (pH=10)
and in presence of the basic comonomer 4-vinylpyridine which acts as an
aminic coupler [122, 123] is shown in Fig. 20. The particle size depends on the
amount of silica in the expected way: the higher the silica content, the smaller
the resulting stable hybrid structures. Comparably small compound particles in
the size range between 120 nm and 220 nm in diameter with rather narrow size
distribution were obtained [121], speaking for the high stabilization power of
the silica particles as Pickering stabilizers. This underlines the surface activity of
the silica nanoparticles under the applied conditions and the kinetic-free, equi-
librium type structure of a miniemulsion latex particle. Since these systems
are free of low molecular weight surfactants and all chemical side products
which might act as a surfactant, the measured surface tension was as high as
71.4 mN m, which is practically the value of pure water.

The addition of a surfactant (nonionic, anionic, or cationic) to the same sys-
tem resulted in a more complex zoo of structures [121]. Nonionic surfactants are
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preferentially bound to the silica nanoparticles due to a preferential interaction
between the silica and the ethylene oxide chains [124], which screens any inter-
action with the monomer mixture. Also the addition of the anionic sodium do-
decyl sulfate (SDS) leads to electrostatic repulsion and a competition between
surfactant and silica nanoparticles. The most pronounced morphology changes
are observed with the cationic surfactant cetyltrimethylammonium chloride
(CTMA-CI). Due to charge coupling as well as induced dipole interaction, this
surfactant strongly binds to silica over the whole pH-range. The surfactant is
mainly adsorbed by the silica, but under standard conditions there is not
enough CTMA in the recipe to counterbalance the negative charges of the sys-
tem at pH=10. In the presence of 4-vinylpyridine, the strong acid-base interac-
tion gives an additional stability. Therefore, at pH=10 a hedgehog morphology
is found with a small overall diameter of 90 nm.

At higher CTMA concentrations exceeding the amount adsorbed onto the sil-
ica, a different morphology was found. Starting from a calculated surface cover-
age of 75%, the silica particles become incorporated into the droplets, and sta-
ble hybrid structures are obtained. The hybrids now have a raspberry mor-
phology; however, they are rather heterogeneous with respect to loading with
silica [121].

6
Non-Radical Polymerizations in Miniemulsion

6.1
Polyaddition

As already indicated in the introduction, the existence of stable, isolated nano-
droplets, in which chemical reactions may, but do not have to, depend on droplet
exchange (the so-called ‘nanoreactors’), enables the application of the mini-
emulsion process in a much broader range.

In contrast to the process of creating a secondary dispersion as was used for
the preparation of, e.g., polyurethanes and epoxide resins, it was shown that the
miniemulsion polymerization process allows one to mix monomeric compo-
nents together, and polyaddition and polycondensation reactions can be per-
formed after miniemulsification in the miniemulsified state [125].

The principle of miniemulsion polymerization to polyadditions of epoxy-
resins was successfully transferred to mixtures of different epoxides with vary-
ing diamines, dithiols, or diols which were heated to 60°C to form the respective
polymers [125]. The requirement for the formulation of miniemulsions is that
both components of the polyaddition reaction show a relatively low water solu-
bility, at least one of them even below 10~ g I"!. The diepoxide bisphenol-A-
diglycidylether was successfully used as epoxy component. In order to vary the
obtained polymeric structure, tri- and tetra-functionalized epoxides were also
used. As amino components a NH, terminated poly(propylene oxide) with
M,=2032 g mol’}, 4,4’-diaminobibenzyl, 1,12-diaminododecane, and 4,4’-di-
aminodicyclohexylmethane were applied. As other addition components beside
amine, 1,6-hexanedithiol and Bisphenol A were used. The hydrophobic compo-
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nent, which is required for the formulation of stable miniemulsions, is usually
the applied epoxide itself, which has a very poor water solubility and provides
sufficient retardation of the Ostwald ripening. The addition of a typical hy-
drophobe like hexadecane does not improve the miniemulsion stability indicat-
ing that monomer exchange is not the rate-determining step. The final polymers
reveal molecular weights of about 20,000 g mol-! with a dispersity of close to 2.
This means that unexpectedly ideal reaction conditions are preserved during
the reaction in miniemulsion, and that the proximity of the interface to water
does not really disturb the reaction. Crosslinked epoxy network could be ob-
tained by the reaction of both amine hydrogens, e.g., the molar ratio of diepox-
ide to diamine was chosen to be 2:1. SDS and the block copolymer SE3030
turned out to be very efficient surfactants for the polyaddition systems. With in-
creasing amount of surfactant, the particle size decreases as expected. Using SDS
as surfactant for the stabilization of the Epikote E828/Jeffamin D2000 system, the
particle size ranges from 245 nm (1.7 wt% SDS relative to the monomer mix-
ture) down to 83 nm (42 rel.% SDS). For the latexes of Epikote E828 and 1,12-di-
aminododecane synthesized with SDS, the particle size also shows the expected
trend: with increasing amount of surfactant the particle size decreases from
816 nm (0.85 rel.% SDS) to 36 nm (25 rel.% SDS).

In general, it turned out that with increasing hydrophobicity of the reaction
partner, the particle sizes also decrease, and small particles with a diameter
down to 30 nm can be synthesized from a number of most hydrophobic combi-
nations. This is about the minimal size which can be made by radical processes,
i.e., we reach a limit given by the fundamental laws of colloidal stability. Fig-
ure 21a shows as a typical example the reaction product of Epikote E828 and
4,4’-diaminobibenzyl: small particles with a relatively narrow size distribution
are obtained.

It was also shown that polyurethane latexes can be made by direct miniemul-
sification of a monomer mixture of diisocyanate and diol in an aqueous surfac-
tant solution followed by heating (see Fig. 21b) [126]. This is somewhat special
since one might expect a suppression of polymerization by side reactions be-
tween the very reactive diisocyanates and the continuous phase water. There-
fore, it is important that the reaction between diisocyanate and diol has to be
slower than the time needed for the miniemulsification step and the side reac-
tion of the diisocyanate with water in the dispersed state has to be slower than
the reaction with the diol. The functional groups (isocyanate to alcohol groups)
were employed in a 1:1 molar ratio. IR spectra of the reactants and the resulting
product show the disappearance of the isocyanate group after reaction (peak at
2300 cm™). The amide vibration at 3300 cm™, the carbonyl vibration at
1695 cm™, and the vibration at 1552 cm™ are strong evidence for the formation
of a polyurethane. The side reaction with water, leading to urea groups within
the polyurethane, was also identified by the characteristic vibration at
1643 cm™!, but turned out to be of secondary importance.

Polyaddition was also performed using chitosan stabilizer with two biocom-
patible costabilizers, Jeffamine D2000 and Gluadin, and a linking diepoxide in
presence of an inert oil and it results, via an interface reaction, in thin but rather
stable nanocapsules. Since both water and oil soluble aminic costabilizers can be
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Fig. 21. a Typical latex obtained in a polyaddition process in miniemulsion (Epikote E828
(bisphenol-A-diglycidylether) and 4,4’-diaminobibenzyl); b TEM micrograph of a poly-
urethane latex obtained by isophorone diisocyanate and 1,12 dodecanediol

used, these experiments show the way to a great variety of capsules with dif-
ferent chemical structure. These capsules are expected to be biocompatible and
biodegradable and might find applications in drug delivery [127].

6.2
Anionic Polymerization

For the anionic polymerization of phenyl glycidyl ether (PGE) in miniemulsion,
Maitre et al. used didodecyldimethylammonium hydroxide as an ‘inisurf’, which
acts as a surfactant and an anionic initiator by means of its hydroxy counterion
at the same time [128]. As revealed by '"H NMR and FTIR, genuine a,c-dihy-
droxylated polyether chains were produced. The average molecular weight could
be increased by varying the initiator concentration, type and concentration of
surfactants, or by adding an alcohol as costabilizer. With increasing conversion,
the polymer chain length increased but remained small, with a critical poly-
merization degree of DP, . =8.

6.3
Metal Catalyzed Polymerization Reactions

Ethylene can be polymerized using an aqueous miniemulsion consisting of an
organo-transition metal catalyst at ethylene pressures of 10-30 bar and temper-
atures of 45-80°C resulting in large particles of about 600 nm [129]. A maximal
productivity of 2520 kg PE per g atom active metal was achieved, which repre-
sents about 60% of the productivity of the same catalyst when used in ethylene
suspension polymerization in organic phase.
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7
Inorganic Miniemulsions

Miniemulsification is not restricted to organic monomers. It was shown that it
can also be applied for low melting salts and metals to obtain salt or metal col-
loids of high homogeneity with diameters between 150 nm and 400 nm [130].
This is regarded as a very important development, since it allows the synthesis
and handling of inorganic or metallic powders and their incorporation into
coatings, inks, or nanocomposites by simple polymer technologies.

The extension of miniemulsions from water or polar monomers as a dis-
persed phase in oils or hydrocarbons as a continuous phase to salt melts or con-
centrated salt solutions is nevertheless demanding, since those liquids show
higher cohesion energies, surface tensions, and mutual attractions than the cor-
responding organic matter. For that, a well-chosen steric stabilizer has to be em-
ployed, the polar part of which has to be miscible with salt melts, whereas the
hydrophobic part has to be sufficiently long and tightly packed to provide suffi-
cient steric stabilization. Again, it turned out that amphiphilic block copolymers
[131] with poly(ethylene oxide) block are best suited. For the salt, one can
choose from a wide variety of salts or metals, which melt below boiling or chem-
ical decomposition of the continuous phase (which can easily be as high as
250-300°C). It is also possible to use highly concentrated salt solutions in water
or to decrease the melting point by adding ternary components to the salts.

As an example, iron(III) chloride hexahydrate was melted by heating above
37°C and miniemulsified in the continuous phase (IsoparM, cyclohexane, etc.)
to a stable miniemulsion using at least 5 wt% (with respect to salt) of the block
copolymer stabilizer. Decreasing the temperature leads to nanoscopic salt crys-
tals dispersed in a continuous oil phase. The average size of these particles is
about 350 nm, a typical number for inverse dispersions.

Pure zirconyl chloride octahydrate melts and degrades at 150°C, but the melt-
ing temperature of the salt can easily be reduced by adding water to the salt. A 3:1
ZrOCl,/water mixture melts at about 70°C. The molten salt was added to IsoparM
at 75°C. A stable miniemulsion was obtained using 10 wt% of the block copoly-
mer poly(ethylene-co-butylene-b-ethylene oxide) (PE/B-EO), which transforms
throughout cooling in a dispersion of separate ZrOCl, nanocrystals. TEM pictures
show (see Fig. 22a) that the particles are of uniform polyhedral crystalline shape.

For the preparation of nanosized metal dispersions the same procedure of
high shear forces was used to prepare miniemulsions. Molten metals have very
strong cohesion forces, which make them very difficult to disperse in an organic
phase by conventional techniques. Gallium (mp=30°C) was melted at 45°C and
emulsified in IsoparM by using 10 rel.% P(E/B-bock-EO). The miniemulsion was
cooled to room temperature, and solid gallium particles with a size of 150 nm
were obtained. Miniemulsification was also applied to disperse low melting
alloys, like Wood’s metal (mp=70°C) or Rose’s metal (mp=110°C). Because of the
very high density difference of the metal (¢ (Wood’s metal)=9.67 g cm~%) and the
continuous phase (¢ (IsoparM)=0.87 g cm™3), the weight-content of the metal
was increased to 50 wt% (with respect to the overall dispersion) to obtain rele-
vant volume fractions (for TEM see Fig. 22b).
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Fig. 22a,b. Particles obtained in an inverse miniemulsion process consisting of: a
ZrOCl,.8H,0; b Wood’s metal

The formation of high-melting materials can be achieved by a further reac-
tion where the low-melting material is used as a precursor. These are subse-
quently transferred in a particle-by-particle fashion to the final product by
reaction or precipitation, very similar to polymerization reactions of organic
monomers. In the dispersed state heterophase reactions such as precipitations
or oxidations can be performed, which essentially occur under preservation of
the colloidal entities as single nanoreactors.

Addition of a base (pyridine or methoxyethylamine), which can mix with the
continuous phase to the cyclohexane-salt miniemulsion under stirring, provides
reaction to oxides and hydroxides, e.g., from iron(III) chloride hexahydrate to
iron(III) oxide. Here the crystal water steps into the reaction, while pyridine
from the continuous phase neutralizes the eliminated HCI. Obviously, the inter-
face area of the miniemulsion is high enough in order to allow this reaction.

Formation of Fe,0; is accompanied with an increase of the particle density
(¢ (Fe,03)=5.24 g cm™). However, light scattering values and TEM pictures show
that the droplets do not shrink as a whole, but show a hollow aggregate structure
with interstitial cavities between primary particles (Fig. 23a). The particle size
in cyclohexane could be varied by changing the amount of surfactant between
240 nm (20 rel.% TEGO EBE45 surfactant) to 370 nm (5 rel.%) and in IsoparM
between 150 nm (42.5 rel.%) and 390 nm (5 rel.%).

The confinement of two species in stoichiometric amounts within the nano-
droplets also allows the synthesis of mixed species. A mixture of Fe?* and Fe’*
salts leads to the formation of magnetite, Fe;O,. The final dispersion with a par-
ticle size of 200 nm is black and shows magnetic properties. As is seen in the
TEM pictures (Fig. 23b), the superstructure composed of 10-nm nanoparticles
as determined by WAXS is anisotropic (lemon shaped), and constituting needle
shaped nanocrystals, can be identified inside the particles, arranged as bundles
along the main axis of the lemons’.
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Fig. 23a,b. Reaction products of molten iron salt miniemulsions (‘inorganic polymeriza-
tions’): a Fe,0; particles obtained from FeCl; droplets; b Fe;O, particles obtained from
FeCl,/FeCl; droplets

8
Conclusion

The main aim of this work was to summarize and combine recent progress in
the field of miniemulsion. It was shown that the use of high shear, appropriate
surfactants, and the addition of a hydrophobe in order to suppress the influence
of Ostwald ripening are key factors for the formation of the small and stable
droplets in miniemulsion. The kinetics of the reaction in the small separated
nanodroplets was discussed in detail. It was shown that the strength of
miniemulsion is the formation of polymeric nanoparticles consisting of poly-
mers or polymer structures, which are hardly accessible by other types of het-
erophase polymerization. Non-radical polymerizations and the formation of
hybrid materials by the encapsulation of inorganic materials or liquids are some
examples which show the wide applicability of miniemulsions for technologi-
cally relevant problems. With the miniemulsification of molten inorganic mate-
rials in a subsequent reaction, the miniemulsions cross the border of polymers
and open new possibilities in fabrication of solid particles for material science.

In my opinion, the field of miniemulsion is still on its rise in polymer and
material science since there are numerous additional possibilities both for fun-
damental research and application. As a vision one may think of single mole-
cules trapped and crystallized in each small droplet, which enables new types of
physico-chemical experiments and handling of complex matter [132]. Since
miniemulsions allow a very convenient and effective separation of objects in
compartments of the size of 30-300 nm in diameter, some general new perspec-
tives for polymer chemistry are opened. In miniemulsion droplets, it is in prin-
ciple possible to isolate complex polymers or colloids strictly from each other
and to react each single molecule for itself with other components, still working
with significant amounts of matter and technically relevant mass fluxes. This
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was called ‘single (polymer) molecule chemistry’ [133]. In this mode of opera-
tion, single molecule chemistry usually takes place in a highly parallel fashion,
where the 3D-space is compartmentalized to small, nanometer-sized subunits
or ‘nanoreactors’ in each of which the same reaction takes place, each on a sin-
gle molecule. Although this is hardly used in classical chemistry, it is the regular
case in biochemical reactions since practically all reactions take place in differ-
ent compartmentalized areas of the cell [134]. The approach is not restricted to
organic synthesis, but includes more complex physicochemical processes such
as protein folding, which mainly takes place as a single molecular event in the
nanocompartments [135]. Mimicking these processes in polymer chemistry
would open a door to gain a better control of the outcome of a demanding com-
plex process or chemical reaction.
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ious methods for the preparation of molecularly imprinted polymer spheres in the colloidal
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1
Introduction

Recently there has been increasing interest in the use of synthetic polymers as
molecularly imprinted materials for the design of artificial receptor-like binding
sites in otherwise non-selective polymeric materials [1-6]. Synthetic polymers
with the ability for molecular recognition represent a promising alternative to
affinity binding matrices using biological molecules, such as proteins. Proteins
themselves are highly functional molecules found in living organisms that have
the ability to bind selectively to other molecules, carrying signals from cell to
cell or catalyzing chemical reactions. Utilizing these unique properties for med-
ical or biotechnology applications has been a logical outgrowth of proteins’
unique chemical structure and functionality.

* Corresponding author.
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In medical diagnostics, enzymatic catalysis, or affinity chromatography, pro-
teins are already in widespread use. Modern genetic methods allow for the pro-
duction of even enhanced properties of various wild-type proteins. There is,
however, a limiting factor for using proteins for technical purposes. In a living
organism, the lifetime of a functional molecule, such as a protein, is of relatively
short duration, often only several hours. Technical processes demand robust
materials that are stable over long periods of time in order to be economically
viable. Molecular imprinting synthetic polymers to impart the same functional-
ity as biological proteins but with greater stability therefore became a technique
of increasing interest.

To prepare molecularly imprinted polymers, a synthetic network is grown
during interaction with another molecule. Under certain conditions, the net-
work formed molds to the molecule which thus functions as a template and im-
prints its ‘negative’ shape in the growing polymer network. After polymeriza-
tion, when the template molecules are removed from the polymer network, spe-
cific binding sites for the template molecules are imprinted into the synthetic
polymer. Usually, such molecularly imprinted polymers are prepared by bulk
polymerization, resulting in monoliths which must be ground and sieved before
using it as functional material.

In this chapter we describe various methods for preparing molecularly im-
printed polymers (MIP) in a colloidal state. The resulting materials consist of
submicron scale particles dispersed in a liquid acting as fully functional syn-
thetic affinity receptors. The synthesis, characterization, and performance of
colloidal molecularly imprinted polymers are described and applications with
this new class of affinity receptors is discussed.

1.1
General Principle of Molecular Imprinting

The recognition sites on an MIP are formed in situ during polymerization. Poly-
mers can thus be obtained which are either imprinted by non-covalent or by co-
valent interaction of an ‘imprint’ or template molecule with the polymer (Fig. 1).
In non-covalent imprinting, a functional monomer and a crosslinker copoly-
merize with non-polymerizable template molecules [7]. These molecular tem-
plates are then incorporated into the growing polymer network and can easily
be extracted from the polymer after polymerization is completed. If the im-
printing is successful, the polymer network will be left with pores lined with
sites having complementary functional groups to those of the template mole-
cules. These functional pore sites are then used for molecular recognition reac-
tions. The imprinted polymer specifically binds molecules by non-covalent in-
teractions, such as hydrogen bonding, van-der-Waals forces, p-m interactions,
and, if charged compounds are used, electrostatic interactions. The physical
structure of the polymer’s receptor-like binding sites are molded by the shape of
the template molecules and the three-dimensional arrangement of its functional
units, thereby creating polymers that can be enantioselective as well [8].

For covalent imprinting, the template molecule is copolymerized into the
polymer network with the monomer and crosslinker. Instead of extracting
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Fig. 1. Schematic diagram of the molecular imprinting process of specific cavities in a
crosslinked polymer with the template (T) and functional monomers

the template molecule after polymerization, the template is split from the
copolymer network by a chemical reaction step [9]. Requirements for the mol-
ecular template and the polymer system are much more stringent in the case
of covalent imprinting compared to non-covalent imprinting. Whereas covalent
imprinting requires the synthesis of special template derivatives for each poly-
mer system, non-covalent imprinting can generally be used for all miscible
molecular templates and monomer systems. Acrylic polymers and copolymers,
such as poly(methacrylic acid-co-ethylene glycol dimethacrylate), have been
successfully molecularly imprinted with a large variety of templates such
as chiral amino acids, drugs, fertilizers, biocides, and peptides [10]. MIPs, so
far, have been used as effective molecular selectors in liquid chromatography
[11], capillary electrochromatography [12, 13], and solid-phase extraction
[14-16].

1.2
Manufacturing of Molecularly Imprinted Materials

The large-scale production of molecularly imprinted materials is generally lim-
ited by the synthetic polymerization method used. Usually, a molecularly im-
printed polymer is prepared by bulk polymerization which results in a brittle
monolithic polymer network. The monolith is subsequently ground in order to
expose a larger surface area which is molecularly imprinted. However, the
ground particles tend to have extremely broad size and shape distributions.
Sieving of the particles typically yields approximately 20% of the original bulk
polymer in particles of useful size [17]. The shape of individual particles how-
ever remains intrinsically irregular. The previously described preparation
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method is not only inefficient but often is difficult to control. However, this pro-
cedure has enabled the synthesis of MIP polymers for use as highly selective sta-
tionary phases in HPLC separations.

Several approaches have been used to obtain molecularly imprinted particles
with a controllable size and shape distribution. For example, suspension poly-
merization has been utilized to obtain monodispersed MIP particles of several
microns diameter [18, 19]. Additives are put into the suspension to act as pore
inducers thereby increasing the specific surface area and efficiency of the mate-
rial for chromatographic applications.

Molecularly imprinted polymers with a variety of shapes have also been pre-
pared by polymerizing monoliths in molds. This in situ preparation of MIPs was
utilized for filling of capillaries [20], columns [21], and membranes [22, 23].
Each specific particle geometry however needs optimization of the respective
polymerization conditions while maintaining the correct conditions for suc-
cessful imprinting. It would be advantageous to separate these two processes,
e.g., to prepare a molecularly imprinted material in one step, which then can be
processed in a mold process in a separate step to result the desired shape.

Colloidal MIPs may become extremely useful in widening the applicability of
MIP material as the colloidal domain offers specific advantages. A major disad-
vantage of the conventional bulk preparation of MIP networks is that a high
amount of imprint molecules stay embedded in the polymer which cannot be
extracted. This then leads to a loss of template molecules which may be an ex-
pensive substance or possibly uncontrolled leaching of the system in a later
application. In any case, potential binding sites are lost for binding of target
molecules in an application.

2
Controlled Synthesis of Colloidal Molecularly Imprinted Polymers

Any colloidal material provides an intrinsically favorable accessibility to its sur-
face when compared to bulk material. Therefore, the availability of receptor
binding sites should be facilitated by using colloidal MIPs. Submicron scale
MIPs were prepared by precipitation polymerization, emulsion polymerization,
and miniemulsion polymerization. Precipitation polymerization uses the insol-
ubility of the formed polymer microgel in a certain solvent, whereas emulsion
and miniemulsion polymerization employ two solvent phases for the prepara-
tion of the colloidal polymer. The latter methods offer the opportunity for tai-
loring the surface of the colloids exclusively, thereby enhancing the accessibility
of the binding sites. Each of the three approaches has their own characteristics
and will be described in the following sections.

2.1
Submicron Scale Molecularly Imprinted Particles by Precipitation Polymerization

Even though a particular starting monomer may be soluble in a certain solvent,
the polymer formed often is not. The polymer therefore precipitates when the
formed polymer reaches a certain molecular weight or size. If the polymer is
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crosslinked, a microgel is thus formed. The preparation of MIPs by precipitation
polymerization might be regarded as the easiest route to obtain nano-scale par-
ticles.

The polymerization reaction takes place in the bulk and the formation of dis-
crete particles is a result of the good solubility of the monomer in the solvent
and the low solubility of formed particles of a certain size. Because this approach
is dependent on the existence of such a kind of a solubility/non-solubility
regime for the monomer, crosslinker, template, and polymer network, it might
be hard to find the correct combination of compounds needed to interact in the
prescribed way. Additionally, there is a high risk of coagulation with this method
as no surfactant is added for the stabilization of the interface between the
formed polymer and the monomer containing solution.

Mosbach and co-workers developed a method to prepare molecularly im-
printed polymers by precipitation polymerization [24]. They started from a di-
lute, homogenous solution of the monomer methacrylic acid (MAA) and the
crosslinker trimethylolpropane trimethacrylate (TRIM) or ethylene glycol
dimethacrylate (EGDMA). The polymer formed in the presence of the template
molecule 17 -estradiol, theophylline, or caffeine contained a high proportion of
discrete spheres of diameter less than a micron. Because the effect of coalescence
becomes predominant with higher solid content of the reaction mixture, this ap-
proach is limited to solid contents of typically <2 wt%.

Wulff et al. prepared covalently imprinted microgels by radical solution poly-
merization at high dilutions. By choosing different solvents for the polymeriza-
tion and successive binding experiments, the solubility of certain microgels un-
der recognition conditions was achieved [25]. The microgels consisted of MAA,
the model template monomer phenyl-2,3;4,6-tetra-O-bis(4-vinylphenylboro-
nyl)-a-p-mannopyranoside 1 (Fig.2),and a crosslinker. The crosslinker was var-
ied between EGDMA 3, TRIM 4, and 2,5-di-O-methacryloyl-1,4;3,6-dianhydro-
D-sorbitol 5 (Fig. 2). Also varied was the crosslinker concentration during the
polymerization from 50 to 90 wt%. Solvents used for the polymerization were
cyclohexanone, cyclopentanone, and N,N-dimethylformamide (DMF), and for
later recognition experiments DMF and methanol. Microgels with a molecular
weight of up to 8x10* g mol™! were thus prepared which showed solubility in cer-
tain solvents when the degree of crosslinking was 50% or less. There is a clear
advantage to using the soluble microgels for characterization by gel permeation
chromatography, viscosimetry, and membrane osmometry. Wulff and co-work-
ers found higher experimental values for the intrinsic viscosity when compared
to the theoretical value 2.5 which would be expected for spherical particles fol-
lowing the Einstein theory of viscosimetry. Thus it was concluded that the im-
printed particles were not spherical but irregularly shaped.

The template monomer was designed for imprinting by inclusion in the mi-
crogels formed, followed by hydrolysis during suspension in methanol/water
(1:1, v/v). Thus, the boronic ester was split and phenyl-a-pD-mannopyranoside 2
(Fig. 2) was removed, leaving free binding sites in the polymer network.

Molecular recognition experiments were carried out with a racemic mixture
of phenyl-a-mannopyranoside 2 (Fig. 2) in a heterogeneous phase as well as
in a homogeneous phase depending on the solubility of the microgel in the
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Fig. 2. Phenyl-2,3;4,6-tetra-O-bis(4-vinylphenylboronyl)-a-p-mannopyranoside 1, phenyl-a-
D-mannopyranoside 2, EGDMA 3, TRIM 4, and 2,5-di-O-methacryloyl-1,4;3,6-dianhydro-p-
sorbitol 5

particular solvent. The separation factor « is the ratio of the distribution coef-
ficients of the p- and the L-form. A strong influence of the recognition proper-
ties was found depending on the solvent as well as the degree of crosslinking.
In conclusion, the enhanced flexibility of the functional microgel groups
needed to assure solubility in a certain solvent lead in consequence to a partial
loss of the molecules’ recognition capabilities as the “memory effect” of the
binding sites was partially lost. However, the soluble microgels showed recog-
nition properties which in some was comparable with insoluble polymer
networks.

2.2
Core-Shell Polymer Colloids with a Molecularly Imprinted Shell

Molecularly imprinted core-shell nanospheres were prepared by Whitcombe
and co-workers using a two-stage emulsion polymerization [26]. The imprinting
process involved a specific procedure, referred to as “sacrificed spacer method”
[27]. This method is composed of a covalent imprinting step, followed by a reac-
tive cleavage of the imprinting molecule, thus resulting in non-covalent binding
sites for the specific recognition of the target molecule. This molecular target, or
a close analogue which must be part of the initial imprinting molecule, was left
behind by the cleavage or “sacrificed” to leave the imprinted sites.
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Fig. 3a-f. TEM photographs of polymeric nanoparticles (scale bars represent 200 nm) [26]

To use this method for the preparation of imprinted colloids, Whitcombe et
al. applied it during the shell preparation. They synthesized a copolymer net-
work shell consisting of poly(EGDMA-co-cholesteryl (4-vinyl)phenyl carbon-
ate) using a variety of different seed particles to build the polymer core [26]. The
seed particles used were 30-45 nm in diameter and the imprinted p(EGDMA-co-
CVPC) shell resulted to a thickness of about 15 nm (Fig. 3). The specific BET sur-
face area of the core-shell particles was typically 80 m? g1

In the next step, the cholesteryl ester entities copolymerized in the shell, were
split by carbonate ester hydrolysis. The hydrolysis was carried out in sodium hy-
droxide in methanol. Thereby, an analogue of cholesterol, the target molecule for
later recognition, was removed from the copolymer network. The particles were
now ready for non-covalent binding of cholesterol. To quantify the binding be-
havior of colloidal MIPs, they were mixed with a cholesterol containing solution,
separated from the liquid and the cholesterol concentration in the supernatant
was quantified by HPLC.
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Whitcombe et al. observed a strong decrease of the cholesterol concentration,
and hence excellent binding for cholesterol with p(EGDMA-co-CVPC) shell/
PMMA core particles in isohexane. When the carbonate ester was not hydro-
lyzed and hence no imprinted sites existed in the shell, only 2.7 umol cholesterol
per g particles were bound corresponding to the non-specifically adsorbed tem-
plates. Slightly less cholesterol was adsorbed to particles prepared without
CVPC at all thus formed with a pure pPEGDMA shell (<2 pmol g').

A possible application for imprinted colloids is one where the core has a mag-
netic moment. To this end, Whitcombe and co-workers employed an aqueous
ferrofluid containing ferromagnetic particles for inclusion in the core. Here, a
p(MMA-co-EGDMA), prepared with a molar MMA:EGDMA ratio of 9:1 copoly-
mer, was used to enclose the magnetic particles. Interestingly, when this
EGDMA-containing core was equipped with an imprinted shell, very high recog-
nition properties were observed once again. The ferrocolloid itself was also used
as seed and allowed for direct preparation of the shell. Only slightly lower bind-
ing properties were observed. The major advantage of magnetic molecularly im-
printed core-shell particles is an accelerated sedimentation when a magnetic
tield is applied. Sedimentation was up to 150 times faster than with gravity alone
and therefore eased up the separation and purification of imprinted material
significantly.

Extending this approach, Whitcombe et al. designed a template-surfactant
(TS) which acted as a template and a surfactant at the same time. This approach
allowed for the controlled imprinting of the core-shell particles only at the sur-
face of the shell [28]. An example of such a template analogue is given in Fig. 4.
It was proposed that the TS molecules concentrated at the water-polymer inter-
face with the hydrophobic template region embedded in the monomer phase
and the polar end group looming into the water phase during shell polymeriza-
tion. The binding between template and polymer here depended principally on
hydrophobic interactions instead of hydrogen bonding in contrast to the cho-
lesterol imprinted polymers described above [26].

Whitcombe et al. concentrated on the synthesis of hydrophobic surface im-
prints in particles with a hydrophilic surface layer. To achieve hydrophilicity of
the particles surface they chose divinylbenzene as crosslinker and an additional
polymerizable surfactant (PS) (Fig. 4) with a charged end group for the shell
polymerization. Thereby, imprinted particles of submicrometer scale, with good
monodispersity and high surface area could be prepared. A schematic diagram
of the design of hydrophobic surface imprints in particles with a hydrophilic
surface layer is shown in Fig. 5.

The removal of template required only ultrafiltration and washes, thereby
leaving hydrophobic cavities on the surface of charged particles. The binding
properties of the imprinted particles was estimated by HPLC under aqueous
conditions. Best results have been obtained using 2.5-7.5% of template-surfac-
tant relative to polymerizable surfactant in the shell.

Following this strategy a better binding of non-polar templates in aqueous
media may become possible, thus opening the MIP principle to templates with
low solubility. A limitation of this approach, however, may be the fact that it re-
quires the specific synthesis of a template analogue with surfactant properties.
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Fig. 4. Structures of the polymerizable surfactant (PS) and the template-surfactant (TS)
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Fig. 5. Schematic diagram of the creation of hydrophobic surface imprints in particles with a

hydrophilic surface layer (adapted from [28])
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Although today there are different techniques available for the synthesis of
MIPs only a few approaches use water soluble templates. Carter and Rimmer re-
cently reported on molecularly imprinted core-shell particles for the selective
recognition of caffeine in aqueous media [29]. In the first step a polymer core
was formed consisting of styrene and divinylbenzene (1:1). The core particles
were then coated with the imprinting monomer mixture oleyl phenyl hydrogen
phosphate and EGDMA in the presence of the template molecules caffeine or
theophylline. After the polymerization Rimmer and Carter removed essentially
100% of the template by extraction, thereby demonstrating one important ad-
vantage; that of more effective extraction of colloidal MIPs when compared to
conventional MIPs. The binding behavior of the core-shell MIPs was character-
ized by Scatchard plots for the recognition of caffeine to caffeine-MIPs and theo-
phylline to theophylline-MIPs (Fig. 6). The observed binding curves were bipha-
sic and binding constants for caffeine and theophylline were calculated from the
plots, resulting to 200 pmol I-! and 390 pmol I}, respectively.

In contrast, the binding of caffeine to a theophylline imprinted colloid
(Fig. 6¢) did not lead to reasonable Scatchard plot binding data, thus indicating
a clear difference in the binding behavior. Carter and Rimmer interpreted this
finding by a decreased binding strength depending on the more hydrophobic
nature of caffeine as compared to theophylline.

When a mixture of caffeine and theophylline was used for binding to caffeine
or theophylline imprinted colloids, the caffeine imprinted particles clearly
showed a higher selectivity for binding of the original template. The overall per-
formance of the core-shell particles depended on the thickness of the imprinted
shell and the best selective binding results were reported for a very thin shell of
only 2 nm thickness.

23
One-Stage Preparation of Molecularly Imprinted Nanospheres

The principle of molecular imprinting is based on the hypothesis that
monomers and templates interact in the liquid phase prior to polymerization.
The molecules assume an optimum conformation driven by the gain in free en-
ergy during the interaction of complementary functional groups. This confor-
mation is then partially conserved during the polymerization and transformed
to the solid phase. A polymerization technique which allows for a simple
arrangement of the MIP building blocks in the liquid phase and transforms it
to solid nanoparticles would therefore be advantageous. This scenario is real-
ized to a high degree in miniemulsion polymerization. Here, nanodroplets act
as small “nanoreactors”, with the monomer and the imprinting molecules al-
ready present at the beginning of the polymerization [30]. A potential thermo-
dynamic control for the design of nanoparticles is given with this technique in
contrast to the kinetically controlled precipitation and emulsion polymeriza-
tion. The dictate of kinetics could cause serious problems such as lack of ho-
mogeneity or restrictions in the accessible composition of the molecularly im-
printed particles. These problems are largely absent in the miniemulsion pro-
cedure.
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Miniemulsion polymerization is a transformation of the suspension poly-
merization technique with application of high shear forces. As early as 1973,
Ugelstad et al. scaled down the monomer droplet size to several hundred
nanometers by shearing the suspension [31]. A co-stabilizer was added to the
dispersed phase to suppress diffusion processes occurring in the continuous
phase in order to create a stable emulsion with homogeneous size, so-called
miniemulsions. The nanodroplets are stabilized by a hydrophobic additive
against Ostwald ripening during the miniemulsion polymerization. With this
technique a nearly 1:1 transfer of monomer nanodroplets into polymerized
nanoparticles is possible [32-34]. Miniemulsion polymerization therefore
seems to be particularly suited for a one-step preparation of both covalent and
non-covalent molecularly imprinted nanospheres. Figure 7 illustrates the gen-
eral scheme for the preparation of molecularly imprinted nanoparticles
(nanoMIPs) and their use for molecular recognition.

The preparation of nanoMIPs using the process of miniemulsion polymer-
ization was first investigated and reported by Tovar and co-workers [30, 35].
Different types of particles, e.g., consisting of hydrophobic ethylene glycol di-
methacrylate EGDMA as crosslinker and hydrophilic methacrylic acid (MAA) as
functional monomer, were prepared by varying the molar ratio of monomer to
crosslinker ny, :nggpyva With different templates. Water-insoluble amino acid
derivatives, e.g., L- or D-boc-phenylalanine anilide (BFA) [36] were used as tem-
plate molecules. With this copolymer system (Fig. 8), stable, coagulation-free
dispersions were obtained with a conversion of 98+2% (Fig. 9).

Due to the high water solubility of MAA, partitioning of the MAA in the wa-
ter phase was expected. After polymerization, the obtained miniemulsions (la-
texes) and the colloidal nanoMIPs were characterized by gravimetric analysis,
dynamic light scattering (DLS), gas adsorption measurements (BET), and trans-
mission electron microscopy (TEM) as shown in Fig. 9.

While dynamic light scattering revealed an average apparent hydrodynamic
particle diameter of about 200+20 nm, transmission electron microscopy gave a
more realistic image of the shape and the size distribution of the nanoMIPs. Fig-
ure 9 shows that spherical particles with a rather broad size distribution were
formed. They had a diameter of 50 nm up to 300 nm with an average particle di-
ameter around 110 nm and the absence or presence of the template molecule

Extraction ‘

<

Molecular o'
Recognition

Fig. 7. General scheme for the preparation of molecularly imprinted nanospheres and their use
for molecular recognition. Template molecules induce the formation of binding sites during the
miniemulsion polymerization. The templates are extracted from the highly crosslinked parti-
cles and are molecularly recognized by the nanospheres selective binding sites

Polymeri-
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during particle preparation appeared to have no influence on the size or mor-
phology of the resulting particles (see Fig. 9a,b, respectively). This finding for
the particle morphology was proven by Brunauer-Emmett-Teller nitrogen ad-
sorption measurements (BET) which revealed almost identical values of about
55 m* g~! for the specific surface of p(MAA-co-EGDMA) particles despite their
preparation in the presence or absence of template molecules. An extraction of
the template from the imprinted particles changed this situation drastically so
that the BET-surface was substantially increased to about 80 m? g-!. In contrast,
when a non-imprinted latex was treated with a solvent in the same way, no
change in the BET-surface was observed. The increase in case of imprinting was
interpreted as an indication of the formation of nanopores and a sign of suc-
cessful imprinting during the polymerization.

Fig. 8. Structure of p(EGDMA-co-MAA) L
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Fig. 9a,b. Transmission electron microscope photograph of MIP nanoparticles prepared by
miniemulsion polymerization: a control polymer prepared in absence of template; b polymer
prepared in presence of template L-BFA [30]
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The inclusion of the template during the miniemulsion polymerization and
its extraction from the purified imprinted nanoMIPs was also evidenced by 'H-
NMR spectroscopy [30]. Figure 10 shows (a) the molecular structure of the tem-
plate molecule BFA in THF and the corresponding experimental 'H-NMR spec-
tra just as (b) the spectrum of the purified BFA imprinted nanospheres sus-
pended in THEF. All observed signals in Fig. 10b correspond to the solvent plus
the template. Due to the high insolubility and immobility of the crosslinked net-
work, no signal corresponding to the p(MAA-co-EGDMA) network was seen.
Figure 10c shows the spectra of the imprinted microgel which was purified from
the template BFA before measurement. The signal of BFA was significantly de-
creased. If the observed spectra is magnified, only traces of the template signals
could be seen.

To quantify the concentration of extracted template UV spectroscopy was
used. Compared to the absolute amount of template initially contained in the
miniemulsion polymerization an extraction rate of up to 95+5% template was
observed [35]. Such efficient extraction of the template can be seen as a proof of
the postulated advantage of colloidal over bulk MIP material in regard to tem-
plate recovery.

Of course, the most important feature of the nanoMIPs was their ability for
molecular recognition which was quantified by UV spectroscopy and HPLC. The
best (enantio)selective molecular recognition properties were reported for
p(MAA-co-EGDMA) nanospheres prepared with a molar ratio of the monomer
to crosslinker of 0.25:1. Here, the absolute amount of particle-bound L-BFA was
four times greater in case of an L-imprinted MIP than in a corresponding non-
imprinted polymer and 10 times greater than the binding of the D-enantiomer
in the L-imprinted microgels.

Additionally, Tovar and co-workers used microcalorimetry to monitor the
heat of binding during the interaction of the nanoparticles with molecular
probes. For the first time, the relatively low binding energies involved in this
non-covalent interaction were quantified by a purely thermodynamic measure-
ment. A comparison of the heat of binding using the original template or struc-
turally closely related probe molecules showed clearly that the imprinted mi-
crogel differentiated between different molecules. Figure 11 displays the corre-
sponding microcalorimetric titration experiment. The interaction of L-BFA 6a
(Fig. 12) with an L-BFA imprinted polymer resulted in the exothermic reaction
with a binding energy of -21.1+1.2 k] mol-!. The enantiomeric counterpart, D-
BFA, resulted in notably less energy with -12.7+1.2 k] mol~'. The heat of binding
of three other amino acid derivates interacting with the microgel showed even
lower values with L-boc-phenylalanine (-5.1£1.0 k] mol~!, L-boc-Phe 6b), L-boc-
tyrosine (-10.9£0.8 k] mol!, L-boc-Tyr 6c¢), and L-boc-trytophane (-2.8%0.7 k]
mol™, 1-boc-Trp 6d). The investigation of the corresponding non-imprinted
nanoparticles resulted in essentially zero binding energy within the experimen-
tal error.

This study clearly demonstrated the enthalpic basis of chiral molecular
recognition by molecularly imprinted polymers.

Furthermore, Tovar and co-workers constituted selective layers and coatings
of the nanoMIPs while taking advantage of their uniform spherical shape. For
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Fig. 10a-c. Molecular structure of BFA and 1H-NMR spectra of: a the pure template BFA; b im-
printed microgel dispersed in THF-ds before extraction showing BFA-signals of high inten-
sity; ¢ imprinted microgel after extraction with BFA signals of very low intensity. The barred
signals are attributed to the solvent THF-dgy and water [30]
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Fig. 11. a Isotherms of raw calorimetric data for the titration of L-BFA imprinted nanoMIPs
with L-BFA (squares), L-boc-Trp (triangles), L-boc-Phe (stars) and L-boc-Tyr (diamonds) plot-
ted vs the molar ratio of microgel to template [35]; b Isotherms of raw calorimetric data for
the titration of L-BFA imprinted nanoMIPs. Squares show the binding isotherm of L-BFA, cir-
cles correspond to D-BFA. The triangles show the binding isotherms of the corresponding non-
imprinted control polymer with L-BFA (up-triangle) and D-BFA (down-triangle) [35]
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Fig. 12. Structure of the probe molecules 6a-d

example, the usefulness of colloidal MIPs as an affinity selector phase in a new
composite membrane configuration was demonstrated [37]. Also, a new type of
optical sensor surface was created by coating of an optical waveguide with a
monoparticular layer of MIP nanospheres [38]. Due to the processability of col-
loidal MIPs, they further enable various useful configurations of layers and coat-
ings and thereby constitute an attractive alternative to affinity surfaces based on
rather instable biomolecules.

3
Conclusions

Colloidal MIPs enable for the future use of fully synthetic affinity receptors in
possibly a vast range of applications. The attractive concept of generating bio-
mimetic binding sites in chemically and structurally robust polymer materials
was to date possibly but limited by the traditional preparation methods of MIPs.
Bulk polymerization of the initial reaction mixture containing monomer,
crosslinker, and template, followed by crushing of the formed polymer monolith
networks and sieving to find the portion of useful sized polymer particles is not
the way of choice for the production of technically widely applicable material.
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Although this procedure was suitable for the general development of the MIP
technology to date, the obtained particles were intrinsically irregularly shaped
and of limited use. Forming monoliths into a desired shape is one way to achieve
MIP materials for special applications. In contrast to these materials, the forma-
tion of MIPs as colloids opens up a whole new range of applications of molecu-
lar imprinting science for generating stable synthetic binding site material for
use in (bio)technology.

Colloidal MIPs were recently prepared in homogeneous solutions and in
emulsions. A general difference between the approaches is that the first process,
precipitation polymerization, demands the less complex synthetic conditions to
start with but often is difficult to control. If, however, for a given copolymer-tem-
plate system there exists a regime for the interaction of monomers and tem-
plates before polymerization in solution and the formation of an insoluble and
imprinted polymer, MIP microgels are accessible by this route. The synthesis at
high dilutions and the possible occurrence of coagulation has to be accepted
with this approach. The advantages might be that soluble microgels can be pre-
pared by this route.

In contrast, emulsion polymerization and miniemulsion polymerization use a
two-phase system where the corresponding interface is stabilized by an emulsi-
fier. Thereby, the already complex reaction mixture for the preparation of MIPs
becomes even more complex. What is gained by this method however is control
over the interface during the MIP synthesis, thus enabling the fine-tuning of this
interface during the process. It is at this interface where the surface of the formed
MIP is constructed and functionalized for its specific application. This interface
and the minimization of the interfacial energy ensures a uniform spherical mor-
phology of the microgels. Also, the widespread use of emulsion polymerization
as the process of choice for the generation of polymers for production scale has
the further advantages of a two-phase approach, e.g., the amount of reaction
heat generated during binding of template molecules is transported easily
through the emulsifying phase which is often water. Hence, the temperature dur-
ing the polymerization reaction is thereby easily controlled. In the case of mol-
ecular imprinting, this may lead to more control over the polymerization reac-
tion in general and in particular in more uniform binding sites formed during
the reaction.

Emulsion polymerization was successfully employed for the preparation of
nano-scale MIPs by synthesizing core-shell latexes with an imprinted shell. The
use of a template with surfactant properties led to enhanced surface imprinting.
Magnetic cores were synthesized to render MIPs which could be manipulated by
magnetic fields in suspension, thereby facilitating the separation of the colloidal
solid phase from the suspending solution.

By employing miniemulsion polymerization, molecularly imprinted nanos-
pheres were obtained in a one-stage process. The colloidal MIPs showed excel-
lent recognition properties in suspension and allowed for the first time the proof
of the thermodynamic origin of the MIP recognition process using Isothermal
Titration Microcalorimetry. The use of colloidal MIPs for membrane and sensor
applications looks very promising and takes advantage of the controlled shape
of this new class of MIP material. Further exploitation of this approach can lead
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to miniaturized parallel assays based on purely synthetic chip surfaces with
affinities comparable to those of biomolecules but with a substantially enhanced
stability.

All colloidal MIPs present a highly dispersed solid phase with specific bind-
ing sites. One unique feature of nanoMIPs in general is the efficient extraction
of the template molecules after polymerization and thus a potentially large cost
saving as the template is usually the most expensive compound involved in an
imprinting process. Most important is that new applications can be envisaged
with colloidal MIPs, e.g., they can be used for the highly specific removal of toxic
compounds from complex mixtures, preconcentration of analytes for a followed
analysis, pseudo-stationary phase in capillary electrochromatography that en-
ables a substantially accelerated separation of specific analytes from a mixture
[39]. If catalytically active nanospheres are prepared, they can be used in sus-
pension to provide a very high number of easily accessible catalytic sites at their
surface, thus acting as artificial enzymes.

An important advantage of colloidal MIPs might be the fact that they can be
processed to surface coatings or membranes and become an attractive alterna-
tive to protein-based affinity systems. MIPs as artificial receptors are substan-
tially more stable than typical proteins and therefore a substantial gain in the
shelf-life of affinity systems can be envisaged by replacing the biological affinity
molecules by nanoMIPs. The recent developments in the generation of bio-
mimetic receptors by colloidal MIPs show just the beginning of exploitation of
this new class of material. The interaction of chemical nanotechnology with the
life sciences is currently creating an extremely dynamic field of new technology
in which colloidal MIPs will play a prominent role.
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The preparation of hollow inorganic capsules of defined shape, composition and with tailored
properties is of immense scientific and technological interest. This chapter highlights a re-
cently developed layer-by-layer (LbL) assembly process for the creation of coated colloid par-
ticles (core-shell colloids), which are subsequently converted into hollow inorganic capsules.
Sacrificial core template particles are coated with multiple layers of preformed inorganic
nanoparticles, or inorganic molecular precursors, and oppositely charged polyelectrolyte, uti-
lizing electrostatic attraction for construction of the layers on the particles. Calcination of the
core-shell nanocomposite colloids yields hollow inorganic capsules of defined size and com-
position, determined by the template diameter and the nature of the charged inorganic species
deposited, respectively. The capsule wall thickness can be controlled with nanoscale precision
through the number of layers formed on the particles. The flexibility of the LbL strategy is
demonstrated by a number of examples of nanoengineered hollow capsules. The creation of
macroporous materials from the hollow capsules is also described. Additionally, the potential
applications of the hollow colloid particles prepared are briefly discussed.

Keywords. Colloids, Nanoparticles, Multilayers, Self-assembly

1 Introduction . . .......... ... ... ... . .. 146
2 Layer-by-Layer Assembly onto Colloids . . . .. ... ....... 147
3 Hollow Capsule Preparation and Characterization . . . . ... ... 150
3.1 Preformed Nanoparticle Building Blocks . . ... .......... 150
3.2 Inorganic Molecular Precursors . ... ................ 158
3.2.1 Sequential Adsorption . .. ...... .. ... .o oL 159
3.2.2 Sol-Gel Reactions Within Polyelectrolyte Multilayers . ... .. .. 160
4 Structures Composed of Hollow Capsules . . ... ......... 163
5 SummaryandOutlook . . ... .................... 164
References . . ... ..... ... . ... ... .. 166

© Springer-Verlag Berlin Heidelberg 2003


Verwendete Mac Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 1200 1200 ] dpi
     Papierformat: [ 439 666 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends false
     /DoThumbnails true
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Bicubic
     /GrayImageDownsampleType /Bicubic
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /sRGB
     /CalGrayProfile ()
     /ColorImageResolution 150
     /UsePrologue false
     /MonoImageResolution 600
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings true
     /CompatibilityLevel 1.2
     /UCRandBGInfo /Preserve
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Bicubic
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments false
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /None
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Warning
     /EndPage -1
     /TransferFunctionInfo /Apply
     /CalRGBProfile (sRGB IEC61966-2.1)
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles false
     /GrayImageResolution 150
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 1
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo true
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 1200 1200 ]
>> setpagedevice


146 F. Caruso

1
Introduction

Hollow capsules of nanometer to micrometer dimensions represent an impor-
tant class of materials in diverse technological applications, including the en-
capsulation and controlled release of various substances (e.g., drugs, cosmetics,
dyes, and inks), catalysis, acoustic insulation, waste removal, the development of
piezoelectric transducers and low dielectric constant materials, and functional
materials processing [1-3]. A variety of chemical and physicochemical proce-
dures have been employed for the manufacture of hollow polymer, glass, metal,
and ceramic capsules. These include three main routes, namely nozzle reactor
processes, emulsion/phase separation procedures (often combined with sol-gel
processing), and sacrificial core techniques [4]. The nozzle and sacrificial core
approaches generally produce coarse hollow spheres (micrometer-to-millimeter
size range), while emulsion/sol-gel methods allow processing of hollow spheres
of nanometer-to-micrometer dimensions. In the sacrificial core process, a coat-
ing is deposited on the core by controlled surface precipitation of inorganic mol-
ecular precursors from solution or by direct surface reactions [5-15], and the
core is then removed by thermal or chemical means, leaving behind hollow
spheres. Using this approach, hollow capsules with sizes from tens of nanome-
ters to hundreds of micrometers can be prepared [5,9-11]. Yet another approach
to prepare hollow capsules has been through self-assembly. Vesicles [16, 17],
dendrimers [18,19],and block copolymer hollow capsules [20,21] are examples
of the diverse structures that can be prepared through self-assembly.

Recently, a new method that exploits both self-assembly and colloidal tem-
plating has proven to be exceptionally versatile for preparing hollow capsules of
defined composition, size, and geometry [3, 22, 23]. The technique entails the
nanoscale layer-by-layer (LbL) coating of colloid particles with multiple layers
of various species, utilizing electrostatic interactions for the buildup of the lay-
ers, followed by removal of the core. Although numerous methods have been
employed to prepare hollow capsules, a main disadvantage associated with
many techniques is the lack of control over the size, geometry, wall thickness,
and wall uniformity of the hollow spheres produced [1, 2]. In order to tailor the
performance of hollow spheres for various technologies, control over these
parameters is required [1, 2]. The LbL method overcomes many of the limita-
tions associated with existing techniques [1, 2], providing new opportunities for
constructing “nanoengineered” hollow capsules.

This chapter provides an overview of the LbL technique in preparing hollow
inorganic capsules. The first part will deal with the principles of the LbL assem-
bly technique, specifically focusing on its application to colloids. In the follow-
ing part, a number of selected inorganic hollow particle systems will be illus-
trated to demonstrate the versatility of the LbL method. It will also be demon-
strated that such capsules can be prepared by using preformed nanoparticle
building blocks or inorganic molecular precursors. The control that the LbL
method permits over the size, shape, composition and wall thickness of the hol-
low capsules formed will also be detailed. Examples demonstrating the types of
structures composed of hollow capsules that are derived from the arrangement
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of the LbL coated colloids will be presented. Finally, possible future research
directions and areas of utilization of the LbL processed hollow capsules will be
briefly discussed.

2
Layer-by-Layer Assembly onto Colloids

The origins of LbL electrostatic assembly of charged species onto planar sur-
faces date back to the work of Iler in the mid-1960s, where it was shown that par-
ticles could be sequentially deposited onto solid substrates [24]. In the early
1990s, the pioneering work of Decher and Hong showed that polycations and
polyanions (charged polymers) could also be LbL assembled onto solid sup-
ports [25,26]. Following this, the LbL technique was widely expanded to a broad
range of other charged species, including inorganic nanoparticles, biomole-
cules, and dyes, resulting in polyelectrolyte-composite multilayer films. Several
recent reviews have been published on the preparation, characterization, and
utilization of LbL assembled thin films on planar supports such as glass, gold
and graphite [27-30].

The LbL method has also been applied to particles, substituting planar
substrates with colloids. Application of the LbL assembly method to colloids
represents a promising approach to construct core-shell (or coated) particles
(3, 15, 22, 23, 31, 32], the precursors to hollow capsules. Several groups have
utilized the LbL approach to prepare coated colloids. For example, in 1995
Keller et al. reported the construction of alternating composite multilayers
of exfoliated zirconium phosphate sheets and charged redox polymers on
silane-modified silica particles [31]. Chen and Somasunduran deposited
nanosized alumina particles in alternation with poly(acrylic acid), which acts
as the bridging polymer, on submicrometer-sized alumina core particles [32].
Dokoutchaev et al. alternately assembled metal nanosized particles (Au, Pd,and
Pt) and oppositely charged polyelectrolyte onto polystyrene (PS) microspheres
[33].In a series of detailed investigations beginning in 1998, Caruso et al. have
shown that the LbL method allows the deposition of multiple layers of various
polyelectrolytes on colloids in a controlled fashion [23, 34-38]. By substituting
one of the charged polyelectrolyte components with preformed inorganic
nanoparticles, it was demonstrated that a wide range of nanoparticle-based
coatings could be prepared on submicrometer-sized particles via this ap-
proach. For example, these include silica [22, 39-41], zeolite [42], iron oxide
[43,44], titania [41], clay (laponite) [41], gold [45], silica-coated gold (Au@SiO,)
[46], octa(3-aminopropyl)silsesquioxane (NSi8)-stabilized silver (NSi8-Ag)
[47], and luminescent semiconductor (CdTe) [48, 49] nanoparticles. Addi-
tionally, the use of molecular precursors that can be LbL assembled with poly-
electrolyte onto colloids to obtain multilayer coatings was reported [50-52].
Recently, Wang and coworkers [53] and Valtchev et al. [54,55] reported the coat-
ing of PS particles with various types of zeolite nanoparticles. Dong et al. also
deposited silver nanoparticles onto PS spheres by the LbL method [56]. This
chapter will focus on recent work on the LbL preparation of hollow inorganic
capsules, which are derived from multilayer-coated colloids. Details on the con-
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struction of hollow polymer capsules via the LbL approach can be found else-
where [3, 23, 35, 37].

In the LbL colloid coating (or templating) method (Fig. 1), a polyelectrolyte
solution is added to a colloidal suspension (step 1). The key point is that the
added polyelectrolyte has an opposite charge to that on the colloids, thereby
adsorbing through electrostatic interactions. The LbL assembly of polyelec-
trolytes onto colloid particles can be performed in two main ways: (i) the con-
centration of polyelectrolyte added at each step is such that it is just enough to
form a saturated layer [57], or (ii) the concentration is in excess to cause satura-
tion adsorption [23,34-38]. The first method requires accurate determination of
the exact amount of polymer needed to saturate the particle surface, which
involves separate adsorption experiments to determine the relative concentra-
tions of polyelectrolyte and particles. In the second method, which is generally
favored, the excess (non-adsorbed) polyelectrolyte is removed prior to the addi-
tion of the next oppositely charged component to prevent the formation of poly-
electrolyte complexes in bulk solution. The excess polyelectrolyte can be
removed by several centrifugation/wash/redispersion cycles in water [34-38], or
by filtration [58]. In the coating process, particle aggregation should be sup-
pressed at all stages of the preparation. For example, when the centrifuga-
tion/wash/dispersion approach is used, care needs to be taken not to use too
high centrifugation speeds, as strongly aggregated particles in the form of a pel-
let are difficult to redisperse. Regardless of the method used, template particle
concentrations of up to a few weight percent are used in order to avoid particle
aggregation upon addition of the coating species. After adsorption of a poly-
electrolyte layer, the charge on the surface of the particles is reversed, which aids
in the deposition of subsequent layers of a wide range of charged components.
Subsequent stepwise adsorption of oppositely charged preformed nanoparticles
(step 2) or inorganic molecular precursors (step 3), and polyelectrolyte, results
in the formation of nanoparticle/polyelectrolyte or precursor/polyelectrolyte
multilayer coatings, respectively. Excess components are again removed either

-
>

Fig. 1. Schematic illustration of the LbL technique for the preparation of hollow inorganic
capsules. The templates can be of different composition, size, and shape (latex particles, metal
nanoparticles and nanorods, proteins, and cells). The coatings depicted are nanoparticle/
polyelectrolyte and inorganic molecular precursor/polyelectrolyte multilayers. The first step
(1) entails the deposition of a polyelectrolyte layer onto oppositely charged colloid particles.
The charged polymer, which exhibits an opposite charge to the particle surface, is added to the
colloidal suspension and allowed to adsorb via electrostatic interactions. (The case of nega-
tively charged colloids is considered.) Step 1 can involve multiple polycation/polyanion ad-
sorption steps to give polyelectrolyte multilayers [36]. Subsequent exposure of the polyelec-
trolyte coated-colloids to oppositely charged nanoparticles (step 2) or molecular precursors
(step 3) results in nanoparticle and molecular precursor layers, respectively, being formed. Ad-
ditional layers can be deposited by repeated deposition cycles, making use of the surface
charge reversal that occurs upon adsorption of each layer. Following deposition of each layer,
excess unadsorbed polyelectrolyte, nanoparticles, or molecular precursors are typically
removed by repeated centrifugation/wash or filtration/wash cycles. Hollow inorganic capsules
are produced by subsequent removal of the core from the coated colloids (as well as the bridg-
ing polyelectrolyte) by calcination (step 4)
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by centrifugation/wash/dispersion cycles or filtration. Generally a polyelec-
trolyte is used to separate layers of the same materials (e.g., nanoparticles or
precursors), as these polyelectrolyte interlayers act as molecular “glue” as well as
provide enhanced colloidal stability to the coated particles. Hollow inorganic
capsules are obtained from the coated colloids following calcination (step 4).
The elevated temperature treatment removes the organic matter (i.e., sacrificial
colloid core and bridging polymer) and sinters the preformed inorganic
nanoparticles, hence providing structural integrity for the hollow capsules. In
the case of the inorganic molecular precursors, the calcination step results in
hydrolysis and condensation of the precursors to form nanoparticles, leaving
behind hollow capsules comprised of sintered inorganic nanoparticles.

The following section will deal with the fabrication and characterization of a
range of hollow inorganic capsules prepared by the LbL approach using pre-
formed inorganic nanoparticles and inorganic molecular precursors as building
blocks. It will be demonstrated that the LbL method allows the construction of
hollow capsules of predetermined size, geometry, composition, wall thickness,
and diameter-to-wall thickness (d:t) ratio.

3
Hollow Capsule Preparation and Characterization

3.1
Preformed Nanoparticle Building Blocks

Using preformed nanoparticle building blocks has the advantage that a broad
range of nanoparticles of different composition and crystal phase, as well as
of predefined size, can be selected to coat particles. The LbL deposition of
nanoparticles and polyelectrolyte yields nanoparticle-based multilayer coatings
on colloid particles [22,39-49]. The system of SiO, nanoparticle/polyelectrolyte
multilayers on PS particles [22, 39-41] will be considered first to exemplify the
LbL method of coating particles and the methods used for characterization of
the coated particles. Several experimental techniques can be employed to mon-
itor the stepwise deposition of each layer onto colloids. These include micro-
electrophoresis, light scattering, and electron microscopy. Microelectrophoresis
provides a qualitative indication of layer growth. Figure 2a shows the {-poten-
tial as a function of coating layer number for 640 nm diameter PS particles
coated with poly(diallyldimethylammonium chloride) (PDADMAC) and SiO,
nanoparticles (25 nm diameter). The {-potential of the PDADMAC/poly(styre-
nesulfonate) (PSS)/PDADMAC-coated PS spheres was ca. 45 mV (layer num-
ber=0), a value consistent with the outer layer being PDADMAC. (The precursor
polyelectrolyte film, PDADMAC/PSS/PDADMAC, was first deposited on the PS
spheres in order to provide a uniformly charged surface and to facilitate subse-
quent adsorption of the SiO, nanoparticles.) The alternating ¢-potentials indi-
cated successful recharging of the particle surface with deposition of each layer.
The positive and negative values correspond to the PDADMAC and SiO,
nanoparticle layers, respectively. The measurements were conducted at pH=5.6,
which is above the isoelectric point of SiO,; hence the SiO, nanoparticles have
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Fig. 2. a (-Potential as a function of layer number for SiO, nanoparticle/PDADMAC multilay-
ers on polyelectrolyte-modified PS particles (640 nm diameter). The {-potential of the
(PDADMAC/PSS/PDADMAC)-coated PS spheres is ca. 45 mV (layer number equal to zero, as
shown). The odd layer numbers correspond to SiO, nanoparticle adsorption and the even
layer numbers to PDADMAC deposition. The multilayer-coated PS particles were re-dispersed
in air-equilibrated pure water (pH=5.6) prior to measurement of the {-potential (or elec-
trophoretic mobility). (Reproduced by permission of the American Chemical Society [40]).
b From left to right: Normalized SPLS intensity distributions of PDADMAC/PSS/PDADMAC-
coated PS spheres, and those additionally coated with one, two, three, four, and five SiO,
nanoparticle/PDADMAC multilayers. The systematic shift in the SPLS intensity distributions
with increasing layer number is indicative of an increase in thickness of the multilayer coat-
ing on the PS particles. The distributions shown correspond to single, coated particles. No
higher order peaks, which would indicate the presence of aggregates, were observed. (Adapted
from [40] by permission of the American Chemical Society)
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an overall negative charge at this pH. The alternating values are characteristic of
stepwise growth of multilayers on colloids, as has been demonstrated for a num-
ber of polycation/polyanion and polyelectrolyte/nanoparticle coatings [22, 23,
34-37,39-42].

Quantitative evidence for the LbL formation of multilayers on particles was
obtained by using the technique of single particle light scattering (SPLS) [59,
60]. This method is sensitive to the amount of adsorbed material on the colloid
particles (analogous to ellipsometry or surface plasmon resonance for planar
supports coated with thin films), and has a layer thickness resolution of about
1-2 nm. With this technique, the light scattered from a single particle at a given
moment in time is recorded. Recording the light scattered from a large number
of particles yields SPLS intensity distributions (Fig. 2b). SPLS is capable of dis-
tinguishing between singlets, doublets, and triplets (as well as higher order
aggregates) of particles. Figure 2b shows the SPLS intensity distributions of
polyelectrolyte-modified PS particles and those coated with one, two, three,
four, and five SiO, nanoparticle/PDADMAC multilayers. The growth of the
multilayers on the colloids was confirmed by the systematic shift in the SPLS
intensity distributions with increasing layers. The data shown correspond to
those of individual, coated particles. No aggregation of the coated particles was
observed, as this would result in the appearance of peaks at higher intensities.
The similar intensities at full-width half maximum of the SPLS distributions
suggest that the coatings were of similar uniformity. The SPLS data, when fitted
by using the Rayleigh-Debye-Gans theory [61],and a refractive index of 1.38 [22,
39,40] and 1.47 [36] for the nanoparticle and polyelectrolyte layers, respectively,
allow determination of the layer thicknesses. The average thickness of each SiO,
nanoparticle/PDADMAC layer from SPLS was 36+10 nm [22, 40], suggesting
that on average approximately a monolayer of SiO, nanoparticles was deposited
with each nanoparticle adsorption step. The PDADMAC layer thickness was es-
timated to contribute ca. 2 nm of the thickness of each SiO, nanoparticle/
PDADMAC layer pair. In summary, SPLS revealed regular multilayer film growth
on the PS particles, and that the particles prepared were unaggregated.

Transmission electron microscopy (TEM) provided further evidence for the
formation of the multilayers on the PS particles, and allowed visualization of the
morphology of the coated colloids. TEM micrographs of uncoated PS particles
(Fig. 3a) showed that the particles have a smooth surface, while those coated
with SiO, nanoparticle/PDADMAC multilayers (Fig. 3b-d) showed increased
surface roughness. Additionally, the diameter increases of the coated PS spheres
(relative to uncoated PS particles (a)) were (b) 60, (c) 200, and (d) 310 nm, yield-
ing an average diameter increment of ca. 65 nm, corresponding to a layer thick-
ness of approximately 32+5 nm for each SiO,/PDADMAC layer pair. These data
are in agreement with the SPLS results.

The versatility and applicability of the LbL strategy to prepare coated colloids
is highlighted by the range of other nanoparticles that have been utilized to
construct nanoparticle-based coatings on spheres, spanning metals (gold),
metal oxides (silica, zeolite, titania, iron oxide), semiconductors (CdTe), and
composite nanoparticles (Au@SiO, and NSi8-Ag). For these nanoparticles,
similar to those shown for silica, regular multilayers could be formed on par-
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Fig. 3a-d. TEM images of: a uncoated PS particles; b polyelectrolyte-modified PS particles
LbL coated with one; c three; d five SiO, nanoparticle/PDADMAC multilayers. The increase in
diameter of the particles with increasing layer number confirms the formation of SiO,
nanoparticle/PDADMAC multilayers on the PS particles. The scale bar corresponds to all four
TEM images shown. The precursor polyelectrolyte film (PDADMAC/PSS/PDADMAC) on the
PS particles does not cause a significant increase in diameter of the particles, or a noticeable
change in the particle morphology when compared with the uncoated PS spheres. (Repro-
duced by permission of Wiley-VCH [3])

ticles when they were deposited in alternation with oppositely charged poly-
electrolyte [41-49].

Subjecting the nanoparticle/polyelectrolyte-coated particles prepared by the
LbL method to elevated temperatures (i.e., calcination) allows the production of
hollow inorganic capsules, providing structural stability via sintering of the
nanoparticles (Fig. 1) [3,22]. The calcination step also removes the organic mat-
ter (core and polymer) during heating to 450°C, as confirmed by thermogravi-
metric analysis [22]. In this approach, an important prerequisite is the presence
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of a dense coating of nanoparticles on the larger-sized particles. In the case of
silica, this is achieved by using processing conditions that sufficiently screen the
silica surface charge on the nanoparticles (e.g., salt-based solutions), thereby
allowing them to pack closely on the template particle surface [22, 39, 40].
Figure 4 shows TEM micrographs of hollow silica spheres prepared by calcining
PS spheres coated with (a) one, and (b-d) three SiO, nanoparticle/PDADMAC
layers. After calcination, the spheres were less electron dense, as a result of
removal of the templated core (compare Fig. 4a, b with Fig. 3b,c). Close inspec-
tion of the TEM images (e.g., Fig. 4a) showed that individual silica nanoparticles

Fig. 4a,b. TEM micrographs of hollow silica spheres produced by calcining PS particles
coated with (a) one and (b) three SiO, nanoparticle/PDADMAC layer pairs at 450°C. The wall
thickness of the hollow capsules is approximately three times greater for those shown in (b)
compared with those shown in (a). ¢, d Cross-sections of the hollow silica spheres of the same
composition as those shown in (b). The hollow silica spheres retain the spherical shape of the
original PS particle templates (see Fig. 3). (Adapted from [22, 62] by permission of the Amer-
ican Association for the Advancement of Science and the American Chemical Society)
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fused together after calcination. Sintering of nanoparticles occurred predomi-
nantly within individual capsules, rather than between capsules. The diameters
of the hollow silica spheres produced were ca. 5-10% smaller than those of the
initial core-shell particles. The number of SiO, nanoparticle/PDADMAC multi-
layers deposited onto the PS spheres was found to influence the morphology and
to determine the wall thickness of the hollow inorganic spheres [22]. Complete
hollow silica spheres were obtained when the wall thickness consisted of two or
more silica nanoparticle layers, with the spherical shape of the core-shell parti-
cles retained upon removal of the core. An approximate wall thickness was ob-
tained from the dark ring on the outside of the spheres seen in the image; the
difference in the thickness of the capsule wall is noticeable for the hollow
spheres shown in Fig. 4a,b. TEM images of 30-50 nm thick cross-sections of the
silica spheres provided an accurate measure of the wall thickness of the hollow
capsules as well as confirming that they are hollow (Fig. 4c,d). The average thick-
ness of the capsule wall for the hollow capsules prepared from PS spheres coated
with three SiO, nanoparticle/PDADMAC multilayers was approximately
100+10 nm. This thickness corresponds closely to that for three SiO, nanoparti-
cle layers deposited onto the PS spheres, as determined from SPLS and TEM.
These data demonstrate that the wall thickness and the final diameter of the
hollow spheres can be controlled with nanoscale precision through variation
of the number of nanoparticle layers deposited on the precursor particles,
thus permitting the construction of hollow inorganic capsules with predeter-
mined d:f ratios. It was also noted that the hollow capsules were porous, as the
resin used to set the hollow capsules before ultramicrotoming permeated the
capsules [62].

The preceding example demonstrates that the wall thickness of the capsules
can be controlled and that the size and shape of the capsules are largely prede-
termined by the dimensions and morphology of the sacrificial colloid template
used. The following examples highlight the different types of hollow inorganic
capsules with regard to composition that can be prepared by the LbL assembly
method using various nanoparticles. Figure 5 shows electron microscopy
images of hollow TiO, spheres prepared by heating PS particles coated with four
TiO, nanoparticle layers, with polyelectrolyte interlayers used to electrostati-
cally bridge the nanoparticle layers [41]. Spherical, intact, and monodisperse
hollow capsules were produced after calcination. As was the case for the hollow
silica spheres (Fig. 4), upon removal of the core by calcination the neighboring
nanoparticles sintered, therefore conferring structural stability to the hollow
spheres. Cross-sectional images (not shown) verified that the spheres were hol-
low. High resolution TEM indicated that the crystal phase of the titania making
up the hollow spheres was anatase. Further, an overall shrinkage of ~20% in
diameter occurred when the core-shell particles were calcined. The LbL tech-
nique for coating particles is adaptable, allowing small variations in the coating
steps to be used to optimize the nanoparticle coatings of the different materials
(in this case titania nanoparticles). Experimental parameters, such as the num-
ber of polyelectrolyte layers separating the nanoparticle layers, and the number
of nanoparticle/polyelectrolyte deposition cycles, were varied to generate uni-
formly coated spheres with dense nanoparticle coatings. For the TiO, nanopar-
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Fig. 5. a SEM image of hollow TiO, spheres. b TEM image of hollow TiO, spheres. The spheres
were produced after calcining 640 nm diameter PS spheres coated with four layers of TiO,
nanoparticles (5 nm diameter). Each nanoparticle layer was separated by three polyelectrolyte
layers. The hollow spheres are composed of anatase crystals. (Adapted from [41] by permis-
sion of the American Chemical Society)

ticles on the PS core templates, three polyelectrolyte interlayers were used (com-
pared with one for the silica nanoparticles), as this yielded a close and uniform
packing of the TiO, nanoparticles on the PS core templates [41]. The hollow
titania spheres may find application in the areas of photonics and microencap-
sulation, and may also be used as fillers and pigments.

Hollow magnetic capsules were prepared by using iron oxide (Fe;O,) nano-
particles as the layer components [44]. Composite inorganic hollow spheres
were also formed by depositing layers of more than one type of inorganic
nanoparticle on larger particles (e.g., SiO, and Fe;0,), interspersed with poly-
electrolyte layers, and subsequently calcining the core-shell particles [44]. Hol-
low inorganic spheres can be produced by using nanoparticles of different size,
ranging from ~5 to 100 nm for template particles of ca. 500 nm diameter [41].
The important consideration here is the relative size of the core and that of the
coating nanoparticles. The shape of the preformed nanoparticles used can also
take on the form of platelets. The clay laponite, a synthetic layered silicate
[Nay ;(SigMgs sLij 3)O,0(OH),], the dimensions of which are approximately 1 nm
(thickness)x30 nm (diameter), was also used [41]. Hollow laponite spheres were
prepared by calcining laponite nanoparticle/polyelectrolyte-coated PS spheres
[41]. In recent work, Wang et al. [53] and Valtchev and Mintova [55] prepared
hollow zeolite spheres from zeolite nanoparticle building blocks using the LbL
approach.

An example of the use of core-shell nanoparticles, namely silica-coated gold
(Au@si0,) for forming composite hollow inorganic spheres is provided in Fig. 6
[46]. The use of the composite Au@SiO, nanoparticles has several advantages:
(i) the well studied surface characteristics of silica can be exploited to achieve
a dense packing of Au@SiO, nanoparticles on the template colloids - previous
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Fig. 6. a SEM micrograph of hollow Au/SiO, microspheres. b TEM micrograph of hollow
Au/SiO, microspheres. The spheres were prepared by calcining PS particles coated with four
or two Au@SiO, nanoparticle/PDADMAC layer pairs, respectively, at 450°C. (Adapted from
[46], by permission of Wiley-VCH)

studies have shown that the LbL deposition of metal nanoparticles yields sur-
face coverages less than about 30% [33,63]; and (ii) the silica shell allows the for-
mation of hollow Au/SiO, spheres upon calcination via sintering of the silica
shell between adjacent Au@SiO, nanoparticles. The LbL prepared capsules from
Au@SiO, nanoparticles were spherical (Fig. 6a) and mesoporous (Fig. 6b). Cal-
cination caused sintering of the silica shells, as well as fusion of some of the gold
nanoparticles (Fig. 6b). This fusing of the gold cores can be overcome by using
Au@Si0, nanoparticles with thick (>10 nm) silica shells [64], which is important
for the preparation of hollow spheres with tailored optical properties. TEM
micrographs of cross-sections of the hollow Au/SiO, spheres confirmed their
hollow nature [46]. Recently, it was also reported the LbL formation of hollow
silica/silver spheres from particles coated with octa(3-aminopropyl)silsesquiox-
ane (NSi8)-stabilized silver nanoparticles (NSi8-Ag) [47]. The examples pre-
sented in this chapter show that the nanoparticles used to coat the colloid tem-
plates can be of different composition, size, and shape, which opens the way to
prepare hollow inorganic spheres with designed and tailored properties.
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The templates employed in the LbL method can also be particles of different
sizes, shapes, and composition. Typically, polystyrene and melamine formalde-
hyde particles in the approximate range of 0.1 to 5 pm diameter have been uti-
lized. Figure 7 shows an example of biological cells, gluteraldehyde-fixed
echinocytes, that have been coated with SiO, nanoparticle/polyelectrolyte mul-
tilayers, followed by removal of the core by treatment with a highly oxidizing
solution to form hollow structures [3]. The coating followed the contour of the
biocolloid, as the structure of the hollow inorganic-organic composite capsule
formed mimicked the original shape, including the secondary structure (spikes)
of the biocolloid (Fig. 7b) [3]. Calcination of these structures would yield hollow
inorganic capsules. Nickel nanorods have also been used as templates for
preparing hollow capsules (see Sect. 3.2.1).

Fig. 7. a SEM image of gluteraldehyde-fixed echinocytes. b TEM image of hollow nanoparti-
cle/polymer structures. The hollow composite structures were prepared by depositing three
SiO, nanoparticle/PDADMAC layer pairs on polyelectrolyte-modified echinocytes and then re-
moving the core using an oxidizing solution. (Reproduced by permission of Wiley-VCH [3])

3.2
Inorganic Molecular Precursors

The LbL deposition of inorganic molecular precursors in alternation with poly-
electrolytes onto colloid particles provides an alternative means to construct
core-shell colloids that may then be converted to hollow inorganic capsules. Us-
ing this approach, uniform inorganic-organic composite coatings of defined
thickness can be readily formed on colloid templates by stepwise adsorption,
thus eliminating the need for optimized conditions (colloid concentration, reac-
tant quantities, pH etc.) required for the direct coating of particles with metal
oxide precursors [15]. Additionally, this method avoids the separate preparation
of nanoparticles prior to adsorption. This strategy is suitable for precursors that
are relatively stable in aqueous solutions, and will be discussed first. For alk-
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oxide precursors that are highly water sensitive, preformed polyelectrolyte mul-
tilayers can be used as nanoreactors to form coatings on particles. This second
method will also be presented.

3.2.1
Sequential Adsorption

The LbL assembly method has been used to sequentially deposit the inorganic
molecular precursor, titanium (IV) bis(ammonium lactato) dihydroxide
(TALH) (chemical formula: [CH,CH(O-)CO,NH,],Ti(OH),) and PDADMAC
onto PS spheres at a density and distribution that is amenable to forming hollow
titania spheres upon calcination [65]. The procedure used to prepare the hollow
titania spheres is similar to that used for the preformed inorganic nanoparticle
building blocks, as illustrated in Fig. 1. The success of this approach for form-
ing hollow spheres hinges on the use of water-stable inorganic molecular pre-
cursors that can be assembled in alternation with polyelectrolytes. Titanium
alkoxides hydrolyze rapidly in the presence of water; however TALH is relatively
stable and hydrolyzes slowly at ambient temperature in neutral solution [66-68].
This prevents significant hydrolysis and condensation reactions, which would
cause precipitation of titania in solution and possible aggregation of the coated
particles. The precursor interacts with the polyelectrolyte coatings through
electrostatic interactions [69]. Calcination of the TALH/PDADMAC-coated par-
ticles yielded hollow titania spheres as a result of hydrolysis and condensation
of TALH [65].

As for the nanoparticle/polyelectrolyte-coated particles, qualitative evidence
for the LbL growth of the TALH/PDADMAC multilayers on the PS particles was
provided by microelectrophoresis experiments, which revealed that the sign and
magnitude of the {-potential of the coated particles depended on the outermost
layer (PDADMAC=40 mV, TALH=-20 mV). TEM images confirmed that uni-
formly coated and discrete particles were formed (not shown), while energy dis-
persive X-ray analysis of the coated particles revealed the presence of Ti (from
TALH) [65]. From TEM, an average thickness increment of ca. 5 nm was deter-
mined for each TALH/PDADMAC layer pair. Figure 8 shows electron micros-
copy images of the monodisperse hollow titania spheres formed after calcining
the multilayer-coated particles. TALH hydrolyzes and condenses at high tem-
peratures, forming nanoparticles [66,67],and hence titania hollow spheres com-
prising nanoparticles were obtained. When heated to 450°C (Fig. 8a,b), these
hollow spheres have a well-defined diameter, determined by that of the template,
and uniform walls with thicknesses that are controlled by the number of layers
deposited. A wall thickness of approximately 30-35 nm was estimated by TEM
for the seven-layer TALH coating, that is, about 5 nm per layer. The diameters of
these hollow titania spheres produced were approximately 10-15% smaller than
those of the corresponding core-shell particles. A similar degree of shrinkage
was observed in previous work using preformed nanoparticles to produce
hollow inorganic spheres [22,41, 42]. High resolution TEM showed that the hol-
low titania spheres comprised connected crystalline anatase titania nanoparti-
cles of 6-8 nm diameter. Five TALH/PDADMAC coatings were required to form
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intact hollow titania spheres when heated to 450°C [65]. Calcination at 950°C
yielded hollow titania spheres (Fig. 8c) comprised of rutile-phase titania, as
confirmed by electron diffraction. The titania spheres formed at 950°C had a
macroporous structure, with large titania crystals observed.

The alternate assembly of TALH and PDADMAC has also been performed on
nickel nanorods (average diameter ~65 nm, length ~1.5 um), followed by hydro-
lysis of TALH upon heating under reflux (Fig. 9a). Subsequent dissolution of the
nickel core yielded titania-based nanotubes (Fig. 9b) [51]. This example illus-
trates that the LbL method offers a promising route for the preparation of nan-
otubes with tailored composition and wall thickness, derived from inorganic
molecular precursor and polyelectrolyte assembly. Concentric nanotubes (dif-
ferent composition on the inside of the nanotube from that of the surface) could
also be prepared via this method.

3.2.2
Sol-Gel Reactions Within Polyelectrolyte Multilayers

Although metal oxide precursors are widely used to form thin inorganic coat-
ings on surfaces, most are extremely water sensitive, hydrolyzing and condensing
upon direct contact with water [70]. When applied directly to coating colloids, it
is often difficult to control the precipitation of these inorganic species in solu-
tion, which can lead to non-uniform coatings and hence aggregation of the par-
ticles [15]. A further issue is that the water-sensitivity of the precursors makes
their direct application in the LbL coating of colloids difficult because aqueous-
based deposition solutions are commonly used. LbL preassembled polyelectro-
lyte multilayers on particles as nanoreactors can be used to overcome the main
issue of precursor water sensitivity for coating colloids. The key points are
that the particles are dispersed in organic solutions after coating and that the
(sol-gel) reactions are localized within the thin polyelectrolyte coatings on the
colloids [71]. Here, the water-sensitivity of the precursor is exploited to conduct
the sol-gel reaction within the multilayer films, which remain hydrated to a
certain extent. Once the sol-gel reaction is completed and after several washing
cycles with alcohol, the particles can be readily dispersed in aqueous solution
without aggregation.

Considering the example of lithium niobate (LiNbO;) hollow spheres, the fol-
lowing procedure was employed [71]. The polyelectrolyte multilayer-coated PS
particles were centrifuged and redispersed in anhydrous alcohol (ethanol or iso-
propanol) ten times in order to replace water in the colloidal dispersion with
alcohol. The precursor for LiNbO; (LiNb(OC,Hs),) was then added to the poly-
electrolyte-coated colloids in alcohol, causing it to infiltrate the multilayer shell.
The presence of adsorbed water contained in the polyelectrolyte shell results in
hydrolysis and condensation of the precursor (i.e.,in situ sol-gel reaction), caus-
ing its gelation, and the formation of thin, inorganic-polyelectrolyte coatings of
thickness defined by the number of preassembled polyelectrolyte multilayers.
Hollow metal oxide spheres were subsequently obtained by calcining the coated
colloids at 500°C [71]. (During calcination, LINbO; nanoparticles were formed
and coalesced.) Figure 10 shows a TEM image of LiNbO; hollow spheres pre-
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Fig. 8a-c. Electron microscopy images of hollow titania spheres prepared by calcination of PS
spheres coated with seven layer pairs of TALH and PDADMAC at: a, b 450°C; ¢ 950°C. a and b
are hollow anatase (refractive index, n~2.5) titania spheres and c hollow rutile (1~2.6-2.9)
macroporous titania spheres. (Adapted from [65], by permission of Wiley-VCH)
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Fig. 9a,b. TEM images of: a a nickel nanorod coated with a titania/PDADMAC coating; b tita-
nia-based (titania/PDADMAC) nanotubes obtained following dissolution of coated nickel
nanorods. The inset shows a higher magnification of the nanotubes shown in b. (Adapted from
[51] by permission of the American Chemical Society)

Fig. 10. TEM micrograph of LiNbO; hollow spheres formed by calcining PS spheres coated
with 18 polyelectrolyte layers and infiltrated with LiNbO; precursor at 500°C. PS particles of
diameter 640 nm were used. (Adapted from [71], by permission of the American Chemical
Society)
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pared by calcining PS particles coated with 18 polyelectrolyte layers (PE5) and
infiltrated with LiNbO; precursor. The spherical shape of the original template
was retained. After calcination, a diameter shrinkage of about 45% was observed
in comparison with the original size of the core-shell particles, which is consid-
erably larger than that observed when using preformed nanoparticles or TALH
(<20%), as described earlier. This was attributed to the lower degree of precur-
sor loading achieved by the infiltration method. The approximate thickness of
the capsule wall, estimated by TEM, was about 15-20 nm, indicating that each PE
layer contributed approximately 1 nm to the final LiINbO; capsule wall thickness.
This infiltration/sol-gel procedure is rather versatile, as precursor infiltration
occurs regardless of the sign of the charge of the outermost layer (e.g., polyca-
tion or polyanion), and can be applied to various inorganic molecular precur-
sors (e.g., titanium (IV) isopropoxide) [71] to coat colloids and to form hollow
inorganic spheres.

4
Structures Composed of Hollow Capsules

In recent years a diverse range of three-dimensional macroporous materials
have been constructed by using colloid particles as templates. A common ap-
proach has been the use of crystalline arrays of colloids, or colloidal crystals, as
three-dimensional ordered scaffolds for the infiltration or synthesis of various
materials using wet chemistry techniques (e.g., sol-gel processes) [72, 73]. The
colloids are then removed by calcination or chemical means, resulting in a peri-
odic and open pore structure, referred to as inverse opals. A range of inverse
opals have been prepared, including metals [74, 75], metal oxides [76, 77], semi-
conductors [78], carbon and silicon [79, 80], polymers [81-85], and gold-silica
composites [86]. To date, uncoated colloids such as silica or polystyrene spheres
have predominantly been used as the template particles. The use of coated col-
loids, however, opens up new possibilities to construct tailored composite
macroporous materials with new properties and structures. Recently, LbL
coated colloids were used to prepare macroporous inorganic and inorganic-
composite materials [42, 87]. These macroporous structures are composed of
hollow inorganic capsules. An ordered silicalite (zeolite) macroporous monolith
was formed by centrifugation of (silicalite nanoparticle (~50 nm)/polyelec-
trolyte)s-coated 640 nm diameter PS particles into close-packed arrays on fil-
ters, followed by calcination (Fig. 11a) [42]. The pore size (~500 nm) is about
20% less than the diameter of the template, indicating shrinkage of the structure
upon calcination. TEM images showed that the walls were 200 nm thick and that
the wall structure consisted of a dense array of (microporous) nanoparticles
(Fig.11b). The walls also contained disordered mesopores as a result of the inter-
particle voids. Electron diffraction confirmed the crystalline nature of the
nanoparticles, consistent with the silicalite orthorhombic lattice (Fig. 11c). The
wall thickness and pore diameters of the hierarchically ordered monolith can be
controlled by the coating thickness and template diameter, respectively. Macro-
porous (composite) inorganic structures comprised of hollow spheres were also
prepared by infiltrating sedimented, close-packed SiO, nanoparticle/polyelec-
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Fig. 11. a SEM image of an ordered macroporous monolith, formed by assembling PS spheres
coated with five silicalite nanoparticle/polyelectrolyte layer pairs into a close-packed arrange-
ment, and subsequently calcining. b TEM image of the silicalite framework in a. ¢ Corre-
sponding diffraction pattern. (Adapted from [42], by permission of the American Chemical
Society)

trolyte-coated colloid spheres with a titanium dioxide precursor, followed by
removal of the organic material by calcination (Fig. 12a) [87]. SEM and TEM
images of cross-sections of the resulting TiO,/SiO, macroporous structure
demonstrated the hollow nature of the spheres in the material (Fig. 12b,c). High
resolution TEM revealed that two different types of particles with sizes of about
3 and 25 nm are present in the wall of the resulting material. The two examples
described here have “closed pore” structures, as opposed to inverse opals that
comprise highly ordered air spheres interconnected to each other by small chan-
nels (i.e., open pore structure) [72, 73]. The pore morphology of the macro-
porous structures derived from LbL coated particles was also controlled by the
nature of the multilayers deposited on the colloid particles [87]. Additionally, the
wall thickness of the pores was tuned by varying the number of layers deposited
on the particles [87], which cannot be readily accomplished by using uncoated
particles.

5
Summary and Outlook

This chapter has described the application of the LbL assembly method to col-
loid particles for generating hollow inorganic capsules, and has illustrated the
broad range of capsules that can be prepared by utilizing this highly versatile
and flexible technique. Both preformed inorganic nanoparticle building blocks
and inorganic molecular precursors are amenable to LbL deposition onto col-
loids. In the case of water-sensitive precursors, preformed polyelectrolyte mul-
tilayers on particles can be exploited as nanoreactors to localize the sol-gel re-
action and thus give an inorganic coating on the particles. From the coated col-
loids, hollow inorganic capsules are subsequently obtained by removal of the
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Fig. 12. a Illustration of the procedure used to fabricate macroporous inorganic (TiO,/SiO,)
structures from coated colloid spheres. A schematic representation of the wall structure and
pore morphology is also shown. b SEM micrograph of cross-sections of the macroporous
TiO,/Si0, structure.c TEM micrograph of cross-sections of the macroporous TiO,/SiO, struc-
ture. The structure was fabricated by templating close packed arrays of PS-SiO, nanopar-
ticle/polyelectrolyte colloid spheres with titanium (IV) isopropoxide (TIP), followed by calci-
nation. (Adapted from [87], by permission of the American Chemical Society)
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core (and bridging polyelectrolyte). It has been demonstrated that the solution
adsorption conditions to yield dense inorganic nanoparticle or highly loaded
molecular precursor coatings on particles are of paramount importance for
forming intact capsules upon core removal. The LbL technique can be employed
to overcome problems associated with more traditional methods - it provides
control over shape, size, wall thickness, and composition of the capsules. It also
permits the preparation of compositionally complex hollow colloids, as the
components are deposited in a stepwise sequence via self-assembly. The water-
based, non-toxic process is also expected to be suited to scale-up, thus allowing
the preparation of large quantities of hollow capsules.

The nanoengineered hollow capsules described make intriguing new materi-
als available with designed and specific properties for applications in chemistry,
bioscience, and materials science. For example, they are expected to find appli-
cation in the areas of coatings, separations, chromatography, catalysis, and
diagnostics, or to be utilized as drug delivery vehicles or reactor systems. The
hollow capsules can also be used as building blocks to construct complex,
hierarchical structures with predefined functions, further making them of
interest in areas such as photonics and electronics. Overall, the LbL technology
for producing hollow inorganic capsules is unparalleled in its versatility and
simplicity, and is therefore expected to find wide application for the construc-
tion of nanoengineered hollow (as well as core-shell) colloids.
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This chapter is a review of recent work devoted to polymer colloids with nucleic acids in the
domain of biomedical diagnostic, in which latex particles are used as carrier. After a brief in-
troduction concerning the applications of latex particles in the biomedical field, the first part
describes the routes leading to the elaboration of reactive latexes using radical-initiated poly-
merization in heterogeneous media. Second, the adsorption and the chemical grafting of nu-
cleic acids are presented as a function of pH, ionic strength, surface charge density and
cationic and anionic nature of particles surface. The good knowledge of the colloidal proper-
ties of latex particles permits control of the immobilization process (adsorption and covalent
binding) of functionalized single stranded DNA fragments (oligonucleotides). Finally, the last
part briefly describes some fine applications based on latex-oligonucleotides in the specific
capture of target DNA or RNA and also on colloidal particles for separation and concentra-
tion of nucleic acid molecules.
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1
Introduction

In the two last decades, the use of latex particles as a solid-phase support for
biological applications received increasing attention due to their large surface
area, narrow-size dispersity, and versatility in surface reactive groups [1]. More-
over, they provided polymer model colloid suitable for systematic investiga-
tions regarding the attachment (mostly through adsorption or covalent graft-
ing) of various biomolecules such as proteins, peptides, antibodies, and nucleic
acids.

Nucleic acid probes (single-stranded DNA fragments (ssDNA), oligodeoxy-
ribonucleotides or more simply oligonucleotides) have attracted much attention
because of their potential interest in the clinical both for diagnostic and therapy
purposes [2-5]. In the field of clinical diagnosis, the advantages of nucleic acid
probes over conventional methods lie in their specificity for the detection of
infectious and genetic diseases [3, 6]. Sandwich-type assays, which require mul-
tiple discrete sequences available for hybridization of their complementary tar-
get DNA or RNA, rely on the oligonucleotide capture sequences grafted onto
various types of supports [7, 8].

In that context, colloidal particles proved to be useful for the extraction of
nucleic acids allowing one to enhance the detection of these species. Two main
approaches have been generally considered: i) to use selected colloid particles as
a collector of the prepared biological samples under appropriate conditions (as
regards pH, temperature, salinity, etc.), the subsequent separation of the ad-
sorbed nucleic acids-particles conjugates from the supernatant, their release by
desorption upon changing the above medium conditions and finally their
amplification using Polymerase Chain Reaction technique [9, 10]; ii) a specific
extraction of the nucleic acids can be advantageously performed with latex par-
ticles bearing immobilized oligonucleotide exhibiting complementary se-
quences of the targeted molecules.

These applications require a good knowledge of the nature and magnitude of
interactions between nucleic acids and polymer particles. To that purpose, many
systematic studies were carried out by different authors and in this lab on the
adsorption behavior of various nucleic acids onto various type latex micro-
spheres, mostly cationic and anionically-charged polystyrene or hydrophilic
(i.e. poly[N-isopropylacrylamide]) latex particles.

The design of appropriate polymer latex particles is of paramount impor-
tance and should indeed take into account that when dealing with immobilized
ODNgs, two major aspects should be kept in mind: i) the availability of the ODN
sequences for hybridization with the target sequence and ii) the hybridability of
the immobilized capture probe as compared to that of the corresponding reac-
tion in solution. In addition, the covalent grafting of ssDNA probe is generally
preferred to adsorption so as to avoid undesirable release and to favor oriented
binding through the use of an terminal aminospacer arm. This is indeed an im-
portant requirement to enhance the specific extraction of targeted molecules
and thus the sensitivity and reproducibility performances of the corresponding
assays.
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This review aims at highlighting recent studies performed in the authors’lab-
oratory regarding the interactions of nucleic acids with two types of latex parti-
cles. The chapter will focus on the following parts:

Structure and properties of DNA and oligonucleotides

Latex and microgel particles synthesis design

Nucleic acid immobilization including preliminary adsorption and desorp-
tion studies and then covalent binding

Description of some fine applications.

2
Structure and Properties of DNA and Oligonucleotides (ODN)

DNA is composed of two single strands composed of a chain of nucleotides.
The latter are in turn composed of a phosphate group, a desoxyribose sugar,
and one of the four following nucleic bases: Thymine (T), Cytosine (C), Ade-
nine (A),and Guanine (G) (Scheme 1). The phosphate and desoxyribose groups
constitute a skeleton common to all DNA. On the contrary, the order of bases
along the chain is specific to each DNA and constitutes the genetic code of
each person. The nucleic bases match together in pairs. Thus adenine and
thymine are linked together by two hydrogen links (A=T) (Scheme 2), as
opposed to three for the couple cytosine/guanine (C=G). The number of C/G
pairs along the DNA chain partially determines the binding strength of the
two strands.

ODN are fragments of small single strand DNA (generally less than 200) that
can be assimilated to small polyelectrolytes. Automatic synthesis of these well
structured polyelectrolytes permits their chemical modification, in particular
by selective grafting of aminated functional arm at the end of the chain (amino-
link arm, see Scheme 1). These ODNs can be matched with a single strand DNA
fragments, hence their interest for different biological applications.

3
Latexes and Microgel Design

The design of reactive polymer latex particles [11] suitable for the immobiliza-
tion of DNA probes should follow most of the same criteria as required for the
binding of other biomolecules (peptides, antibodies, proteins, etc.), i.e., particle
size and size homogeneity (for sake of reproducibility of the tests), nature of the
water-polymer interface (interest of hydrophilic surfaces), presence of ionic
charges (for enhanced colloidal stability), and reactive groups (for covalent cou-
pling of biomolecules). Particle sizes in the submicron range were usually pre-
ferred so as to favor their dispersability and to reduce sedimentation. Due the
polyelectrolyte character of ODNs (anionic phosphate charges), cationically
charged particles were designed in order to promote strong electrostatic inter-
actions and to favor the approach of the DNA fragments before coupling. Amino
groups in the form of cations were chosen, the reactive function being easily
restored at basic pH for further covalent grafting.
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ing amino-link spacer arm at it 5" position and the four bases (A: Adenine, T: Thymine, C: Cy-
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Scheme 2. Hybridization between complementary bases (T/A and C/G)

Two main types of latex particles were prepared based either on a polystyrene
or poly[NIPAM] particle core [12]. It is well-recognized that polyalkylacryl-
amides exhibit an LCST, the corresponding microgel latex particles being proved
suitable for controlling the hydrophilic-lipophilic balance at the interface as well
as to offer a friendly environment to biomolecules. Table 1 illustrates the various
latex particles investigated in the last few years together with the selected poly-
merization process performed for their synthesis, the particle size range, and
their main properties. The control of both the surface charge and particle size
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Table 1. Various types of reactive particles for immobilization of oligonucleotides

Type of particle Polymerization Particle Properties of References

process size range particles
Cationic-amino Batch EFEP of 100-500 nm  Cationic surface [13-15]
containing styrene with a charge controlled
polystyrene cationic monomer by VBAH or

(VBAH or AEMH) AEMH amount
Cationic-ended Batch EFEP of 80-500 nm Hairy layer thick-  [16]
hairy PNIPAM styrene and ness controlled
polystyrene core NIPAM with or by NIPAM and

without AEMH AEMH amount
Cationic PNIPAM/ Two-steps protocol: 300-600 nm  High surface [16,17]
PS core-shell 1) batch EFEP of charge density.
particles styrene and NIPAM; Variable hairy

2) shot-growth?® of layer thickness

MBA NIPAM,

AEMH
Cationically- Precipitation 200-1000 nm  Cationic surface [12]
charged microgel  polymerization of charge. Swelling
particles NIPAM or NIPMAM capacity dependent

with a crosslinker on MBA amount

(MBA) and AEMH
Cationic PNIPAM- Heterocoagulation  300-1000 nm Superparamag- [10,18,19]
covered magnetic  of iron oxide netic, bioreactive
particles nanoparticles onto particles.

cationic particles. Temperature,

Encapsulation of salinity and pH

preformed particles sensitive

by polymerization

of NIPAM, BAM

and AEMH

Reaction temperature: 70°C, initiator=V>50.
2 Shot addition at about 80% conversion.

was ensured by the molar ratio of cationic monomer to main monomer (styrene
or NIPAM) used in the recipe. In all cases, before any characterization, cleaning
of latex particles was carried out by repetitive centrifugation in order to get free
of residual monomer, electrolytes, and water-soluble polymers.

The various latexes were characterized with respect to particle size and size
distribution, surface charge and functional group density, and electrophoretic
mobility behavior. As observed by transmission electron microscopy all latexes
were found highly monodisperse with a uniformity ratio between 1.001 and
1.010, a property due to the short duration of the nucleation period involved in
the various radical-initiated heterogeneous polymerization processes. The sur-
face charge density was determined by a colorimetric titration method reported
elsewhere [13].
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Cationic amino-containing particles were used for preparing submicronic
magnetic particles according to a two-step protocol: i) adsorption of negatively
charged iron oxide nanoparticles onto the oppositely charged latex; ii) encapsu-
lation of the composites particles by precipitation polymerization of a mixture
of NIPAM with MBA as crosslinker and a cationic amino-containing monomer
(AEMH). This last procedure was also performed to encapsulate preformed
magnetic particles so as to provide them with a layer of hydrophilic cationically
charged PNIPAM. Another surface functionalization was recently investigated,
consisting of covalent grafting a reactive polymer (which could be either a
poly[maleic anhydride-alt-vinylmethyl ether or an N-acryloylmorpholine-N-
acryloxysuccinimide random copolymer) onto preformed cationic amino-con-
taining PNIPAM-PS core-shell particles or NIPAM-modified magnetic particles
[10, 18, 19]. Such a strategy was found to be quite successful in improving
strongly both the colloidal stability of the particles and the accessibility of the
surface bioreactive sites groups for further covalent grafting of DNA fragments.
In addition, the nature of reactive groups (anhydride or succinimide) prevents
the use of an activation step for the coupling which is not the case with amino
groups as will be discussed later [6, 20].

4
Nucleic Acids Immobilization

Before dealing with the covalent immobilization of oligonucleotides onto reac-
tive colloidal particles, various preliminary studies were carried out to ascertain
the pertinent parameters capable of affecting the driven forces involved in the
adsorption process or medium conditions able to ensure the adsorption of a
large amount of ODN. In fact, the covalent immobilization is generally favored
when the interactions between the biomolecules and the surface are strong,
leading to adsorption. The second step consists in determining the conditions
for which chemical grafting is optimal. Last, as mentioned in the introduction,
the adsorption accompanying the chemical coupling of reactive ODN can lead
to parasite phenomena (desorption, competition during capture, etc.) when
sensitivity and specificity are required. The non-chemically grafted ODN must
therefore be desorbed from the surface under specific pH and ionic strength
conditions that are to be determined for each given system (colloidal particle
and biomolecule).

Consequently, the purpose of the first part of this chapter is to present the
results on the adsorption of oligonucleotides onto colloidal polymer particles as
a function of various physical parameters such as pH, salinity, presence of sur-
factant, surface charge density, and nature of change of the carrier.

4.1
Operating Procedure

The adsorption and the covalent grafting of DNA, RNA, and ODN onto colloidal
particles have mostly been carried out using the classical depletion method
(static method) generally used in the case of proteins and polymers. The ad-
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sorbed amount, Ny, expressed in mg m, is obtained by the difference between
the concentration of nucleic acids introduced and that determined in the super-
natant after adsorption. The ODN concentration can be determined using all
UV technique, HPLC [20], capillary electrophoresis [6], and also fluorescence
[21] and radio-labeling [22] methods.

4.2
Adsorption of Oligonucleotides onto Latexes and Microgel Particles

The diversity of interactions between ODN and a solid surface considerably
complicates the interpretation of adsorption results. Systematic investigation
dealing with the conditions of the medium (pH, ionic strength, presence of sur-
factant, etc.) and the nature of the different partners (support and ODN) allowed
some clarification of the various phenomena involved.

4.2.1
Adsorption Kinetics

The adsorption kinetics of oligonucleotides onto polymer colloids has been
examined using three types of particles (sulfate charged polystyrene, cationic
polystyrene particles, and cationic thermally-sensitive microgel particles). The
adsorption kinetics of such small negatively charged polyelectrolytes onto neg-
atively charged colloids has been reported to be slow as expected, a behavior
mainly attributed to the repulsive electrostatic interactions. The adsorption
kinetics of ODN's onto cationic particles has been found to be rapid and surface
charge density dependent as shown in Fig. 1. In fact, only 10 min are needed to
reach the plateau value in the amount adsorbed of ODN onto particles. The ob-
tained results have been discussed by taking into account the magnitude of the
attractive electrostatic interactions involved in the adsorption phenomena. In
addition, the increase in the cationic surface charge density of the latex particles
leads to increase the adsorption rate.

The adsorption kinetics of oligonucleotides onto amino-containing ther-
mally sensitive microgel particles has also been reported to be rapid (as for
cationic polystyrene latexes) and higher than amidino-containing particles. In
fact, the adsorption of ODNs onto thermally-sensitive poly(N-isopropylacryl-
amide) particles bearing amidine groups is low or negligible, mainly attributed
to low charge density and to the charge dilution in the highly hydrated interface
layer.

4.2.2
Adsorption Isotherms

Determination of the adsorption isotherm is important, since it allows estab-
lishing of the basic relationship between the adsorbed amounts of ODN onto
colloidal particles as a function of residual ODN concentration (equilibrium
ODN concentration). Two major pieces of information can be deduced from the
adsorption isotherm: (i) the affinity between the ODN and the particles revealed
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Fig. 1. The reduced adsorbed amount (6=N/N ...) as a function of time with 0.1 mg/ml of
polythymidylic acid on cationic polystyrene latexes at 20°C and a 10 mmol/l phosphate buffer
of pH 5.2. O 4ex-1<OLatex-2< OLatex—3< OLatexs- O 18 the surface charge density [23]

by the slope of the amount of ODN adsorbed at low ODN concentration and (ii)
the plateau value deduced high ODN bulk concentration. Both the adsorption
affinity and the plateau depend on surface structure and adsorption conditions.

The first reported work on the adsorption of ODNs onto charged colloids
revealed marked affinity differences between sulfate- and amino-containing
polystyrene latexes. In fact, low affinity has been observed for sulfated poly-
styrene particles, whereas high affinities are exhibited in the case of cationic
(amine and amidine) polystyrene latexes (Fig. 2).

423
Effect of pH on ODN Adsorbed Amount

As for adsorption of polyelectrolytes onto charged colloids, the pH of the incu-
bation medium is one of the relevant parameters. The pH affects the charges
dissociation of the solid support rather than the polyelectrolyte character of
the ODN. The adsorption of oligonucleotides onto negatively charged sulfate
polystyrene particles was reported to be pH independent and low in nature
(less than 0.3 mg m~) [21,23]. The ODN adsorption onto cationic polystyrene
latexes is dramatically affected by the pH of the medium as reported in Fig. 3 in
which the maximal ODN adsorbed amount (N ..,) is presented as a function
of pH [22,24]. The immobilized amount of ODN decreases as the pH increases,
revealing direct relationship between surface charge density and the adsorp-
tion process shown in Fig. 3. In addition, the slight surface modification by
coating the particles with a nonionic surfactant (Triton x-405) affects the ODN
adsorption. The behavior was attributed to an increase in the adsorption bar-
rier principally at basic pH.

Furthermore, adsorption at basic pH, where the surface is weakly charged,
was found to be low but not negligible. To explain this adsorption, Van der Waals
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Fig. 2. Adsorption isotherms of oligonucleotide onto cationic polystyrene latex particles.
Samples were mixed and incubated for 2 h at 20°C, 102 ionic strength at a given pH [24]
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Fig. 3. The effect of pH on the maximal adsorbed amount of dTs; onto bare and precoated
latex particles (using Triton x-405) as a function of pH at 20°C and 10 mol/l ionic strength [22]

forces are involved, and stacking between the aromatic compounds and the
ODN bases can occur. Moreover, although charged, the amidino or amino
cationic surface is relatively hydrophobic, as was revealed by contact angle mea-
surements on various particles [25].

Last, by decreasing the hydrophilic properties of ODN by screening the
charges, it is possible to increase slightly the quantities adsorbed by hydropho-
bic forces, though this effect has only been observed with weak ionic strengths
(from 107* to 1072 mol/l). To this end, interesting work has been reported by
Walker and Grant [26] who investigated the effect of ODN hydrophobization on
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sulfate charged polystyrene latexes. They pointed out that the methylation of
aromatic basis of ODNs enhanced the adsorbed amount. The behavior observed
has been attributed to hydrophobic adsorption process onto hydrophobic sul-
fate polystyrene particles.

4.2.4
Effect of Surface Charge Density

The effect of surface charge density can be treated as the influence of pH on the
ODN adsorption. Indeed, the increase of cationic surface charge density (or de-
creasing the pH to high acidic domain) leads to high ODN adsorption (Fig. 4)
irrespective of pH. The extrapolated adsorbed amount at zero surface charge
density was found to be close to quantities observed in the case of sulfate latexes
(i.e., 0.3-0.4 mg m=2) [21, 23]. The effect of surface charge density on the
adsorbed amount of ODN can be directly related to the effect of pH. In fact, the
pH controls the surface ionization groups and then the attractive or the repul-
sive forces between the considered colloidal particles and the nucleic acid mate-
rial as depicted in Fig. 3 and Fig. 4 for amino containing latex particles.
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Fig. 4. Maximal adsorbed amount (Ns in mg m=) of dTs; on latex particles as a function of
surface charge density (pH 5.0, 25°C, and ionic strength 1072) [22]

425
Effect of lonic Strength on ODN Adsorbed Amount

According to the polyelectrolyte character of ODNs, the effect of salt concentra-
tion on adsorption should be considered. Indeed, the ionic strength affects (i)
the electrostatic interactions between the ODN and the adsorbent and (ii) the
lateral repulsive electrostatic interactions between adsorbed ODNs.

In the case of sulfate charged latexes, the adsorption of ODN was reported to
be independent of salinity. Such behavior was attributed to the hydrophobic
interaction between the aromatic bases of ODN and the hydrophobic domains
on the polystyrene particle surface [23].
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The ODN adsorption onto cationic polystyrene latexes as a function of NaCl
concentration and at acidic pH was investigated [24] and found to be slightly
influenced by the salinity as given in Fig. 5. At acidic pH, the adsorbed amount
of ODN decreased markedly as the salinity increases, compared to the adsorp-
tion at basic pH. For such a highly charged colloidal system, the effect of salt was
attributed to the reduction in the attractive electrostatic interaction.
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Fig. 5. The effect of ionic strength on the maximal adsorbed amount of dTs; onto precoated
amino-containing polystyrene latex particles (by adsorbing low amount of surfactant) as a

function of pH [22]
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Fig. 6. Adsorption of oligodesoxyribonucleotides at room temperature on different amino-
containing poly(N-isopropylacrylamide) latexes as a function of ionic strength in phosphate
buffer (pH 4.5), adsorption time 2 h. Concentration of oligodesoxyribonucleotide 1 mg/ml
and ionic strengths were adjusted by addition of NaCl. (amidine groups 5 umol g}, filled cir-
cles), (amine and amidine groups, 22 umol g, filled squares), (amine and amidine groups,
14 umol g, filled triangles) [28]
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The ODN adsorption onto cationic microgel poly(N-isopropylacrylamide)
particles was reported to be dramatically affected by the salinity of the incu-
bation medium [9] as illustrated in Fig. 6. The observed result was related to
(i) the reduction in attractive electrostatic interactions between ODN mole-
cules and the adsorbent and (ii) the drastic effect of ionic strength on the
physico-chemical properties of such particles [17, 27]. In fact, the hydrody-
namic size, the swelling ability, the electrokinetic properties, and the colloidal
stability are dramatically affected by pH, salt concentration, and the medium
temperature [27].

4.3
Desorption Study

The desorption study allows one to learn about the possibility of removing the
adsorbed oligonucleotides after the covalent immobilization process. In fact, the
presence of adsorbed ODNs may affect the sensitivity of the targeted biomedical
tests.

The first step consists in strongly reducing the attractive electrostatic inter-
actions by neutralizing the charges of the latex (the ODN remains negatively
charged in the range of pH above 3). The enhancement of the desorption of
preadsorbed oligonucleotide molecules can be ensured by changing the pH, the
salinity, or upon addition of an appropriate competitor. In the case of an attrac-
tive system such as a cationic colloid, this was carried out at a highly basic pH
(i.e., pH>9), which, however, causes the particles to aggregate.

This instability can be avoided by adding a non-ionic surfactant to the surface
of the latex, forming a hydrophilic layer (Triton x-405 of 30 units) on the surface
of the latex [22]. In addition, this compound reduces the stacking effect by mask-
ing the hydrophobic domains (or properties) of the surface. Indeed, competition
for adsorption between the ODN and the surfactant molecules can also lead to
desorption. However, this effect was not observed in all reported studies, but it
is in principle accessible by comparing the adsorption energies of ODN and the
surfactant on the surface of the latex.

In addition, it is worth remembering that the sequence or chain length of
ODN has no influence on the overall amount of adsorbed ODN (in mg m~2) on
cationic colloidal polymer particles [24]. This underlines the concept that ODN
are mainly adsorbed via attractive electrostatic interaction in the case of oppo-
sitely charged latexes and via hydrophobic or staking interactions when nega-
tively hydrophobic latexes are used.

To favor the release of preadsorbed oligonucleotides, various desorption con-
ditions have been systematically investigated. The desorption has been first
examined as a function of washing steps. The results obtained revealed the
decrease in the residual ODN adsorbed amount until three or four washes, after
which the desorbed amounts ODN are almost nil [29] (see Fig. 7). The influence
of pH on the desorption process has been reported to be the key parameter lead-
ing to high desorption of ODN. Indeed, the desorption of preadsorbed ODN at
acidic pH revealed high desorption yield when high basic buffer (pH 10) was
used. The behavior was attributed to the reduction in attractive electrostatic
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Fig. 7. Residual adsorbed amount of dT;; onto bare and precoated latex particles as a function
of washing steps. Adsorption was performed onto bare latex particles at pH 5 and 10-2 mol/l
ionic strength [22]

interaction. The addition of salinity and/or small amount of surfactant (such as
Triton x-405) of high affinity with the colloidal particles enhanced the desorp-
tion of adsorbed oligonucleotides as shown in Fig. 7 (for Triton) and Fig. 8 (for
Triton plus NaCl).

Furthermore, a careful control of the desorption process will be suitable for
monitoring the chemical grafting of functionalized oligonucleotides (mainly
ODN bearing amine group at its 5" position), a point which will be delineated in
the next section.

4.4
Chemical Grafting of Oligonucleotides Onto Reactive Latex Particles

As mentioned at the beginning of this review, covalent grafting of biomolecules
onto colloidal support avoids reversible immobilization. Furthermore, an ex-
tended conformation of the ODNs is a key factor for efficiently hybridizing the
complementary DNA fragment (i.e., target capturing). However, implementa-
tion of immobilization is more difficult than adsorption.

An amino-functional spacer arm is introduced at the 5 position of the ODN
in the last step of its automated synthesis. ODN can be grafted via various func-
tions available on flat carriers (such as flat silicon surfaces or wafers covered in
silane) or on latex particles. Table 2 shows a list of various activation agents used
and the reactive group resulting from the activation depending on the com-
pound involved; when available, the maximum grafting amount is also reported.

All reactive functions, apart from epoxide, require a preliminary amine acti-
vation step prior to chemical coupling or a reduction after grafting step (alde-
hyde). The quantities of chemically immobilized ODN are in the same
order of magnitude than those grafted during adsorption (less than 1 mg m2)
which let one suppose that the amine functions carried by the bases also react
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Fig. 8. Residual adsorbed amount of dTs; onto bare latex particles as a function of ionic
strength. Adsorption was performed onto bare latex particles with Ns=1.0 mg m~2 at pH 5 and
1072 mol/l ionic strength. The desorption was carried out after two washes using buffer (at var-
ious ionic strengths, pH 10 and 1% Triton x-405) [22]

Table 2. Functions involved in the covalent grafting of amino-terminated ODNs onto solid
supports [30]

Functionalized Linker Reactive group Attached Reference
support amount (mg m2)
NH, TCA Chlorine 0.11 [31]
EGS Ester 0.30 [32,33]
PDC Isothiocyanate =5
Epoxy - - 0.37 [34]
0.2 [35]
OH CNBr Imidocarbonate 0.14 [36]
SH TCA Chlorine [37]
SMPB Maleimide 2.8 [38]
COOH NHS Ester [36]
EDC Diazonium 1.3 [39]
APA Imidazole [36]
NMI
EDC

CHO - - [40]
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with such activated groups. Finally, hydrolysis of the reactive function implies
reproducibility problems.

Selecting the appropriate reactive function leading to selective chemical
grafting yield (only on the amine terminal of the ODN) and efficient chemical
reaction (absence of hydrolysis of the function) is a great challenge. Here, the
most often reported system is covalent grafting of ODN bearing primary amine
group onto amino-containing polystyrene latex particles [30, 41]. In those
works, the phenylene diisothiocyanate (PDC) was chosen for its moderate reac-
tivity towards nucleophilic agents such as amine functions and its slow hydro-
lysis reaction compared to those of activated esters.

Recently, covalent grafting of ODN-bearing amino-link spacer arm onto
amino-containing latex particles was reported by investigating numerous para-
meters from activation to covalent binding [28, 30, 41]; the principle is depicted
in Scheme 3. The first step consists in activating the amine group of the ODN by
PDC. A considerable surplus of this bifunctional molecule facilitates the reac-
tion of a single isothiocyanate group. The second step consists in grafting the
activated ODN on the amino-containing polystyrene latex particles.

The overall strategy consists in finding conditions where ODN adsorption
occurs without avoiding grafting. Once chemical grafting is reached, desorption
of non-covalently grafted ODN is performed in an appropriate conditions opti-
mized as reported in the desorption part (basic pH, high salt amount in presence
of excess non-ionic surfactant).

The maximum quantity of ODN chemically grafted on amino-containing
polystyrene latexes is found to be around 0.4 mg m~2 irrespective of pH (from 8

%(CH?_){’_ NH,
non-activated ODN
-~ §==(C==N —Qf.w==c==s

PDC

(o) —NH—C—NH —QN=(‘=S
(] "

S

@ activated ODN
7_’ W‘Cﬂz"ﬁ_NH_T[_m —@—

S

Latex/ODN conjugate

Latex Particle

Scheme 3. Covalent immobilization of ODNs onto aminated latex particles. Step 1: activation
reaction of the ODNs by PDC. Step 2: grafting of the activated ODNs onto aminated-latex par-
ticles [30]
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to 10) and ionic strength [41]. It is worth mentioning, that the grafting content
of activated ODN onto latex particles bearing amine groups is directly related to
the number of reactive functions at the particles surface as shown in Fig. 9.

The extent of the ODN activation reaction and its influence on chemical graft-
ing was specifically studied by MALDI-TOF and the excess enzymatic diges-
tion/HPLC experiments [30]. It turned out that activating agent (PDC) could
react with the primary and secondary amine groups of the bases (of the consid-
ered ODN). For instance, poly(thymidylic) acid was shown to be very sensitive
to base activation. The length and the sequence of the ODN have no influence on
adsorption process [24]; however, they greatly affect the grafting yield, as illus-
trated in Fig. 10, in which the grafted amount is reported as a function of the
number of active sites (nppc) per ODN chain.

In addition to the chemical grafting of single strand DNA fragments, some
studies [42] also described the grafting of a double-stranded ODN onto epoxy-
functionalized polystyrene latexes. A protruding end of more than 15 bases was
necessary for an efficient covalent grafting to occur. This behavior was attrib-
uted to non-specific reactions onto the bases. The influence of a poly (thymi-
dylic) acid sequence added as a spacer arm onto the ODNs hybridization effi-
ciency was also reported [43]. A spacer of at least ten bases was required for the
hybridization to occur, showing that both the covalent grafting and hybridiza-
tion are efficient when a thymidylic sequence is added.

4.5
Conformation of Adsorbed and Chemically Grafted ODN Onto Colloidal Particles

The preparation of these latex/ODN conjugates is intended to capture a target
single strand DNA by hybridization. Then the ODN grafted on the surface must
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Fig. 10. Influence of the number of PDC per ODN chain onto the amount of ODN covalently
linked to the polystyrene latex [30]

be accessible, which depends on the interactions governing the adsorption of the
ODN to the interface. Consequently, knowledge of the ODN’s conformation on
the surface of the latex as a function of the conditions prevailing in the medium
is vital. However, the nature of the system (colloidal) and the small size of the
ODN restrict the number of possible analytical methods. Walker and Grant [26,
44] reported the use of different methods for studying the conformation of ODN
adsorbed on anionic and cationic latex particles. A first preliminary study was
carried out by this group in order to determine the thickness of the ODN layer
on the surface of the latex by quasi-elastic light scattering. However, the sensi-
tivity of this technique proved to be inadequate for accurate estimation of small
thicknesses. Then, a second method often used in biology was employed, i.e.,
Hydroxyl Radical Footprinting (HRF). This consists in using OH radical to
cleave the ODN part not in contact with the surface. The fragments obtained
were analyzed by migration on gel (i.e., gel electrophoresis) and their distribu-
tion revealed the interfacial conformation of the ODN. This cleaving reaction
did not occur for those ODNs whose segments are wholly adsorbed on the sur-
face (total flat conformation). This analysis can be considered.

A recent laboratory study carried out by Charreyre et al. [45] succeeded in
examining the conformation of ODN chemically grafted by its 5" end on a
cationic latex by fluorescence energy transfer (FET). This method consists in us-
ing a couple of fluorescent molecules, the fluorescein (as a donor), grafted to the
3" end of the ODN and tetramethylrhodamine (as an acceptor) immobilized on
the surface of the latex. The efficiency of this method varies as a function of the
mean distance between the two fluorophores, (i.e., between the ODN and the
surface). Fluorescence energy transfer studies of ODN grafted onto the surface
of an amino-containing latex in the presence of a non-charged surfactant (Tri-
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ton x-405) provided interesting information about the interfacial conformation
of immobilized ODN as a function of the conditions of the medium. A “brush”
type structure was observed at a basic pH (pH 10), whereas at neutral or weak
acid pH (pH 6) conformation is mostly flat [45].

Recently, small angle neutron scattering (SANS), which is generally consid-
ered as accurate and appropriate method for adsorbed and grafted polymer on
solid-liquid surfaces, was used by Elaissari et al. [46]. The main advantage of this
technique is that it is capable of supplying both the quantity of ODN immobi-
lized and the thickness of the layer, by eliminating the scattering specific to the
latex particles dispersed in a suitable solution (D,0/H,0 mixture). This method
has been used by many authors to determine the structure of macromolecules
grafted or adsorbed on carrier particles. The structure of ODN (35 base
poly(thymine) as a model) adsorbed on the surface of a cationic or anionic
deuterated polystyrene latex is found to be in a flat conformation [46] as demon-
strated by Walker et al. by the HRF technique. This is due to the strong interac-
tions between the ODN and the carrier resulting in a large number of contact
points. ODN can be adsorbed either by its phosphodiester charged compound
(via electrostatic forces), or by its nucleic bases (via stacking effect between the
aromatic compounds of the bases and phenyl). The cationic latex particles car-
rying the adsorbed ODN analyzed at pH 5, shown in Fig. 11, reveals that the con-
formation is neither “brush-like” (which would be the case for H; =150 A), nor
completely flat (for Hy=10A). A mean thickness from 50 to 70 A from theory cor-
related with the experimental results. Similar results were obtained by varying
the medium’s ionic strength and pH, for both interfaces prepared by adsorption
or by coupling. The general trend of ODN conformation chemically grafted on
this cationic surface is shown in Fig. 12. The ODN layer formed has an average
thickness from 50 to 70 A, as a function of the quantities immobilized.
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Fig. 11. Scattering intensity I(q) vs scattering vector (q) in log-log scale of the coated deuter-
ated polystyrene particles by adsorbing dT;s at pH 5 and 0.01 mol/l NaCl [46]



188 A. Elaissari et al.

10° E
g =20 A
L =50 A
p =80 A
10" &
: |
102 &
10'3 L 1 1 L | 1 1 1 1 1 1L 1L 1 |
10 10”7
q

Fig. 12. Scattering intensity I(q) vs scattering vector (q) in log-log scale of coated latex parti-
cles prepared by covalent grafting at pH 9.2 and 10~ mol/l NaCl [46]

5
Some Fine Applications

The objective of this section is to focus on some fine applications of latex parti-
cles in nucleic acids based biomedical diagnostic. In this domain, two major
applications are presented: (i) specific capture and detection of targeted DNA or
RNA and (ii) non-specific concentration of nucleic acids using latex particles.

The latex-oligonucleotides conjugates are principally used for capturing
specifically the nucleic acid targets. In fact, when the oligonucleotides of a given
sequence are chemically immobilized onto reactive colloidal particles with a
good orientation, the specific capture of complementary nucleic acid (target) in
biological simple is then possible as illustrated in Scheme 4. Hence, the first ODN
grafted onto colloidal particles is named capture ODN bearing well defined
structure in order to capture specifically target DNA or RNA from any complex
biological sample. After the capture step of the target via hybridization process,
the colloidal particles are then separated via physical processes using centrifu-
gation, filtration, or magnetic separation. After the washing step to eliminate the
possible contaminants and residual biological materials, the quantification of
the captured targets was performed using a labeled oligonucleotide of a given
sequence (bearing enzyme such as HRP) able to hybridize with a specific region
of the capture target. The enzyme oxidation leads to a colored medium with
intensity proportional to the target concentration. Such detection is named
ELOSA (Enzyme Link Oligo-Sorbent Assay) test. The combination of latex-ODN
complexes [41] with polymer-ODN conjugates [6] was found to enhance drasti-
cally the sensitivity of nucleic acids detection as recently reported [28]
(Scheme 5).
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Scheme 5. Schematic illustration of specific capture and detection of targeted DNA or RND us-
ing colloidal particle-ODN and copolymer-ODN conjugates [28]
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This type of diagnostic called genic or molecular which consists in detecting
a pathogenic organism through the genetic material contained in its DNA
or RNA has not been widely reported and only a few papers are dedicated to
such studies. Here, the detection of HBV DNA virus is presented using the com-
bination of latex particles and reactive copolymers. Such methodology has been
applied to cationic latexes (such as polystyrene and poly(N-isopropylacryl-
amide) bearing chemically grafted oligonucleotides. The colloidal particles
bearing ODN are two-dimensional assemblies adsorbed onto a solid support
(inside of a pipette tip) of an automated diagnostic system [6] based on similar
approach as depicted in Scheme 5.

The surface functionalization of solid phases by adsorbing latex-ODN conju-
gates leads to the formation of an ordered monolayer of colloidal particles.
Under these conditions the performance of such system was proved, with an
overall increase of sensitivity ranging from 100 to 1000 in the case of hepatitis B
compared to the classical method [6, 8].

In addition to the specific capture and detection of targeted single stranded
DNA fragment, the non-specific extraction and concentration of nucleic acids is
of great importance. In fact, the good control of the adsorption and the desorp-
tion processes of DNA, RNA, and single stranded nucleic acid molecules onto
colloidal particles was found beneficial for purification and concentration of
such polyelectrolytes as recently shown using thermally sensitive poly(N-iso-
propylacrylamide) [NIPAM] based hydrophilic microgel colloidal particles [9]
and cationic amino-containing hydrophilic magnetic latexes [10] (Scheme 6).

The adsorption of proteins onto such stimuli-responsive particles was found
to be temperature dependent rather than pH and ionic strength (below the LCST
of the corresponding homopolymer). At room temperature, the adsorption of
various proteins revealed to be nil or low at room temperature in the case of
poly(NIPAM) based particles [9, 10].

The pH-dependent properties of the hydrophilic positively charged colloidal
particles favor the adsorption of negatively charged nucleic acids at acidic pH
and at low salt concentration. However, the desorption is favored at basic pH and
at high ionic strength. The concentration process of adsorbed nucleic acid ma-
terials was performed via centrifugation [9], filtration, or magnetic separation
[10] of the used colloidal particles.

Amplification of the captured sequence can be performed directly on cationic
hydrophilic particles without a release step, since they are compatible with the
amplification medium, such as PCR (Polymerase Chain Reaction), or after a de-
sorption step and the removal of colloidal particles.

6
Conclusion

Colloid polymer particles bearing reactive groups are of great interest in the do-
main of biomedical diagnostics. Such colloids can be prepared using various
polymerization processes ranging from the classical emulsion polymerization
to the more complex elaboration process in dispersed media. The design of well
adapted latexes for a given application needs to take into account various param-
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particles

eters such as particle size, size distribution, surface charge density, colloidal sta-
bility, surface morphology, and finally the surface polarity. In fact, the listed
properties affect the adsorption of nucleic acid molecules and consequently
their chemical grafting onto the considered colloidal particles. The presence of
reactive groups (amine, aldehyde, thiol, and carboxyl) on latex particles permits
the chemical grafting of biological molecules in addition to improving particle
stability. Generally, these functionalized particles proved to be suitable supports
for molecules with biological applications, since the adsorption of charged bio-
molecules onto such charged polymer particles is the driving parameter con-
trolling the efficiency of the chemical immobilization process. The adsorption
affinity of biomolecules onto charged colloidal particles is mainly related to the
pH, ionic strength, and in some cases to the incubation temperature (i.e., ther-
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mally sensitive particles). Prior to any real use of latex particles-biomolecules
conjugates in the biomedical field, the knowledge of the adsorption phenomena
of the considered biological molecules is of paramount importance. In fact, the
adsorption study allows one to elaborate the effect of each parameter involved
in the adsorption process and to consider the driving forces implicated in the
interaction between both species.

The presence of functionalized groups on the particles surface permits the
chemical grafting of various kinds of biomolecules. The covalent grafting is gen-
erally performed by considering both pH and ionic strength of the medium
leading to high adsorption in order to enhance the chemical grafting step. What-
ever the chemical immobilization condition, a subsequent desorption is ab-
solutely needed for elaborating particles bearing only covalently bonded bio-
molecules. Stimuli responsive colloidal particles are even more promising in
biomedical domains, especially for diagnostics. Thus their use to improve the
sensitivity of the corresponding assays is quite significant, principally for the ex-
traction, purification and concentration of biological entities such as nucleic
acids. Obviously, the concept can be extended to more complex biomolecules
and biocolloids such as viruses, bacteria, etc.
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Monodisperse emulsions can be obtained by applying a shear step to a crude polydisperse one
[1].In this paper, we first describe the mechanisms and conditions for the occurrence of this
transformation. The fragmentation process involves two distinct regimes. At short time
(shorter than one second), the droplet diameter decreases abruptly. The droplets deform into
long threads that undergo a Rayleigh instability. The obtained diameter is mainly determined
by the applied stress and weakly depends on the viscosity ratio between the dispersed and
continuous phases. However, this last parameter is determining for monodispersity. After this
first step, the resulting droplets can, once again, break up into daughter droplets. This second
mechanism is much slower, with a characteristic time of several hundred seconds, and much
less efficient for fragmentation. A large variety of calibrated materials (direct, inverted, multi-
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1
Introduction

Emulsions are metastable dispersions comprised of two immiscible fluids such
as oil and water. They are kinetically stabilized by the addition of surface-active
species. Emulsions are widely used materials for many industrial applications
such as cosmetics, foods, pharmaceutics, paintings, coatings, etc. To reach the
dispersed metastable state, energy has to be supplied and the way emulsions are
prepared is of utmost importance in controlling their final properties. Indeed,
the mean droplet diameter which determines most of the emulsion properties
(stability, rheology, optical properties...) is strongly dependent upon the frag-
mentation procedure. Emulsions production is generally based on empirical
considerations where an uncontrolled flow, laminar or turbulent [2], is applied
to the initial mixture of oil and water. On a more fundamental level, many stud-
ies have been performed [3-17], especially in laminar flow conditions. In order
to simplify the problem, isolated drops are usually considered. One can mention
the pioneering work of Taylor [5, 6] who showed that, in quasi-static conditions,
a drop submitted to a flow deforms and bursts if the capillary number Ca,
defined as the ratio of the shear stress over half the initial Laplace pressure,
exceeds some critical value Ca,, that depends on the viscosity ratio p between
the dispersed and continuous phases. Following Taylor’s study, a more precise
determination of the critical capillary number, as a function of both p and the
type of flow, has been obtained [12, 18]. Other authors were more interested in
the rupturing mechanisms [19, 20]. Besides the Rayleigh instability that devel-
ops at the surface of a droplet deformed onto a long cylinder [3], other scenar-
ios such as tip streaming [21] or end pinching [16] have been identified. Up to
now, the fragmentation process has been mostly explored in quasi-static condi-
tions: the rupturing occurs either by slowly increasing the shear rate or during
the cylinder relaxation once the shear is interrupted [6, 8,9, 17, 22]. However, as
showed by Hinch and Acrivos [23],if the shear is not applied slowly, some of the
stationary states are not accessible anymore and as a consequence the condi-
tions for droplet rupturing are very different. In most of the practical conditions
the emulsions are fabricated under application of non-quasi-static deforma-
tions meaning that the shear is suddenly applied to the material. In such condi-
tions Mason et al [1, 24, 25] and Mabille et al [26-28] have shown that monodis-
perse fragmentation may occur.

This chapter is organized as follows. In the first part we describe the mecha-
nisms and conditions for the occurrence of the monodisperse rupturing in non-
quasi-static conditions. The fragmentation process involves two distinct
regimes. At short time (shorter than one second), the droplet diameter decreases
abruptly. The droplets deform into long threads that undergo a Rayleigh insta-
bility. The diameter obtained is mainly determined by the stress applied and
weakly depends on the viscosity ratio between the dispersed and continuous
phases. However, this last parameter is determining for monodispersity. After
this first step, the resulting droplets can, once again, break up into daughter
droplets. This second mechanism is much slower, with a characteristic time of
several hundred seconds, and much less efficient for fragmentation. In the sec-
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ond part, we present a large variety of calibrated materials (direct, inverted, mul-
tiple emulsions and dispersions) that can be obtained following this monodis-
perse fragmentation process.

2
Rupture Mechanisms and Kinetics

The process leading to monodisperse emulsions was initially described by Ma-
son and Bibette [1,24,26-28]. For that purpose, they first prepare a crude mother
emulsion obtained by progressively incorporating oil into the surfactant-water
phase. In a second step, they apply a simple and well-controlled shear to this
crude emulsion that becomes monodisperse after no more than a few seconds.
Figure 1 shows microscope images before and after application of a shear under
the same conditions used by Mason and Bibette. The shear has the effect of re-
ducing both the average diameter and the distribution width of the mother
emulsion.

The aim of this first section is to describe the rupturing mechanisms and the
mechanical conditions that have to be fulfilled to obtain monodisperse emul-
sions. A simple strategy consists of submitting monodisperse and dilute emul-
sions to a controlled shear step and of following the kinetic evolution of the
droplet diameter. It will be demonstrated that the observed behavior can be gen-
eralized to more concentrated systems. The most relevant parameters that gov-
ern the final size will be listed. The final drop size is mainly determined by the
amplitude of the applied stress and is only slightly affected by the viscosity ratio
p. This last parameter influences the distribution width and appears to be rele-
vant to control the final monodispersity.

2.1
General Behavior

To illustrate the general behavior, we consider an emulsion comprised of 2.5 wt %
of 350 mPa s silicone oil dispersed in an aqueous phase. This latter contains 3 wt
% of non-ionic surfactant (commercial mixture of polyethylene glycol C,,E5 and

same emulsion after application of a controlled shear, d=1 pm and U=12%
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Cy,E; referred to as Ifralan 205) and 2.8 wt % of a non-adsorbing polymer (algi-
nate HF120L). The oil-aqueous phase interfacial tension y;, is equal to 6 mNm-.
In order to obtain initially calibrated emulsions of various sizes, this emulsion is
pre-sheared at different shear rates. It is then submitted to a step shear rate of
500 s7! with different step durations in order to follow the kinetics of emulsifica-
tion. After the shearing process, the daughter emulsions are analyzed by static light
scattering with a commercial granulometer that converts the scattered intens-
ity into the size distribution using Mie theory. The droplet distribution is charac-
terized in terms of the mean volume diameter d and uniformity U defined as:
SNd! SNdi|d - d
d=1 , U= 1ri
2Nd} d 2Nd}
i i
eter d;, d is the median diameter, i.e. the diameter for which the cumulative un-
dersized volume fraction is equal to 0.5. In the following, we shall term as
“monodisperse”, any emulsion with uniformity smaller than 25%. Such emul-
sions exhibit some crystallized domains when confined between two micro-
scope slides.

The main results are reported on Fig. 2. In the case of emulsions possessing
large initial diameters (11 pm, 8 um), one can clearly distinguish two regimes.
For shearing times of the order of one second, the size decreases abruptly down
to a value of around 6 pm, independent of the initial size. The process of frag-
mentation was reproduced between two glass slides of an optical microscope
(of course the shear is not controlled as it is in the rheometer) and the obtained
images are reported in Fig. 3a,b. We clearly see the deformation of the initial
drops into long parallel cylinders that break into identical aligned droplets with
very small satellites in between them. These images reveal the existence of a
Rayleigh instability that develops on the thread surface. Let us define d. as the
thread diameter just before the rupture and dy, as the droplet diameter after rup-
ture. Considering the volume conservation and neglecting satellites contribu-
tion, we get a simple relation between d, and dy: d2A=2d3}/3 where A is the wave-
length of the Rayleigh instability. From the data of Fig. 2, it can be deduced that
dy and therefore the product d21 does not depend upon the initial drop diame-
ter. By shearing viscous polymer blends, Rusu et al. [29] have directly observed
the fragmentation of long cylinders resulting from the application of a shear.
Their experiments show that all the drops undergo the Rayleigh instability at the
same thread diameter. By similarity, one can hypothesize that the same scenario
occurs in emulsions: all the drops deform into cylinders of various lengths and
rupture at the same critical diameter under the effect of the Rayleigh instability.
The uniqueness of d. and A with respect to the initial drop size explains the fact
that a polydisperse emulsion, made of a mixture of different initial sizes, can be
fragmented into a monodisperse one, as observed experimentally [1,25,26-28].

After the first fragmentation step, a second slow mechanism takes place, that
turther reduces the size from 6 pm to 3.8 um. This regime will be described in
Sect. 1.2.

To summarize, if the polydisperse emulsion is mainly composed of big drops,
even after few seconds of shear, one obtains a well calibrated emulsion (with a
mean diameter close to 6 um); all the drops deform into threads of different

where Nj is the number of droplets of diam-
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Fig. 2. Emulsification kinetics. All the emulsions have the same composition but different ini-
tial sizes. Empty symbols correspond to emulsions kinetics composed of two regimes whereas
filled symbols (see insert) correspond to kinetics presenting only the slow regime (see text for
details). Initial sizes are: © 11 pm; 0 8.2 pm; A 6 um; A 4.7 pm and @ 4.1 um. The lines are fits
to experimental data of the second regime, using Eq. (1). Note the unique fit for all the open
symbols

Fig. 3. Under shear, the drops elongate into long cylinders (a) and then break up into aligned
identical droplets with a regular spacing (b)

lengths but the Rayleigh instability occurs when the same critical radius is
reached by each thread. Then the second mechanism takes place and since the
smaller droplets (between dy and d;) also break, the size distribution becomes
even narrower in the second regime. However it is clear that the most efficient
process to get narrow size distributions is the initial Rayleigh instability.

The previous experiments were all performed on dilute emulsions for which
the dispersed phase represents 2.5 wt % of the emulsion. As ¢ increases,
the relative contribution of the fast regime becomes more pronounced. As
could be expected, the more concentrated the emulsion, the smaller the final
size: this tendency merely reflects the fact that the emulsion viscosity and



200 V. Schmitt et al.

thus the applied stress increases with droplet concentration (at constant shear
rate).

We now consider a concentrated emulsion with oil mass fraction equal to 75%
sheared at 500 s™! and 3000 s™! (Fig. 4). The primary emulsion is polydisperse
with a mean diameter of 57 pm. The two previously described regimes still ex-
ist. The first regime is particularly efficient in reducing the diameter since we
can evaluate that one drop breaks into 160 droplets through the Rayleigh insta-
bility for an applied shear rate of 500 s (dz=10.5 pm) and into 6000 droplets for
an applied shear rate of 3000 s™! (dg=3.1 pm). After this first step, the emulsion
is already monodisperse. The second slow regime is less efficient since one drop
breaks only into 3 and 6 droplets respectively.

2.2
Analysis of the First Regime

The two parameters that certainly influence dy, are the applied stress o and the
viscosity ratio p. In order to explore the influence of o, at constant shear rate y,
the polymer (alginate) concentration of the continuous phase is varied from
1.6 to 2.8 wt %. The silicone oil viscosity is adjusted to keep p unchanged and
it was checked that the interfacial tension y;,, remains the same. That way one
can really investigate the effect of o all other parameters being constant
(yin=6 mN-m™', p=1, y =500 ' and ¢=2.5%). The results are reported in Fig. 5,
where the evolution of the daughter drop diameter dy is plotted as a function of
o.In the insert, we see that the inverse diameter varies linearly with 0. From the
slope of the plot, it can be deduced that the Laplace pressure of the daughter
drops Pp=4 y;,,/dy is about 10 times larger than the applied shear stress.

In quasi-static conditions, it has been established both theoretically [7, 12]
and experimentally [6, 12] that a drop breaks when the applied stress o over-
comes the product of the critical capillary number Ca,, and the Laplace pressure
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Fig. 4. Emulsification kinetics for emulsions containing 75 wt % of oil and sheared at: m 500 s
or A 3000 s71. The lines are fits using Eq. (1)
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of the mother drops: 0>Ca_*Py. In Fig. 2, one observes that the Rayleigh insta-
bility disappears by reducing the initial drop diameter. Thus, it seems that a sim-
ilar criterion exists in non quasi-static conditions. From the data in Fig. 2, it can
be deduced that the critical capillary number is of the order of 0.1, a value that
is quite comparable to that obtained in quasi-static conditions, i.e. 0.5 for the
same p value (p=1) [5, 12, 18]. Here, we should like to stress that the previously
mentioned experiments also provide an empirical law that allows predicting

the droplet size resulting from the monodisperse fragmentation: dy = a%,
where aris a dimensionless constant that should essentially depend on p (a=0.1
for p=1). This law is valid for any mother emulsion consisting of large droplets
with diameters larger than djy.

To explore the influence of p, the viscosity of the internal phase is varied over
four decades, everything else being constant. As can be seen in the log-log plot
of Fig. 6a, dy, (identically a) scales with the viscosity ratio as p®% the low value of
the exponent indicates that dy (or «) is only weakly dependent on p. In quasi-sta-
tic conditions, Grace [12] demonstrated that the critical capillary number di-
verges for p>3, meaning that the fragmentation is no longer possible when the
viscosity of the disperse phase is at least 3 times larger than that of the continu-
ous phase. Upon sudden application of the shear, it is therefore possible to break
the drops even for very high p values (p >100). The evolution of uniformity ver-
sus p is plotted Fig. 6b. As long as p is in the range [0.01-2], the emulsions ob-
tained are monodisperse. For p larger than 2, the emulsion uniformity U in-
creases reflecting the progressive loss of wavelength selectivity during the de-
velopment of the Rayleigh instability.

As a conclusion, if the viscosity ratio p between the internal and external
phases lies between 0.01 and 2, the shear applied on a polydisperse emulsion
made of large drops leads to a monodisperse one with a mean diameter gov-
erned by the stress. This fragmentation occurs through elongation of the drops
and the development of a Rayleigh instability with a characteristic time of the
order of one second. The obtained monodispersity probably results from the
fact that the Rayleigh instability develops under shear for a critical diameter of
the deformed drops.

2.3
Analysis of the Second Regime

After the first step, the resulting droplets can break again following a much
slower regime. For initial droplets smaller than 6 pm, only the second regime is
observed (see insert of Fig. 2). Moreover whatever the initial size, the mean di-
ameter converges to a unique asymptotic value of 3.8 pum. Further shearing (one
hour) of the emulsion does not reduce the diameter. This slow regime can be de-
scribed considering that one droplet breaks into (cw+1) daughter drops per unit
time. Then, the variation of the number of droplets during a time interval dt is:
dn(t)=cn(t)dt. We guess that w is a function of d; the higher d, the higher the
rate of droplet production. The function w(d) must reflect the fact that the
break-up becomes less probable as d approaches the saturating diameter d,. The
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following simple empirical relation may be adopted: w=w,(d-d;)/d, for d>d,
and =0 for d<d,. Writing the volume conservation during the break-up, the
mean diameter d at time ¢ can be written as follows:

d
- (1)

| do_dsex <—a)0t>
4, P\

d(t) =

where d, is the initial diameter. In this model the only free parameter is w,, a
constant that determines how the rupturing rate depends on the current droplet
size. Since all the parameters except the initial size are kept constant, @, must be
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the same for all the kinetics, whatever the initial size. From the best fit of the ex-
perimental curves in Fig. 2, w, remains constant and equal to 0.015 s~L. The in-
verse @, corresponds to a characteristic fragmentation time of the order of 70 s.
Compared to the Rayleigh instability, this second regime is extremely long and
this is why the two regimes can be decoupled. For emulsions with initial diame-
ters larger than 6 pm, d, in Eq. (1) is replaced by d which is the initial size for
the second mechanism. For all the data, the size uniformity U remains below
25% all over the kinetic process.

3
Preparation of Calibrated Materials

From the previous section, it can be deduced that monodisperse fragmentation
is obtained if two experimental conditions are fulfilled: (i) the applied shear and
stress are high enough to rapidly induce the Rayleigh instability; (ii) the viscos-
ity ratio lies in the range [0.01-2]. Hence, the most efficient way to produce
monodisperse emulsions in large quantities is to use a mixer which applies a
spatially homogeneous shear. That way, all the drops of the mother emulsion are
directly submitted to the same shear rate and simultaneously break into daugh-
ter drops (i.e.in less than one second). However this is not a necessary condition.
For example Aronson [30] described the production of emulsions having a con-
trolled droplet size and a fairly narrow distribution using a standard mixer that
does not apply a spatially homogeneous shear over the whole volume. Concen-
trated emulsion were fragmented for a long period of time (30-60 minutes). This
ensures that the whole emulsion volume has been finally submitted to the same
maximum stress. Although the application of a spatially homogeneous shear is
not a sine qua non condition, it allows one to reduce the shear time noticeably.

Mabille et al. [26] described a device capable of producing large amounts of
emulsions based on the use of a Couette-cell geometry.

3.1
Couette Cell Description

The Couette mixer [25, 26] consisting of two concentric cylinders is schemati-
cally shown in Fig. 7. It is equipped with a syringe pump for injecting the pre-
mixed emulsion allowing batch production. The inner cylinder (rotor) of ra-
dius R=20 mm is linked to a motor that rotates at a selected angular velocity Q
which can reach up to 70 rad-s~!. The velocity v at the surface of this cylinder is
v=RQ. The outer cylinder is fixed (stator). Three stators of different radii R; are
available, so that the shearing can be applied in three different gaps di=R;-R
(d;i=100 pm, 200 pm or 1 mm) depending on the selected stator. For the maxi-
mum angular velocity, it is possible to reach very high shear rates y~RQ/(R;-R)
for a gap of d;=100 pm. The premixed emulsion contained initially in the sy-
ringe is pushed by a piston into the gap between the rotor and the stator. Given
the covering height H between the outer cylinder and the inner one and the se-
lected injection velocity, v;,;, the emulsions are sheared during about ten sec-
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Fig. 7. Diagram of the Couette mixer. The premixed emulsion, initially located in the syringe,
is forced by a piston into the gap between the rotor and the stator. The sheared emulsion is col-
lected at the top of the mixer

onds. With this Couette mixer, it is possible to produce rapidly significant
quantities of emulsions with narrow size distributions (up to one or two liters
per hour depending on the system, at volume fractions ranging from 70% to
85%).

3.2
Simple Emulsions

In this section, we shall describe a large set of materials obtained following the
guidance provided in Sect. 1.

Let us first consider an inverted W/O emulsion made of 10% of 0.1 M NaCl
large droplets dispersed in sorbitan monooleate (Span 80), a liquid surfactant
which also acts as the dispersing continuous phase. At this low droplet volume
fraction, the rheological properties of the premixed emulsion is essentially de-
termined by the continuous medium. The rheological behavior of the oil phase
can be described as follows: it exhibits a Newtonian behavior with a viscosity of
1 Pa s up to 1000 s™' and a pronounced shear thinning behavior above this
threshold value. Between 1000 s~ and 3000 s, although the stress is approxi-
mately unchanged, the viscosity ratio is increased by a factor of 4.

When sheared at 50 s7!, the crude premixed emulsion remains unchanged
(Fig. 8a,b). The applied stress is insufficient to cause droplet rupture. At 1000 s71,
one can deduce from the image 8c, that fragmentation has taken place since the
resulting droplets are significantly smaller than in the mother emulsion. How-
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Fig. 8. W/O emulsions in pure Span 80 (sorbitan monooleate) a premixed emulsion, b emul-
sion sheared at 50 57}, c emulsion sheared at 1000 s™!, d emulsion sheared at 3000 s™'. Note that
for images a and b, the bars represent 122 pm whereas for images ¢ and d they represent
12.2 um

ever, the daughter emulsion still remains highly polydisperse. The image in
Fig.8d, corresponds to an applied shear of 3000 s™'. Again fragmentation occurs
but simultaneously, the size distribution becomes narrower (see Table 1). This
result can be understood in the light of the previous section, where is was clearly
established that the distribution uniformity is very sensitive to the viscosity ra-
tio p, U being smaller as p approaches unity.

We now consider a 40% silicone oil premixed emulsion dispersed in an aque-
ous phase. In Fig. 9 the evolution of mean diameter is plotted as a function of the
applied shear rate. The dispersed phase volume fraction is kept constant at 75%,
while the emulsifier concentration in the continuous medium is varied from
15 wt % to 45 wt %. The error bars show the distribution width deduced from
the measured uniformity. At a given shear rate, smaller droplets with lower uni-
formity are produced (see Fig. 9) when surfactant concentration increases. For
example at 45% of Ifralan 205 the uniformity never exceeds 15% whatever the
applied shear rate, whereas it is of the order of 25% for 15% of Ifralan 205. Some
microscope pictures of the emulsions obtained are given in Fig. 10. To under-
stand the evolution, we may argue that the continuous phase viscosity increases
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Fig. 9. Influence of the emulsifier concentration on the size profiles: diamonds C=15%, trian-
gles C=25%, circles C=30% and squares C=45% of Ifralan 205. The dispersed phase is kept con-
stant at 75% of a 350 mPa.s silicone oil. The lines are guides for the eye

Table 1. Droplet diameter measured by Dynamic Light Scattering experiments at 90° and dis-
tribution limits extracted from a multi-exponential analysis (10% brine in pure span 80)

y(sTh Mean diameter (nm) Distribution limits (nm)
1000 300 from 90 to 735
3000 220 from 160 to 300

10,000 170 from 114 to 314

with the surfactant concentration (see insert Fig. 9). Hence for a given shear rate,
the addition of surfactant has two main effects: (i) it increases the transmitted
stress thus promoting fragmentation and (ii) it makes the viscosity ratio p vary-
ing (from p=0.06 for 15% to p=0.4 for 45% of surfactant) thus reducing the size
distribution width.

Adding surfactant to the continuous phase is a possible route for improving
fragmentation. However, for economic and environmental reasons, it would be
beneficial to reduce it, while maintaining the viscosity of the continuous phase.
This can be achieved by addition of a non-adsorbing polymer. For example, the
two following aqueous phases: (i) 30 wt % of non-ionic surfactant NP7 (hepta-
ethylene glycol nonylphenol Tergitol) in water and (ii) 3 wt % of the same sur-
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Fig. 10. Images of monodisperse emulsions obtained under different conditions: a Ifralan
55%, y=8400 s71, b Ifralan 45%, y=2600 s7!, ¢ Ifralan 25%, y=4700 s!,d Ifralan 15%, y=7350 s~

factant with 4% of alginate in water, have the same viscosity (1 Pa s). Two mother
emulsions are prepared by dispersing 30 wt % of 350 mPa s silicone oil in the two
aqueous phases. When sheared at y=14280 s~!, the daughter emulsions have the
same size distributions: 1 pm and 14% of uniformity (see Fig. 11).

Surfactants are commonly used to kinetically stabilize colloidal systems. An
alternative way of achieving long term metastability is to adsorb macromole-
cules at the interface between the dispersed and the continuous phase. Polymer
chains may be densely adsorbed on surfaces where they form loops and tails
with a very broad distribution of sizes and extending into the continuous phase.
There is no fundamental difference regarding the fragmentation of emulsions in
the presence of polymers [31, 32]. The only feature that has to be pointed out is
the importance of the interfacial tension [26]. Indeed, due to their large molec-
ular size, macromolecules reduce the interfacial tension between oil and water
to a smaller extend than surfactants. In Fig. 12, the fragmentation profiles of two
premixed emulsions, one stabilized by a polymer (PVAAc, copolymer of
polyvinyl acetate and polyvinylic alcohol) the other by a short surfactant
(Ifralan 205) have been reported for comparison [26]. The compositions have
been adjusted so that the continuous phases possess the same zero-shear vis-
cosity (100 mPa s). This is achieved with 15% PVAAc and 35% Ifralan 205 in wa-
ter. The sizes obtained for the polymeric stabilized emulsions are three times
larger than those obtained with the surfactant, at the same shear rate. This can
be explained considering that the interfacial tension between silicone oil and the
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Fig. 11. Emulsion obtained by shearing a premixed emulsion in presence of a non adsorbing
polymer. System composition. Alginate (non adsorbing polymer) 4%, non-ionic surfactant
(NP7) 3%, oil volume fraction ¢=30%. a size distribution, b microscope image

continuous medium is approximately three times larger with the polymer
(17.2 mN-m™') than with the surfactant (5 mN-m™).

3.3
Suspensions

The monodisperse fragmentation process can be extended to produce monodis-
perse solid particles. The general strategy consists of performing the emulsifi-
cation in conditions such that the dispersed phase is in the liquid state and to so-
lidify the drops either by a temperature quench or through polymerization. The
microscope image shown in Fig. 13 gives an illustration of this possibility. It cor-
responds to a solid paraffin oil dispersed in water at room temperature. The
emulsification was performed in the liquid state, at a temperature above the
melting point of the paraffin oil. Once fragmented, the system is cooled at am-
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Fig. 13. Microscope image of a solid paraffin dispersed in water (room temperature)

bient temperature. The initially liquid spherical drops clearly adopt an aniso-
tropic shape revealing the final solid state of the oil. Note that the monodisper-
sity is not altered by this transformation.

All the previous examples reveal that a large variety of emulsions may be
produced (in quite large quantities) by application of controlled shear and that
the drop size may be tuned from 0.3 pm to 10 pm. In the following section, we
show that the same concepts can be applied if the dispersed phase is an emul-
sion itself, as far as the characteristic length of the Rayleigh instability is large
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compared to the average size of the primary emulsion. This allows one to fabri-
cate the so-called double or multiple emulsions, which are materials with many
potential applications.

3.4
Multiple Emulsions

Double emulsions may be either of the water-in-oil-in-water type (W/O/W)
(with dispersed oil globules themselves containing smaller aqueous droplets) or
of the oil-in-water-in-oil type (O/W/O) (with dispersed aqueous globules con-
taining smaller oily dispersed droplets). Taking advantage of this double (or
multiple) compartment structure, increasing interest has been devoted to these
multiple systems. Indeed, double emulsions present many interesting possibili-
ties for the controlled release of chemical substances initially entrapped in the
internal droplets. The industrial domains showing evident interest towards the
technological development of such complex systems are varied (food industry,
cosmetics). The major part of applications concerns the human pharmaceutical
tield: water-in-oil-in-water (W/O/W) emulsions have mostly been investigated
as potential vehicles for various hydrophilic drugs (vaccines, vitamins, enzymes,
hormones) which would then be slowly released. Active substances may also mi-
grate from the outer to the inner phase of multiple emulsions, in that case, pro-
viding a kind of reservoir particularly suitable for detoxification (overdose
treatment) or, in a different domain, in the removal of toxic materials from waste
water. In any case, the impact of double emulsions designed as drug delivery sys-
tems would be of significant importance in the controlled release field, for oral,
topical or parenteral administrations, provided that the release mechanisms can
be more easily monitored. Since the rates of release in double emulsions are very
sensitive to the droplet and globule sizes [33, 34], the most efficient control
should be achieved in the presence of emulsions that are monodisperse on the
two colloidal scales [35].

The study of the effect of shear on the fragmentation of oily globules to produce
W/O/W monodisperse emulsions has been developed and reported in a recent
publication [36]. The authors demonstrate that the method developed for simple
emulsions can be extended to produce monodisperse double emulsions within the
same rheological and shearing conditions. W/O/W monodisperse emulsions are
generally fabricated following a two-step procedure [34]. A monodisperse con-
centrated W/O emulsion stabilized by a lipophilic surfactant is first prepared. This
inverted emulsion is then emulsified in an aqueous phase containing a hydrophilic
surfactant. The resulting W/O/W emulsions are comprised of oily globules con-
taining smaller water droplets, both colloids having a well-defined and controlled
diameter. We report here an example taken from reference [36].

3.4.1
Inverted W/0 Emulsion

The premixed emulsion is comprised of salted water droplets dispersed in a 1:9
mixture (w/w) of dodecane and a lipophilic surfactant (Admul wol 1403) The
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droplet mass fraction ¢; is set to 80%. This crude emulsion is sheared into the
Couette-type cell at constant shear rate y=10000 s. A monodisperse W/O emul-
sion with an average diameter of 0.30 pm and uniformity U of the order of 20%
is obtained. To vary the droplet volume fraction ¢;, the emulsion is diluted with
pure dodecane after the fragmentation process.

3.4.2
Double Emulsions

A given amount of the primary inverted emulsion (mass fraction ¢,=70%) is dis-
persed in an aqueous phase containing 5% (w/w) of Synperonic PE/F 68 as the hy-
drophilic surfactant. In the absence of any thickening agent, the viscosity of the
continuous phase is very low compared to that of the inverted emulsion. 2%(w/w)
of alginate is therefore dissolved in water in order to increase the viscosity of the
continuous phase. In order to predict the best conditions for obtaining quasi-
monodisperse fragmentation, the evolution of the water phase viscosity 7. as a
function of the shear rate and alginate concentration is plotted in Figure 14. For
the sake of comparison, the viscosity 4 of the inverted emulsion at ¢;=75%(w/w)
is reported in the same graph (up to 1000 s7!). For a 2%(w/w) alginate solution,
the viscosity ratio ng/n. is of the order of 1 at 1000 s, so double globules with
narrow size distribution are expected in this alginate composition range. Of
course, the viscosity ratio becomes smaller than 1 in presence of concentrated
double globules, since the whole emulsion viscosity 7.¢ should to be considered
instead of 1. (neg>1).). However, it was checked that the ratio remained in the ad-
equate range, i.e. between 0.01 and 1, over the whole set of experiments.

The premixed double emulsion is sheared in the Couette cell at different shear
rates from 0 to 14200 s7'. The obtained double emulsions have diameters rang-
ing from 7 pm to 2 pm and uniformity between 15% and 30%. Figure 15 is a mi-
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Fig. 14. Evolution of the water phase viscosity 7). as a function of the shear rate and alginate
concentration (filled symbols). For the sake of comparison, the viscosity n, of the inverted
emulsion at ¢;=75% w is reported in the same graph (open symbols)
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Fig. 15. Image of the W/O/W emulsions obtained for the system. Admul wol 1403-Synperonic
PE/F 68-dodecane. ¢;=65%. The emulsions were diluted with water+glucose to facilitate the
observation.a y=1000 s and b y=14200 s7!

croscope image of double emulsions fabricated at different shear rates. Large oil
globules very uniform in size are visible, and the smaller inverted water droplets
are also distinguishable. From these results, it can be concluded that the frag-
mentation method that has been developed for simple emulsions can be ex-
tended to produce quasi-monodisperse double emulsions. In other words, the
capillary instability occurring in simple emulsions also takes place in presence
of materials such as concentrated emulsions, within the same rheological and
shearing conditions. It is worth noting that in the previous experiments the fi-
nal globule size is always significantly larger than the internal water droplet di-
ameter (there is at least a factor of ten between the two diameters). In such con-
ditions, the W/O emulsion may be considered as an effective continuous
medium obeying the same fragmentation properties as a simple fluid.

343
Influence of the Internal Droplet Mass Fraction

The primary W/O emulsion is diluted with dodecane to vary the mass fraction
¢; of the water droplets in the inverted emulsion. In Fig. 16 is reported the evo-
lution of the globule diameter as a function of y, for 3 different mass fractions ¢;.
The mass fraction ¢, of the globules in the double emulsion is always equal to
70%.1t can be observed that for a given shear rate, the globule size increases with
the droplet mass fraction. By varying ¢;, the average viscosity of the inverted
emulsion is also changing. The results are qualitatively identical to that obtained
by Mason et al. [24] for the fragmentation of simple emulsions. By increasing
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Fig. 16. Dependence of the globule diameter in W/O/W emulsions on the steady shear rate y
for the system Admul wol 1403-SynperonicPE/F 68-dodecane, for different ¢; values

the viscosity of the dispersed phase, they too observed that the droplet diameter
increases.

3.5
Ferrofluid Emulsions

Monodisperse ferrofluid emulsions are comprised of magnetic oils dispersed in
a water continuous phase. The specific magnetic and optical properties of these
materials are currently exploited in research and/or technological fields. Leal-
Calderon et al. [37] have developed a technique that allows one to directly deter-
mine the force distance law between tiny colloidal particles. Their technique ex-
ploits the fact that the anisotropy of the forces between dipoles causes the fer-
rofluid droplets to form chains. Because chains give rise to a strong Bragg
diffraction of the visible light, the inter-droplet spacing is accurately measured.
Moreover, because the attractive dipolar magnetic force can be varied trough the
intensity of the external field, the balancing repulsive force can also be measured
at various spacings. This technique has been used for the measurement of col-
loidal forces in the presence of many different surface active species (surfac-
tants, polymers, proteins) and has provided interesting insights in the field of
colloidal forces [38].

Ferrofluid emulsions have also found a useful application in the domain of
medical diagnostics. Magnetic bioseparation or biopurification of antigens, an-
tibodies or nucleic acids with magnetic particles is both a simple and efficient
alternative to column purification, centrifugation or extraction with organic
solvents. For that purpose, the ferrofluid droplet surfaces are functionalized
with a receptor function, i.e. a chemical function that can capture a target mol-
ecule dissolved in a biological medium (blood, food, sera, tissues,...), through a
specific ligand-receptor interaction. Under the application of a magnetic field
gradient, the droplets sediment and therefore isolate the target molecules which
are attached to their surfaces, prior to their detection or titration. The main
specifications of this technology are the following:



214 V. Schmitt et al.

Fig. 17. Scanning Electron Microscope image of a ferrofluid emulsion

- large oxide content providing high magnetic susceptibility and therefore
rapid separation under a magnetic field

- large specific surface area due to the small size of the magnetic particles.
Moreover the particles are Brownian. The conditions are ideal for a rapid ad-
sorption of the molecules to be attached

- high binding capacity.

The binding capacity is essentially determined by the total specific surface of the
magnetic droplets. Since this parameter must be controlled with great accuracy,
monodisperse emulsions become necessary.

The preparation of a ferrofluid emulsions is quite similar to that described for
double emulsions. The starting material is ferrofluid oil made of small iron ox-
ide grains (Fe,0;) with a typical size of 10 nm, dispersed in oil in presence of an
oil-soluble surfactant. The preparation of ferrofluid oils was initially described
in a US patent [39]. Once fabricated, the ferrofluid oil is in turn emulsified in a
water phase containing a hydrophilic surfactant. The viscosity ratio between the
dispersed and continuous phases is adjusted in order to lie in the range where
monodisperse fragmentation occurs [0.01-2]. The emulsification takes place in
a Couette-type cell, leading to direct emulsions with a typical diameter around
200 nm and a very narrow size distribution as can be observed in Fig. 17.

4
Conclusion

In this article we have shown how a capillary instability may generate a well-de-
fined characteristic size. The materials that derive are essentially emulsions
made of liquid or crystallizable droplets. The monodispersity make it possible to
obtain materials with perfectly controlled and reproducible properties, which
certainly cannot be achieved in presence of polydisperse emulsions. This is why
monodisperse emulsions are not only model systems for fundamental science
but also materials with commercial applications.
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