Volume Editors A.M. van Herk « K. Landfester

Hybrid Latex Particles

Preparation with (Mini)emulsion Polymerization

@ Springer



233
Advances in Polymer Science

Editorial Board:

A. Abe - A.-C. Albertsson - K. DuSek - W.H. de Jeu
H.-H. Kausch - S. Kobayashi - K.-S. Lee - L. Leibler
T.E. Long - I. Manners - M. Moller - E.M. Terentjev
M. Vicent - B. Voit - G. Wegner - U. Wiesner



Advances in Polymer Science

Recently Published and Forthcoming Volumes

Hybrid Latex Particles

Volume Editors: van Herk, A.M.,
Landfester, K.

Vol. 233, 2010

Biopolymers

Volume Editors: Abe, A., Dusek, K.,
Kobayashi, S.

Vol. 232, 2010

Polymer Materials
Volume Editors: Lee, K.-S., Kobayashi, S.
Vol. 231, 2010

Polymer Characterization
Volume Editors: Dusek, K., Joanny, J.-F.
Vol. 230, 2010

Modern Techniques for Nano-
and Microreactors/-reactions
Volume Editor: Caruso, F.

Vol. 229, 2010

Complex Macromolecular Systems 11
Volume Editors: Miiller, A.H.E.,
Schmidt, H.-W.

Vol. 228, 2010

Complex Macromolecular Systems I
Volume Editors: Miiller, A.H.E.,
Schmidt, H.-W.

Vol. 227, 2010

Shape-Memory Polymers
Volume Editor: Lendlein, A.
Vol. 226, 2010

Polymer Libraries

Volume Editors: Meier, M.A.R., Webster, D.C.

Vol. 225, 2010

Polymer Membranes/Biomembranes
Volume Editors: Meier, W.P., Knoll, W.
Vol. 224, 2010

Organic Electronics
Volume Editors: Meller, G., Grasser, T.
Vol. 223, 2010

Inclusion Polymers
Volume Editor: Wenz, G.
Vol. 222, 2009

Advanced Computer Simulation
Approaches for Soft Matter Sciences I11
Volume Editors: Holm, C., Kremer, K.
Vol. 221, 2009

Self-Assembled Nanomaterials 1T
Nanotubes

Volume Editor: Shimizu, T.

Vol. 220, 2008

Self-Assembled Nanomaterials I
Nanofibers

Volume Editor: Shimizu, T.

Vol. 219, 2008

Interfacial Processes and Molecular
Aggregation of Surfactants

Volume Editor: Narayanan, R.

Vol. 218, 2008

New Frontiers in Polymer Synthesis
Volume Editor: Kobayashi, S.
Vol. 217, 2008

Polymers for Fuel Cells II
Volume Editor: Scherer, G.G.
Vol. 216, 2008

Polymers for Fuel Cells I
Volume Editor: Scherer, G.G.
Vol. 215, 2008

Photoresponsive Polymers I1
Volume Editors: Marder, S.R., Lee, K.-S.
Vol. 214, 2008

Photoresponsive Polymers I
Volume Editors: Marder, S.R., Lee, K.-S.
Vol. 213, 2008



Hybrid Latex Particles

Preparation with (Mini)emulsion
Polymerization

Volume Editors: Alex M. van Herk
Katharina Landfester

With contributions by

S.A.F. Bon - E. Bourgeat-Lami - B. Charleux - F. D’ Agosto
G. Delaittre - A. Elaissari - A.M. van Herk - K. Landfester
M. Lansalot - Md M. Rahman - R.F.A. Teixeira - C.K. Weiss

@ Springer



Editors

Prof. Alex M. van Herk

Eindhoven University of Technology
Chemical Engineering and Chemistry
PO Box 513, Helix STO 1.42

5600 MB Eindhoven

The Netherlands

a.m.v.herk@tue.nl

Prof. Katharina Landfester
Max-Planck-Institute for Polymer Research
Ackermannweg 10

55128 Mainz

Germany

landfester @ mpip-mainz.mpg.de

ISSN 0065-3195 e-ISSN 1436-5030
ISBN 978-3-642-16059-2 e-ISBN 978-3-642-16060-8

DOI 10.1007/978-3-642-16060-8

Springer Heidelberg Dordrecht London New York

Library of Congress Control Number: 2010936198

(© Springer-Verlag Berlin Heidelberg 2010

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9,
1965, in its current version, and permission for use must always be obtained from Springer. Violations
are liable to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective
laws and regulations and therefore free for general use.

Cover design: WMXDesign GmbH, Heidelberg

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Volume Editors

Prof. Alex M. van Herk

Eindhoven University of Technology
Chemical Engineering and Chemistry
PO Box 513, Helix STO 1.42

5600 MB Eindhoven

The Netherlands

a.m.v.herk@tue.nl

Editorial Board

Prof. Akihiro Abe

Professor Emeritus

Tokyo Institute of Technology
6-27-12 Hiyoshi-Honcho, Kohoku-ku
Yokohama 223-0062, Japan

aabe34 @xc4.so-net.ne.jp

Prof. A.-C. Albertsson

Department of Polymer Technology
The Royal Institute of Technology
10044 Stockholm, Sweden
aila@polymer.kth.se

Prof. Karel Dusek

Institute of Macromolecular Chemistry
Czech Academy of Sciences

of the Czech Republic

Heyrovsky Sq. 2

16206 Prague 6, Czech Republic
dusek@imc.cas.cz

Prof. Dr. Wim H. de Jeu

Polymer Science and Engineering
University of Massachusetts

120 Governors Drive

Ambherst MA 01003, USA
dejeu@mail.pse.umass.edu

Prof. Katharina Landfester

Max-Planck-Institute for Polymer Research
Ackermannweg 10

55128 Mainz

Germany

landfester@mpip-mainz.mpg.de

Prof. Hans-Henning Kausch

Ecole Polytechnique Fédérale de Lausanne
Science de Base

Station 6

1015 Lausanne, Switzerland
kausch.cully@bluewin.ch

Prof. Shiro Kobayashi

R & D Center for Bio-based Materials
Kyoto Institute of Technology
Matsugasaki, Sakyo-ku

Kyoto 606-8585, Japan
kobayash@kit.ac.jp

Prof. Kwang-Sup Lee

Department of Advanced Materials
Hannam University

561-6 Jeonmin-Dong

Yuseong-Gu 305-811

Daejeon, South Korea

kslee @ hnu.kr

Prof. L. Leibler

Matiere Molle et Chimie

Ecole Supérieure de Physique
et Chimie Industrielles (ESPCI)
10 rue Vauquelin

75231 Paris Cedex 05, France
ludwik.leibler @espci.fr



vi

Prof. Timothy E. Long

Department of Chemistry
and Research Institute
Virginia Tech

2110 Hahn Hall (0344)
Blacksburg, VA 24061, USA
telong @vt.edu

Prof. Ian Manners

School of Chemistry
University of Bristol
Cantock’s Close

BS8 1TS Bristol, UK
ian.manners @ bristol.ac.uk

Prof. Martin Moller

Deutsches Wollforschungsinstitut

an der RWTH Aachen e.V.
Pauwelsstrafie 8

52056 Aachen, Germany
moeller@dwi.rwth-aachen.de

Prof. E.M. Terentjev

Cavendish Laboratory
Madingley Road
Cambridge CB 3 OHE, UK
emt1000@ cam.ac.uk

Editorial Board

Maria Jesus Vicent, PhD

Centro de Investigacion Principe Felipe
Medicinal Chemistry Unit

Polymer Therapeutics Laboratory

Av. Autopista del Saler, 16

46012 Valencia, Spain
mjvicent@cipf.es

Prof. Brigitte Voit

Institut fiir Polymerforschung Dresden
Hohe Strale 6

01069 Dresden, Germany
voit@ipfdd.de

Prof. Gerhard Wegner

Max-Planck-Institut

fiir Polymerforschung
Ackermannweg 10

55128 Mainz, Germany
wegner@mpip-mainz.mpg.de

Prof. Ulrich Wiesner

Materials Science & Engineering
Cornell University

329 Bard Hall

Ithaca, NY 14853, USA
ubwl@cornell.edu



Advances in Polymer Sciences
Also Available Electronically

Advances in Polymer Sciences is included in Springer’s eBook package Chemistry
and Materials Science. If a library does not opt for the whole package, the book
series may be bought on a subscription basis. Also, all back volumes are available
electronically.

For all customers who have a standing order to the print version of Advances
in Polymer Sciences, we offer free access to the electronic volumes of the Series
published in the current year via SpringerLink.

If you do not have access, you can still view the table of contents of each volume
and the abstract of each article by going to the SpringerLink homepage, clicking
on “Browse by Online Libraries”, then “Chemical Sciences”, and finally choose
Advances in Polymer Science.

You will find information about the

Editorial Board

— Aims and Scope
Instructions for Authors
Sample Contribution

at springer.com using the search function by typing in Advances in Polymer
Sciences.

Color figures are published in full color in the electronic version on SpringerLink.



viii Advances in Polymer Sciences Also Available Electronically

Aims and Scope

The series Advances in Polymer Science presents critical reviews of the present
and future trends in polymer and biopolymer science including chemistry, physical
chemistry, physics and material science. It is addressed to all scientists at universi-
ties and in industry who wish to keep abreast of advances in the topics covered.

Review articles for the topical volumes are invited by the volume editors. As a
rule, single contributions are also specially commissioned. The editors and pub-
lishers will, however, always be pleased to receive suggestions and supplementary
information. Papers are accepted for Advances in Polymer Science in English.

In references Advances in Polymer Sciences is abbreviated as Adv Polym Sci and
is cited as a journal.

Special volumes are edited by well known guest editors who invite reputed authors
for the review articles in their volumes.

Impact Factor in 2009: 4.600; Section “Polymer Science”: Rank 4 of 73



Preface

In this volume of “Advances in Polymer Science,” the topic of hybrid latexes is
covered.

A hybrid latex particle is either a latex comprising of a high molar mass polymer
and an oligomer (or an alkyd resin) or a latex particle that contains both organic and
inorganic material phases.

Hybrid latex particles find their applications in coatings, adhesives, plastics, and
specialty applications like medical diagnostics. In the last 10 years, an increased
interest in hybrid latex particles in both scientific communities and industry can be
observed. Especially the incorporation of clay platelets and nanosilica particles in
latexes can be regarded as main areas of interest in the field of polymer colloids at
the moment. Scientific meetings over the past 3 years have featured many contribu-
tions in this direction from all over the world.

We mainly focus on the use of emulsion polymerization and miniemulsion poly-
merization techniques to prepare hybrid latex particles containing both organic
and inorganic materials, because the scope of these kind of materials in applica-
tions is much broader than that of, for example, the alkyd resin containing latex
particles.

The number of methods and approaches to produce hybrid latexes has increased
dramatically in the last 10 years. Not only molecules and latex particles but also sur-
factant assemblies, block copolymers, and inorganic particles are used as building
blocks to create hybrid latex particles. Conventional emulsion polymerization has
been studied for the preparation of hybrid latexes already since the early 1980s. In
the last decade miniemulsion polymerization turned out to be a valuable alternative
for emulsion polymerization. The use of controlled radical polymerization increased
the efficiency of the encapsulation process tremendously and added new possibili-
ties to the chain architectures used in the polymeric part of the hybrid latexes.

In Chap. 1, a small overview of emulsion polymerization and miniemulsion
polymerization is given, followed by some history of preparation of hybrid latex
particles.

In Chap. 2, physical methods for the preparation of hybrid latex particles are
covered. In Chap. 3, the use of emulsion polymerization, mainly in combination



X Preface

with free-radical polymerization, is covered, whereas in Chap.4 an emphasis on
the use of controlled radical polymerization is given. Chapter 5 covers the use
of miniemulsion polymerization, and in the final chapter preparation of magnetic
hybrid latex particles and the interesting specialty applications of these particles are
treated.

Summer 2010 Katharina Landfester and Alex M. van Herk
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Historical Overview of (Mini)emulsion
Polymerizations and Preparation
of Hybrid Latex Particles

A.M. van Herk

Abstract In this introductory chapter, a brief overview of emulsion polymerization
and miniemulsion polymerization principles is given in relation to preparation of
hybrid latex particles. An account is presented of the early history of preparation of
hybrid latex particles with an emphasis on the hybrid lattices containing organic and
inorganic material phases. The two approaches for obtaining encapsulated inorganic
particles are discussed: the chemical method in which polymerization takes place in
the presence of inorganic particles, and the physical method whereby latex particles
are deposited on the surface of inorganic particles by heterocoagulation.

A new classification scheme for the preparation of hybrid latex particles and
corresponding higher-order nanostructures is given in this paper. This classification
is partially based on a discussion during the International Polymer Colloids Group
meeting in Italy in 2009.

Keywords Emulsion polymerization - Encapsulation - Hybrid latex particles
- Miniemulsion polymerization - Nanocomposites - Nanosynthons
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1 Introduction

In this special issue of Advances in Polymer Science, the topic of hybrid lattices
is covered. According to the IUPAC “Terminology of polymers and polymerization
processes in dispersed systems” a hybrid latex particle is either a latex comprising
a high molar mass polymer and an oligomer (or an alkyd resin), or a latex particle
that contains both organic and inorganic material phases [1].

We will focus on the use of emulsion polymerization and miniemulsion polymer-
ization techniques for the preparation of hybrid latex particles. Also, more emphasis
will be put on the preparation of hybrid lattices containing organic and inorganic
materials, because the scope of these kinds of materials in applications is much
broader than that of, for example, latex particles containing alkyd resin.

In this introductory chapter, a brief overview of emulsion polymerization and
miniemulsion polymerization is given, followed by some history of the preparation
of hybrid latex particles, with an emphasis on the hybrid lattices containing organic
and inorganic material phases.

The number of methods and approaches for the production of hybrid lattices has
increased dramatically in the last 10 years. Not only molecules and latex particles
but also surfactant assemblies, block copolymers and inorganic particles are used as
building blocks to create hybrid latex particles. Recognizing the general classifica-
tion scheme introduced by Bourgeat Lami in 2002 [2], a new classification scheme
for the preparation of hybrid latex particles and corresponding higher-order nanos-
tructures will be given in this introduction. This classification is partially based on
a discussion during the International Polymer Colloids Group meeting in Italy in
2009 [3].

The building blocks for preparing the hybrid latex particles will be referred to
as synthons or nanosynthons. The word “synthon” was introduced by E.J. Corey as
being a fragment in a molecule related to a possible synthetic operation [4] In this
paper, we refer to synthons as being reactive molecules that are building blocks for
higher-order structures. A monomer is typically a synthon that leads to a higher-
order structure, the polymer. Dissolved polymer molecules can also act as synthons,
for example in the sense that they can combine to higher-order structures like gels
or can be used in encapsulation by building a polymer shell by the layer-by-layer
approach using oppositely charged polyelectrolytes [5].

The nanosynthon is a particle (not a molecule) that can create hybrid struc-
tures and/or suprastructures [6]. Figure 1 shows how hybrid latex particles can be
produced and how hybrid particles can lead to suprastructures and functionalities.
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Fig. 1 Preparation methods for hybrid latex particles and subsequent formation of suprastructures
and functionalities

The hybrid latex particle is created out of molecules (synthons) and/or particles
(nanosynthons). If we use only particles to create a hybrid latex particle we refer to
the process as heterocoagulation (lefthand side of Fig. ). Heterocoagulation is the
process by which different types of particles (different in composition and/or size)
coagulate in a controlled way. In using heterocoagulation to prepare hybrid latex
particles the different particles often have different charge. If for example a posi-
tively charged inorganic particle is slowly added to a surplus of negatively charged
latex particles immediate charge reversal of the inorganic particle takes place and
the systems remains stable. If the core particle is a liquid or a void, the particle is
also called a colloidosome (see [7]).

Hybrid latex particles can also be produced by reacting molecules (monomers)
via (mini)emulsion polymerization on the surface of an inorganic particle (nanosyn-
thon); this process is usually referred to as encapsulation (righthand side of Fig. 1).
Inorganic/organic hybrid latex particles can also be produced by only using syn-
thons, for example by combining synthons for inorganic material with synthons
for polymers. If the two types of synthons are reacted simultaneously an inter-
penetrating network of the organic and inorganic material can be obtained. If the
two synthons are reacted consecutively more structured materials can be obtained.
An example is the vesicle-directed growth of silica where the bilayer of the vesi-
cles contains polydivinylbenzene obtained after photopolymerization (dioctadecyl
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COlOIRL M e Xe:
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Fig. 2 Different morphologies that can be obtained during preparation of hybrid latex particles

ammonium bromide and divinylbenzene are the synthons respectively). The outside
of the structure is produced from siloxanes to produce a layer of silica. In this way
a hollow structure with an organic/inorganic shell is obtained [8] and the polymer
and inorganic material are separated. A hybrid latex particle can intrinsically con-
tain the desired functionality (for example an encapsulated pigment particle that is
more compatible with the binder system in a coating) or can obtain its final func-
tionality after post-modification (for example a magnetic core—shell particle that is
functionalized with certain proteins to target certain organs in the human body [9]).
Hybrid latex particles can construct blocks (nanosynthons) for suprastructures that
then contain the desired functionalities (for example an encapsulated clay particle
that leads to a film with better barrier properties).

The resulting structures of hybrid latex particles are shown in (Fig.2) and can
be described as follows: In encapsulating, for example, an inorganic nanoparticle,
the expected outcome is the core—shell particle. In some cases, more than one core
particle is encapsulated in the resulting hybrid particle, which could be called an
occluded particle. Combining synthons for preparation of a polymeric phase and an
inorganic phase, one might also produce occluded particles or multilayered parti-
cles. Depending on the surface tensions between the seed material and the polymer
and each of the two materials with the water phase, one might obtain partially en-
gulfed particles. Encapsulating a liquid or creating a void inside a particle leads to
a nanocapsule. If the particles contain a solid core that is supposed to be released
later, these are also called nanocapsules. Depositing particles on a droplet or on a
void leads to colloidosomes.

The polymerization techniques applied in encapsulation of nanosized structures
are usually emulsion or miniemulsion polymerization. In heterocoagulation, the
nanosynthons are often also prepared by emulsion polymerization (Fig. 1).
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2 Emulsion Polymerization

The emulsion polymerization technique is a heterophase polymerization technique
in which three phases can be distinguished: the water phase, the latex particle phase
and the monomer droplet phase (the latter is usually present during part of the
polymerization reaction). The product of an emulsion polymerization is a latex: a
submicrometer dispersion of polymer particles in water. Non-aqueous dispersions
of latex particles also exist.

The emulsion polymerization technique usually contains a micelle-forming
surfactant and a water-soluble initiator in combination with a water-insoluble
monomer. Polymerization takes place in the monomer-swollen micelles and latex
particles. Therefore, the term “emulsion polymerization” is a misnomer; the starting
point is an emulsion of monomer droplets in water, and the product is a dispersion of
latex particles. In the case of microemulsion polymerization, the monomer droplets
are made very small (typical particle radius is 10-30nm) and they become the
locus of polymerization. In order to obtain such small droplets, a co-surfactant
(e.g. hexanol) is usually applied. A microemulsion is thermodynamically stable
[10]. A similar polymerization technique is miniemulsion polymerization in which
the thermodynamically unstable droplets have a radius of between 30 and 500 nm
[11]. It is also possible to perform inverse emulsion polymerizations whereby the
continuous phase is organic, in combination with a water-soluble monomer in small
water droplets.

2.1 General Aspects of Emulsion Polymerization

Emulsion polymerization involves the emulsification of monomers in an aqueous
phase, and stabilization of the droplets by a surfactant. Usually, a water-soluble
initiator is used to start the free-radical polymerization. The final product is a dis-
persion of submicrometer polymer particles, which is called latex. The locus of
polymerization is the micelle. Typical applications are paints, coatings, adhesives,
paper coatings and carpet backings. The latex particles can have different structures
(see Fig.2). Excellent text books on the applications and structure—property rela-
tionships exist [11-15]. Besides a full description of the kinetics and mechanism
of emulsion polymerization [16], a textbook adapted for use as material for people
entering the field is also available [17].

In emulsion polymerization, one can achieve relatively high rates of polymeriza-
tion and high molar masses as compared to, for example, solution polymerization.

One of the first major applications of latex was the replacement of natural rubber
latex by synthetic rubber latex during the Second World War. From there, a contin-
uing interest in the preparation of lattices has evolved. At the end of the twentieth
century, environmental aspects are starting to play a role in the further introduc-
tion of emulsion polymerization techniques, replacing solvent-based polymerization
processes.
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2.2 Principles of the Emulsion Polymerization Process

The physical picture of emulsion polymerization is based originally on the
qualitative picture of Harkins [18] and the quantitative treatment of Smith and
Ewart [19], followed by other contributions. Gilbert shaped the qualitative and
quantitative picture of the emulsion polymerization process as it is now generally
accepted [16]. The main components of an emulsion polymerization recipe are the
monomer(s), dispersing medium (usually water), surfactant and initiator.

During the progress of the polymerization, three distinct intervals can be ob-
served. Interval I is the initial stage, during which particle nucleation takes place.
The mechanisms of particle nucleation will be discussed in Sect.2.3.

Interval I is characterized by a constant particle number, while polymerization in
the particles proceeds in the presence of a separate monomer phase. The beginning
of interval II is usually taken as the conversion, when the surfactant concentration
drops below its critical micelle concentration (CMC). The monomer-swollen parti-
cles grow and increase their surface area and consume the monomer droplets. The
end of interval II is characterized by the disappearance of monomer droplets. From
the beginning of interval III, no monomer droplets are present and the monomer
concentration in the particles and water phase continuously decreases.

2.3 Particle Nucleation

The nucleation stage (interval I) is the stage during which the particles are formed
and therefore the final particle number (and thus particle size) is determined. In
micellar nucleation, an oligomer produced from the initiator-derived radical grows
until it is surface-active and then enters the micelle (surfactant—cosurfactant sys-
tem).The number of particles increases in this interval and therefore also the rate of
polymerization. When the particle formation is finished and, in the ideal situation,
from then on the number of polymer particles remains constant, interval I is finished
and interval II starts.

This nucleation mechanism is elegantly quantified by Smith and Ewart [19], who
stated that particle nucleation will stop when the surfactant concentration drops be-
low its CMC due to adsorption of surfactant onto the surface of the newly formed
polymer particle.

Two weaknesses of the Smith—Ewart nucleation model are: (1) particles are
formed even when no micelles are present; and (2) more water-soluble monomers
do not fit the theory.

A homogeneous nucleation model was proposed [20, 21] in which radicals react
in the aqueous phase with solubilized monomer to form growing oligomeric species
(Fig. 3). These species will form particles when the critical water solubility length is
reached (ji-mer). The consequence is that in cases where homogeneous nucleation
is the dominating regime of particle nucleation, the water solubility of the monomer,
the initiator concentration, and the water solubility of the initiator become important
parameters in the emulsion polymerization process.
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Fig. 3 Model of homogeneous nucleation related to entry for persulphate-derived radicals

In this special issue, we aim to relate the mechanism of polymerization to the
production of hybrid latex particles. In general, encapsulation of inorganic parti-
cles is achieved by performing an emulsion polymerization in the presence of the
inorganic particles. The encapsulation efficiency is determined by the amount of
polymer formed exclusively on the surface of the inorganic particles as opposed to
the formation of a second crop of particles (called secondary nucleation) that do not
contain inorganic particles. In the light of the nucleation mechanism, we are deal-
ing with a so-called seeded emulsion polymerization that starts in interval II of the
emulsion polymerization process.

2.4 Particle Morphologies

As mentioned before, hybrid latex particles are usually prepared by seeded emul-
sion polymerization. In the first stage, well-defined inorganic or organic particles
are prepared, while in the second stage a monomer is polymerized in the pres-
ence of these well-defined particles. Multistage emulsion polymerization produces
structures such as core—shell, “inverted” core—shell structures, and phase-separated
structures such as sandwich structures, hemispheres, “raspberry-like” and void
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particles (see also Fig.2). Control of the composite latex particle morphology is
important for many latex applications, such as adhesives and coatings [22], and for
impact modification and toughening of polymer matrices [23]. The morphology of
the particle has a big influence on the properties. The particle morphology can be af-
fected by many of the polymerization parameters. Examples are: water solubility of
the monomers; type, amount and addition mode of other ingredients such as surfac-
tant; initiator; chain transfer agent; crosslinking agents; degree of compatibility of
polymers; viscosity of the polymerization loci (through swelling of the core particle
with monomer and the molar mass of the polymer); degree of grafting of the second
stage polymer onto the core particle; polarity of the polymers; interfacial tension at
the polymer—polymer and polymer—water interphases; degree of crosslinking; meth-
ods of monomer addition; and polymerization temperature.

Particle morphology in emulsion polymerizations with more than one monomer
(consecutive homo- and or copolymerization) is governed by thermodynamics and
kinetics.

The thermodynamics are mainly controlled by the interfacial tensions between
the two polymers and between each of the polymers and water. Calculations of the
latex particle morphology on the basis of minimization of the interfacial energy
change have been reported by Sundberg et al. [24] and Chen et al. [25, 26]. The
interfacial tension seems to be one of the main parameters controlling particle mor-
phology in composite latexes. Depending on the type of initiator and surfactant,
the surface polarity can be different. Therefore, the particle surface polarity, rather
than the polymer bulk properties, could be the controlling parameter in determining
which phase will be inside or outside in composite particles.

It is possible that equilibrium morphology is not obtained because the movement
of the polymer chains is not fast enough to reach that equilibrium within the time-
frame of the reaction; this is kinetic control of morphology. The kinetic parameters
influence the rate of formation of a certain morphology [27, 28], which is basically
determined by the interfacial tensions [29]. The parameters of importance are the
rate of formation of the polymer (parameters are propagation rate coefficient, and
the local monomer and radical concentrations) and the rate of diffusion of the poly-
mer chains (parameters are viscosity in the locus of polymerization, molar mass and
topology of the polymer chain). Both the rate of formation and the rate of diffu-
sion of a polymer chain are, for example, affected by the mode of addition of the
monomer and initiator. An increased rate of addition of the monomer will lead to a
lower instantaneous conversion and thus a lower viscosity in the particle, which in
turn increases the rates of diffusion and leads to different morphologies.

Asua et al. [30, 31] also developed a mathematical model for the development
of particle morphology in emulsion polymerization. This model is based on the
migration of clusters. The clusters are formed if the newly formed polymer chain is
incompatible with the polymer existing at the site where it is formed, thus inducing
phase separation. The equilibrium morphology is reached when the clusters migrate
to an equilibrium situation in order to minimize the Gibbs free energy. The motion
of the clusters is due to the balance between the van der Waals forces and the viscous
forces.
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3 Miniemulsion and Microemulsion Polymerization

From a synthetic point of view, emulsion polymerization is not suitable for all
monomers. For monomers that are highly water-soluble or, on the other hand, al-
most insoluble in water, the standard emulsion polymerization technique is not
suitable. For water-soluble monomers, besides emulsion polymerization, aqueous
phase polymerization can also occur, in which case one could resort to inverse
emulsion polymerization, whereby water droplets containing the monomer are poly-
merized in an oil phase.

In the case of monomers with low water solubility, another problem arises. In
emulsion polymerizations, transport of monomer from monomer droplets to the
growing polymer particles is needed, which demands a minimum water solubility of
the monomer. For example dodecylmethacrylate (water solubility of 0.065 mmol/L)
cannot be polymerized by conventional emulsion polymerization. Another rea-
son for hydrophobic monomers to polymerize slowly in emulsion polymerization
could be that entry of radicals is slow because the oligomers do not grow to their
critical chain length [32]. Another solution to this problem is to directly polymer-
ize within the monomer droplets, which have to be very small in order to keep
the benefits of producing polymer in the form of latex. In contrast to emulsion
polymerization, where the droplets are of the same size as those in suspension poly-
merization (10-100um), in mini- and microemulsion polymerization the droplets
are very much smaller and enable the polymerization to take place directly within
the monomer droplets.

In miniemulsion polymerization, the droplets are in the range from 50 to 500 nm.
A combination of a surfactant (e.g. SDS) and a hydrophobe or costabilizer (for ex-
ample, a long chain alkane or alcohol) is used. The droplets are formed using devices
like ultrasonifiers, homogenizers or even static mixers. The miniemulsions are ther-
modynamically unstable and therefore are only stable for a limited period of time,
ranging from hours to days.

In principle, polymerization proceeds in the monomer droplets and the final
particle number is close to the initial number of monomer droplets. However, in
many cases not all droplets are initiated to become polymer particles, but only a
fraction (<20%) of the initial number of monomer droplets. This effect is related
to Ostwald ripening and often a hydrophobe is added in the recipes to prevent this
from happening.

The miniemulsion process is also very suitable for the preparation of hybrid latex
particles. One can have the inorganic particles already present in the droplets, then
the polymerization reaction results in encapsulated nanoparticles (see [33]).

In microemulsions, the droplets are even smaller (5-20 nm) and the microemul-
sion is thermodynamically stable. Here also, a mixed emulsifier system is used [10].
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4 Encapsulation of Inorganic Particles

4.1 Early Accounts of Encapsulation Through Emulsion
Polymerization

Encapsulation is the process of obtaining small solid nanoparticles, liquid nan-
odroplets or gas nanobubbles with a polymeric coating. We will give a historic
account of some of the early work on encapsulating inorganic pigments and fillers
with a polymer through (mini)emulsion polymerization.

The encapsulation of pigment and filler particles is an important area of research,
both in the academic world and in industrial laboratories. At present, emphasis
is given to the incorporation of clay in polymeric materials, including polymeric
nanoparticles. Such systems are expected to exhibit properties other than the sum
of the properties of the individual components. In general, several benefits from this
encapsulation step can be expected when the obtained particles will be applied in a
polymeric matrix (e.g., plastics or emulsion paints) as compared to physical blends:

— Improved barrier properties of a paint film

— Improved mechanical properties

— Better particle dispersion in the polymeric matrix and, as a consequence, im-
proved effectiveness in light scattering in a paint film

— Protection of the filler or pigment from outside influences

— Protection of the matrix polymer from interaction with the pigment

The applications of these encapsulated particles can be found in filled plastics,
paints, inks, paper coatings etc. In solid polymeric materials and films, the in-
teraction between filler or pigment and polymer is very important for mechanical
properties like fracture toughness [34, 35].

The treatment of inorganic particles with hydrophobizing or coupling agents like
silanes, titanates, zirconates etc. is aimed at improving the compatibility with the
matrix polymer and it is shown that indeed many rheological and mechanical proper-
ties can benefit from this step [36]. However it is also clear that this relatively simple
treatment is not sufficient to produce a composite with improved properties as com-
pared to those of the unfilled polymer. The search for even better properties has
initiated the process of encapsulation of inorganic particles where an intermediate
layer, which interacts strongly with both the filler surface and the matrix poly-
mer, would provide the required improvement. Similar conclusions were reached
by Dekkers and Heikens [37] in their study on the effect of interfacial adhesion on
tensile behavior of polystyrene—glass-bead composites. They state that obviously a
more drastic modification (than surface modification with silanes) near the surface
of the glass beads is required in order to obtain a composite both stiffer and tougher
than the matrix material polystyrene; for instance, encapsulation of the glass beads
within a layer of low-modulus material.

If there is good interaction between the inorganic material and the polymer, the
polymer chains directly in contact with the surface are very difficult to remove,
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even without the presence of covalent bonds between the surface and the polymer
layer. This bound polymer does not necessarily lead to reinforcement of a filled
polymer and, in some cases, this layer can degrade the tear strength of the material
by allowing failure at a weak second interface between bound and matrix polymer.
This degradation can be alleviated by crosslinking the polymer or by increasing
the molecular weight to force either chemical or physical links across the weak
second interface [38]. Processing these particles at higher temperatures and high
shear necessitates high molecular weights or crosslinking, in which case covalent
bonding with the surface is superfluous.

Ono [39] showed in 1986 that carbon powders coated with polymethylmethacry-
late were directly moldable into sheets that had excellent thermal properties and
could also be used as electric conductive plastics.

One of the most important applications of encapsulated pigment and filler parti-
cles is in emulsion paints. One of the more expensive components of water-borne
paints is the white pigment, usually titanium dioxide (rutile form). The pigment is
added to obtain hiding power. The hiding power or opacity depends on the occur-
rence of light absorption and light scattering. For pigments with a high refractive
index, like titanium dioxide, light scattering is the main contribution to the hiding
power. The light scattering effectiveness of the pigment particles depends on the
particle size and on the interparticle distance. Agglomerates of pigment, already
present in the wet paint film or formed by flocculation during the drying process,
will reduce the scattering effectiveness of the expensive dispersed pigment parti-
cles. One of the earlier papers in the field of encapsulation originates from 1980 by
Laible et al. who stated that by encapsulating the pigment particles it would be ex-
pected that the chance of flocculation is reduced and that the dispersion in the final
paint film is improved [40]. It has been suggested that the layer thickness could be
optimized to obtain optimum spacing between titanium dioxide particles to achieve
maximum light scattering [41].

Most titanium dioxide pigments are already surface-modified with other inor-
ganic oxides to deal with the generation of radicals in titanium dioxide under the
influence of UV light. These radicals can lead to degradation of the matrix poly-
mer and, subsequently, to chalking. With the proper choice of the polymer layer, the
durability might be improved further. Other advantages are improved block resis-
tance, less dirt pick-up, better adhesion [34, 42] and improved chemical resistance
[34].

Besides inorganic pigment and filler particles, there is also early work (from
1978) on encapsulation of organic pigments, e.g. copper-phtalocyanine and azo pig-
ments [43]. For further reading on encapsulation of different materials see [44].

When the inorganic particles are magnetically responsive, this opens pathways
to special applications like coupling of enzymes and antibodies to the surface of the
magnetic particles after which drug targeting becomes possible. Also, these parti-
cles can be used in biochemical separations [45]. Furthermore, early accounts (from
1983) can be found where these magnetic particles are applied in magnetic record-
ing media, oil spill clean-up and moldable magnetic powders [46]. In 1986, Cohen
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described the precipitation of iron hydroxides in swollen polymer particles, which
were converted to the oxide by means of a heat treatment [47]. For further develop-
ments see [9].

Although some papers on encapsulation of inorganic particles can be found be-
fore 1980, most of the early work begins in the mid-1980s and, on average, about
50 papers per year were published on the topic of encapsulation using the emulsion
polymerization technique.

All this work has been done in the early days of encapsulation study. Although a
lot of success has been obtained, a general deficiency in the approaches mentioned
is the irregular structure of the encapsulating polymer layer. Besides polymeriza-
tion from the surface, there is also often formation of secondary polymer particles,
which heterocoagulate on the surface and can create an irregular polymer layer. One
solution is to use controlled radical polymerization from the surface in order to have
regular growth, and often secondary nucleation is suppressed (see Sect. 4.2.3).

An increased interest in this approach was created when clay encapsula-
tion was attempted. Furthermore, the miniemulsion polymerization technique
proved to be another versatile route towards encapsulated materials (see [33]).
In the past decade, about 100 papers per year are published (excluding the many
papers on clay nanocomposites produced by techniques other than (mini)emulsion
polymerization).

4.2 Encapsulation of Inorganic Particles with Emulsion
Polymerization

4.2.1 General Principles

Emulsion polymerization is the technique that is used most often because of the
many applications of encapsulated pigment particles that are related to water-based
coatings.

In order to encapsulate an inorganic particle, one can resort to physical or chem-
ical methods and use molecules or particles as the building blocks (see Fig. 1).
A physical approach in which one uses molecules and inorganic particles is the
layer-by-layer approach, initially developed by Mohwald and Caruso [5]. In this ap-
proach, polyelectrolytes are deposited on the surface of inorganic particles and an
alternating charge of the polyelectrolytes is applied for each consecutive layer (see
Fig. 4). Using monomers to build up polymer chains that encapsulate the particles
is the principle of (mini)emulsion polymerization that we are discussing here. The
driving force for the layer-by-layer approach is dominantly physical (e.g. electro-
static attraction), whereas in the emulsion polymerization approach the driving force
is the insolubility of the formed polymer chains in water. In the emulsion approach,
the inorganic particles (usually after some hydrophobization) are dispersed with the
normal surfactants and an emulsion polymerization is performed, where the locus
of polymerization is the hemi- or admicelle around the inorganic particle (Fig.4).
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Fig. 4 Representation of encapsulation of inorganic (submicrometer) particles through the layer-
by-layer approach (left) or (mini)emulsion polymerization (right)

encapsulation

Usually “maximum” properties are obtained when the inorganic particles are dis-
tributed evenly and as single (primary) particles in the matrix. This means that in
the steps towards obtaining the final product, keeping the particles well dispersed is
of major importance. Initially, the particles should be well dispersed in the aqueous
phase and (partial) coagulation during the emulsion polymerization must be avoided
because this leads to irreversible fixation of the coagulates.

Depending on the conditions, one can distinguish three different mechanisms
(Fig. 4):

1. Formation of a hemimicelle on the surface of the inorganic particle where, after
swelling with monomer, the encapsulating polymer is formed.

2. Precipitation of polymer chains initiated in the aqueous phase.

3. Formation of polymer inside the particle containing monomer droplet (miniemul-
sion polymerization approach).

Examples of early work on the hemimicelle approach include the study of TiO,
[48-50] as one of the obvious candidates to benefit from encapsulation. In this
work, the so-called coupling agents were applied, which usually contain at least
one smaller alkoxy group that can react with a hydroxyl group on the surface. The
other groups can contain functionalities that can interact physically or chemically
with the surrounding polymer matrix, thereby aiding dispersion of the filler.

Other additives that are used to make the surface hydrophobic are, for example,
a combination of methacrylic acid and aluminum nitrate as a coupling agent [51] or
groups like stearoic acid. Without chemical modification of the surface, one can also
use bilayers of adsorbed surfactant as a locus of polymerization [52]. The first step
is the formation of a so-called hemimicelle, a bilayer of the surfactant molecules at
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the solid—aqueous interface (Fig. 4). A hemimicelle can be considered as the surface
analogue of a micelle, and therefore this approach can be compared to the emulsion
polymerization approach.

Early examples of the precipitation approach include the aqueous solution poly-
merizations reported by Chaimberg et al. [53] for the graft polymerization of
polyvinylpyrrolidone onto silica. The nonporous silica particles were modified with
vinyltriethoxysilane in xylene, isolated and dispersed in an aqueous solution of
vinylpyrrolidone. The reaction was performed at 70°C and initiated by hydrogen
peroxide, after which precipitation on the surface occurred, leading to encapsu-
lation. Nagai et al. [54] in 1989 reported on the aqueous polymerization of the
quaternary salt of dimethylaminoethyl methacrylate with lauryl bromide, a surface-
active monomer, on silica gel. Although the aim was to polymerize only on the
surface, separate latex particles were also formed.

The miniemulsion approach is extensively discussed in the contribution of Weiss
and Landfester [33].

4.2.2 Efficiency of Encapsulation

Polymerization on the surface is in competition with the process of new particle
formation. Depending on the amount of surfactant, the type of monomer and the
monomer droplet size any of the three nucleation mechanisms shown in Fig. 4 (mi-
cellar, homogeneous or droplet nucleation) can occur. In order to prevent micellar
nucleation, the net surfactant concentration, after correction for the adsorbed amount
on the surfaces, should be below the CMC. The presence of conventional surfactants
in encapsulation reactions introduces the problem that a delicate balance between
the stabilization of polymer particles and inorganic particles and the formation of
new particles has to be maintained.

However, homogeneous nucleation can also occur, which will be more substan-
tial with more water-soluble monomers present. Therefore, more free polymer will
be formed and the efficiency will drop. The efficiency seems to depend on the water
solubility of the monomer. Also, lowering the monomer addition rate can slow down
production of new particles, as described below.

According to Hergeth and coworkers [55], a minimum surface of the inorganic
particles is needed to prevent secondary nucleation. To estimate this amount, a for-
mula was derived for seeded emulsion polymerization with spherical particles and
a water-soluble initiator [55]. This formula was based on the observation that pri-
mary particles are produced by a collapse and micellization process of oligomeric
chains. An upper limit for the particle size was estimated to be 100 nm for the en-
capsulation of silica with polyvinyl acetate. A relatively water-soluble monomer is
applied here; for more hydrophobic monomers this upper limit will be higher. Be-
cause the surface area needed to prevent secondary nucleation is proportional to the
monomer conversion per unit of time, the encapsulation efficiency can be improved
by using monomer-starved conditions. So far, mainly submicrometer particles have
been encapsulated with this method. The encapsulation of the larger filler particles
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(>1um) is more difficult because the low surface area of the particles does not
suffice to capture all the formed oligomers and, therefore, secondary nucleation is
almost unavoidable in the normal emulsion polymerization approach. However, the
process of heterocoagulation can also occur during an emulsion polymerization and
in many instances is the main mechanism of encapsulation. This mechanism leads
to non-uniform polymer layers, but the resulting encapsulated particles can still im-
prove the filler properties [56].

In general, a strong interaction of the first layer of encapsulating polymer with
the surface of the inorganic particle can lead to an increase in the glass transition
temperature, Ty [57].

Using less water-soluble monomers in combination with a nonionic initiator, the
formation of surface-active oligomers in the aqueous phase can be minimized, thus
increasing the efficiency of encapsulation.

In summary, highest efficiencies are obtained from using small particles at a high
concentration, a hydrophobic initiator, low surfactant concentration and monomers
with low water solubility (added semi-continuously).

4.2.3 Special Approaches

Besides emulsion polymerization with a separate monomer phase, emulsions con-
sisting of diluted monomer droplets together with inorganic particles were also
polymerized by the group of Ruckenstein [58]. They created emulsions of decane, a
monomer and silica in an aqueous solution of surfactant, which were polymerized to
latexes containing uniformly distributed inorganic particle clusters of submicrome-
ter size.

Inverse emulsions were also prepared, and (the otherwise difficult) encapsulation
with water-soluble monomers like acrylamide was performed [58]. In a first step, a
colloidal dispersion was prepared by dispersing the silica particles in an aqueous so-
lution of acrylamide containing a water-soluble dispersant, a crosslinking agent like
N,N-methylene bisacrylamide and an initiator. The colloidal system was dispersed
in decane containing a suitable surfactant.

Another possibility, which has not fully been explored yet, is the use of vesi-
cles (which intrinsically can form bilayers) as a locus of polymerization on the
surface of inorganic particles. Both the adsorption of vesicles (on, for example,
glass beads) [59] as well as the polymerization within vesicle structures has been
described [60-62].

In the past, many groups have tried to encapsulate clay platelets inside latex
particles. This encapsulation poses some extra challenges because of the tendency
of the clay platelets to form stacks and card-house structures. Most of the attempts
resulted in the so-called armored latex particles, i.e. clay platelets in the surface of
the latex. Recently, natural and synthetic clays were successfully encapsulated. The
anisotropy of the clay resulted in non-spherical latex particles (Figs. 5 and 6), either
peanut-shaped [63] or flat [64]. Clay platelets also turned out to be good stabilizing
agents for inverse Pickering emulsion polymerizations [65].
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Fig. 5 Cryo-TEM picture of
peanut-shaped encapsulated
montmorrilonite. The clay
has been edge-modified with
a reactive titanate and the
surrounding polymer created
by a starved-fed emulsion
polymerization of
methylmethacrylate [63]

Fig. 6 Cryo-TEM picture of
flat encapsulated gibbsite
platelets. The polymerization
has been performed from the
surface with amphipatic
RAFT agents. Note that some
of the flat latex particles are
seen from the face and some
from the side. Secondary
nucleation is also visible in
this image [64]

5 Conclusions

Encapsulation of organic and inorganic pigment and filler particles has been
achieved in the laboratory for many different materials. The number of com-
mercial applications of encapsulated particles is limited. BASF has one of the first
coatings on the market with nanocomposite particles containing high levels of silica
[66]. For submicrometer particles, the emulsion and miniemulsion polymerization
approaches seem the most promising. For larger particles, this method is less suit-
able and one has to resort to other techniques like suspension polymerization, or
heterocoagulation with small latex particles. The main problems are to obtain and
maintain primary particles during the encapsulation reaction and, at the same time,
have high encapsulation efficiency.
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Physical Methods for the Preparation of Hybrid
Nanocomposite Polymer Latex Particles

Roberto F.A. Teixeira and Stefan A.F. Bon

Abstract In this chapter, we will highlight conceptual physical approaches towards
the fabrication of nanocomposite polymer latexes in which each individual latex par-
ticle contains one or more “hard” nanoparticles, such as clays, silicates, titanates, or
other metal(oxides). By “physical approaches” we mean that the “hard” nanoparti-
cles are added as pre-existing entities, and are not synthesized in situ as part of the
nanocomposite polymer latex fabrication process. We will narrow our discussion to
focus on physical methods that rely on the assembly of nanoparticles onto the la-
tex particles after the latex particles have been formed, or its reciprocal analogue,
the adhesion of polymer onto an inorganic nanoparticle. First, will discuss the phe-
nomenon of heterocoagulation and its various driving forces, such as electrostatic
interactions, the hydrophobic effect, and secondary molecular interactions. We will
then address methods that involve assembly of nanoparticles onto or around the
more liquid precursors (i.e., swollen/growing latex particles or monomer droplets).
We will focus on the phenomenon of Pickering stabilization. We will then discuss
features of particle interaction with soft interfaces, and see how the adhesion of
particles onto emulsion droplets can be applied in suspension, miniemulsion, and
emulsion polymerization. Finally, we will very briefly mention some interesting
methods that make use of interface-driven templating for making well-defined as-
sembled clusters and supracolloidal structures.
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1 Assembly of Nanoparticles onto Prefabricated “Larger”
Particles via Heterocoagulation

Heterocoagulation is the mutual adhesion of particles of a dissimilar nature upon
collision, as a result of their individual Brownian motion. Brownian motion is a
stochastic, or random, movement of colloidal particles suspended in a fluid (or gas)
as a result of the internal thermal energy of the system, and thus of collisions
with the solvent (or gas) molecules, as pointed out independently by Einstein and
Smoluchowski. Derjaguin pointed out that the term “heteroadagulation” should be
used for adhesion of small particles that move through Brownian motion onto much
larger objects, whose Brownian motion can be neglected, such as fibers [1]. For ex-
ample, Jachowicz and Berthiaume [2] reported the deposition of cationic, anionic,
and neutral silicon oil droplets in the form of oil-in-water emulsions on native or
cationically modified human hair fibers, driven by electrostatic forces.

Since heterocoagulation is a stochastic process, great care needs to be taken not to
end up with large fractal clusters or flocks of the two colloidal components. Driving
forces to promote adhesion of inorganic nanoparticles onto the surface of polymer
latex particles, or vice versa, can be based on a variety of forces, such as electrostatic
attraction, hydrophobic interactions, and secondary molecular interactions such as
(multiple) hydrogen bond interactions and specific molecular recognition (e.g. com-
plementary proteins like avidin—biotin).



Physical Methods for Preparation of Hybrid Nanocomposite Polymer Latex Particles 21

1.1 Electrostatic Interactions

When an inorganic nanoparticle has the opposite charge to a larger polymer latex
particle, they will attract each other on the basis of Coulomb’s law. The range in
which this attractive force is felt depends on the charge densities and, more impor-
tantly, on the extent of the diffuse double layers of the two interacting colloids. If
one wants to adhere more than one nanoparticle onto a polymer latex sphere, the
small particles already present on the surface of the latex particle will influence the
adsorption behavior of the next-to-be-adsorbed nanoparticle. The spatial distribu-
tion for sorption of the nanoparticles on the surface is logically influenced, and a
close encounter can even locally be of a repulsive nature. This charge inversion is
also the reason why typically only a single layer of nanoparticles can adhere onto
the surface of the central particle.

The attraction between oppositely charged colloids can be understood and mod-
eled using the DLVO theory [3-6]. The DLVO theory links the van der Waals
attraction between particles with the electrostatic effects resulting from the pres-
ence of a double layer of counterions. A detailed theoretical discussion lies outside
the scope of this chapter. One of the difficulties of the DLVO theory is that an exact
analytical description of interaction of overlapping double layers is only known for
flat, infinite parallel surfaces. For spherical double layers, approximations need to
be made or numerical theoretical simulations need to be performed.

Hogg, Healy, and Fuerstenau [7] developed their HHF theory to describe the
interactions of two particles of different size. In 1985, Matijevi and Barouch [8]
evaluated the validity of the HHF theory for the electrostatic interaction between two
surfaces of different sizes for both unlike particles with potentials opposite in sign,
and for particles with same sign potentials. The computational calculations over-
came the problem of the accuracy in the evaluation of incomplete elliptic integrals
of the first kind, which is a direct consequence of a non-linearity of the Poisson—
Boltzmann equation. They concluded that for systems with dissimilar particles
with either opposite signs or the same sign, the approximation of the HHF the-
ory achieved good results. However, when potential differences increased, marked
deviations from the HHF theory were found.

In 1976, Bleier and Matijevic [9] reported the interaction, in aqueous solution,
of two different monodisperse hydrous chromium(IIl) oxide sols of approximate
radii of 110 and 186 nm with poly(vinyl chloride) latexes of ca. 169 and 255 nm
in radius and of relatively narrow particle size distribution. Zeta-potential measure-
ments of the chromium(III) oxide sols as a function of pH in a 8.9 mM background
electrolyte solution of NaNOj showed an isoelectric point (IEP) of pH 7.2-7.6. Be-
low the IEP, the sols were positively charged and negatively charged above the IEP.
Dispersions of the inorganic sols were stable below pH 4.6 and above pH 9.0. Both
PVC latexes were stable and negatively charged throughout the pH range (3.0-11.0)
investigated. They found that rapid coagulation of mixtures of the inorganic sol with
the polymer latex occurred between pH 3.0 and 4.6. Because both individual dis-
persions were stable, this was therefore directly ascribed to mutual coagulation of



22 R.F.A. Teixeira and S.A.F. Bon

oppositely charged particles. These experimental observations were in agreement
with the earlier predictions by the HHF theory [7]. Obviously, bulk coagulation
needs to be avoided. A logical parameter therefore is the geometric ratio of the sizes
of the two different colloids involved: the larger the size, the easier it would be to
avoid mass coagulation. Note that Vincent et al. [10-12] showed that small particles,
in the presence of a low electrolyte concentration, can act as bridging flocculants of
large particles of opposite charge.

Vincent and coworkers described the adsorption—desorption behavior of small
positively charged polystyrene latex particles onto much larger negatively charged
polystyrene spheres [13, 14]. In addition to surface charges, both sets of particles
had a layer of adsorbed poly(vinyl alcohol) so that the influence of the extent of
the diffuse double layer upon variation of the electrolyte concentration could be
investigated. At low electrolyte concentration, the diffuse double layers are extended
and the small particles adhere in a way that shows a relatively large spatial distance
between them on the surface of the large sphere. The extended double layers ef-
fectively cause a strong and irreversible adsorption. The lateral repulsion force and
the electrostatic adsorption force both decrease when the electrolyte concentration
is increased. The spatial arrangement of the small particles may now experience
a lateral net attractive rather than repulsive force, which leads to clustering of the
nanoparticles on the surface. The adsorption behavior also can become reversible,
being a direct function of the thickness of the sterically stabilizing poly(vinyl alco-
hol) layers around both the small particles and the larger latex spheres, and of the
volume fractions of the particles in the system.

Hansen and Matijevi¢ [15] studied the adsorption of negatively charged (car-
boxylic acid functionality) poly(methyl methacrylate) (PMMA) latex of average
particle radius of 40 nm onto to much larger positive inorganic sols made from either
hydrated aluminum oxide (particle radius 250 nm) or hematite (radius 272-276 nm).
The polymer latex showed an IEP of pH 3.8, the hydrated aluminum hydroxide par-
ticles an IEP of pH 8.7, and the hematite had a value of pH 7.2, all measured in
0.0 MKNO3 background electrolyte. Above the IEPs of these dispersions, the la-
tex and the solids were negatively charged. The adsorption process of the smaller
latex particles proceeded in a reversible manner, implying equilibrium conditions.
The maximum number of small particles adsorbed onto a large particle was shown
to increase with increasing KNOj3 concentration, reaching practically a “fully cov-
ered” monolayer. This is in agreement with the findings by Vincent [13, 14]. It
was possible to compare the interactions energies obtained from the adsorption
isotherm of the latex poly(methyl methacrylate co-methacrylic acid) onto positive
oxide (alumina or hematite) to the calculated values according to the derived ex-
pression based on the two-dimensional Poisson—Boltzmann equation [16].

Furusawa and Anzai investigated the heterocoagulation of a highly monodisperse
amphoteric polymer latex (particle diameter 250 nm, IEP ca. pH 6.8 in 5.0 mM KClI
background electrolyte, positively charged at low pH) onto various silica spheres
(diameters 240, 460, 960, and 1590 nm; IEP ca. pH 3.0) dispersed in pure water
or upon addition of various hydroxypropyl celluloses (HPCs) [17, 18]. Stable dis-
persions for both individual particles under the condition that they had opposite
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Fig. 1 Left: (a—d) Different morphologies of heterocoagulate particles that can be obtained when
the relative sizes of the two colloids are varied. Right: Micrographs obtained from heterocoag-
ulation of an amphoteric latex (diameter 250 nm) at pH 5.6, at which it has a cationic surface
charge, with negatively charged silica particles of various diameters: 1590 (a), 960 (b), 460 (c),
and 240 (d) nm. Reproduced from Figs. 2 and 3 from [17]

Fig. 2 TFFDSEM images of various anionic polymer latexes of different sizes. From left to right:
poly(vinylidene chloride) latex of 116 nm, and polystyrene particles of 180, 320, and 696 nm in
diameter, assembled onto a large cationic polystyrene latex of 2170 nm via heterocoagulation in
0.5 mM KCI background electrolyte. Images reproduced from Fig. 7 from [20]

surface charge only occurred in the narrow pH window between pH 5 and 6. Stable
raspberry-like heterocoagulates were obtained when the ratio of the diameter of the
silica to latex particle was greater than 3. For ratios of a lower value, larger irregular
aggregates were obtained (see Fig. 1).

Harley, Thomson, and Vincent used thin-film freeze-drying scanning electron mi-
croscope (TFFDSEM) [19] as a visualization method to study the heterocoagulation
of monodisperse anionic polymer latexes of various diameters made using potas-
sium persulfate as initiator (i.e., polystyrene spheres of 696, 320, and 180 nm and
a poly(vinylidene chloride) latex of 116 nm) onto a large cationic polystyrene latex
of 2170 nm in diameter, using azobis(isobutylamidine)dihydrochloride as initiator
[20]. Adsorption isotherms of the four sets of negatively charged particles onto the
large cationic microspheres were of the “high-affinity” type, in 0.5 mM KCI back-
ground electrolyte. This was logical and ascribed directly to extended interacting
double layers. The particles packed beautifully symmetrically onto the surface (see
Fig.2), implying that lateral electrostatic repulsion between neighboring adhered
particles plays a key role.
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Fig. 3 TFFDSEM images of an anionic poly(vinylidene chloride) latex of 116 nm, assembled
onto a large cationic polystyrene latex of 2170 nm via heterocoagulation at various background
electrolyte concentrations of KCl: from left to right, 0.01, 0.1, 0.5, and 5.0 mM. Images reproduced
from Fig. 9 from [20]

The influence of the concentration of the background electrolyte was beautifully
captured in a series of images using the anionic poly(vinylidene chloride) latex of
116 nm, at KCI concentrations of 0.01, 0.1, 0.5, and 5.0 mM (see Fig. 3). Increasing
the background electrolyte concentration and thus effectively reducing the thickness
of the double layer led to closer spatial arrangements of the particles onto the surface
of the central microsphere. At the highest electrolyte concentration, one could even
argue the onset of an attractive rather than repulsive force between neighboring
particles.

Ottewill and coworkers used hetercoagulation as a route to hard core/soft shell
polymer composites. Small cationic latex particles of poly(butyl methacrylate)
were adhered onto the surface of larger anionic polystyrene latex particles [21].
Upon raising the temperature of the assembled colloidal dispersion, the poly(butyl
methacrylate) latex particles underwent film formation leading to a smooth shell.
Okubo examined the reciprocal concept of using heterocoagulation as a method for
preparation of soft core/hard shell polymer composites. The source for hard par-
ticles, however, was not inorganic nanoparticles but cationic polystyrene spheres
of 103 nm in diameter, assembled onto soft poly(ethyl acrylate-co-ethyleneglycol
dimethacrylate-co-methacrylic acid) latex spheres of 714 nm [22].

Xu et al. heterocoagulated cationic PMMA latex particles of an estimated
150-200nm in diameter with various clays, Montmorillonite (GelWhite GP and
Cloisite Na™) and (fluoro)hectorites (Laponite RD, RDS, B, S, IS), having plate
dimensions between 25 and 600nm. No details on the stable colloidal armored
structures were reported. Mass coagulation was induced in order to obtain a
nanocomposite bulk material, which was further analyzed [23]. Chen et al. [24]
added TiO, and SiO,/TiO; nanoparticles with a positive surface charge at a very
low pH of 0-2 to both anionic and cationic latexes based on PMMA. A bulk
nanocomposite blend was analyzed.

Voorn et al. heterocoagulated both anionic “hard” polystyrene and “soft” poly
(iso-butyl methacrylate) latex particles onto large positively charged gibbsite
clay platelets. The soft latex was allowed to spread and wet the surface of the
clay platelets to form a more uniform layered film by curing at 80°C [25] (see
Fig.4). At low number ratios of latex particles to clay platelets (i.e., <180) multi-
layered aggregates were formed. Increasing the amount of latex particles resulted
in coverage of isolated clay particles. The use of small latex particles at low ionic
strength proved beneficial to warrant overall colloidal stability [26].
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Fig.4 Cryo-TEM micrographs of cationic gibbsite with anionic poly(iso-butyl methacrylate) latex
particles at different NaCl concentrations: (a) 3.1 x 10~*M and (b) 9.1 x 10~* M. The image is a
reproduction of Fig. 8 from [25]

1.2 Hydrophobic Interactions

It is common knowledge that amphiphilic molecules, such as sodium dodecyl
sulfate, above a certain critical concentration in water form assembled structures
in which the hydrophobic units are clustered together. The notice of a “hydrophobic
effect” was brought to light by Walter Kauzmann, whilst studying forces that influ-
enced protein denaturation [27]. An excellent critical review on interfaces and the
driving forces of hydrophobic assembly was written by Chandler in 2005 [28].

The hydrophobic effect is the tendency of nonpolar species to cluster in water in
order to decrease the overall interfacial area between the hydrophobic species and
water. It can be seen as predominantly driven by the large cohesive energy of water.
Clustering of a set of individual hydrophobic particles into an agglomerate struc-
ture initially looks entropy driven. However, one should look at the overall change
in free energy, and thus also at enthalpy. The latter is a measure of the average
potential energy of interaction between molecules. Assembly processes that involve
considerable changes in the number of molecular interactions, therefore could (also)
be enthalpy driven.

There have been numerous attempts to define hydrophobic interactions, but there
is no single one that can explain all experimental results [29]. In 1989, Eriksson
[30] postulated that the long-range hydrophobic interactions (LRHFs) occurred due
to structural changes on the boundary layers of water when in contact with hy-
drophobic surfaces. Attard [29] pointed out that the likely origin of the long-range
hydrophobic forces is the formation of nanobubbles. Stillinger has suggested that
the interface of liquid water near a large hydrophobic particle can be modeled anal-
ogously to a water—vapor interface [31].
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Yaminsky et al. [32] evaluated theoretically a hydrophobic surface in water with
a contact angle of more than 90° and concluded that the water—vapor cavity is ther-
modynamically favored at small separations.

The existence of such a hydrophobic “gap” between liquid water and the hy-
drophobic surface has been experimentally confirmed by, for example, Mezger and
coworkers using high-resolution X-ray studies at the water—octadecyltrichlorosilane
interface [33]. The reason is that the persistence of a hydrogen-bonded network of
water molecules is geometrically impossible on a “large” (in excess of ~1nm) in-
terface, and therefore leads to drying. This dewetting effect can lead to very strong
interactions between hydrophobic objects, as seen for example in surface force mea-
surements. When two hydrophobic objects approach each other, water is depleted
from the region between the two objects [34].

These hydrophobic interactions are reported to be “long-range” commonly cov-
ering distances of 1-100nm [35], greatly exceeding the interaction range of van der
Waals forces. Singh and coworkers [36] investigated the hydrophobic effect between
naturally occurring superhydrophobic rough surfaces (water contact angle of 170°)
beneath a water surface, using force measurements in which a superhydrophobic tip
was placed in contact with a flat superhydrophobic substrate, both immerged in wa-
ter, the tip being subsequently retracted. They found a very-long-range hydrophobic
interaction that was due to out-of-contact “cavitation” of the intervening water at
tip-to-substrate separations ranging from 0.8 um to an impressive 3.5 um. Cavita-
tion is a first-order phase transition, which was the reason for the observed sudden,
strong attractive force identified as a vapor bridge spanning the tip-to-substrate gap.

Nagai and coworkers reported a study of heterocoagulation driven by the
hydrophobic effect of cationically charged “hard” poly[styrene-co-(methacryloy-
loxyphenyl-dimethylsulfonium methylsulfate)], or “soft” poly[styrene-co-(butyl
acrylate)-co-(methacryloyloxyphenyl-dimethylsulfonium methylsulfate)] latex par-
ticles of ca. 220-240nm in diameter onto neutral microspheres of crosslinked
polystyrene (8.5um in diameter) [37]. A separate study on the small cationic la-
tex particles showed that their interface was hydrophobic, as the cationic surfactant
cetyltrimethylammonium bromide (CTAB) adsorbed onto the surface, clearly driven
by a hydrophobic effect [38]. The assembly of the cationic latex particles onto the
larger microspheres was studied against increasing NaCl concentrations, which
influenced the packing patterns from individually spaced to clusters (see Fig.5).

1.2.1 Self-Assembly of Amphiphilic Particles Driven
by the Hydrophobic Effect

An interesting “molecular” approach using the hydrophobic effect to assemble
gold nanoparticles was taken by Zubarev and coworkers who attached V-shaped
(twin-tailed) amphiphilic polystyrene-block-poly(ethylene oxide) with a central car-
boxylic acid moiety (which binds to the gold nanoparticle), effectively giving
biphasic, Janus-type characteristics [39]. Self-assembly led to wormlike aggregates
(see Fig. 6).
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Fig. 5 SEM photographs of cationic polymer latex particles heterocoagulated onto the surface of
crosslinked polystyrene microspheres driven by the hydrophobic effect, against increasing NaCl
concentrations. “Hard” poly[styrene-co-(methacryloyloxyphenyl-dimethylsulfonium methylsul-
fate)] particles at (a) 0.5, (b) 50, and (c) 200mM of NaCl. “Soft” poly[styrene-co-(butyl
acrylate)-co-(methacryloyloxyphenyldimethylsulfonium methylsulfate)] latex particles at (d) 0.5,
(e) 50, and (f) 200 mM of NaCl

Fig. 6 Representation of the amphiphilicity-driven self-assembly of Au-(PS-PEO), nanoparticles
(for simplicity reasons only six PS-PEO molecules are shown). This figure is a reproduction of
Fig. 1A from [39]

Along this line of using amphiphilic features of particles to drive assembly
using a hydrophobic effect, there has been a recent surge of interest in the fabri-
cation and behavior of anisotropic “patchy” or Janus-type colloidal particles as a
promising route to innovative nanocomposite materials [40, 41]. Whereas a thor-
ough review lies outside our scope, we would like to highlight a few examples.
Miiller and coworkers prepared disc-like polymer Janus particles from assem-
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bled films of polystyrene-block-poly(butadiene)-block-PMMA triblock copolymer
(SBM) [42], selective crosslinking of the poly(butadiene) block, and dissolution
via sonication, and then assembled them into supracolloidal Janus micelles. They
revisited this in another paper and described the hydrolysis of the PMMA into
poly(methacrylic acid) [43]. Again, assembly into supracolloidal micelles was
driven by the hydrophobic effect. Chen and coworkers prepared polymeric Janus
particles from divinylbenzene (DVB) and N-isopropylacrylamide (NIPAM) via an
yttrium hydroxide nanotube (YNT)-supported route. On removal from their support,
these asymmetric particles assembled into flower-like supracolloidal structures (see
Fig.7) [44].
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Fig.7 (a) TEM image of a hybrid nanotube. Inset at higher magnification shows the polymer layer
surrounding the yttrium hydroxide nanotube (YNT). (b) TEM image of the supermicelles. (¢c) TEM
image of the supermicelles at a larger magnification. (d) AFM image of petal-like (Janus) particles
that result from the dissociation of the supermicelles on mica. (e) TEM image of the Janus particles
stained with RuQy. (f) Distribution of the hydrodynamic diameter <Dy, > of the supermicelles (A)
and the Janus particles (B). This figure is reproduced from Fig. 2 in [44]



Physical Methods for Preparation of Hybrid Nanocomposite Polymer Latex Particles 29

Granick and coworkers studied, both experimentally and by Monte Carlo sim-
ulations, the assembly of amphiphilic colloidal microspheres into clusters [45].
Not only supracolloidal spherical micellar structures were observed, but also
wormlike strings. Fluorescent carboxylated polystyrene microspheres were par-
tially coated (hemisphere) with a thin gold layer, the latter subsequently being
modified with octadecanethiol to promote a hydrophobic nature. The hemisphere
with the free carboxylate groups was occasionally made more hydrophilic by graft-
ing of DNA oligomers onto the surface of the microsphere. With increasing salt
concentration (KNO3), a transition from unimers, spherical clusters, and wormlike
strings was observed in both simulations and experiments.

Recently, Miller and Cacciuto explored the self-assembly of spherical am-
phiphilic particles using molecular dynamics simulations [46]. They found that, as
well as spherical micellar-type structures and wormlike strings, also bilayers and
faceted polyhedra were possible as supracolloidal structures. Whitelam and Bon
[47] used computer simulations to investigate the self-assembly of Janus-like
peanut-shaped nanoparticles and found phases of clusters, bilayers, and non-
spherical and spherical micelles, in accordance with a packing parameter that is
used conventionally and in analogy to predict the assembled structures for molec-
ular surfactants. They also found faceted polyhedra, a structure not predicted by
the packing parameter (see Fig. 8). In both studies, faceted polyhedra and bilayers
coexist, a phenomenon that is still unexplained.
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Fig. 8 Various configurations for assembled peanut-shaped amphiphilic nanoparticles of vari-
able particle geometry. (a) Micelles of various morphologies; (b) coexisting bilayers and micelles,
(c) disordered wormlike micelle, and (d) coexisting polygon and bilayer. This figure is reproduced
from Fig. 6 in [47]
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1.3 Secondary Molecular Interactions

Beyond electrostatic and hydrophobic forces, the heterocoagulation process could
be controlled by secondary molecular interactions. We will briefly highlight with
some examples the hydrogen bonding, m—m interactions, and specific molecu-
lar interactions obtained from complementary DNA strands, and biotin—avidin
complexation.

1.3.1 Hydrogen Bonding

Hydrogen bonding is one of the most common interactions that can aid the assem-
bly process of colloidal particles. Hydrogen bonding is an attractive interaction of
a hydrogen atom with an electronegative atom (typically oxygen, nitrogen, or fluo-
rine) and, strengthwise, typically lies between van der Waals and ionic attractions.
We restrict ourselves to mentioning some typical examples.

Armes and coworkers studied the preparation of polypyrrole particles in the pres-
ence of silica sols [48, 49]. Hydrogen bonding between the silica surface and the
polypyrrole particles, in addition to electrostatic and hydrophobic interactions, led
to raspberry-shaped nanocomposite colloids.

Yang and coworkers [50] assembled particles of poly(ethylene glycol
dimethacrylate-co-acrylic acid) [poly(EGDMA-co-AA)] onto larger poly(ethylene
glycol dimethacrylate-co-4-vinylpyridine) [poly(EGDMA-co-VPy)] microspheres
to form a core-corona structure with a raspberry-like polymer composite. They
used a hydrogen interaction mechanism through an affinity complex between the
carboxylic acid group and pyridine group.

Li et al. [51] prepared monodisperse microspheres by distillation precipitation
polymerization of DVB and NIPAM with 2,2—azobisisobutyronitrile (AIBN) as
initiator in acetonitrile, in the absence of any surfactant. Next, latex particles of
poly(EGDMA-co-AA) were assembled onto the microspheres to afford a core—
corona composite polymer particle with a raspberry-like morphology, strengthened
by hydrogen-bonding interaction.

1.3.2 n—n Interactions

Li and coworkers [52] described the formation of supracolloidal balls with a mean
diameter of 148 + 5nm by self-assembly of Fe3O4 nanoparticles (6.0 &= 1.3nm) that
were functionalized with 2-carboxyterthiophene (TTP-COOH). The driving force
behind self-assembly in DMF was shown to be n—r stacking of the thiophene units
(see Fig.9).
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Fig. 9 Structure model proposed for the self-assembly process of individual nanoparticles to form
microspheres through m—m interactions (left). The sizes of individual nanoparticles and micro-
spheres can be determined directly from TEM images (right). Figure reproduced from Figs. 2 and
3 from [52]

1.3.3 Specific Recognition of Complementary DNA Strands

An interesting approach using specific multiple hydrogen-bond recognition is
the functionalization of nanoparticles with DNA-based oligonucleotides. Mirkin
and coworkers [53] functionalized two batches of Au colloids of 13nm diam-
eter dispersed in water with separate non-complimentary oligonucleotides, i.e.,
3/-thiol-TTTGCTGA and 3'-thiol-TACCGTTG. Combination of the two sepa-
rate functionalized gold nanoparticles led to a stable colloidal sol, the grafted
oligonucleotides providing steric stabilization and thereby improving the stability
of the sol to increasing temperature and/or electrolyte concentration. Aggrega-
tion of the gold nanoparticles was achieved by addition of a duplex consisting of
5'-ATGGCAACTATACGCGCTAG and 3'-ATATGCGCGATCTCAGCAAA, con-
taining eight-base-pair sticky ends, complementary to the gold sols.

Valignat [54] demonstrated that this powerful assembly method could be
used to lock reversibly directed assembled (with optical tweezers) microspheres
grafted with complementary polymer brushes into a prearranged suprastructure (see
Fig. 10).

1.3.4 Avidin-Biotin Recognition

There are alternatives to complementary DNA strand recognition, for example the
strong interaction between avidin (or its related streptavidin) and biotin. Avidin is
a tetrametric glycoprotein that has the ability to interact strongly with up to four
biotin units. Biotin, also known as vitamin H or B7, is a soluble B complex of
ureido(tetrahydroimidizalone) ring fused with a tetrahydrothiophene ring. The inter-
action between avidin and biotin is widely explored. An interesting example related
to heterocoagulation of small polystyrene particles on larger silica microspheres was
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Fig. 10 Directed assembly of particles. Fluorescent and nonfluorescent particles bear complemen-
tary strands of DNA. (a) Particles are first captured in discrete time-shared traps induced by laser
tweezers. (b—d) Particles are moved in contact to promote hybridization between the DNA strands

and form the following rigid structures: a rectangle (b), a “full” P (c), and an “empty” P (d). This
figure is reproduced from Fig. 4 in [54]

reported by Fleming and coworkers [55]. Amine-functionalized silica microspheres
of 5um diameter were either treated with biotin sulfosuccinimdyl ester, or reacted
with avidin after activation of the silica spheres with gluteraldehyde. Biotin-labeled
polystyrene particles of ca. 200 nm in diameter were made in a similar manner.
However, avidin-labeled polystyrene particles were obtained by treatment of the
biotin-labeled ones with excess amounts of avidin. Upon mixing the complemen-
tary colloids, strong adhesion of the polystyrene particles onto the surface of the
silica spheres was observed. From earlier work by Chern [56], it should be noted
that avidin is not able to induce flocculation of biotin-labeled particles (diameter
~549 nm), because its size (~4nm) is not large enough to bridge the overlapping
double layers of the particles. The armored structure obtained by Fleming [57] is
strengthened by the biotin—avidin interaction, although the heterocoagulation pro-
cess itself is not induced by it.
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2 Assembly of Nanoparticles onto Prefabricated Larger
Particles via Repetitive Heterocoagulation:
the Layer-by-Layer Technique

The layer-by-layer (LbL) technique for the assembly of nanoparticles onto a
substrate can be seen as a repetitive extension of heterocoagulation. Driving forces
for adhesion can in theory be based on the same interactions, i.e., electrostatic,
hydrophobic, and secondary molecular interactions. For example, in the case of
LbL assembly driven by electrostatic interactions, alternating layers of positively
and negatively charged particles and/or (macro)molecules are deposited sequen-
tially onto the underlying substrate, the latter obviously also undergoing surface
charge-inversion in inverse alternating fashion [58]. Hydrogen bonding as a driving
force to LbL self-assembly was investigated by Rubner et al. [59] and Zhang et al.
[60, 61]. The LbL technique based on biotin—avidin recognition was described by
Osa [62, 63].

The excess amount of material used is removed between steps. The LbL tech-
nique is easy to carry out and very versatile. Because of this, a great range of
polyelectrolytes, biopolymers (proteins and nucleic acids), lipids, and inorganic par-
ticles have been used as building blocks in the preparation of multilayer composite
films [64, 65], and in the fabrication of micro- and nanometer-sized capsules, the
latter introduced in 1998 by Donath and Caruso [66—68].

Caruso et al. [69] reported the preparation of negatively charged polystyrene
latex particles (640nm diameter) armored with a nanocomposite multilayer of
Si0; nanoparticles (Ludox TM-40; 26 £+ 4nm diameter) and poly(diallyldimethyl-
ammonium chloride) (PDADMAC). These two components were sequentially
adsorbed onto the surface of the polystyrene latex spheres (see Fig.11), af-
ter adsorption of a precursor polyelectrolyte multilayer film of PDADMAC/

A}, Nanopartide PDADMAC

Colloidal

Particle Nanoparticle/Polymer
Multilayer-Coated Particle

Fig. 11 Preparation of multilayer-coated particles. The first stage involves the formation
of a three-layer polyelectrolyte multilayer film [PDADMAC/poly(sodium 4-styrenesulfonate)/
PDADMAC], formed by the sequential adsorption of PDADMAC and poly(sodium
4-styrenesulfonate) under conditions where they are oppositely charged (step ). The outermost
layer, PDADMAC, positively charged, aids the subsequent adsorption of negatively charged SiO,
nanoparticles. SiO,/PDADMAC multilayer shells on the polystyrene latexes are then formed
by the sequential adsorption of SiO; (step 2) and PDADMAC (step 3). Additional SiO, and
PDADMAC cycles result in further growth of the multilayer shell thickness on the PS latexes.
The excess/unadsorbed polyelectrolyte and nanoparticles are removed by a series of centrifuga-
tion/water wash/redispersion cycles before additional layers are deposited. Figure and legend taken
from [69]
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poly(sodium 4-styrenesulfonate)/PDADMAC, which provided a uniformly charged
surface and facilitated subsequent SiO, nanoparticle adsorption. The process was
driven by electrostatic interactions. Using electrophoretic mobility (EPM) mea-
surements, reversal of the {-potential after each deposition step was shown.
Single-particle light scattering (SPLS) measurements showed the linear increase
of the particle dimensions upon increasing SiO,/PDADMAC multilayer number.
Electron microscopy showed the evidence of a stepwise multilayer growth, with
TEM data yielding an average diameter increment of ca. 65nm, corresponding
to a layer thickness of approximately 32 4+ 5nm for each SiO,/PDADMAC layer
pair. A similar approach was undertaken using nanoparticles of Fe304 (diameter
10-15nm) [69].

3 Assembly of Nanoparticles onto Emulsion Monomer Droplets
and their Subsequent Polymerization

In the previous section, we have seen that “hard” inorganic nanoparticles can adhere
onto the surface of polymer latex particles via a stochastic process of collisions,
which was referred to as heterocoagulation. Once deposited onto the surface of the
latex particles, the strength of adhesion governed by attractive forces such as elec-
trostatic attraction, the hydrophobic effect, and hydrogen bond interactions needs
to outbalance repulsive forces and the entropy gain achieved when nanoparticles
detach. This potential detachment of nanoparticles from the surface of the polymer
latex particle is typically induced by the thermal energy of the system, kg7 (where
kg is the Boltzmann constant and T is temperature).

What happens if we replace the polymer latex particle with a monomer droplet
onto which we had first assembled the “hard” nanoparticles and then polymerized
the now-armored droplet?

3.1 Pickering Stabilization: Adhesion of Particles
to “Soft” Interfaces

The phenomenon whereby solid particles adhere onto an emulsion droplet (i.e.,
a liquid-liquid interface) was first observed and reported by Ramsden [70] and
Pickering [71] in the 1900s. They found that these emulsion droplets were sta-
ble against coalescence, because the adhered solid particles effectively provided
a barrier. Emulsions stabilized by adhered solid particles were coined Pickering
emulsions [72, 73]. Hildebrand et al. [74] suggested that the reason the particles
place themselves in the liquid—liquid interface is that they partially wet the two lig-
uid phases. In line with the Bancroft rule for emulsification, which links whether a
water-in-oil or oil-in-water emulsion is preferred for a certain type of emulsifying
agent, the authors suggested that the type of emulsion produced by a solid powder
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is determined by the contact angle between the solid and the liquid-liquid interface:
“In order for the powder to remain in the interface the angle must be finite, and
unless the angle is 90°, the interface will be on one side or the other of the points
of contact of the particles, and its tension will cause the film to be concave on that
side” [74].

The observations by Ramsden and Pickering that emulsion droplets armored with
solid particles were “stable” against coalescence suggests that the particles are in
essence trapped and cannot leave the interface to re-enter one of the two liquid
phases.

3.1.1 Interaction of a Single Spherical Particle with a ““Soft” Interface

Pieranski [75] developed a simple macroscopic model to calculate the free en-
ergy as a function of the position of a spherical particle with respect to the “soft”
liquid-liquid (or, as was the case in his manuscript, a liquid—air interface). In this
macroscopic continuous model, three interfacial energy (E) contributions can be de-
rived as the product of the interfacial tension and the respective contact areas (see
Fig. 12 for illustration of r and z):

Epp =27 (1-2)
-

Epp = —ypmr? (1 - (;)2)

Yp1> Yp2» and v, are the interfacial tensions between the particle and liquid phase 1,
the particle and liquid phase 2, and the two liquid interfaces. When we define the
following dimensionless numbers:
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we find for the relative free energy Ey:
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The equilibrium position for the particle can easily be found from:
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For values of zg‘i“ between —1 and 1, the particle adheres to the liquid-liquid inter-
face. The energy it will take to remove the particle from the interface into either the
bulk of phase 1 or phase 2 can easily be obtained from:

AE| = Eo(z0 = 1) — Eo(z™)

AE; = Eg(z0 = —1) — Eo(z5™)

Whereas this model gives a good feel for the order of magnitude of the energy
well in which the particles are trapped, it is rather crude and thus a simplification
of reality. It does ignore surface charges (chemical heterogeneity of the surface, or
“patchiness”) and potential morphological surface roughness of the spherical par-
ticle, and as previously mentioned it assumes absence of external fields (such as
gravity), or flow. A problem also ignored is the three-phase interaction at the contact
line between the two liquids and the particle. Gibbs already suggested qualitatively
that this three-phase contact line should be treated as a one-dimensional “line ten-
sion”, in analogy with the two-dimensional surface tension between the interphase
of two bulk phases. An expression for the free energy as a function of particle—
interface separation for a spherical particle of radius R, extended to account for line
tension (7), was given by Aveyard and Clint [76], in which they basically added one
extra term to the Pieranski equation:
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As can be seen from this expression, the effect of line tension becomes increasingly
important for smaller spherical particles as it scales linearly with the radius of the
particle, whereas contributions arising from interfacial tensions scale quadratically.
A debate on experimentally realistic values of line tension is ongoing, especially
when the spherical particles become of nanoscale dimensions and line tension may
become important.
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One key question that remains is what is the validity of these macroscopic models
when we scale the size of our spherical particle down to nanoscale dimensions?
The liquid-liquid interface can no longer be modeled as flat (capillary waves need
to be considered), and additional small-scale effects, such as discrete rather than
continuous wetting of the spherical nanoparticle by the liquid molecules, need to be
taken into account. Can this be reflected in line tension?

Cheung and Bon [77] used molecular simulations to investigate the behavior of
a non-charged nanoparticle in proximity and adhered to an ideal liquid—liquid inter-
face. In the model, a two-component Widom-Rowlinson (WR) fluid [78] was used to
generate the two phase-separated bulk liquids and the corresponding soft interface,
thereby neglecting electrostatic and attractive van der Waals forces. Calculated free
energy profiles as function of the distance of the nanoparticle from the soft liquid—
liquid interface confirmed that macroscopic models, such as the Pieranski model
[75], gave a poor description of the energy well. The energy well was considerably
wider, and thus the distance of interaction greater, between the particle and the in-
terface. The reason for this is most probably due to the existence of capillary waves
(the liquid-liquid interface can no longer be considered flat). Moreover, the smaller
the nanoparticle, the larger the underestimation of the depth of the energy well by
the Pieranski model, with deviations of up to 50%. The binding energy was found
to increase quadratically with the radius of the nanoparticle, with an additional lin-
ear dependency (which could plausibly be seen as line tension). The overall good
news from these simulations is that nanoparticles adhere considerably stronger to,
and are trapped over a longer range by, the liquid-liquid interface than predicted by
macroscopic models.

A question often asked is whether the parabolic energy wells as predicted by
Pieranski have an activation barrier that prevents the particle from “falling” in spon-
taneously. One can argue that, especially for a large spherical particle, upon its
approach to the soft interface, the interface needs to deform and liquid has to drain.
This event adds an activation barrier that needs to be overcome for the particle not
to bounce off the interface, and clearly the interfacial tension between the two soft
bulk phases (liquid-liquid and liquid—air) and the viscosity of both phases play key
roles. Note that a potential hydrophobic effect [28] can counterbalance such a bar-
rier because the dewetting of the liquid between a hydrophobic particle and the
hydrophobic liquid phase, or air, stimulates long-range attraction and eases the ad-
hesion process.

Obviously one also should take into account the shape of the particle, as often
the particles used will differ from spheres. This can clearly have dramatic effects
on where and how the particle adheres to the interface when it tries to minimize
energy from interfacial as well as line tensions. The three-point contact angle needs
to be constant, which means that the contact line must undergo curvature in order
to accommodate this. This has a pronounced influence on the interaction (of a long-
range nature) between adhered particles on the surface. An in-depth discussion lies
outside the scope of this review, but the interested reader is referred to (as a starting
point) work by Vermant and coworkers [79, 80].
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3.1.2 Droplets Armored with a Layer of Adhered Particles

The above discussion only considers the existence of a single isolated particle on
a liquid-liquid interface. Experimentally, however, the number of nanoparticles ad-
hered to a single monomer droplet or growing polymer particle will be greater than
unity. This means that particle—particle interactions, both attractive and/or repul-
sive in nature, need to be taken into account. An elegant example confirming the
existence of attractive particle—particle interactions can be found in work reported
by Russell and coworkers [81]. They prepared a dispersion of 2.8 nm (diameter)
tri-n-octylphosphine (TOPO)-covered cadmium selenide (CdSe) nanoparticles in
toluene. Upon introduction of a water droplet, the nanoparticles organized them-
selves onto the toluene—water interface. Introduction of 4.6nm (diameter) CdSe
nanoparticles let to displacement of the smaller ones from the liquid-liquid inter-
face. A clear phase-separation was seen on the surface of the water droplet, showing
distinct regions of the 2.8 and 4.6 nm CdSe nanoparticles, respectively.

When particles of a narrow particle size distribution (monodisperse) adhere to
the interface of a spherical droplet, 2D crystallization can occur. As a direct result
of the curved surface of the droplet, packing into infinite hexagonal 2D arrays is no
longer possible. The determination of the packing geometry is often referred to as
the Thomson problem [82], generalized by Tammes. In short, there are 12 packing
defects, either in the form of point dislocations or grain boundary scars (the latter for
large droplets, which have a greater number of particles on the surface). Bausch et al.
[83, 84] showed that for large droplets onto which thousands of microspheres were
assembled, this rule of 12 defects prevailed in the form of five- and seven-neighbor
line defects, or grain boundary scars. Bon and coworkers [85] studied a system
of intermediate size (tens to hundreds of particles on a sphere), i.e., the packing
patterns of silica nanoparticles on polystyrene latex particles made via Pickering
miniemulsion polymerization [86, 87]. They found an excellent correlation between
the experimental morphology and the nearest-neighbor distribution using metropolis
Monte Carlo simulations, using a 12-24 Lennard—Jones potential. Moreover, they
addressed the effect of the polydispersity of the nanoparticles used in preparing the
armored droplets. They found that upon broadening of the particle size distribution,
the packing geometry could no longer be described in terms of 12-point dislocations
or grain boundary scars [85].

3.2 Polymerization of Emulsion Droplets Armored with Inorganic
Nanoparticles: Pickering Suspension and Miniemulsion
Polymerization

We have seen from the above discussion that solid particles can adhere to a “soft”
interface, and thus to monomer droplets. The effect of Pickering stabilization pro-
tects the droplets from coalescence. The use of solid particles as stabilizers in
emulsion-based polymerization techniques was first described in open literature by
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Hohenstein [88, 89] for suspension polymerizations in the 1940s. Winslow and
Martreyek [90] investigated the influence of both solid inorganic particles such
as bentonite and Ca3(PO)4 and organic stabilizers on the suspension polymeriza-
tion of mixtures of DVB with ethylvinylbenzene. Wiley [91], in 1954, showed that
monomer droplets of styrene dispersed in water in the presence of Dowex-50 ion-
exchange resin beads or bentonite clay led to adhesion of the solid particles onto the
surface of the droplets. The Pickering-stabilized droplets underwent so-called lim-
ited coalescence, a process that after a certain time period effectively yielded a stable
set of solids-armored liquid droplets. Pickering stabilization could be promoted
upon addition of, for example, gelatin and/or inorganic salts. Assuming monolayer
adsorption of the colloid onto the surface of the monomer liquid droplets, Wiley
was able to predict the average droplet size by assuming cubic (square) packing of
spherical solid particles onto a spherical monomer droplet. This yielded the follow-
ing equation, after a slight addition from Bon et al. to account for coverage:

Rmon =Cr (m> (ppart > Rpart
Mpart Pmon

in which Ryon is the radius of the monomer droplet, R the radius of the spherical
Pickering stabilizer, C accounts for coverage (for full monolayer coverage following
2D square or cubic packing C = 1), and m and p stand for the masses and densities,
respectively.

In suspension polymerization, inorganic solids such as hydroxyapatite [3 Caz
(PO4), - Ca(OH),] are often used in conjunction with (polymeric) surfactants. Des-
landes [92] reported in 1987 a study in which he investigated the morphology of the
beads obtained in the suspension copolymerization of styrene and butadiene. A thin
layer composed of very uniformly distributed hydroxyapatite particles was adhered
to the surface of the polymer bead, and surrounded by a thicker and flakier layer
of loosely packed agglomerates of hydroxyapatite and small polymer beads, which
were also covered by a monolayer of inorganic matter. Despite this paper, studies
on the use of solid particles in suspension polymerization remained focused on their
effective use as stabilizers.

A shift of interest in the area of Pickering suspension polymerization towards
the morphologies of the polymerized emulsion droplets was reported by Bon and
coworkers [93-96]. They demonstrated that microgels of poly(methyl methacrylate-
co-divinylbenzene) could be used to stabilize emulsion droplets composed of vari-
ous monomers, i.e., styrene, DVB, and n-butylacrylate [93]. A substantial amount
of hexadecane was added as porogen. Upon Pickering suspension polymeriza-
tion, the in situ generated polymer phase separated towards the interface and
formed an interpenetrating network with the microgel particles. A variety of mi-
crocapsules with a raspberry-type morphology were synthesized. They showed
the fabrication of TiO, nanoparticle (ca. 150nm in diameter) armored micro-
spheres and capsules made via Pickering suspension polymerization of styrene
and DVB. For the capsules hexadecane was used as non-solvent for the polymer
[95]. Upon polymerization, the polymer phase-separated at the interface of the
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droplet. The average size of the capsules could be varied by altering the amount
of TiO, nanoparticles. The polymer wall thickness could be controlled by varia-
tion of the monomer to hexadecane ratio. They also reported on the fabrication of
complex silica-based microcapsules via a two-stage templating route [97] in which
nanocomposite polystyrene latex particles armored with Laponite clay discs (made
via Pickering miniemulsion polymerization) were used as Pickering stabilizer of
emulsion droplets containing poly(diethoxysilane) and oil. Upon hydrolysis and
sol—gel reaction of the poly(diethoxysilane), hollow capsules were obtained. The or-
ganic components could be removed via an additional calcination step. The capsule
walls could be decorated on either the outside or inside with nanocapsules composed
of Laponite clay.

A variety of other nanoparticles have been used in Pickering suspension polymer-
izations, including magnetic Fe3O4 [98—100] and CdS nanoparticles stabilized by
poly(ethylene glycol-block-styrene-block-2-(dimethylamino) ethyl methacrylate)
[101].

Wu and coworkers [102] reported on the inverse Pickering suspension poly-
merization of N-isopropyl acrylamide (NIPAM). They used various sizes of silica
particles, ranging from 53 to 962 nm in diameter, as solids stabilizer. Suspension
polymerizations were successful for the silica particles of diameter <500 nm. Sim-
ilar work was reported by Wang and coworkers. [103].

Bon and Kumacheva and coworkers [104] demonstrated that monodisperse
solids-stabilized droplets could be generated in a microfluidic flow focusing device,
whereby the solid particles were initially present in the dispersed phase. Polymer-
ization of the monomer droplets led to hybrid polymer microspheres. They also
showed that non-spherical particles could be obtained by geometric confinement of
the droplets in the channel [104, 105].

A logical extension from Pickering suspension polymerization would be to
miniaturize the size of the droplets into the regime of miniemulsion polymeriza-
tion. Landfester and coworkers [106] described miniemulsion copolymerizations
of styrene with 4-vinylpyridine in presence of Ludox TMA silica nanoparticles.
The use of 4-vinylpyridine was required to warrant the fabrication of armored latex
particles. Bon and coworkers [87] described the Pickering miniemulsion polymer-
ization of styrene using Laponite RD clay discs as solids stabilizer in the absence
of any auxiliary comonomer or surfactant. In a detailed mechanistic study [86],
they reported that this Pickering miniemulsion polymerization using Laponite clay
discs (ca. 25nm in diameter and 1 nm in height) was successful and yielded ar-
mored polymer latexes for a variety of hydrophobic monomers, including styrene,
lauryl(meth)acrylate, butyl(meth)acrylate, octylacrylate, and 2 ethylhexylacrylate.
Studying the polymerization rates, they found a pronounced retardation effect up to
intermediate conversion, which was more prominent for smaller particles. A model
was presented that allowed for prediction of the average particle sizes of the latexes
produced as function of the amounts of monomer and clay discs used. A linear re-
lationship between the number of clay discs used and the total surface area of the
latex particles was shown. Key herein was that the sonication process to prepare
the armored miniemulsion droplets warranted reversible adhesion of the Laponite
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clay discs throughout the emulsification step. Bon and coworkers [85] also per-
formed Pickering miniemulsion polymerizations of styrene using spherical silica
nanoparticles of approximately 25 nm in diameter (Ludox TM-40), in which the
packing arrangements of the silica nanoparticles on the surface were investigated
and modeled with the aid of Monte Carlo simulations. Zhang and coworkers used
organically modified silica nanoparticles to carry out a Pickering miniemulsion
polymerization of styrene [107]. The co-use of sodium dodecyl sulfate (SDS) and
2-(methacryloyl) ethyltrimethylammonium chloride (MTC) as auxiliary monomer
was also reported in the Pickering miniemulsion polymerization of styrene stabi-
lized by silica nanoparticles [108].

Bon, Keddy, and coworkers [109] demonstrated that “soft” armored polymer
latex made via Pickering miniemulsion polymerization [i.e., poly(lauryl acrylate)
armored with Laponite clay discs] could be used as a nanocomposite additive in
standard poly(butyl acrylate-co-acrylic acid) waterborne pressure-sensitive adhe-
sives (PSAs), leading to marked mechanical property enhancements (see Fig. 13).
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A maximum tack energy enhancement of 45Jm~2 was found in nanocomposite
PSAs containing 2.7 wt% hybrid particles, which was about 70% greater than found
for the PBA adhesive alone. In comparison, the tack energy for nanocomposites
containing an equivalent amount of non-armored PLA, Laponite clay discs, or both
did not lead to increases of the same magnitude, therefore showing a synergistic ef-
fect as a direct result of the supracolloidal armored structure of the clay poly(lauryl
acrylate) additive.

Voorn and coworkers demonstrated the inverse Pickering miniemulsion poly-
merization of aqueous acrylamide and 2-hydroxyethyl methacrylate in cyclohexane
using hydrophobically modified Montmorillonite platelets (cloisite 20A) as solids
stabilizer [110].

4 Assembly of Nanoparticles onto the Surface of Polymer
Colloids Throughout Emulsion Polymerization:
Solids-Stabilized, or Pickering, Emulsion Polymerization

The use of a high-energy homogenization step to prepare the submicrometer-sized
monomer droplets for the Pickering miniemulsion process could be a drawback for
industrial scale-up. A better outcome could be achieved by the equivalent emulsion
polymerization process in which solid nanoparticles were used as solids stabilizer.

Miiller and coworkers prepared disc-like polymer Janus particles from assem-
bled films of the triblock copolymer SBM and, after hydrolysis of the ester groups
into methacrylic acid units, used these as Pickering stabilizer in the soap-free emul-
sion polymerization of styrene and butyl acrylate [111]. Armes and coworkers
described the synthesis of PMMA/silica nanocomposite particles in aqueous alco-
holic media using silica nanoparticles as stabilizer [112], extending this method to
operate in water with a glycerol-modified silica sol [113, 114]. Sacanna showed
that methacryloxypropyltrimethoxysilane [115] in the presence of nanosized silica
led to spontaneous emulsification in water, which upon a two-step polymerization
procedure afforded armored particles with an outer shell of PMMA [116]. Bon and
coworkers demonstrated the preparation of armored hybrid polymer latex particles
via emulsion polymerization of methyl methacrylate and ethyl methacrylate stabi-
lized by unmodified silica nanoparticles (Ludox TM-40) [117]. Performance of an
additional conventional seeded emulsion polymerization step provided a straight-
forward route to more complex multilayered nanocomposite polymer colloids (see
Fig. 14).

The use of either styrene or butyl methacrylate as monomer led to stable latexes
that were not covered by silica particles. Bon and coworkers proposed a mecha-
nism for the solids-stabilized, or Pickering, emulsion polymerization that effectively
combines coagulative nucleation with heterocoagulation throughout the polymeriza-
tion process. The growing latex particles become unstable and collide irreversibly
with the nanoparticles that are dispersed in the water phase. The key to successful
polymerization is that this collision process is fast with respect to the timescales of
particle nucleation and growth.
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Fig. 14 TEM images of (a) PMMA latex armored with silica nanoparticles obtained by Pickering
emulsion polymerization. Multilayered nanocomposite polymer colloids with (b) a “hairy” outer-
layer of poly(acrylonitrile) and (c) a soft shell of poly(n-butyl acrylate). Scale bars: 100 nm. Figure
and legend are taken from [117]

Wu and coworkers studied the silica-nanoparticle-stabilized emulsion polymer-
ization of vinyl acetate, with the aid of a small amount of anionic reactive surfac-
tant, 3-allyloxy-2-hydroxy- 1-propanesulfonic acid sodium salt (HAPS) [118]. They
argued that hydrogen bond interactions allowed for strong adhesion, and also com-
mented on the mechanism of solids-stabilized emulsion polymerization.

Bon and coworkers carried out a study on the fate of the nanoparticles throughout
solids-stabilized emulsion polymerization [119]. A quantitative method based on
disk centrifugation was developed to monitor the amount of nanoparticles present
in the water phase in solids-stabilized emulsion polymerizations of vinyl acetate,
methyl methacrylate, and butyl acrylate. The concentration profile of nanoparticles
in the water phase as a function of monomer conversion agreed with theoretical
models developed for the packing densities in these systems [120]. Noteworthy was
that in the case of silica-nanoparticle-stabilized emulsion polymerization of vinyl
acetate, the event of late-stage limited coalescence, leading to small armored non-
spherical clusters, could be predicted and explained on the basis of the concentration
profiles and particle size measurements. Adjusting the amount of silica nanoparti-
cles prevented this phenomenon.

Ma and Dai [121] reported the synthesis of polystyrene latexes armored with
silica nanoparticles (10—15nm in diameter, PA-ST silica sol, Nissan Chemicals)
via solids-stabilized emulsion polymerization. They used VA-086, 2,2'-azobis
[2-methyl-N-(2-hydroxyethyl)propionamide], as nonionic initiator. Whereas we
found that Pickering emulsion polymerization of styrene using Ludox TM-40 and
a low flux of radicals generated from potassium persulfate did not result in an
armored latex, the hydroxyethyl groups probably enhance the wettability of the
surface of the latex particles to promote silica adhesion. This was confirmed by a
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study undertaken by Bourgeat-Lami [122], who showed that poly(ethylene glycol)
monomethylether methacrylate (PEGMA) macromonomer aided the adhesion of
silica nanoparticles in the surfactant-free solids-stabilized emulsion polymeriza-
tion of styrene. They also noticed a reduced overall rate of polymerization due
to the presence of the nanoparticles on the surface of the growing latex particles,
which was earlier observed by Bon and Colver [123] in Pickering miniemulsion
polymerizations. Similar results of reduced polymerization rates were reported
by Zhang and coworkers, who studied the silica-nanoparticle-stabilized emulsion
polymerization of methyl methacrylate in presence of hydroxyethyl methacrylate
[124]. Song and coworkers performed photocatalytic emulsion copolymerizations
of styrene and EGDMA with auxiliary monomers of acrylic acid or sodium styrene
sulfonate, and in the presence of a cationic titania hydrosol. They found that the
auxiliary monomers greatly promoted adhesion of the titania nanoparticles onto the
polymer latexes [125, 126].

5 Hybrid Polymer Colloids Through Assembly of Colloidal
Building Blocks via Interface-Driven Templating

Mixtures of polymer latexes and inorganic colloids can be assembled into supracol-
loidal clusters with controlled spatial organization of the particles via geometric or
interfacial-energy-driven confinement.

Pine and coworkers [127] confined particles to the interface of emulsion droplets,
after which the fluid was evaporated, leading to specific packing arrangements that
depended on the original number of spheres per liquid droplet (see Fig. 15). Clus-
ters of colloidal spheres included doublets, triangles, tetrahedral and more exotic
polyhedra. This was extended using various combinations of two different colloids
with several size ratios in water-in-oil emulsions: monodisperse silica or polystyrene
microspheres for larger particles, and silica or titania nanoparticles for smaller parti-
cles. Not only the size but also the adhesion behavior of the individual colloids at the
water—oil interface played an important role. Packing predictions were carried out
with Surface Evolver and corresponded to the experimentally observed structures
[128]. A third paper addressed formation of composite colloids in toluene-in-water
emulsions in which polystyrene was added as macromolecular glue [129].

Lee and Weitz showed that confinement of particles in the middle phase of dou-
ble emulsion droplets and subsequent evaporation of this phase led to nanoparticle
supracolloidal capsules [130], also referred to as colloidosomes [131].

Velegol used a so-called particle lithography technique in which colloids were
deposited on a flat solid surface, after which heterocoagulation of macromolecules
and or particles could take place on the exposed areas [132—135]. Anisotropic as-
semblies of colloids can be manufactured via this route.

Xia and coworkers demonstrated the assembly of colloids into well-defined clus-
ters by dewetting of aqueous dispersions of monodisperse particles across surfaces
patterned with two-dimensional arrays of templates or relief structures [136].
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Fig. 15 (a) Top: SEM images for the structural evolution of bimodal colloidal clusters of silica
microspheres and nanospheres for n = 2. Bottom: Surface Evolver simulated structural evolution
for n =2 as a function of the amount of silica nanospheres. (b) SEM images of silica—silica com-
posite clusters for n = 2 — 8. Scale bar: 2um. The size ratio of large and small silica particles was
fixed at 10. Figure and legend are taken from Fig. 3 from [128]
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6 Outlook

We have seen in this review that there are a vast array of physical methods that we
can make use of in the design of nanocomposite polymer colloids. The classical ap-
proach of heterocoagulation can undergo a renaissance by exploring driving forces
such as the hydrophobic effect and secondary molecular interactions. Self-assembly
of complex anisotropic colloidal particles is already creating a whole new direction
in the fabrication of supracolloidal structures.

The behavior of nanoparticles at soft interfaces and their ability to adhere to
these strongly has great potential for further studies, especially in the area of
solids-stabilized emulsion polymerization. The ability to control and understand
mechanistically this process will allow the design of innovative hybrid polymer
colloids.

Creative methods of templating, whether in droplets or on hard patterned sur-
faces, together with advances in lithography and colloid visualization methods, will
also contribute greatly to a wealth of innovative supracolloidal structures.
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Organic/Inorganic Composite Latexes:
The Marriage of Emulsion Polymerization
and Inorganic Chemistry

Elodie Bourgeat-Lami and Muriel Lansalot

Abstract This review article describes recent advances in the synthesis and
properties of waterborne organic/inorganic colloids elaborated through conven-
tional emulsion polymerization, a well-established technology. These materials
can be defined as aqueous suspensions of composite latex particles made up of
organic and inorganic domains organized into well-defined core—shell, multinu-
clear, raspberry-like, multipod-like, or armored morphologies. Particular emphasis
is placed on the synthetic strategies for fabrication of these colloidal materials.
Two main approaches are described: the polymerization of organic monomers in
the presence of preformed inorganic particles, and the reverse approach by which
inorganic materials are synthesized in the presence of preformed polymer latexes.
The list of examples provided in this review is by no means exhaustive but rather
intends to give an overview of synthetic methods for selected inorganic compounds
(e.g., silica, iron oxide, pigments, clays, quantum dots, and metals), and briefly
reports on potential applications of the resulting materials.

Keywords Clays - Emulsion polymerization - Iron oxide - Metals - Organic/
inorganic composite colloids - Particle morphology - Pigments - Quantum dots
- Silica - Surface modification
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1 Introduction and Scope

The incorporation of inorganic materials into polymers is of significant theoretical
and experimental interest, with a rich history in the polymer and engineering com-
munities. Mineral fillers and extenders such as calcium carbonate, fumed silica,
kaolin, and ceramic fibers have been used as additives in polymers for more than
a century. Not only can these inorganic solids provide enhanced physical proper-
ties such as stiffness, mechanical strength, chemical inertness, thermal resistance,
and optical properties (transparency, opacity), but they can also significantly con-
tribute to cost reduction. Although the addition of minerals to enhance polymer
performance and impart physical and rheological properties is common in the pro-
duction of modern plastics and in many industrial formulations (foods, inks, paints,
adhesives, paper coatings, textiles, photographic films, pharmaceutical and cosmetic
preparations), the remarkable scientific progress in the ability to fabricate, manip-
ulate, and assemble organic and inorganic compounds at the nanometer scale has
revolutionized the way such composite materials are envisaged and elaborated.
Organic/inorganic (O/I) composite latexes are typical examples of nanocompos-
ite materials that combine the best attributes of inorganic solids with the processing
and handling advantages of organic polymers. The huge breakthroughs that have
been achieved in inorganic chemistry now allow the synthesis of nanoparticles of no-
ble metals, metal oxides, and semiconductors with outstanding electronic, optical,
magnetic, or catalytic properties in large quantities using thermal decomposition,
hydrolysis, reduction and other soft-chemistry processes in solution [1, 2]. On the
other hand, synthetic latexes have raised increasing interest in the last century,
and large quantities of commodity polymers [polystyrene (PS), polyvinyl chloride
(PVC), styrene—butadiene or polychloroprene rubbers] are manufactured as aqueous
dispersions. Combining both materials into a unique nanostructured composite par-
ticle is of obvious benefit for both the academic and industrial communities. Given
the extensive variety of inorganic materials now commercially accessible [clays,
quantum dots (QDs), metals, silica, titania, alumina, zirconia, iron oxides and so
on], the potential combinations of organic polymers and inorganic nanoparticles,
and thus the tailorability of their properties and performances, is essentially endless.
Furthermore, the properties of these two-phase colloidal materials not only depend
on the chemical nature of the constitutive organic and inorganic components, but
may also greatly benefit from the ability to design particle nanostructures. For ex-
ample, if the organic polymer is located at the outer particle surface (in the so-called
core—shell morphology), it can protect the core from environmental aggressions, or
provide functional groups to improve interactions with the surrounding medium, or
impart specific sensing and colloidal properties. By contrast, when the polymer is
surrounded by the mineral, and thus plays the role of a template, hollow particles
can be produced by subsequent removal of the core. The structures obtained are
of particular interest for encapsulation technologies, drug delivery, or as pigments
for the paint industry. Therefore, by controlling the composite particle morphology
through appropriate routes and reaction conditions, synergetic behaviors and com-
pletely new properties can potentially emerge. Many strategies have been reported
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for the elaboration of such colloidal nanocomposites including heterocoagulation,
layer-by-layer assembly techniques, and in situ polymerization. The reader is re-
ferred to recent reviews and text books for a comprehensive description of these
methods [3-15].

In order to avoid overlapping with these previous reviews, we will mainly focus
in this article on the synthesis and properties of O/I composite latexes elaborated
by emulsion polymerization, a process that is extensively employed industrially to
manufacture a variety of products such as paints, adhesives, impact modifiers and
so on. Composite particles elaborated through miniemulsion polymerization or con-
trolled radical polymerization, are reviewed elsewhere in this special issue and will
not be considered here. As both the synthetic strategies and properties of the re-
sulting materials depend on the type of inorganic particles, this review is organized
around the nature of the inorganic phase, namely metal oxides, metals, non-oxide
semi-conductors (QDs), and aluminosilicates (clays). A list of inorganic particles of
interest is given in Table 1.

For the sake of clarity, the different types of inorganic materials will be discussed
separately. For each of them (except for clays), we will distinguish between two syn-
thetic approaches (Fig. 1). In the first approach, the composite colloid is elaborated
by in situ emulsion polymerization in the presence of preformed inorganic particles,
usually used as seeds but which can also play the role of stabilizers. In the second
approach, polymer latexes elaborated through conventional emulsion polymeriza-
tion are used as templates to grow inorganic domains either within or at the surface
of the particles. Given the rapidly expanding body of literature in the field, the intent
in the following sections is not to provide an exhaustive list of examples but rather to

Table 1 Some inorganic particles of interest and examples of their
potential end-use application

Inorganic material Chemical formula Potential application

Oxides
Silica SiO, Paints, plastics
Titanium dioxide TiO, Paints
Iron oxide Fe304/Fey03 Biomedical, catalysis
Zinc oxide ZnO Paints, electronics
Alumina Al,O3 Coatings
Metals
Gold Au Optics, biomedical
Silver Ag Optics, biomedical
Palladium Pd Catalysis
Copper Cu Catalysis
Non-oxide semiconductors
Cadmium selenide CdSe Optics, biomedical
Cadmium sulfide CdS Optics, biomedical

Aluminosilicates
Montmorillonite
Laponite

Plastics, paints
Plastics, paints
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Fig.1 Two main different approaches to fabrication of O/I particles: (1) organic polymerization in
the presence of preformed inorganic particles and (2) inorganic formation at the surface or inside
the internal volume of preformed polymer latex particles

give an overview of the various synthetic methods, with emphasis on the techniques
that have been developed to control the surface chemistry of the inorganic or organic
materials and the morphology of the resulting composite particles.

2 Polymer-Silica Nanocomposite Particles

To date, silica has been the focus of the majority of studies on oxide-based nanos-
tructured materials. One of the major reasons for this is its easy processability, high
chemical inertness and exceptional colloidal stability. Moreover, silica can be pro-
cessed as a thin film with controllable porosity and optical transparency. All these
properties make silica ideal for use in model systems, and it is widely used in many
industrial areas ranging from paints and drug delivery to composite materials. Zou
et al. have recently published a detailed review on the preparation, characterization,
properties, and applications of polymer/silica nanocomposites and the reader is re-
ferred to this review for in-depth description of the various synthetic routes [16].
Silica particles used in emulsion polymerization are of different origin and, con-
sequently, their sizes and surface properties significantly vary. Although the large
majority of works involve the use of anionic silica sols, cationic silica has also
been used on some occasions. Silica particles are most often amorphous colloidal
silicas of commercial origin with diameters in the range of 10-80nm. Silica par-
ticles of larger diameters are prepared by controlled hydrolysis and precipitation
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of tetraethyl orthosilicate (TEOS) from alcohol/water mixtures according to the
well-established Stober process [17]. In this technique, TEOS is introduced into
a mixture of alcohol, ammonia, and water to form dense (compact) monodisperse
silica spheres through base-catalyzed hydrolysis and condensation reactions. The
technique affords a relatively good control over the particle size and size distribu-
tion for low solid contents. However, the breadth of the distribution broadens, and
the particles become less spherical, for solid contents higher than typically 5 wt%.
Numerous methods inspired from the original Stober process have been therefore
developed to increase both particle size and solid content while maintaining narrow
particle size distributions (PSDs) [18].

Regardless of the nature of the silica particles, synthetic strategies need to be
established in order to increase the chemical affinity with hydrophobic polymers
and to control the morphology of the resulting composite colloid. All these meth-
ods share a common feature in the sense that they all aim at creating significant
interactions at the silica—polymer interface by using suitable primers (adsorbed or
grafted on the silica surface) capable of participating in the polymerization reaction
or to impart the required compatibility. An overview of these methods is given in
the following section.

2.1 Emulsion Polymerization in the Presence of Silica Particles

2.1.1 Silica Particles Functionalized by Methacryloxy Propyl
Trimethoxysilane

Silane coupling agents have been used for decades in order to provide enhanced
adhesion between a variety of inorganic substrates and organic resins. They are
organometallic derivatives of the type R,SiX4_,, where X is an alkoxy group and
R is a functional organic group. Organosilane compounds are known to react with
hydroxylated surfaces to form mono- or multilayer coverages, depending on the
number of alkoxy groups and the amount of water.

The use of organosilane molecules to generate silica-based composite particles
was first demonstrated by Guyot and coworkers in the mid-1990s. The authors
reported successful encapsulation of silica particles functionalized by methacry-
loxy propyl trimethoxysilane (MPTMS) with poly(ethyl acrylate), through emulsion
polymerization. The films cast from the composite suspensions were shown to ex-
hibit remarkable mechanical properties, similar to those of vulcanized elastomers
reinforced by solid particles [19-21]. It was argued at that time that polymer chains
grafted on the silica surface via the silane coupling agent formed a succession of
tight loops into which the free polymer chains were entangled, thereby leading to a
physical network of silica beads responsible for the unusually high mechanical prop-
erties. The strategy was next extended with success to non-aqueous dispersion poly-
merization [22-24] and later applied by several groups to the synthesis of polymer/
silica composite particles of various morphologies (Fig.2) [25-32].
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Fig. 2 Left: Silica/polystyrene composite particles elaborated through emulsion polymerization
using MPTMS as silane coupling agent. Right: TEM images reproduced (a) from [25] (scale bars:
200 nm) with permission of Wiley-VCH, (b) from [26] with permission of Springer, (¢) from [27]
with permission of American Chemical Society, and (d) from [28] with permission of Wiley-VCH

Many factors can influence particle morphology. Among them, the size and
concentration of the silica particles and the grafting density of MPTMS appeared
to be predominant parameters. As described in [33] and illustrated in Fig.3, the
mechanism of particle formation can be summarized as follows. The initiator starts
to decompose in the water phase, giving rise to the formation of radicals. These
radicals propagate with aqueous phase monomers until they undergo one of the
following fates: (1) aqueous phase termination or (2) entry into a micelle or pre-
cipitation (depending on the surfactant concentration), creating somehow a new
particle. Aqueous-phase oligomers of all degrees of polymerization can also un-
dergo frequent collision with the surface of the silica seed particles, and therefore
have a high probability of copolymerizing with the double bonds of silica, thus gen-
erating chemisorbed polymer chains in the early stages of polymerization. These
discrete polymer loci are preferred for adsorption of further oligomers or radicals
compared with the bare seed surface. As a result, they become discrete loci of poly-
merization. Provided that the seed develops a sufficient surface area and contains
enough double bonds to enable efficient capture of the growing radicals, polymer-
ization exclusively takes place at the silica surface. High MPTMS grafting density
thus allows core—shell formation through the efficient capture of a large number of
oligoradicals or primary particles in the earlier stage of the reaction. The shell may
result from the collapsing of the growing polymer chains on the functionalized sil-
ica surface or from the coalescence of freshly nucleated primary particles, the latter
situation being promoted by the close proximity of the precursor particles and the
low surface energy. For low MPTMS grafting densities, the polymer chains form
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Fig. 3 Main features of the formation of silica/polymer nanocomposite particles through emulsion
polymerization using MPTMS as silane coupling agent. Reproduced from [33] with permission of
American Scientific Publishers

segregated domains around the silica particles because the high interfacial energy
(due to the presence of unreacted silanol groups) promotes neither spreading of the
polymer chains on the surface nor interparticle coalescence.

In agreement with the mechanism of composite particle formation depicted
above, multipod-like morphologies with five, six, or eight PS nodules per silica
particle were obtained with success using silica seeds treated with small amounts of
MPTMS (in the range 0.1-1 molecule nm~2) [27, 33]. It was subsequently reported
that the geometry of such binary polymer/silica colloidal clusters could be finely
tuned by varying the diameter of the silica seed (Fig. 4) [34]. The resulting complex
colloidal assemblies displayed polyhedral arrangements that shared some common
aspects with the space-filling models of simple binuclear molecules. To this respect,
they could be regarded as “colloidal molecules”, a concept first introduced by van
Blaaderen [35], which consists in considering that spherical colloids can be treated
as if there were atoms and that molecules can form more complex materials that
atoms can. Besides their potential interest as model systems for the physicist com-
munity, these colloidal clusters can be used as building blocks for the elaboration
of ordered arrays of non-spherical colloids with potential applications in photonic
crystals. It is foreseen, for example, that the controlled assembly of tetrapod-like
colloids should result in colloidal crystals with a full photonic bandgap.
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Fig. 4 Top: TEM and SEM micrographs of silica/polystyrene binary clusters obtained by
emulsion polymerization of styrene (100 g.L_l) using NP3 as surfactant (3 g.L_l) and MPTMS-
functionalized silica seeds of different diameters. Scale bars: 200 nm. The silica particle size and
concentration are given above the images. Botfom: Sphere configurations, and polyhedra formed
by drawing lines from the center of each PS nodule to its neighbors. Adapted from [34] with
permission of Wiley-VCH

When the ratio of the number of silica seed particles to the number of PS nodules
was equal to one, original silica/PS dumbbell-like or snowman-like morphologies
were obtained [36, 37]. Anisotropic colloids have recently gained increasing inter-
est due to their unique properties and performances. Moreover, these dissymmetrical
colloids could be further processed into Janus particles (e.g., particles whose sur-
faces of both hemispheres are different from a chemical point of view). In a typical
procedure, the mineral part of the snowman-like particles was selectively function-
alized to anchor desirable groups. Then, the protecting PS mask was removed in
a subsequent step by ultracentrifugation to allow further selective modification of
the freshly generated new hemisphere (Fig. 5) [38]. Although several methods have
been developed in the recent literature to synthesize Janus colloids, as reviewed by
Perro and coworkers [39], none of them allows the production of large amounts
of particles. In this context, the process depicted in Fig.5, which is potentially
amenable to industrial scale-up, offers a versatile methodology for fabrication of
large quantities of nanometric Janus structures.
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Fig. 5 Left: Consecutive stages involved in the formation of Janus nanoparticles through a
protection—deprotection route. Right: TEM image of Janus nanoparticles. Reproduced from [38]
with permission of the Royal Society of Chemistry

Following a slightly different approach, but still based on emulsion polymer-
ization, Nagao et al. also recently reported the synthesis of anisotropic polymer
particles composed of silica, poly(methyl methacrylate) (PMMA) and PS in two
steps [28]. First, core—shell particles with a silica core and a crosslinked PMMA -
PMPTMS copolymer shell were synthesized by emulsion copolymerization of
methyl methacrylate (MMA) and MPTMS in the presence of MPTMS-grafted silica
particles. The crosslinked polymer-coated silica particles were then used as seeds to
grow protruding PS nodules on their surface, resulting in snowman-shaped compos-
ite particles (Fig. 2d).

It would be too simplistic to consider that the amount of grafted MPTMS is the
only parameter that allows the control of particle morphology. Because interfacial
tensions are heavily involved, the nature of the emulsion stabilizer, its concentration,
the suspension pH, or the type of monomer could also significantly influence the fi-
nal morphology [25, 29]. For example, by simply changing the type of surfactant
used in the polymerization recipe, the particle morphology can change from multi-
pod to excentered core—shell [33]. In addition, when the number of silica particles
is significantly higher than the number of latex particles, composite colloids with
internal occluded domains of several silica particles and “inverted” raspberry-like
morphologies (the silica particles being located at the surface of the latex spheres)
can also be obtained. The latter morphology is observed for low MPTMS grafting
densities and is mainly a consequence of the surfactant-like behavior of the inor-
ganic particles in this specific situation.

2.1.2 Macromonomer-Mediated Synthesis of Polymer—Silica
Colloidal Clusters

Apart from the use of organosilanes that form covalent bonds with silica surfaces,
chemical modification can also be performed through physicochemical adsorption
of appropriate molecules (or macromolecules) active in the polymerization pro-
cess. For instance, Reculusa et al. reported the synthesis of silica/PS raspberry-like



64 E. Bourgeat-Lami and M. Lansalot

PEGMA
macromonomer

Emulsion
polymerization

Raspberry-like colloid

Slllca

Fig. 6 Left: Elaboration of silica/polystyrene raspberry-like colloids through emulsion polymer-
ization using a MMA-terminated poly(ethylene oxide) macromonomer (PEGMA) as coupling
agent. Right: SEM and TEM pictures of the raspberry-like particles. Adapted from [40] with per-
mission of American Chemical Society

colloids through emulsion polymerization using a MMA-terminated poly(ethylene
oxide) macromonomer (PEGMA) [40]. Here, strong cooperative hydrogen bond-
ing interaction between ethylene oxide units and surface silanols replaces covalent
bonding, while copolymerization with the methacrylate group enables anchoring of
the PS nodules on the silica seed (Fig. 6).

As previously, the morphology strongly depends on the ratio between the number
of silica seeds and the number of growing nodules. Dissymetrical, snowman-like
and multipod-like colloids were obtained by varying these respective numbers
[36, 41]. But, in contrast to MPTMS, which forms strong covalent bonds with the sil-
ica surface, PEO-based macromonomers display only weak, reversible interactions.
Taking advantage of this feature, Perro et al. recently demonstrated the possibility
of generating planar daisy-shaped, super-triangle and super-square colloidal clusters
upon drying of composite suspensions containing silica particles surrounded by six
and eight PS nodules, respectively (Fig.7) [42]. It was shown that the binary clus-
ters had a polyhedral shape in suspension and that the planar arrangement resulted
from the falling-in of the PS nodules on the TEM grid. Electronic tomography ex-
periments strongly supported the hypothesis and provided good evidence for the
suspected underlying mechanism.

Alternative approaches involving molecules that combine the properties of a
monomer with those of a surfactant (so-called polymerizable surfactants) have
also been reported. For example, quaternary alkyl salts of dimethyl aminoethyl
methacrylate (CnBr) surfactants were used to promote polymer encapsulation of
silica gels in aqueous suspension [43, 44]. The polymerizable surfactant formed
a bilayer on the silica surface, the configuration of which enabled the formation
of core—shell particles. The CnBr amphiphilic molecule was either homopolymer-
ized or copolymerized with styrene adsolubilized in the reactive surfactant bilayer.
This concept of admicellar polymerization is detailed in Sect.3.1. In the recent
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' TEM grid

Fig. 7 Left: Daisy-shape, super-triangle and super-square colloidal binary clusters obtained by
drying a suspension of hexapod- and octopod-like PS/silica particles elaborated through emulsion
polymerization using PEGMA as compatibilizer. TEM images are shown next to the corresponding
structures. Scale bars: 200 nm. Right: Super-square colloidal cluster as obtained after an octapod-
like PS—silica cluster has fallen in on a copper grid coated with a carbon membrane. (a) TEM
micrograph as observed in the direction perpendicular to the grid plane. Scale bar: 100 nm. (b)
The same view in the form of a 3D reconstruction calculated from 60 TEM images acquired at
different tilt angles (the brighter sphere is the silica seed). (¢) The same 3D reconstruction observed
in a direction parallel to the grid plane. Adapted from [42] with permission of The Royal Society
of Chemistry

work of Qu et al., an anionic reactive surfactant was used in combination with a
non-ionic surfactant to encapsulate silica particles through emulsion polymerization
[32]. For low silica concentrations, and therefore low amounts of adsorbed surfac-
tant, a “rough” shell was observed that was composed of homogeneously distributed
polymer protrusions, which presumably originated from the coalescence of polymer
nodules formed in the earlier stages of the polymerization. This result is fairly con-
sistent with previous literature involving MPTMS as coupling agent and suggests
that both processes follow similar reaction mechanisms.

Another relevant system involves oleic acid (OA) adsorption at the silica—water
interface. This method was first demonstrated by Ding et al. [45] and was next used
by Mahdavian and coworkers to encapsulate very small silica nanoparticles [46].
In the latter case, a core—shell structure with a core composed of aggregated silica
particles and a shell made of MMA, styrene and acrylic acid (AA), was formed. The
authors suggest that the polymerization proceeds through oligoradical entry into the
OA admicelles.
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2.1.3 Utilization of Auxiliary Comonomers

The strategy of using auxiliary (co)monomers exhibiting strong interaction with the
surface of silica was first reported by Armes and coworkers, who described the ho-
mopolymerization of 4-vinylpyridine (4VPy) in the presence of an ultrafine aqueous
silica sol [47]. Here, acid-base interactions between the silanol groups and the
pyridine group of the poly(4VPy) chains promoted nanocomposite formation. The
polymerization was performed at 60°C under soap-free conditions using ammo-
nium persulfate as initiator, and led to the formation of nanocomposite particles
with a “current-bun” morphology. The strategy was further extended to copoly-
mers of 4VPy with MMA, styrene, n-butyl acrylate (BA) or n-butyl methacrylate
(BMA) [48, 49]. In the case of BA, the resulting films showed a high gloss and
a good transparency (even for high silica contents), as well as unusually low wa-
ter uptake. These water-borne colloidal nanocomposites are of potential interest for
the elaboration of fire-retardant or abrasion-resistant coatings. More recently, lightly
crosslinked silica/P4VPy composite particles were successfully used to stabilize oil-
in-water emulsion droplets at pH 8. The emulsion was destabilized upon decreasing
the pH, thereby highlighting the pH-responsive properties of this new type of Pick-
ering emulsifier [50, 51].

In addition to 4VPy, 1-vinyl imidazole (1VID) and 2-(methacryloyl) ethyl
trimethyl ammonium chloride (MTC) were also shown to be efficient auxiliary
comonomers by Chen and coworkers [52, 53]. Both strategies allowed the prepa-
ration of silica/PMMA raspberry-like composite particles, provided that enough
comonomer was used. Although for 1VID, the composite particle size decreased
with increasing silica content as expected, surprisingly the final particle size was
independent of the silica concentration in the case of MTC. The overall synthetic
scheme is illustrated in Fig. 8 for 1VID. These composite colloids are of potential
interest for electrocoating applications, as recently reported by Kammona et al. [54].
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Fig. 8 Left: Reaction scheme for the formation of silica/PMMA raspberry-like colloids prepared
using 1VID as auxiliary comonomer. Right: TEM images of obtained nanocomposite parti-
cles. Reproduced from [52, 54] with permission of American Chemical Society and Elsevier,
respectively
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All the above-mentioned nanocomposite colloid syntheses involving an auxiliary
comonomer were performed in the absence of surfactant, the composite particles
being stabilized by the nanosized silica particles (below 20 nm in diameter) adher-
ing on their surface. The auxiliary comonomer method can also be extended to larger
silica particles provided that some surfactant is used to stabilize the composite latex.
Following this strategy, Cheng et al. reported the elaboration of silica/PMMA com-
posite particles through conventional emulsion polymerization using silica particles
with diameters of 60, 250, and 500 nm as seeds and 4VPy as auxiliary comonomer
[55]. Raspberry-like or core—shell morphologies were obtained depending on the
surfactant concentration, the monomer to silica ratio, and the type of monomer ad-
dition (either at once or semi-continuously).

2.1.4 Cationic Initiators

Another efficient synthetic route to the formation of polymer/silica nanocom-
posite colloids is through electrostatic adsorption of the cationic 2,2’-azobis
(2-amidinopropane) dihydrochloride (AIBA) initiator. Pioneering works in this
field were reported in 2001 by Luna-Xavier et al., who described the synthesis of
silica/PMMA nanocomposite latexes by emulsion polymerization using AIBA in
combination with a non-ionic surfactant [56-58]. The role of the suspension pH
and the influence of the monomer, silica, and initiator concentrations on nanocom-
posite formation was investigated in depth and analyzed in a quantitative way [57].
Although electrostatic attraction between the cationic polymer end groups and the
negatively charged silica surface was shown to be the driving force of composite
particle formation at high pH, polymerization in adsorbed surfactant bilayers ap-
peared to be the predominant mechanism at lower pH. Depending on the diameter of
the silica beads, either strawberry-like (the silica being inside the particles) or core—
shell morphologies (the latex forming the shell) were produced by this method.
The approach was extended later by Qi and coworkers to nanometric silica and soft
polymers [59]. Under such conditions, the silica particles were mainly located at
the polymer surface. The raspberry-like colloids produced in this way were further
encapsulated by a PMMA shell.

As shown in the recent work of Dupin et al., AIBA can also be advantageously
combined with 2VPy to synthesize polymer/silica composite particles by soap-
free emulsion polymerization [60]. Here, strong electrostatic interaction of the
cationic initiator with the anionic silica ensured the formation of raspberry-like
silica/polymer colloids with high silica aggregation efficiency as compared to the
anionic persulfate initiator originally used by the same group (Sect.2.1.3). Getting
almost complete silica incorporation in such syntheses is essential because the
excess silica sol may compromise the performance of the nanocomposite material
in certain applications. The approach was next extended to a commercially avail-
able glycerol-modified silica sol in the absence of any added auxiliary comonomer
[61-63]. The authors pointed out the importance of using the cationic AIBA initia-
tor in combination with the glycerol-functionalized silica to achieve the desirable
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Fig. 9 Top row: TEM images of a series of nanocomposite particles synthesized by emulsion
copolymerization of styrene and BA of varying mass ratios in the presence of a cationic azo
initiator and a commercial ultrafine glycerol-modified silica sol. Bottom row: TEM of an ultrami-
crotomed section of nanocomposite particles obtained for a 50:50 styrene:BA mass ratio (bottom
left). Digital photographs of nanocomposite films deliberately contaminated by increasing amounts
of silica, showing significant embrittlement and illustrating the detrimental effect of excess silica
on film properties (bottom right). Reproduced from [63] with permission of American Chemical
Society

morphology in very high yields. This optimized protocol was further extrapolated
to film-forming poly(styrene-co-BA) copolymers [63]. Figure 9 illustrates the mor-
phological variations observed with increasing BA content and the resulting film
nanostructure. As highlighted by the authors, these nanocomposites offer great
advantages in coating applications compared to composite films prepared by simply
mixing the silica sol with a film-forming latex suspension.

2.1.5 Soap-Free Latexes

As mentioned above, almost all polymerizations performed in the presence of an
auxiliary comonomer were conducted without surfactant [47-55, 60]. Since these
early works, several groups have demonstrated that silica particles can stabilize
polymer latexes provided that wetting of the nanoparticles with the polymer chains
is favorable [64—68]. The overall process, often referred to as Pickering stabilization
by reference to the stabilization of two immiscible liquids by solid particles [69], has
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recently found a resurgence of interest as illustrated by the numerous examples pro-
vided throughout this review. More details on Pickering emulsions can be found in
the review article by Bon [70].

Although the aforementioned articles are relevant to this section, the intent of the
following is to complement — rather than repeat — a discussion on these papers. For
instance, Zhang et al. have reported the synthesis of latexes with 40% solid content
through emulsifier-free emulsion polymerization of BA, hydroxyethyl methacrylate
(HEMA), and AA in the presence of a nanometric colloidal silica suspension [65].
Although the mechanism of composite particle formation was not discussed, this
is to our knowledge the first example of the synthesis of high-solid-content, film-
forming polymer/silica composite particles in the absence of surfactant. Another
particular example of interest is the recent work of Colver et al. on the synthesis
of PMMA latexes armored with 25-nm diameter Ludox silica nanoparticles [66].
Here, the suspension pH was the key to the process and was maintained around 5.5
to ensure the formation of raspberry-like particles that were uniformly distributed
in size without any coagulation. Although the authors did not discuss this point in
detail, they stressed that the solid content could be increased up to 45%. Unfor-
tunately, for unclear reasons, the strategy was unsuccessful for both styrene and
butyl acrylate, which illustrates that there is still a lot of work to do before getting
a clear picture of particle nucleation and stabilization in such systems. Multilayered
composite colloids with a hairy outer layer of polyacrylonitrile or a soft shell of
poly(n-butyl acrylate) were obtained by feeding the armored colloids with the corre-
sponding monomers in the presence of an anionic surfactant. Interestingly, the silica
nanoparticles were found to migrate and expand through the soft shell (Fig. 10).

Fig. 10 TEM images (scale bars: 100nm) of (a) PMMA latex armored with Ludox silica
nanoparticles. Multilayered nanocomposite polymer colloids with (b) a “hairy” outer layer of poly-
acrylonitrile, and (c) a soft shell of poly(n-butyl acrylate). Reproduced from [66] with permission
of American Chemical Society
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Also relevant to this section is the very recent work of Sheibat-Othmann and
Bourgeat-Lami on the synthesis of PS latex particles stabilized by Klebosol and
Ludox silica particles in the presence of a PEGMA macromonomer [68]. In contrast
to the previous work of Colver et al., polymerizations performed under basic
conditions provided colloidally stable latexes using Ludox silica and styrene
monomer. The PEGMA macromonomer probably plays a determinant role that
makes both systems quite different from the physico-chemical point of view, al-
though similar ingredients were used. Even if it can be argued that polymerization
into monomer droplets is unlikely in such “Pickering” polymerizations due to the
large size of the emulsion droplets compared to the size of the composite particles,
the authors showed that the monomer droplets could efficiently compete for silica
adsorption, leading to some temporary instability during polymerization. Besides
these physico-chemical aspects, the study highlighted the importance of stirring on
the reaction rate and particle stability and also showed that, under certain condi-
tions, the silica particles formed a barrier to radical absorption and decreased the
polymerization rate.

Finally, it is also worth mentioning the BASF patent on the synthesis of high-
solid-content polyacrylate/silica latexes incorporating a high amount of silica [71].
The silica particles appear to be glued together by the polymer, thereby forming
some kind of heterocoagulated polymer/silica beads with a rough surface [71].
These latexes have found a commercial application as transparent, flame retardant,
scratch-resistant coatings [72]. To our knowledge, this is one of the first and rare
examples of commercial polymer/silica nanocomposites.

2.2 Coating of Polymer Latexes with a Silica Shell

Core—shell particles have attracted much research attention in recent years because
of their great potential in the protection, modification, and functionalization of the
core with suitable shell materials to achieve specific physical or chemical perfor-
mances. For instance, the optical, electrical, thermal, mechanical, magnetic, and
catalytic properties of core particles can be finely tuned by coating them with a thin
mineral shell [73, 74]. Silica shells are produced by a variety of methods that can
be divided into two groups: (1) the layer-by-layer self-assembly of preformed sil-
ica nanoparticles on oppositely charged templates, and (2) seeded polycondensation
techniques involving sol-gel precursors. The former method is outside the scope of
this article and only the second method will be discussed.

Although many inorganic surfaces can be directly coated with silica because of
the significant affinity between both materials, latex particles must be functionalized
by grafting or adsorption of appropriate compounds that can enhance the coupling
(and thus deposition) of the silica precursor on their surface. These molecules are
either groups capable of undergoing a chemical reaction with the sol-gel precursor
or ionic molecules capable of promoting electrostatic attraction between the latex
core and the inorganic shell.
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For instance, Tissot et al. reported the successful incorporation of silanol groups
on the surface of PS latex particles using MPTMS as a functional (co)monomer
[75-77]. These surface silanols enabled the subsequent growth of a silica shell onto
the PS seed by addition of TEOS and ammonia to the colloidal suspension, either in
water or in a mixture of ethanol and water. No secondary-nucleated silica particles
were formed, indicating strong affinity of the sol-gel precursor for the polymer sur-
face. Burning of the latex core resulted in the formation of hollow silica spheres. One
main advantage of this method is that the nature and the size of the polymeric core
can be tuned by conventional polymer colloid chemistry, while the shell thickness
can be accurately controlled by the silica-to-polymer weight ratio and the diame-
ter of the latex core. The technique was also successfully applied to the synthesis
of core—shell latexes made of a soft poly(BA) core coated by a rigid silica shell.
Such soft/hard core—shell particles can find applications as nanofillers for impact
resistance improvement.

Following a related approach, Castelvetro et al. reported the formation
and properties of hybrid latex films resulting from the coalescence of low T
poly(BA-co-MMA-co-MPTMS) terpolymer latex particles coated by a silica shell
[78]. The latex was synthesized at neutral pH by semi-continuous emulsion poly-
merization under starved-feed conditions in order to protect the MPTMS monomer
from premature hydrolysis and condensation reactions. A substantial amount of free
silanols were therefore available for further reaction with the silica precursor. In
order to avoid the formation of a densely crosslinked silica network around the latex
core, which may significantly alter film formation, the pH was kept at around 2 (at
this pH, hydrolysis is promoted and condensation is significantly retarded). TEM
and AFM studies of the nanocomposite film indicated that the silica shell formed
a continuous percolating network throughout the polymer matrix. A porous film
of interconnected hollow silica spheres was next elaborated by thermo-oxidative
decomposition of the organic phase.

It is also possible to grow silica shells without functionalizing the latex core. In
this case, the opposite charges developed on the core and shell materials promote
shell formation through electrostatic attraction. For example, Hotta and coworkers
reported the deposition of a thin silica film onto PS spheres by the addition of an
acidic hydro-alcoholic solution of pre-hydrolyzed TEOS [79]. The final silica film
thickness was optimum at pH below the isoelectric point of silicic acid, at which the
electrostatic attraction between the silica precursors and the negatively charged PS
spheres was maximized. Ordered macroporous materials were subsequently formed
by centrifuging the silica-coated PS particles and removing the latex core by calcina-
tion. In a related approach, Cornelissen [80] and Lu [81] used amino-functionalized
PS spheres to promote charge attraction between the PS beads and the silica shell.
Above pH 10, the amine-functionalized template is slightly positively charged and,
consequently, the silica sols could easily nucleate on the surface of each PS bead and
eventually merge and growth into a thin uniform silica shell. A similar approach was
recently followed by Yang et al., who adsorbed poly-L-lysine (a polyamino acid) on
amino-functionalized PS spheres [82]. It was found that poly-L-lysine promoted the
growth of a continuous shell without the concurrent formation of secondary nucle-
ated silica particles (Fig. 11).
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Fig. 11 Representation of the coating of polymer colloids with silica using poly-L-lysine as com-
patibilizer, with TEM image of the resulting hollow silica spheres. Scale bar: 100 nm Adapted
from [82] with permission of American Chemical Society

Graf and coworkers reported a general strategy to coat polymer particles with
silica that provided uniform and smooth coatings without the use of silane cou-
pling agents or electrostatic attraction [83]. Here, the deposition was assisted by
the addition of poly(N-vinyl pyrrolidone) (PVP). Depending on whether PVP was
adsorbed flat on the surface or in the form of trains (which in turn depends on PVP
molecular weight), either rough or smooth silica coatings were obtained. PVP was
also used by Kobayashi et al. with the aim of suppressing the formation of free-
standing silica particles and improving shell uniformity [84]. However, the strategy
was less successful in this case, as judged from the TEM images. This last exam-
ple and many other nonconclusive works show that controlling the homogeneity
and the thickness of the silica shell without forming rough surfaces and/or plain
colloids requires a set of experimental conditions to be fulfilled and is particularly
challenging. Although some approaches were undoubtedly successful, there is no
universal method to date that allows the formation of high-solid-content suspen-
sions of silica-coated particles with thick, smooth, and uniform shells. There is still
much work to be done in this field before one can envisage commercial applications
of such products.

3 Synthesis of Magnetic Latex Particles

During the last few years, different synthetic procedures have been reported for
the synthesis of magnetic nanoparticles. These methods include co-precipitation,
thermal decomposition and/or reduction, microemulsion synthesis, and hydrother-
mal synthesis. Despite poor shape control and quite polydisperse particles,
co-precipitation is probably the simplest synthetic route. By contrast, thermal
decomposition is experimentally more demanding but affords the best results in
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terms of size and shape control of the nanoparticles. To date, these two routes are
the most explored, and they provide magnetic nanoparticles on a large scale. This
probably explains why iron oxides used in emulsion polymerization are, in most
cases, obtained by co-precipitation. This consists of aqueous solutions of iron salts
(Fe>* /Fe*) precipitated by the addition of a base, usually under inert atmosphere,
at room or elevated temperatures. Various parameters can influence the size, mor-
phology, and composition of the magnetic nanoparticles: Fe>* to Fe3* initial ratio,
temperature, pH, and ionic strength. Stable aqueous or organic dispersions of the
magnetic nanoparticles (3—30nm in size) are obtained by the use of surface-active
species capable of generating repulsive interactions between the particles. These
species could be: (1) charged molecules (e.g., citrate or tetramethyl ammonium
ions), (2) surfactant (e.g., OA), or (3) polymer [e.g., poly(acrylic acid) (PAA) or
polyvinyl alcohol (PVA)]. The obtained stable dispersions are often called “fer-
rofluids”. Indeed, the strong interactions between the solvent molecules and the
iron oxide nanoparticles ensure a uniform magnetic behavior of the whole fluid,
which behaves like a single-phase system when a magnetic field is applied [85].
Regarding their magnetic properties, these nanoparticles are superparamagnetic,
which means that they respond to a magnetic field but lose their magnetization
when the field is removed. Readers who are interested in a detailed review on the
synthesis, properties, and applications of magnetic nanoparticles are referred to the
recent paper from Lu et al. [86].

Bare magnetic nanoparticles are sensitive to oxidation in air therefore it is neces-
sary to develop efficient strategies to avoid any stability issues. This can be achieved
by the production of a polymer shell, which will not only protect the inorganic
component, but will also provide the nanoparticles with selective functionalities
needed for further applications. The nanoparticles can also be gathered into one
larger polymer particle. Indeed, polymer particles incorporating magnetic iron oxide
nanoparticles such as magnetite (Fe3O4) or maghemite (y-Fe,O3) find a wide range
of applications, notably in catalysis, environment and food analysis, water treatment,
and biotechnology, for which the magnetic properties of the particles are sought for
effective separation steps [86—88]. To date, the major field of interest remains the
biomedical field, in which the magnetic nanoparticles have been successfully used
as solid support for the purification, extraction, and concentration of biomolecules
in biomedical diagnostics, as contrast agents in magnetic resonance imaging, as me-
diators in hyperthermia, and as carriers for guided drug delivery [86, 89-92].

Whatever the targeted applications, the PSD has to be narrow to ensure a uni-
form response to an external magnetic field, and the magnetic material has to be
homogeneously distributed and properly encapsulated in order to avoid any leakage
of iron oxide. Moreover, appropriate surface functionalities should allow further se-
lective binding with (bio)molecules. Finally, the size of the magnetic particles must
be finely tuned according to the targeted application. Those in the submicrometer
range are particularly interesting because of their low sedimentation rate, large spe-
cific surface area for immobilization of (bio)molecules, and potential integration in
microfluidic-based technologies.

Instead of presenting an exhaustive survey of all the literature, which would
by far exceed the scope of this review, we will present typical and representative
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examples of the synthesis of magnetic latex particles using emulsion polymeriza-
tion as one of the key step of their synthesis. In addition, this article will focus on
iron oxide nanoparticles such as magnetite Fe304 and maghemite y-Fe, O3, which
are the most-described magnetic nanoparticles for the synthesis of magnetic latex
particles. Besides, they are currently the only accepted non-toxic magnetic materials
for medical applications [93]. The literature also offers a few examples using cobalt
[94], cobalt ferrite (CoFe,04) [95], nickel or cobalt metal [96-98], Nig 5Zng sFe, 04
[99], and NiS [100].

3.1 Encapsulation of Iron Oxide Nanoparticles by Emulsion
Polymerization

The preparation of magnetic latex particles using emulsion polymerization in the
presence of a freshly prepared ferrofluid was first reported in the late 1970s and at
the beginning of the 1980s but was not investigated in detail [101-103]. Since then, a
great number of studies have been published in the literature, and magnetic nanopar-
ticles are one of the most documented types of inorganic particle being used to form
composite colloids. Most of the reported works rely on the synthesis of polymer
particles through conventional emulsion polymerization methods carried out in the
presence of colloidal iron oxides (most often used as magnetic seeds). An overview
of the various methods reported in the literature is given in the following sections.

3.1.1 Surfactant Bilayer (Admicellar Polymerization)

One of the basic requirements for efficient encapsulation of inorganic nanoparticles
is to enhance the interfacial affinity between the nanoparticles and the monomer.
One frequently encountered strategy for achieving this is to create hydrophobic loci
inside a bilayer of surfactant(s). Indeed, the primary surfactant is the one coating
the nanoparticles after their synthesis and allowing dispersion of the nanoparticles
in nonpolar solvents. Once the excess of the primary surfactant is removed, the
nanoparticles are coated with a secondary surfactant to form a self-organized bi-
layer of the two surfactants on the surface of the nanoparticles, thus allowing their
dispersion in water [ 104—106]. The hydrophobic interlayer thus formed between the
two surfactants can solubilize the monomer and finally promote the polymerization
close to/at the vicinity of the surface of the nanoparticles, according to the so-called
admicellar polymerization mechanism (Fig. 12).

Meguro et al. were among the first to explore this method for the encapsula-
tion of non-magnetic iron oxide (0-Fe,O3) and titanium dioxide through emulsion
polymerization of styrene adsolubilized into adsorbed bilayers of sodium dodecyl
sulfate (SDS) [107]. Using the same concept, magnetic PS and PMMA particles
were obtained by Yanase et al. [108, 109] using a commercial ferrofluid with mag-
netite particles covered by sodium oleate and sodium dodecylbenzenesulfonate
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Fig. 12 Pigment encapsulation through an emulsion-like polymerization reaction. The process
involves (/) formation of surfactant bilayers, (2) solubilization of monomer, and (3) free radical
polymerization

Fig. 13 TEM image of PS—iron oxide composite particles. Reprinted from [110] with permission
of the American Chemical Society

(SDBS). The process yielded PS particles with up to 20 wt% of encapsulated
Fe;O4. However, the latex yield was generally low and the PSD quite broad,
leading to an inhomogeneous distribution of magnetite from one particle to an-
other. Still using the bilayer procedure with OA and SDBS-coated y-Fe, O3, highly
charged and monodisperse superparamagnetic latex particles of poly[styrene-co-
MMA-co-sodium styrene sulfonate (NaSS)] were prepared (Fig. 13). These were
then assembled into colloidal crystals, which were found particularly suitable for
the creation of unique magnetically induced photonic bandgap materials [110, 111].
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Magnetic latex particles of PMMA (in the range of 100 & 50nm) were obtained
by soapless seeded emulsion polymerization performed in the presence of 10-nm
Fe;04 nanoparticles coated with a bilayer of lauric acid [112]. This work shed light
on the importance of keeping a good balance between the amount of iron oxide
nanoparticles (and hence the surfactant bilayer) and the initial amount of MMA:
too high an amount of monomer (higher than the bilayer could accommodate, thus
leading to destruction of the bilayer) led to the expected seeded emulsion polymer-
ization but also to a crop of particles generated by self-nucleation (including either
homogeneous or micellar nucleation) (Fig. 14). The particle size was consequently
larger in this case. Kinetic modeling of this system was also established [113]. In
an approach very similar to Wang’s work, y-Fe,O3 modified by myristic acid and
soluble in octane was dispersed in SDS solution [114]. Subsequent polymerization
of styrene, divinylbenzene (DVB) and NaSS provided composite particles, but iron
oxide nanoparticles were confined to the surface of the polymer particles. These
particles nevertheless easily aligned in the presence of a magnetic field and could
find potential applications in proton-exchange membranes. Another related work re-
ports the soapless emulsion polymerization of styrene/BA/methacrylic acid (MAA)
in the presence of sodium dodecylsulfonate—Fe;O4 [115]. The influence of various
parameters on particle size and PSD was discussed, in particular the effect of the
polarity medium (through the addition of a polar solvent).

The admicellar polymerization concept was also applied to the synthesis of ther-
mosensitive magnetic latex particles based on N-isopropylacrylamide (NIPAM). In
this case, however, the polymerization could be better defined as seeded precipi-
tation polymerization owing to the water solubility of this monomer. Kondo et al.
[116] were among the first to synthesize PNIPAM particles using Fe;O4 nanopar-
ticles covered with two layers of OA and SDBS. N,N'-Methylene bisacrylamide
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Fig. 14 (a) Mechanisms proposed in [112] for particle nucleation and growth in the case of MMA
soapless emulsion polymerization in the presence of Fe3Oy4 coated with a bilayer of lauric acid.
(b) TEM image of an example of composite magnetic particles obtained. Adapted from [112] with
permission of Wiley Periodicals
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(MBA) was used as a crosslinker, and MAA allowed the introduction of carboxyl
groups for the subsequent covalent immobilization of proteins. Monodisperse mag-
netic and thermosensitive particles loaded with up to 10 wt% of magnetic material
were obtained and successfully used for enzyme immobilization. The thermosensi-
tivity of the particles could be varied by introducing styrene [117]. First, magnetite
nanoparticles modified by a double layer of OA and SDBS were encapsulated in-
side PS particles using surfactant-free emulsion polymerization. These particles
were then used as seeds for the emulsion copolymerization of NIPAM and MAA.
The surface of the obtained submicrometer particles (loaded with up to 10 wt% of
magnetic material) were then functionalized via covalent immobilization of bovine
serum albumin (BSA) using carbodiimide chemistry, and successfully used in anti-
BSA antibody purification. In some cases, NIPAM was polymerized in the presence
of a few percent of AA in order to impart pH sensitivity [118].

More recently, Lee et al. [119, 120] described the synthesis of the same kind of
particles (without, however, referring to the previous work of Kondo). The differ-
ence lies in the coverage of Fe;O4 nanoparticles, which were in this case coated
with either a bilayer of lauric acid or with PAA oligomers. For each surface treat-
ment, the influence of the initiator (either potassium persulfate (KPS) [119] or AIBA
[120]) on the mechanism of particle formation, PSD, and particle morphologies was
discussed. PSD was generally quite broad and the iron oxide nanoparticles were ei-
ther located in the PS core or adsorbed at the surface. Further encapsulation with
poly(NIPAM-co-MAA) provided core—shell particles.

In many of the works described above, a functional monomer such MAA, AA,
or NaSS was introduced to provide the particles with chemical groups that allowed
their utilization in specific applications. A variety of functional magnetic particles
were prepared for various purposes. For instance, carboxyl-functionalized magnetic
PS particles were produced from 10-nm FezO4 coated with a bilayer of OA and
sodium 10-undecenoate as primary and secondary surfactants, respectively [121].
The authors discussed the influence of the initiator on the morphology of the final
particles (homogeneous encapsulation with KPS, not with benzoyl peroxide). Up
to 42 wt% of magnetic material could be encapsulated (with a corresponding sat-
uration magnetization, Ms, of 30emug™!). Successive immobilization of proteins
such as BSA was achieved. In the same way, chaperone protein was immobilized on
carboxyl-functionalized magnetic particles to assist the in vitro refolding of a lipase
(i.e., B. cepacia lipase) [122].

B-Diketone groups were introduced on the surface of magnetic particles through
the emulsion copolymerization of styrene and acetoacetoxyethyl methacrylate
(AAEM) in the presence of sodium-oleate-modified 10-nm y-Fe, O3 nanoparticles
[123]. Varying the initial iron oxide to monomer ratio or initial AAEM concen-
tration led to composite particles incorporating up to 15 wt% of maghemite (Ms
ca. 16emug~!) and displaying various morphologies, including raspberry-like
particles. The PSD was, however, quite broad, whatever the final particle size
(600— 200 nm, depending on the initial recipe). In another relevant work, Pd cata-
lysts were immobilized onto superparamagnetic polymer nanoparticles consisting
of a y-Fe,O3 core and a poly[styrene-co-DVB-co-4-vinylbenzene chloride (VBC)]
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Fig. 15 (a) Preparation of dendritic PAMAM-immobilized magnetic poly(MMA-co-DVB-co-
GMA) particles and coupling with FITC. (b) TEM image of the magnetic poly(MMA-co-DVB-co-
GMA) microspheres with 10 wt% of DVB. Adapted from [126] with permission of the American
Chemical Society

shell [124]. The chloro group was used to introduce N-heterocyclic carbenes
that could form strong complexes with Pd catalysts. The obtained Pd-supported
nanoparticles successfully promoted Suzuki cross-coupling reactions. Acrylamide
(AAm) was recently used as a functional monomer in the emulsion polymeriza-
tion of styrene carried out in the presence of Fe3O4 coated by OA/SDS bilayer
[125]. Using microwave irradiation to initiate the polymerization, monodisperse
magnetic particles of poly(styrene-co-acrylamide) were formed with up to 46 wt%
of magnetite. The aim of the authors was to use amidocyanogen groups for further
covalent binding of biomolecules; however, this was not demonstrated. Magnetic
particles with an increased degree of functionality were recently produced through
the attachment of poly(amidoamine) (PAMAM) dendrimers using the epoxy groups
available at the surface of poly[MMA-co-DVB-co-glycidyl methacrylate (GMA)]
magnetic particles obtained using bilayer-OA-coated Fe;O4 nanoparticles (Fig. 15)
[126]. Highly fluorescent particles were then obtained through the covalent coupling
of fluorescein isothiocyanate (FITC).

As illustrated by the studies detailed above, admicellar polymerization can lead
to various morphologies and very often not to the expected core—shell ones. Never-
theless, despite the variety of obtained morphologies, the aforementioned particles
(when properly functionalized) have found applications in various fields such as
catalysis, optoelectronics, or biotechnology. Some of the works presented so far
show very interesting and promising results, with an effective and homogeneous
distribution of iron oxide nanoparticles inside the synthesized polymer particles, to-
gether with a high magnetic content. But, most suffer from one or several of the
following drawbacks: the PSD can be quite broad, the magnetic content is not sys-
tematically high, the distribution of iron oxide may be inhomogeneous from one
particle to another and inside the particle (in the core versus at the periphery), or the
solid content of the final latex can be quite low. To circumvent some of these lim-
itations (but unfortunately not all of them at the same time), alternative procedures
have been developed.
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3.1.2 Other Surface Coatings of Iron Oxide Nanoparticles

The surfactant bilayer strategy is obviously not the only method that has been
developed to favor polymerization at the surface of iron oxide nanoparticles. Thus,
other (macro)molecules have been employed to this aim. Recently, various poly-
mers such as PAA [119, 120], PMAA [127], chitosan [128], or dextran derivatives
[129-131] have been used as steric stabilizers to form aqueous dispersions of iron
oxide nanoparticles for use in emulsion polymerization. In the case of PMAA [127],
the cationic AIBA azo initiator was first adsorbed on PMAA-coated Fe3;O4 to favor
monomer polymerization in the vicinity of the nanoparticles. The magnetic nuclei
thus formed aggregated and yielded magnetic PS particles with a raspberry-like
morphology. Dextran derivatives were used for the synthesis of PGMA magnetic
particles.

Poly(ethylene glycol) (PEG) was also used to modify the surface of iron oxide
nanoparticles. For instance, fluorescent and magnetic polysaccharide-based parti-
cles were prepared in three steps [132]. First, commercial magnetite powder and
europium phthalate complex (fluorescent) were blended and dispersed in a PEG
solution to obtain fluorescent magnetite colloid particles (FMCPs). Copolymer-
ization of styrene and maleic anhydride in the presence of FMCPs seeds led to
magnetite europium phthalate/poly(styrene-co-maleic anhydride) core—shell com-
posite microspheres. Finally, heparin was conjugated with the surface anhydrides
to form FMCPs/SMA heparin glycoconjugate core—shell composite particles. In
another work, commercial Fe;04 was modified with PEG for the synthesis of
azidocarbonyl-functionalized magnetic particles via a two-step procedure [133].
First, magnetic poly(styrene-co-AAm-co-AA) particles were obtained through
emulsion polymerization performed in water/ethanol mixture in the presence of
PEG-modified Fe304 and a small amount of SDS. Azidocarbonyl groups were then
converted into amido groups and successfully used for covalent protein immobi-
lization. Margel’s group very recently reported the use of gelatin-modified y-Fe, O3
in the emulsion polymerization of two particular monomers: (1) an iodinated
methacrylate, allowing the synthesis of radio-opaque magnetic core—shell nanopar-
ticles for X-ray imaging applications [134], and (2) a fluorinated acrylate, leading
to the formation of magnetic core—shell nanoparticles used for inhibition of in-
sulin amyloid fibril formation [135]. Using the same polymerization procedure, the
formation of poly(divinyl benzene) (PDVB)-coated maghemite nanoparticles was
also studied [136]. Air-stable carbon-coated iron (a-Fe/C) crystalline nanoparticles
were obtained by annealing the PDVB-coated maghemite nanoparticles to form
magnetic particles with higher Ms (83emu g~! versus 33emu g~! for y-Fe; 03
based particles).

3.1.3 Emulsion Polymerization-Related Procedures
Some of the works depicted in the literature cannot be rigorously classified as emul-

sion polymerization methods. These strategies, sometimes quite original and inno-
vative, usually imply multiple steps (one of them being emulsion polymerization).
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Fig. 16 Synthesis of Fe3;O04/PS particles. Left: Scheme of the process. Right: TEM photo of
Fe304/PS particle (scale bar: 100nm). From [137] with permission of the Royal Society of
Chemistry

They rely on vigorous stirring or ultrasonication, either to help the dispersion of iron
oxides in water or in the monomer, or to achieve a fine dispersion of the monomer
droplets before starting the polymerization. They also imply an intermediate step
consisting in the encapsulation of several iron oxides in a silica particle, or the use
of a magnetic emulsion as a seed instead of iron oxide nanoparticles. These pro-
cesses are described below.

Yang et al. [137] described a very nice approach (though inadequately termed
“miniemulsion polymerization”) for efficient encapsulation of aqueous nanoparti-
cles such as FezOy4, Au, and CdTe (Fig. 16). The nanoparticles were first transferred
from water to chloroform using a polymerizable surfactant as phase transfer agent.
The solid NPs obtained after chloroform evaporation were then dissolved in styrene
containing 2,2’-azobis(isobutyronitrile) (AIBN). An aqueous solution of a poly-
merizable emulsifier and a co-emulsifier (Triton X-100) was added to the styrene
solution and the resulting mixture was submitted to mechanical stirring for 30 min.
Polymerization was then carried out at 80°C for 6 h. The resulting magnetic poly-
mer particles showed a very homogeneous distribution of Fe3O4 inside the polymer
particles of a few micrometers (typically 3 um, with broad PSD). Bifunctional (mag-
netic with Fe304 and fluorescent with CdTe) particles were also reported by the
same team [138]. Better results in terms of fluorescence were obtained if the mag-
netic NPs were first coated with silica and functionalized with MPTMS. In addition,
use of ultrasonication instead of mechanical stirring allowed decreasing particle size
(from a few micrometers to 136 nm) and narrowing of the PSD.
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Fig. 17 TEM images of PS magnetic particles obtained with (a) AIBN only, (b) KPS only,
(c) AIBN/DVB, and (d) KPS/DVB . Adapted from [139] with permission of Wiley Periodicals

Fig. 18 (a, b) TEM images of as-synthesized magnetic Fe304/PS nanospheres, and (¢, d) silica-
coated magnetic Fe304/PS nanospheres. From [140] with permission of the American Chemical
Society

Instead of using stable aqueous dispersions of iron oxides, Montagne et al. [139]
successfully synthesized highly magnetic latex particles (60 wt% of magnetic mate-
rial), starting from a commercial oil-in-water magnetic emulsion. Depending on the
initial conditions, various morphologies could be obtained (Fig. 17). The desired
core—shell structure was effectively obtained with a given styrene to DVB ratio,
KPS as the initiator, and an amphiphilic functional copolymer as the stabilizer of
the starting magnetic emulsion. The use of this copolymer not only provided the
latex with a high degree of functionalization but also ensured its colloidal stability
in media of high ionic strength.

A multistep procedure combining modified miniemulsion/emulsion polymer-
ization and the sol-gel technique was implemented by Xu et al. [140] to obtain
monodisperse, nanoscale (100 nm), superparamagnetic Fe3O4/PS spheres coated
with an adjustable silica shell (2-30nm thick) (Fig. 18). Fe304/PS particles incor-
porated a very high magnetite content (86 wt%). This amount obviously decreased
with the presence of the silica shell (the thicker the shell, the lower the Ms). The
influence of the following parameters was studied in detail for the synthesis of
Fe304/PS particles: (1) type of initiator on composite morphology, (2) feed ratio
of the magnetite-containing miniemulsion and styrene macroemulsion on magnetite
content, and (3) hydrophobic agent or amount of surfactant on size and size distri-
bution. The obtained conversions were, however, low [141].

Another strategy (which could be related to seeded emulsion polymerization)
was recently developed by Ding et al. [142, 143] to promote the formation of poly-
mer chains close to the surface of iron oxides. The procedure, based on the formation
of polymer—-monomer pairs, was the following: PVA-coated Fe;O4 nanoparticles
were mixed with chitosan (CS) and AA polymer—monomer pair to form micelles
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Fig. 19 Strategy based on polymer—monomer pair with (/) PVA-stabilized Fe3O4: preparation of
hollow magnetic particles (/a), and example of particle (cut-section TEM photo) (/b). (2) Citrate-
stabilized Fe3Oy4: preparation of plain magnetic particles (2a), and example of particle (TEM
photo) (2b). Adapted from [142] with permission of Wiley-VCH and from [144] with permission
of Elsevier

loaded with Fe3O4. The cores consisted of the polyionic complexes of CS and
AA (i.e., positively charged protonated CS chains and negatively charged dissoci-
ated AA), and the shells consisted of protonated CS chains. The polymerization
of AA was then initiated by KPS, and followed by crosslinking of the shells
with glutaraldehyde (GA) at the end of polymerization to form magnetic hollow
Fe3O4/polymer hybrid nanospheres (ca. 80 nm in size) (Fig. 19-1). By adjusting the
initial amount of CS, AA, and GA, the size could be increased to 200 nm [143].
In addition, high Ms could be attained (Ms = 41emu g’l). The PVA-stabilized
Fe3O4 nanoparticles interacted with AA (or PAA) via hydrogen bonds. In a sec-
ond approach, citrate/Fe;O4 nanoparticles were used [144] to form an electrostatic
assembly. As a result, plain instead of hollow magnetic particles were obtained with
36 wt% of magnetite (corresponding to Ms = 23emu g~ !) (Fig. 19-2). Their capac-
ity to act as drug carriers was also shown. Finally, the concept was recently extended
to the preparation of CS-PMAA magnetic particles [145]. In this last case, the par-
ticles were not only magnetic but also luminescent through the incorporation of
negatively charged CdTe QDs.

Another valuable approach, which was detailed in Sect.2 for silica particles,
is based on the use of silane derivatives carrying vinyl groups (such as MPTMS)
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Fig. 20 Examples of composite core—shell colloids without (a) and with (b) PMMA outer shell.
The particle core consists of polymerized MPTMS-droplets stabilized by magnetite (a). Adapted
from [147] with permission of Wiley-VCH

that are attached to the nanoparticles via the surface hydroxyl groups of iron oxide.
Using MPTMS as a coupling agent, Sacanna et al. [ 146, 147] successfully obtained
magnetic PMMA nanoparticles. The key step relied on the condensation of MPTMS
on iron oxide nanoparticles in conditions leading to the formation of a nanoparticle-
stabilized emulsion (referred to as a Pickering emulsion [148]), which was then
further “frozen” by MPTMS polymerization. Because the magnetite was exposed
on the surface, the obtained stable composite particles were coated with a PMMA
shell through seeded emulsion polymerization (Fig.20). The controlled magnetic
moment of the resulting magnetic polymer particles was exploited for field-induced
colloidal crystallization and (dipolar) chain formation.

Very original morphologies were obtained using silica-coated Fe3;O,4 core—shell
nanoparticles, subsequently functionalized with MPTMS [149]. Indeed, when used
in styrene emulsion polymerization, anisotropic structures could be obtained by
adjusting the interfacial tension (excentric spherical particles), crosslinking (con-
centric spherical particles), crosslinking and a large amount of styrene (anisotropic
ellipsoids), or pre-swelling of concentric particles (asymmetric doublets) (Fig. 21).
Using the same kind of MPTMS-grafted Fe;04/SiO; as seeds in styrene emulsion
polymerization in the presence of pyrene, composite particles with a magnetic silica
core and a fluorescent polymer shell were recently reported [150].

In a closely related work using silica-coated iron oxide nanoparticles, ther-
moresponsive and magnetic latex particles were produced through colloid-template
polymerization, which consists in a three-step procedure [151]. Magnetite nanopar-
ticles of 10nm were obtained by co-precipitation and stabilized by citrate groups,
and subsequently covered by a silica layer via a modified Stober method. The sur-
face of the resulting 100-nm silica-coated magnetite nanoparticles aggregates was
then modified with MPTMS to introduce polymerizable groups onto the surface.
These template cores were finally used as seeds in the polymerization of NIPAM in
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Fig. 21 TEM images of a series of Fe304/SiO,/PS composite colloids with complex structures
and shapes produced by emulsion polymerization of styrene using MPTMS grafted Fe;04/SiO,
particles as seeds. (a, b) Spherical colloids produced in one-step emulsion polymerization (a) with-
out and (b) with DVB as crosslinker. (¢) Ellipsoids formed by swelling and phase separation in
one-step emulsion polymerization. (d) Doublets produced by separated steps of swelling and phase
separation. Scale bars: 400 nm. Reprinted from [149] with permission of the American Chemical
Society

the presence of MBA as a crosslinker. The crosslinking density appeared to play an
important role in the encapsulation process: for a MBA to NIPAM weight ratio lower
than 10%, the silica-coated magnetic particles were not efficiently encapsulated by
PNIPAM, and for values over 30% some particles would adhere to each other.
The shell thickness could be tailored by varying the initial amount of NIPAM,
and the size or concentration of the template cores. The obtained particles effec-
tively showed thermosensitivity (the higher the amount of MBA, the lower the
swelling ratio) with a slightly higher volume phase transition temperature (37°C,
versus 32°C for pure and lightly crosslinked PNIPAM), and superparamagnetic
behavior. This increase in the volume phase transition temperature could be ex-
plained by the presence of the magnetic nanoparticles, which acted as additional
physical crosslinkers. Cai et al. [152] described a very similar approach consist-
ing in the use of Fe3Oy/silica particles modified with MPTMS (ca. 100 nm in size),
which were subsequently used as seeds for the copolymerization of NIPAM and
2-(dimethylamino)ethyl methacrylate (DMAEMA).

Using a very similar procedure, magnetite/silica nanoassemblies were produced
to serve as magnetically recoverable catalyst supports [153]. In detail, 100-nm
silica-coated Fe3O4 nanoparticles were functionalized with MPTMS and then
used as seeds in NIPAM/MBA precipitation polymerization. After swelling these
Fe304/silica/PNIPAM colloids in an aqueous solution of AgNO;, Ag nanoparticles
were directly synthesized inside the polymer network through in situ reduction
with NaBHy. This “Ag™ absorption—reduction” process can be repeated to increase
the number density of Ag particles embedded in the polymer shells. An additional
sol—gel process was performed to form satellite silica by using Ag nanoparticles as
templates, producing Fe304/Si0,/PNIPAM/SiO; assemblies (Fig.22). The use of
these assemblies as recoverable catalyst supports was further evidenced in the case
of Au-catalyzed reduction of 4-nitrophenol in the presence of NaBHj.



The Marriage of Emulsion Polymerization and Inorganic Chemistry 85

Fig. 22 TEM images showing the evolution of hierarchical assemblies: (a) Fe3O4/SiO,/
PNIPAM/Ag, (b) Fe304/SiO2/PNIPAM/SiO,, and (¢) Fe304/SiO2/PNIPAM/SiO2—Au. Adapted
from [153] with permission of the American Chemical Society

3.1.4 Heterocoagulation Followed by Emulsion Polymerization

Another strategy involving emulsion polymerization is based on the heterocoagula-
tion of inorganic nanoparticles arranged on a polymer particle as a magnetic surface
layer. The heterocoagulation is an electrostatically driven interaction between col-
loids of opposite charges, so the pH has to be carefully chosen. Then, a compound is
added to improve the hydrophobicity of the heterocoagulates (through the formation
of a surfactant—bilayer—admicellar polymerization). This ensures the formation of a
third layer through emulsion polymerization using the heterocoagulates as seeds,
and finally provides a composite particle with a trilayer morphology (Fig. 23).

Iron o. nanoparticles
(e ] ° o xyde nanoparti

o .
%9 © Emulsion
+ Heterocoagulation polymerization
> —_—
Polymer latex particles

Fig. 23 Encapsulation of iron oxide nanoparticles in a two-step procedure: electrostatic-driven
adsorption of iron oxide nanoparticles onto polymer particles, followed by encapsulation of the
obtained heterocoagulates by emulsion polymerization

The first work describing this procedure was published by Furusawa et al. [154]
using NiO - ZnO - Fe;O3 as the magnetic component and PS latexes as the partic-
ulate support (with 40 wt% of magnetic material). After the addition of sodium
oleate, efficient encapsulation of the heterocoagulates by a PS layer was effectively
observed, providing spherical magnetic particles with a smooth surface. The same
kind of trilayer composite particles were obtained by first adsorbing y-Fe,O3; on
a poly(styrene-co-BA-co-AA) core. After addition of sodium methacrylate, a third
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Fig. 24 TEM image

of composite particles with a
trilayer morphology using
poly[styrene-co-(N-
isopropylacrylamide)]

as cationic seed. Adapted
from [158] with permission
of Springer

layer of poly(styrene-co-BA-co-AA) was formed [155]. The photovoltaic properties
of the composite particles were also evaluated [156].

Still using the same two-step procedure, monodisperse and thermoresponsive
magnetic latex particles based on PNIPAM were prepared [157, 158]. Anionic
iron oxide nanoparticles were first adsorbed onto preformed cationic particles
of various compositions [PS, poly(styrene-co-NIPAM) core—shell, or PNIPAM].
The obtained heterocoagulates were then encapsulated with crosslinked PNIPAM
through seeded precipitation polymerization (Fig. 24). The magnetic content varied
from 6 to 23 wt%. These particles were successfully used for the covalent immo-
bilization of antibodies, and the resulting conjugates were tested as solid phases in
immunoassays [159].

A slightly different procedure was depicted by Gu et al. [160]. Negatively
charged PS particles were first formed in the presence of a silane coupling agent. Af-
ter a given reaction time, silane-modified magnetic nanoparticles were continuously
supplied into the reactor under acidic conditions, inducing the heterocoagulation
of these cationic nanoparticles onto the anionic polymer particles. The morphology
of the magnetic particles was strongly dependent on the silane coupling reagents.
Trifunctional MPTMS led to disk-like or concave-like shapes, whereas difunctional
methacryloxy propyl methyl dimethoxy silane (MPDMS) produced spherical par-
ticles. Addition of NaSS improved the colloidal stability of the magnetic polymer
particles [161]. However, the amount of incorporated Fe;O,4 remained quite low
(5 wt%), therefore resulting in low Ms (<0.5emu g~ !).

3.1.5 Miscellaneous

A few systems that do not follow any of the procedures described so far are detailed
below. Lee and Senna [162] described the synthesis of magnetic PS microparticles
of the core—shell type prepared by emulsion polymerization of styrene in the pres-
ence of PS seed microspheres and magnetite coated with a bilayer of sodium oleate.
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Small composite nanoparticles were produced in the continuous phase through
emulsion polymerization. These nanoparticles were shown to adhere to the seed
surface, giving rise to the formation of large PS microspheres covered with a layer
of smaller nanocomposite particles. Owing to the complexity of the initial system
(micrometric PS seeds, sodium oleate-coated-Fe3;04, SDS micelles), the mecha-
nisms leading to the formation of the particles was unclear, probably combining
seeded, micellar, and admicellar emulsion polymerization.

In another work, Fe3O4 nanoparticles were covered by poly(MMA-co-MAA)
using very high surfactant to monomer ratios [163]. The best results in terms of
magnetic properties and colloidal features were obtained using KPS and SDS, with
magnetite to monomer ratio of 25 wt% (Ms = 3.2emug~'). However, there were
neither TEM photos to illustrate the obtained morphologies nor indication of the
weight fraction of magnetic particles to evaluate the success of the synthesis.

A final example implies no surface modification. Using magnetite nanoparticles
as seeds, Sun et al. [164] described the synthesis of magnetic core—poly(AAm) shell
particles obtained by UV irradiation of an aqueous solution of Fe304, AAm, and
MBA. The surface of the particles was then modified to introduce amino groups,
subsequently linked to L-histidine labeled with '¥Re, one of the most efficient
radioisotopes for cancer radiotherapy.

Although out of the main focus of this paper, it is worth mentioning the case
of inverse emulsion. This involves the polymerization of water-soluble monomers
such as AAm or NIPAM [165, 166]. Only a few studies report on the synthesis of
magnetic particles using this process [167-172].

3.2 Synthesis of Iron Oxide Nanoparticles in the Presence
of Preformed Polymer Particles

All the studies detailed in the previous section rely on the use of preformed iron
oxide nanoparticles, in the presence of which emulsion polymerization has been
carried out. By contrast, this section focuses on the synthesis of iron oxide nanopar-
ticles inside or onto the surface of preformed polymer particles. The studies using
this strategy are by far less numerous and are detailed below.

This approach was pioneered in the work of Ugelstad et al. [173, 174] (Fig. 25).
In their method, magnetic iron oxides were formed in situ inside preformed micro-
metric polymer particles. The pores of monodisperse, porous PS particles contained
oxidizing surface groups and were filled with a solution of FeCl,. Increasing the
pH and the temperature induced the formation of superparamagnetic iron oxides in
the pores. The composite particles were finally coated by a polymer shell to avoid
any desorption of the magnetic nanoparticles. The diameter of the particles ranged
from 1 to 30 um, with iron oxide loading up to 30 wt% and various surface-reactive
groups (hydroxyl, carboxylic, amine, and aldehyde). These particles are currently
marketed under the trade name Dynabeads®.
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Fig. 25 Synthesis of magnetic polymer particles according to the process developed by Ugelstad
etal. [173, 174]

Using a similar procedure, smaller magnetic particles (400-700 nm in diameter)
were produced by Lindlar et al. [175]. Polymer particles of poly(MMA-co-GMA)
were first synthesized by surfactant-free emulsion polymerization. Ethylene diamine
was then the added to obtain internal anchor groups able to favor the subsequent
impregnation and hydrolysis of iron salts inside the particles. The final composite
particles were monodisperse in size and the magnetic loading was close to 25 wt%.

Related studies report on the formation of iron oxides onto the surface of poly-
mer particles adequately functionalized to chelate precursor metal ions. Pich et al.
[176] prepared B-diketone-functionalized PS latexes through surfactant-free emul-
sion copolymerization of styrene and AAEM. Solutions of FeCl, and FeCls were
added to the dispersion, followed by the dropwise addition of NH4OH. After wash-
ing, up to 14 wt% of iron oxides could be deposited on the particles but the Ms
remained low (<1emug~!). Temperature-sensitive and magnetic hybrid hydrogels
of N-vinylcaprolactam (VCL) and AAEM incorporating up to 15 wt% of Fe3Oy4
were reported by the same group [177]. Emulsion polymerization of GMA was
performed in the presence of seeds of PS particles (2.4 um, obtained by disper-
sion polymerization) to afford core—shell latexes functionalized with a thin layer of
epoxy groups [178]. Fe304 nanoparticles were then synthesized onto the surface of
PS/PGMA core—shell particles by nucleation and controlled growth mechanisms.
The obtained magnetic particles contained about 6 wt% of Fe3 Oy, corresponding to
a Ms value of 3emug~!.

Another work describes the synthesis of magnetic nanocontainers (i.e., hollow
spheres) of magnetite formed using PS particles obtained by emulsion polymer-
ization as sacrificial core [179]. The coating procedure involved the controlled
hydrolysis of aqueous solution of FeCls in the presence of the PS latex, urea,
and PVP. The particles coated with hematite (non-magnetic) that were obtained
after aging at 95°C were then heated to 500°C to provide hollow hematite spheres.
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Fig.26 Examples of iron oxide nanoparticles synthesized inside PNIPAM particles. (a) Sulfonate-
functionalized particles based on poly(NIPAM-co-GMA). Reprinted from [180] with permission
of Springer. (b) Poly(NIPAM-co-sodium acrylate) particles. Reprinted from [181] with permission
of the American Chemical Society

Further heating at 350°C for 1 h under hydrogen atmosphere finally led to hollow
magnetite spheres displaying superparamagnetic behavior, with Ms close to that of
bulk material (67emug™!).

A substantial amount of work has been dedicated to the in situ synthesis of iron
oxide nanoparticles inside microgel particles (i.e., crosslinked latex particles), gen-
erally obtained by precipitation polymerization. Although not strictly speaking in
the scope of this review article, which focuses on emulsion polymerization, it is
worth mentioning the synthesis of these particles, which actually find many appli-
cations in various fields. For instance, Fe;04 nanoparticles could be synthesized
within preformed PNIPAM-based particles (Fig. 26) [180-183]. Of particular inter-
est is the recent work of Brugger et al. [184], who used PNIPAM-based magnetic
microgel particles as stimuli-responsive emulsifiers for oil-in-water emulsions, al-
lowing controlled breaking of such emulsions.

4 Pigmented Latexes

Pigments (and extenders) are the main and most important constituents of water-
based coatings and play a crucial role in, for instance, the papermaking and paint
industries. A proper pigmentation drives not only the aesthetics of the film (such as
gloss, opacity, and color) but also ensures long-term protection against environmen-
tal aggression and preserves the mechanical and performance properties of the film.
In the paint industry, high quality coatings with a high gloss and color strength are
generally required. In gloss and semi-gloss paints, the pigment is predominantly tita-
nium dioxide (TiO, ), whilst in matte paints significant quantities of extenders (such
as calcium carbonate, China clay and silica) are included in the paint formulation.
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Adequate formulations depend not only upon the selection of raw materials, but
also on accurate calculation and optimization of the amounts of its constituents.
To achieve the optimum visual and economic benefits of a pigment, it is essential
that the surface is uniformly and completely covered by the coating formulation.
Opacity is therefore an essential requirement of latex paints. Opacity is most readily
achieved by using a pigment of high refractive index, TiO, being the most widely
used although ZnO or SbO; can also be employed. Whatever the paint composition,
high quality coatings are obtained for optimal pigment dispersion, which is to say
for optimum particle size and stability. To improve and to stabilize paint dispersions,
it is common to use polymeric dispersants [185, 186]. However, this is generally not
sufficient and a lot of pigments need a surface treatment to maximize their efficiency.
Indeed, a problem of paint formulation is not only to promote pigment dispersion in
the latex blend but also to maintain a minimum distance between individual pigment
particles in the dried film. In practice, this never occurs. This issue can be solved by
coating the inorganic pigment with a thin polymer layer. This way, optimal disposi-
tion of the inorganic particles within the polymeric film can be achieved, resulting
in optimal light scattering and hence better opacity and good film properties [187].
Some of these methods are described in the following section for TiO; and a few
other selected pigments.

4.1 Polymer Encapsulation of TiO, Pigments

Owing to the major technological importance of TiO, pigments in the paint indus-
try, it is not surprising that most published works in this field are found in the patent
literature [188—196]. Among the various approaches, emulsion polymerization is by
far the technique the most frequently reported. In a typical procedure, the pigment
particles are dispersed into water under high shear in the presence of surfactant to
help dissociate the pigment agglomerates [197-199]. Then, a monomer or a mixture
of monomers is introduced into the suspension medium, and a water-soluble free
radical initiator is subsequently added to start polymerization. In most examples,
the coating takes place through the admicellization/adpolymerization mechanism
described in Sect.3.1.1 for iron oxide encapsulation. This process is highly depen-
dent on the geometry of the bilayer structure and on the surfactant packing density,
which in turn are functions of the soap concentration. Emulsifier concentrations that
are too low can lead to incomplete pigment coverage, whereas too large a concen-
tration can result in the formation of free polymer particles that do not participate in
the coating. The nature of the surfactant also plays an important role in the coating
mechanism. For instance, Solc [190, 193] and Hasegawa [200, 201] claimed the use
of water-soluble anionic surfactants, while Martin [191, 195] recommended the use
of non-ionic oxyethylenic amphiphiles. As shown by Hoy and Smith, it can also be
advantageous to use a combination of surfactants. For example, they demonstrated
that more uniform coverages and better coating efficiencies could be achieved by us-
ing an amphipathic polymer in combination with a companion surfactant [194, 202].
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The fundamental aspects of polymer encapsulation of TiO, pigments were
widely studied in the 1990s by the group of German and van Herk [203-209] with
the successive Ph.D. theses of Caris [210] and Janssen [211]. With the intention
of achieving high coating efficiencies, Caris used a polymerizable titanate cou-
pling agent (diisopropyl methacryl isostearoyl titanate) to covalently attach polymer
chains onto the surface of the TiO, pigments according to the coupling strategy pre-
viously described for silica. A similar strategy was also recently reported by Yang
et al. [212]. Preventing secondary nucleation is essential because newly formed
particles may compete for surfactant adsorption and consequently lead to pigment
coagulation. Maintaining a good stability of the encapsulated powders is also critical
for pigment encapsulation through emulsion polymerization. Soap deficiency can be
determined by following the evolution of the surfactant concentration through on-
line conductivity measurements. Secondary nucleated particles lead to a decrease
of the conductivity signal due to surfactant adsorption from the continuous phase,
whereas severe coagulation is identified by an increase of conductivity consequent
to surfactant desorption. It is therefore possible to use this technique to optimize
the surfactant concentration in order to obtain the best encapsulation efficiency with
maximum stability of the encapsulated pigment.

With the objective of promoting polymer formation at the surface of TiO, pig-
ments and prevent secondary nucleation, Haga et al. used a diazoic amidinium
initiator previously anchored on the mineral surface [213], whereas Janssen used
redox initiators [208]. Although real benefit was taken from the nature of the ini-
tiator, in particular in the case of hydrophilic monomers like MMA, there was still
a competition between the formation of surface polymer and free latex particles in
these systems. In both cases, better results were obtained when the monomer was
introduced under starved-feed conditions, which enabled a significant decrease in
the extent of secondary nucleation.

It is worth mentioning the recent work of Nguyen et al. [214], who succeeded
in TiO, encapsulation through controlled radical polymerization via the Reversible
Addition-Fragmentation chain Transfer (RAFT) process (Fig. 27). Encapsulation of
TiO, using RAFT polymerization was also recently reported by Daigle et al. [215].
In this case, the method was also applied to metals (Mo, Zn) or other metal oxides
(ZrO,, CuO, BaTiO3, Al,03). In both studies, the use of macro-RAFT copolymers
displaying a strong affinity for the pigment surface first enabled the formation of sta-
ble dispersion of the inorganic pigments. In a second step, the active chain end of the
copolymer could be reactivated for the polymerization of hydrophobic monomers,
thus leading to the formation of an encapsulating polymeric shell. More details on
the use of controlled radical polymerization techniques for the synthesis of compos-
ite colloids can be found in the review article by Charleux et al. [216].

When successful, polymer encapsulation of TiO, pigments provides an efficient
way to control pigment interparticle spacing and enables better paint performances,
such as higher hiding power, tinting strength, gloss, scrub resistance, or stability,
compared to conventional paint formulations. As illustrated in recent articles, these
materials are also of potential interest for the elaboration of electrophoretic displays
[217-219] and lithium ion batteries [220].
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Fig. 27 Encapsulation of
TiO, pigment particles by a
poly(BA-co-MMA) shell
using a poly(BAs-co-AA o)
macro-RAFT agent as
dispersant. Reprinted from
[214] with permission of the
American Chemical Society

Apart from encapsulation reactions, a few groups also attempted to use TiO, par-
ticles to stabilize polymer microspheres. For instance, Liu et al. reported a two-step
procedure in which composite latex particles, coated with HEMA-functionalized
TiO; nanoparticles synthesized in a first step, were used in a second step as Picker-
ing stabilizer to form micron-size beads through a suspension-like process [221].
Chen and coworkers also reported a method (which looks closer to suspension
than to emulsion polymerization) for fabrication of hollow spheres through Picker-
ing stabilization of emulsions microdroplets [222]. Another particular example that
deserves attention is the synthesis of polyacrylate core-TiO, shell nanocomposite
particles by in situ emulsion polymerization [223]. The authors argued that the core—
shell structure resulted from the judicious combination of a cationic surfactant with
an anionic persulfate initiator under controlled pH conditions. The exact mechanism
for the formation of these core—shell particles remains nevertheless unclear.

4.2 Titania-Coated Polymer Spheres and Hollow Titania Shells

The high refractive index and photocatalytic properties of TiO, make titania parti-
cles of great interest for various applications, including coatings, photonic crystals,
and photovoltaic devices [224-226]. In particular, hollow titania spheres with a
low-index core and a high-index shell are suitable building blocks for colloidal
crystals, provided that the spheres are monodisperse in size with a smooth sur-
face. However, since titania precursors are highly reactive, avoiding the formation of
free-standing titania particles and rough coatings, is highly challenging. Therefore,
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over the past 10years, a number of groups have explored methods to address this
challenge and to generate hollow titania spheres with smooth shells. The success of
these methods relies on several parameters and requires precise optimization of the
reaction conditions, as briefly described below.

In 2001, Shisho and Kawahashi reported the first successful formation of uniform
TiO; coatings on the surface of 420-nm diameter PS latexes by hydrolysis of tita-
nium tetrabutoxide in ethanolic solutions in the presence of PVP [227]. The shell
thickness was controlled by adjusting the concentration of the precursor solution,
and a 30-nm-thick TiO, coating was achieved without formation of separate inor-
ganic particles under optimized conditions. A very similar procedure was followed
some years later by Li [228], Syoufian [229], and Wang [230] (using albeit slightly
different experimental conditions). In 2001, Imhof demonstrated the possibility of
generating very thin and homogeneous titania coatings using cationic latexes as
the seed, and titanium isopropoxyde as inorganic precursor [231]. The coating was
again performed in ethanol media, and PVP was used to help stabilize the parti-
cles. The positive groups ensured quick deposition of the titania precursors on the
latex seed and enabled the formation of 7- to 50-nm-thick titania shells without
formation of secondary particles. Crystalline hollow spheres were further obtained
by calcination of the TiO,-coated particles at elevated temperatures. Increasing the
temperature up to 600°C yielded hollow crystalline anatase titania particles, whereas
the rutile form of TiO, was obtained by calcining at 900-1000°C (Fig. 28).

Using the layer-by-layer method, Caruso and coworkers reported in the same
period that PS colloidal particles coated with polyelectrolyte multilayers can be
used as templates to produce hybrid hollow spheres by infiltration with a water-
soluble and stable TiO, precursor, namely titanium(IV) bis(ammonium lactate)
di-hydroxyde (TALH) [232]. In virtue of the high chemical stability of the TALH
precursor, a highly uniform coating was produced without the undesirable forma-
tion of titania particles in solution, which often occurs using more conventional
precursors. Refluxing the TALH-coated particles at 100°C converted TALH to tita-
nia anatase nanoparticles, whereas calcination at 450°C gave hollow titania spheres.
Macroporous titania spheres of the rutile phase were produced at a higher temper-
ature (950°C). Eiden and Maret also described the successful formation of hollow
spheres of rutile by templating negatively charged PS beads with Ti(OEt)s from
absolute ethanol, followed by calcination at elevated temperatures under an oxygen
atmosphere [233]. Unfortunately, no TEM images for evaluating the quality of the
coating were provided in this article.

4.3 Other Pigments

Besides TiO,, a few other pigments like aluminum [234-236], zinc oxide [237,
238], and calcium carbonate [207, 239-241] have also been reported. Some of them
will be briefly discussed below.
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Fig. 28 TEM images of (a) the polystyrene latex spheres used as the core and (b) the same par-
ticles coated with a thin 25 nm titania shell. (¢c) SEM image of hollow titania spheres obtained
by calcination of the polystyrene/TiO, core—shell particles at 600°C under air. (d) Enlarged TEM
view of some hollow titania particles showing the small anatase crystallites that compose the shell.
Reproduced from [231] with permission of the American Chemical Society

For example, Batzilla and co-authors described the encapsulation reaction of
commercial aluminum pigments through an emulsion-like polymerization process
[242]. They reported the use of phosphorous-containing protecting agents to pro-
vide a good dispersion of the Al pigment and control its reactivity. They also
recommended using monomers with strong adhesion with the metal surface (e.g.,
carboxylic acid derivatives).

Another class of extender widely used in coating applications is calcium car-
bonate (CaCOs3). Despite potential interest in polymer encapsulation of CaCOj3
powders, only few studies can be found in the literature. Janssen et al. employed
emulsion polymerization to encapsulate titanate-functionalized CaCO3 pigments
with PS [207]. Thermogravimetric analysis (TGA) showed that only 10% of PS
was tightly bound to the inorganic surface, the remaining 90% polymer being
extractable with toluene. Yang et al. [239] also described CaCO3 encapsulation by
PS using soap-free polymerization, while Yu et al. [240] reported the preparation
of CaCO3/PS composite particles using a polymerizable silane derivative previ-
ously attached on the mineral surface. The pretreated CaCO3 particles were shown
to act as comonomers during the emulsion polymerization process in a similar
way to that discussed in Sect.2.1.1 for silica. More recently, Wu and coworkers



The Marriage of Emulsion Polymerization and Inorganic Chemistry 95

observed an increase of polymerization rate with increasing CaCOs3 concentration
during the preparation of CaCO3/PMMA composite particles by soap-free emulsion
polymerization [241]. TEM studies of the nanocomposite particles indicated suc-
cessful pigment encapsulation, whereas TGA and X-ray photoelectron spectroscopy
suggested PMMA grafting on the nano-CaCOj3 surface.

5 Polymer-Clay Nanocomposite Latexes

In addition to spherical particles, anisotropic fillers such as layered aluminosilicates
(commonly called clays) have received much attention in recent literature. Indeed,
because of their high aspect ratio, clay platelets of a few nanometers thick and sev-
eral hundred nanometers long allow a substantial improvement in strength, elastic
modulus, and toughness whilst retaining optical transparency. Additional benefits
are enhanced resistance to tear, radiation, and fire as well as a lower thermal ex-
pansion and a lower permeability to gases. It is generally admitted that end-use
properties of polymer—clay nanocomposites (PCNs) heavily depend on their nanos-
tructure. Three main morphologies are usually reported: segregated, intercalated,
and exfoliated. The exfoliated morphology consists of individual silicate layers
dispersed in the polymer matrix as a result of extensive polymer penetration and
delamination of the silicate crystallites, whereas a finite expansion of the clay layers
produces intercalated nanocomposites (Fig. 29). In general, the greatest property en-
hancements are observed for exfoliated nanocomposites, which could be regarded
as the “ideal” morphology, although in practice many systems fall short of this ide-
alized nanostructure.

As outlined in a considerable number of texts and reviews covering the syn-
thesis, characterization, and properties of PCNs [243-246], many parameters can

Intercalated

: ; nanocomposite Exfoliated
Microcomposite posi et O

Clay platelets /-2-{1'_/ Polymer chains

Fig. 29 Different morphologies encountered in polymer-layered silicate nanocomposites: phase
segregated (left), intercalated (middle), and exfoliated nanocomposites (right)
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influence the nanostructure, such as the type of clay, the nature of the polymer, and
the polymerization process (e.g., bulk, solution, suspension, miniemulsion or emul-
sion polymerization). However, so far there is no clear general consensus as to which
process is the best suited to provide the requested exfoliated morphology for a given
set of conditions (given type of clay and monomer composition). This is due in part
to the high complexity of these systems and the multiple parameters involved. Com-
pared to more traditional solvent-borne or melt-processing approaches, waterborne
processes in general and emulsion polymerization in particular nevertheless offer
some obvious advantages, as detailed in the following section. The reader is referred
to the recent review of Paulis and Leiza for complementary information [247].

5.1 PCNs Elaborated by Conventional Emulsion Polymerization

Although both natural and synthetic aluminosilicates have long been reported to be
effective free radical initiators for the aqueous polymerization of vinylic monomers
[248-251], their utilization in nanocomposite materials was reported only recently.

The first papers on the synthesis of PCNs through emulsion polymerization were
published in the 1990s by Lee et al. [252-255]. Intercalated nanocomposites based
on Bentonite [which consists of 70 wt% montmorillonite (MMT)] and PMMA
[252], PS [253], or styrene/acrylonitrile copolymers [254, 255] were successfully
obtained using pristine clays as seeds, KPS as initiator, and SDS as surfactant. Con-
finement of the polymer chains in the interlayer gallery space was evidenced by
differential scanning calorimetry (DSC) and TGA, and was suspected to originate
from ion—dipole interactions between the organic polymer and the MMT surface.
Unfortunately, since the latex was coagulated before characterization, no informa-
tion was given at that time on particle morphology. In every case, it was shown that a
non-negligible part of the polymer was adsorbed on the clay surface after extraction
of the pulverized product in hot toluene, indicating significant polymer—clay interac-
tion. However, it remains unclear whether such interactions occurred in suspension
or were induced by the coagulation process.

Following a very similar procedure involving KPS as initiator and SDS as
surfactant, Tong et al. reported in situ emulsion polymerization of ethyl acrylate
in the presence of pristine Bentonite [256]. Drying of the latex suspension pro-
duced films exhibiting enhanced mechanical and thermal properties as well as
reduced permeability to water vapor. Generally speaking, and regardless of syn-
thetic procedures, nanoscale dispersion of layered silicates in plastics produces
glassy modulus enhancements of one to two times and rubbery modulus increases
of five- to 20-fold. Improved thermal properties are also observed in many sys-
tems, including intercalated nanocomposites obtained by emulsion polymerization.
Such improvements are mainly due to the nanometric dimensions of the platelets.
TEM analysis of an ultramicrotomed section of the film indicated, in the case de-
scribed above, an intercalated (partially exfoliated) morphology as shown in Fig. 30.
Recently, Pan et al. also showed enhanced mechanical properties for PVC/MMT
nanocomposites elaborated in a similar way [257], and Kim et al. observed a shift
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Fig. 30 (a) Representative TEM image of exfoliated-intercalated clay in a poly(ethyl acrylate)
matrix containing 5wt% of clay. Dependence of mechanical (b), thermal (c), and permeation
(d) properties with clay loading. Adapted from [256] with permission of Wiley Periodicals

of the onset of the thermal degradation toward higher temperatures as a function of
clay content in exfoliated PS/MMT nanocomposites [258]. Bandyopadhyay et al.
synthesized PMMA/MMT nanocomposites through emulsion polymerization with
SDS as the emulsifier and showed enhanced thermal stability and an increase in T
of 6°C [259].

Although a straight comparison between these different systems would be ap-
pealing, a comprehensive discussion on structure—property relationships will not be
attempted in this review. Indeed, the diversity of systems in terms of type of clay,
surface modification, and polymerization methods renders this exercise quite risky.
Therefore, we will not try to compare the properties of the different systems de-
scribed, and only discuss those whose properties bring a clear “added-value” to the
nanocomposite material.

Besides properties (which are usually enhanced by adding clay), another crucial
factor of PCN materials elaborated through emulsion polymerization is their solid
content. Although this point is less frequently addressed, most of the polymer/clay
composite latexes reported in literature have solid contents below 20%. However,
solid contents between 40% and 60% and sometimes higher are required for in-
dustrial applications. Using a seeded semi-batch emulsion polymerization process
and a procedure otherwise very similar to that described above for Bentonite,
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Diaconu et al. recently reported the successful preparation of poly(BA-co-
MMA)/MMT latexes of 45% solids with moderate viscosities and containing 3 wt%
of clay [260, 261]. This is to our knowledge one of the first and rare examples of
“high solids” PCN latex in the literature. A further increase of the solid content to
meet the requirements of industrial recipes remains a real challenge.

The very simple methods depicted above show that, in virtue of their high
swelling capabilities in water, pristine clays are valuable candidates for the elab-
oration of exfoliated nanocomposites through in situ emulsion polymerization. In
spite of that, a number of groups have performed organic modification of clay parti-
cles with the objective of increasing interfacial interactions and controlling particle
morphology. These works are presented below.

Quite a lot of studies have dealt with the use of organoclays in emulsion poly-
merization. In most of these studies, the organoclay is dispersed in water and the
polymerization proceeds as in conventional emulsion polymerization by monomer
diffusion from the droplets to the organophilic clay surface, where propagation of
polymer chains takes place. However, in a few examples, the organoclay is dis-
persed in the monomer phase. This monomer clay suspension is next emulsified
(sometimes with the aid of ultrasound to help dispersion and promote clay exfoli-
ation) and the resulting droplets are polymerized [262-267]. The latter processes
look closer to suspension or miniemulsion (depending on the nature of the initiator)
than emulsion polymerization and will not be discussed further.

Organic modifiers are generally used to render clay surfaces hydrophobic and to
promote monomer penetration in the interlayer space. Organic modifiers carrying
suitable reactive end groups can also react with the polymer matrix and further
strengthen the interfacial polymer—clay interaction, as reported by many groups.
For instance, Qutubuddin et al. have incorporated vinylbenzyl dimethyl dodecyl
ammonium chloride (VDAC) in MMT using cation exchange [268]. The amount
of VDAC was kept well below the cation exchange capacity of the clay in order
to preserve clay colloidal stability (an issue that is surprisingly neglected in the
literature). A partially exfoliated nanocomposite was obtained upon polymerization
of styrene in the presence of the organoclay, but the latex colloidal stability was
only moderate because there was no surfactant to stabilize the resulting particles.
Very recently, Sedlakova and coworkers followed a similar approach using the
cationic 2-(acryloyloxy) ethyl trimethyl ammonium chloride monomer [269]. Choi
et al. also reported the preparation of PS/MMT nanocomposites through in situ
emulsion polymerization using SDBS as surfactant and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) as functional comonomer to promote adhesion at the
polymer—clay interface [270]. Exfoliated nanocomposites with clay contents of up
to 20 wt% with respect to polymer were successfully achieved by this method. It was
speculated that the hydrogen ions of sulfonic acid protonated the amido group of
the AMPS comonomer, which could then undergo exchange reactions with the clay
counter-ions. The method was further extended to acrylonitrile [271], styrene/MMA
[272], and acrylonitrile-butadiene—styrene [273] (co)polymers. However, no men-
tion was made in these papers of particle size or latex colloidal stability. It should
be noted here that AMPS was also used by Li et al. in the synthesis of poly(BA-co-
AA)/MMT latexes by semi-batch emulsion polymerization for pressure-sensitive
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adhesives [274]. It is worth mentioning the recent work of Greesh and coworkers,
who systematically investigated the effect of the nature of the organic modifier on
the microstructure and thermomechanical properties of poly(styrene-co-BA)/MMT
composite films containing 10 wt% of clay [275]. The ability of the clay modifier to
efficiently interact with the clay surface, its compatibility with the monomer, and its
reactivity were all found to be determinant parameters for achieving fully exfoliated
morphologies. AMPS was shown to fulfill all these requirements.

Besides reactive organic modifiers, a few groups have also reported the use
of “simple” surfactants to promote clay exfoliation [276, 277]. For instance,
Meneghetti and Qutubuddin synthesized partially exfoliated PMMA/MMT
nanocomposites using SDS as regular surfactant and a zwitterionic octadecyl
dimethyl betaine as organic modifier [278]. It was shown that the zwitterionic mod-
ifier provided better colloidal stability as compared to a cationic surfactant. This can
be interpreted in terms of charge neutralization of the SDS-stabilized latex particles
by the cationic surfactant (although this was not discussed in the paper). Li et al.
also found that emulsion polymerization of styrene, conducted in the presence of
MMT functionalized by a zwitterionic surfactant, produced exfoliated nanocom-
posites as proved by TEM and by the disappearance of the dy; peak in the X-ray
diffraction pattern [279].

All the examples of PCN latexes described thus far involved MMT as the clay.
Although MMT is by far the most commonly used layered silicate in PCN syntheses,
other types of clays have also been reported.

For instance, Herrera et al. recently conducted a series of experiments on
Laponite [280-283]. Laponite is a synthetic clay that is similar in structure to
MMT, except for the nature of the interlayer cation (Mg>* for Laponite and AI**
for MMT) and the clay dimensions. Each elementary Laponite disk has a thick-
ness of around 1 nm and a diameter of 30—40nm. In addition, Laponite also has
the advantage over natural clays of being chemically pure and free from external
contaminations. All these properties make Laponite a valuable candidate for use in
PCN synthesis.

Following strategies similar to those mentioned in Sect. 1.1 for silica, film-
forming poly(styrene-co-BA)/Laponite composite particles were synthesized in
batch through conventional emulsion polymerization using organically modified
Laponite as seed. The clay particles were functionalized either through ion ex-
change of a cationic initiator (AIBA) or a cationic monomer [2-methacryloyloxy
ethyl trimethyl ammonium chloride (MADQUAT)], or through the reaction of
the edge-hydroxyls with suitable polymerizable organosilane molecules (such as
methacryloxy propyl dimethyl ethoxysilane). The so-obtained organoclays were
further suspended in water, which required the use of ultrasound. For organoclays
functionalized by cation exchange, a small amount of tetra-sodium pyrophosphate
was introduced in the suspension to reverse the edge positive charges and promote
clay—clay repulsions. Then, emulsion polymerization was carried out in batch in the
presence of the organoclay (10 wt% based on monomer) using SDS as surfactant
and KPS or 4,4’-azobis(4-cyanopentanoic acid) (ACPA) as initiators, except when
AIBA was used as organic modifier. The overall process is illustrated in Fig. 31.
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Fig. 31 Procedure used for the synthesis of polymer/Laponite composite particles through emul-
sion polymerization

Regardless of the nature of the organic modifier, colloidally stable composite la-
texes with diameters in the range 50—150nm were successfully obtained, provided
that the original clay suspension was sufficiently stable and un-aggregated. All three
methods produced clay-armored composite particles characterized by a polymer
core surrounded by an outer shell of clay platelets, as evidenced by cryo-TEM.
Transparent films that exhibited remarkable mechanical and thermal properties
were produced upon drying of the composite latexes. Cryo-microtomy revealed a
honeycomb distribution of Laponite within the film, consistent with the armored
morphology (Fig. 32). Quite recently, Ruggerone et al. also reported a similar mor-
phology for PS/Laponite films containing up to 20% of clay and investigated the
resulting mechanical properties [284].

A similar strategy involving Laponite or MMT platelets grafted with polymer-
izable organotitanate and organosilane molecules was recently reported by Voorn
et al. [285, 286]. Here, starved-feed soap-free emulsion polymerization of MMA
conducted in the presence of the organoclay led to clay encapsulation. However the
solid content was quite low (typically around 7%).

5.2 Soap-Free Latexes Stabilized by Clay Platelets

Very recently, a number of groups have explored methods of preparing clay-armored
latexes by soap-free emulsion polymerization (referred to as “Pickering polymeriza-
tion” [69] by analogy with the stabilization of emulsions by inorganic solids). In this
process, the monomer is simply emulsified in a water dispersion of clay platelets that
ultimately stabilize the hybrid particles by adhering on their surface and forming a
protecting armor.
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Fig. 32 (a—c) Cryo-TEM images of poly(styrene-co-BA)/Laponite nanocomposite particles pre-
pared through emulsion polymerization using MADQUAT as reactive compatibilizer. The nanopar-
ticles are seen embedded in a film of vitreous ice. (d, e) Electron micrographs at intermediate and
high magnifications of an ultrathin cryosection of a film prepared from the composite latex suspen-
sion The thin dark layer covering the surface of the polymer particles corresponds to 1-nm thick
diffracting clay platelets that are oriented edge-on with respect to the direction of observation.
Adapted from [283] with permission of Wiley-VCH

For instance, using the afore-cited AMPS comonomer (un-correctly defined as
reactive surfactant in a subsequent paper), Choi et al. reported the preparation of
PMMA/MMT nanocomposites through in situ soap-free emulsion polymerization
[287]. However, at that time, the authors did not stress the role of the clay as stabi-
lizer. Park et al. synthesized PMMA/MMT nanocomposites for optical applications
by soap-free emulsion polymerization, but again the article focused on the proper-
ties and there was no mention of colloidal aspects [288]. In the same period, Lin
and coworkers reported the formation of 300—-600 nm diameter PMMA latex parti-
cles initiated by KPS and stabilized by MMT platelets [289]. The authors argued
that KPS intercalation inside the clay galleries was the driving force that enabled
the polymerization to take place at the clay surface. Although the solid content was
quite low and the amount of MMT rather high, this article remains nevertheless very
instructive.

Using an original approach, Zhang and coworkers recently reported the synthe-
sis of PMMA latex particles stabilized by MMT platelets tethered with poly[2-
(dimethylamino)ethyl methacrylate] (PDMAEMA) brushes (Fig.33) [290]. The
PDMAEMA polyelectrolyte brush was synthesized by atom transfer radical poly-
merization using a cationic initiator previously introduced in the clay galleries. The
PDMAEMA-functionalized clay platelets were further used to stabilize the emul-
sion polymerization of MMA initiated by the remaining free radical initiator present
on the clay surface.
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Fig. 33 Left: Synthesis of clay-armored PMMA latexes through soap-free emulsion polymer-
ization using PDMAEMA-tethered clay as stabilizer. Right: TEM image of the so-obtained
PMMA/clay composite colloid. Reproduced from [290] with permission of Wiley Periodicals

Recently, a number of groups have also reported the Pickering stabilization of
monomer-containing lipid droplets by clays, and their subsequent free radical poly-
merization [291]. As these articles fall outside the scope of this review, they will
not be discussed further. Although not strictly speaking in the scope of the present
review, it is also worth mentioning the recent work of Voorn et al. on the first
surfactant-free inverse emulsion polymerization stabilized with hydrophobic MMT
platelets [292].

6 Synthesis of Quantum Dot Tagged Latex Particles

QDs are semiconductor nanoparticles typically 1-10nm in size that show unique
luminescence properties due to 3D size-confinement effects [293-295]. Regard-
less of the excitation wavelength, a narrow emission peak is observed, the wave-
length of the emitted light being size-dependent. Furthermore, QDs show excellent
photostability, and different-sized QDs can be simultaneously excited by a single
wavelength because each type of QD exhibits a specific emission peak. Due to their
outstanding optical and electronic properties, QDs have found increasing applica-
tions in the fields of biotechnologies (e.g., diagnostic, imaging, optical tracking),
optoelectronics (e.g., light emitted diodes) and photonics (e.g., photonic crys-
tals) [295].

The most often encountered inorganic semiconductors in the literature are those
from groups II-VI, i.e., ZnO, ZnS, ZnSe, CdTe, CdS and CdSe, the last two being
the most studied and documented. QDs are in most cases made as colloidal solutions
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[294, 296]. In this approach, precursors of the material are reacted in the presence of
a stabilizing agent that will restrict the growth of the particle and keep its dimensions
within the limits of the quantum-size effect that gives the QDs their outstanding
properties. The most popular route is based on the pyrolysis of organometallic
precursors in a hot coordinating solvent that mediates nanoparticle growth and sta-
bilizes the inorganic surface [297-299]. For instance, a typical synthesis of CdSe
is the following: dimethyl cadmium Cd(CH3), and trioctyl phosphide selenide are
initially dissolved in the organic solvent tri-n-octylphosphine and injected into a
hot coordinating solvent of tri-n-octylphosphine oxide (TOPO) at 350°C under ar-
gon atmosphere. The temperature is lowered to 300°C by the injection. The rapid
introduction of the reagent mixture produces a yellow/orange solution that is char-
acteristic of CdSe nanocrystal formation. The growth of the QDs after the injection
is then carried out at a given temperature in the range of 250-300°C. Since the
growth of the QDs is dependent on the process of Ostwald ripening, the size of the
QDs can be tuned by the temperature. Careful control of the reaction conditions
produces CdSe QDs that are relatively homogeneous in size, and tunable in the 2—
8 nm range. However, because the organometallic precursors are extremely toxic,
expensive, and explosive, alternative procedures using metallic oxides (e.g., CdO)
and organic stabilizing agents have been developed [300, 301]. For instance, less
experimentally demanding procedures can be carried out using aqueous solutions
of Cd(II) salts [for instance Cd(ClO4), or Cd(NOs3),] mixed with anionic or Lewis
basic polymers such as sodium polyphosphate or polyamines [302, 303], or a poly-
merizable stabilizer [304]. The subsequent addition of a sulfide source (such as H,S
or Na;S) produces CdS nanoparticles that are in the 1-10 nm size range. The size of
the nanocrystals depends on a large number of experimental conditions, such as the
relative concentrations of the precursors and rates of addition.

The stability of the QDs, and hence their luminescence, can be improved by coat-
ing the QDs with an additional layer of another semiconductor material with a wider
band gap energy (e.g., CdSe coated with ZnS [305, 306]). Other strategies have also
been envisioned to improve their stability, their compatibility with various media,
and their functionality. Ligand exchange, encapsulation by phospholipids, polymers
or silica, or coating by biological molecules (proteins, DNA, antibodies) are a few
examples of such modifications. Obviously, incorporating QDs in polymer particles
using emulsion polymerization is a very attractive challenge for many scientists tar-
geting applications in the biomedical field (diagnosis, image tracking, bar-coding)
or in photonics (photonic crystals).

6.1 Encapsulation of QDs Through Emulsion Polymerization

6.1.1 Conventional Emulsion Polymerization

Only a few papers report on the encapsulation of QDs inside polymer particles
through conventional emulsion polymerization. Indeed, at the end of the most
popular routes used for QDs synthesis, the obtained nanocrystals are usually
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hydrophobic. Thus, the incorporation of hydrophobic QDs into polymer parti-
cles via a proper emulsion polymerization may be very challenging owing to the
poor aqueous-phase transport of these species. Various synthetic strategies related
to emulsion polymerization have been developed to improve the compatibility
between the QDs and the reagents.

In one of the reported works, TOPO-coated CdSe QDs were dispersed in a micel-
lar solution of surfactant, which could be subsequently swollen by monomer [307].
In detail, a toluene solution of CdSe was first added dropwise to a micellar solution
of cetyltrimethyl ammonium bromide (CTAB). Then, a mixture of styrene, DVB,
AA, and AIBN was added dropwise at 0°C. Finally, the system was heated to 70°C
for 20 h. Submicrometer particles were prepared with an effective incorporation of
hydrophobic TOPO-coated CdSe into carboxylic functionalized and crosslinked PS
particles. The QD-tagged PS particles were then coated with a fluorescent silica
shell through TEOS addition. Particle sizes ranging from 300 nm to 20 um were pro-
duced, depending on the recipe used for the synthesis. However, the solid content
was quite low and there was no information about the amount of QDs incorporated.

Another strategy consists in the use of QDs coated with a cysteine acrylamide,
a polymerizable stabilizer [304]. Successful incorporation of hydrophilic cysteine-
acrylamide-stabilized QDs into 80-200nm fluorescent latexes was achieved via
emulsion polymerization, as reported by Sherman et al. [308], using two different
procedures. In the first, a two-step shot growth surfactant-free emulsion polymeriza-
tion of styrene and NaSS was performed in the presence of a solution of hydrophilic
cysteine-acrylamide-stabilized CdS or CdSe/CdS QDs. In the second approach,
CdSe/CdS QDs were first electrostatically modified by vinylbenzyl(trimethyl)—
ammonium chloride and subsequently copolymerized with styrene in the presence
of SDS. A third approach was also described in this paper: coating of cationic PS
particles with anionic poly(cysteine acrylamide)-coated QDs through electrostatic-
driven interactions.

Using a procedure that probably relies on admicellar polymerization, Lee et al.
[309] successfully entrapped CdSe or CdSe/ZnS QDs in various polymer particles.
TOPO-coated QDs were first dissolved in chloroform in the presence of a large
amount of sodium bis(2-ethylhexyl)sulfosuccinate (AOT). The waxy solid obtained
after solvent evaporation was then dissolved in water at 80°C (probably stabilized
by a bilayer of TOPO and AOT). After centrifugation and dialysis, and dilution in
water, monomer was added to the reaction mixture, stirred for 1 h and heated to
60°C. Polymerization was initiated with KPS, and 20 nm hybrid particles contain-
ing a few tens of QDs each were successfully obtained (Fig.34). This procedure
was, however, limited to QDs smaller than 5 nm in size. The versatility of the pro-
cess was demonstrated by the successful synthesis of hybrid colloids using various
monomer(s): pure styrene or a mixture of styrene/DVB (1:1), pure P4VPy or a mix-
ture of PAVPy/DVB, or pure PMAA. The pure PDVB particles showed, however,
better robustness to post-synthesis treatments. The main drawback of the process
was the quenching of the photoluminescence of the QDs. This problem was circum-
vented by the use of CdSe coated with a protective ZnS shell.
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Fig. 34 TEM images of
hybrid colloidal nanoparticles
of CdSe and PDVB. The
upper inset is a high
magnification image showing
individual CdSe nanocrystals
within the PDVB colloidal
particle. The lower inset
shows the PSD. Reprinted
from [309] with permission
of the Royal Society of
Chemistry
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6.1.2 Emulsion Polymerization-Related Procedures

Using the procedure described above for the synthesis of magnetic particles and de-
picted in Fig. 16 (see Sect.3.1.3), CdTe QDs of different size (and thus different
emission wavelength) were embedded in PS particles using emulsion polymer-
ization [137, 310]. The obtained micrometric particles showed good photolumi-
nescence properties and the photostability of the QDs was even enhanced when
encapsulated in the PS particles, compared to an aqueous solution of CdTe. In
addition, the labeling of PS particles with both green- and red-emitting QDs was
demonstrated, showing the possible application of this approach to the synthesis
of multiplexed optical coding (Fig.35). Bifunctional (magnetic with Fe3O4 and
fluorescent with CdTe) particles were also reported by the same team [138] (see
Sect. 3.1.3).

The concept of polymer—monomer pairs depicted above for the synthesis of mag-
netic particles also proved to be efficient for QDs encapsulation (see Sect.3.1.3,
Fig. 19) [145]. CdTe QDs coated with mercapto propionic acid (MPA) were first
embedded in CS/PMAA particles providing raisin-bun or core—shell morphologies,
depending on the initial ratio of [FCOOH] to [-NH;]. The photoluminescence
properties of the core—shell morphology were found to be pH-dependent. CdTe QDs
were then encapsulated together with magnetic Fe304 nanoparticles to afford mul-
tifunctional particles that were able to act as imaging agents. The magnetic content
could be varied from 11 to 32 wt%, but it was found that too high a magnetic content
led to a decrease or quenching of the QD fluorescence. Finally, these particles were
evaluated for magnetically enhanced cellular uptake.
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Fig. 35 (a) Fluorescence images of PS particles loaded with green (left), yellow (middle), and
red CdTe dots (right). The insets are the corresponding confocal fluorescence images. Scale bars:
2um. (b) Fluorescence spectra of PS beads incorporated with both green and red CdTe dots with
their photoluminescence (PL) peak-intensity ratio being 2:1 (a), 1:1 (b), and 1:2 (c). The initial
input ratio of green to red dots was 1:0.3 (a), 1:0.6 (b), and 1:1.2 (¢). Reprinted from [310] with
permission of Wiley-VCH

6.1.3 Miscellaneous

A recent work reported the inverse (mini)emulsion polymerization of NIPAM in
paraffin oil using water-soluble CdSe/ZnS QDs coated with a polymerizable am-
phiphilic copolymer [311]. The QDs were homogeneously distributed inside the
obtained particles (ca. 1 wm in size, broadly distributed), which effectively displayed
photoluminescence properties. In addition, the presence of QDs did not interfere
with the thermosensitive behavior of PNIPAM.

Finally, as in the case of iron oxides, a few studies report the incorporation
of QDs inside microgel particles obtained by precipitation polymerization. For
instance, hydrosoluble CdTe nanocrystals capped with thioglycolic acid could be re-
versibly incorporated inside poly(NIPAM-co-4VPy) copolymer particles by varying
the pH [312]. The entrapment of QDs was dominated by the physical entangle-
ment of the collapsed network and electrostatic interactions between the loaded
QDs and the gel network. In another study from the same group, CdTe QDs
co-stabilized by both thioglycerol and thioglycolic acid were incorporated inside
PNIPAM microspheres through hydrogen bonding [313]. Finally, CTAB-modified
CdTe QDs were entrapped into poly(NIPAM-co-AA) microgels through electro-
static interactions [314].

6.2 Synthesis of Quantum Dots in the Presence
of Polymer Particles

As mentioned above, different synthetic procedures have been developed for the
formation of QDs, and each of them has its own advantages and drawbacks. When
envisioning the synthesis of QDs inside or at the surface of polymer particles ob-
tained by emulsion polymerization, aqueous-based procedures will be logically
favored.
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One of the first examples of QDs synthesis onto the surface of latex particles
was reported by Zhang et al. [315, 316], who recently described the synthesis of
monodisperse nanocomposite particles with inorganic CdS nanocrystals deposited
onto poly(MMA-co-MAA) latex particles (varying from 150 to 600 nm) obtained by
emulsion polymerization (Fig. 36). In a first step, latex particles were ion-exchanged
with a Cd(ClOy4); solution. The Cd>* ions thus introduced into the electrical double
layer were further reduced into CdS by addition of a Na;S solution. By adjusting
the initial MMA to MAA ratio and consequently the density of surface COO™, as
well as adjusting the ratio of Cd** to surface COO~, the size of CdS nanoparticles
could be varied from 3 to 8 nm and the surface coverage could reach 40%. Colloidal
arrays with interesting optical properties were obtained when the nanocomposite
particles were sedimented under gravity [316]. The CdS-loaded nanocomposite par-
ticles could be subsequently recovered by a film-forming polymer shell by reacting
MMA and BA monomers. The resulting colloidal nanocomposites were finally as-
sembled into 3D periodic arrays consisting of rigid poly(MMA-co-MAA)/CdS core
particles regularly distributed within the soft polymer matrix. In contrast to what
was anticipated in Fig. 36, QDs were uniformly mixed with the shell-forming poly-
mer, leading to the doping of the poly(MMA-co-BA) matrix [315].

Using a similar procedure, poly[styrene-co-(2-methacrylic acid 3-(bis-carboxy
methylamino)-2-hydroxypropyl ester] [poly(styrene-co-GMA-IDA)] latex particles
(70-130nm in size) obtained by surfactant-free emulsion polymerization were suc-
cessfully coated with CdS nanoparticles [317]. The GMA-IDA groups offered
coordination sites for chelating metal ions, at which CdS nanoparticles were grown.
The density and size of CdS nanoparticles could be varied by adjusting the ionic
content and concentration of chelating groups, providing nanocomposite particles

R K*-00C, fre ™ ﬁ e
COOH COO K*
KOH, pH=8.5 COOM 2)g2 CdS nano
e ﬂ ﬁ particles
COOH COO™ K*
PMMA — PMAA
copolymer latex MMA
BA

Fig. 36 Synthesis of poly(MMA-co-MAA)/CdS/poly(MAA-co-BA) multilayered hybrid particles
with a periodic structure. Redrawn and adapted from [315] with permission of the American Chem-
ical Society
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with luminescent properties. The same study was then carried out with poly(MMA-
co-MA-co-GMA-IDA) particles displaying various T to investigate the influence
of this parameter on CdS formation [318]. The addition of a protective ZnS shell
on CdS nanoparticles provided hybrid particles with enhanced photoluminescence
properties [319].

Particles of poly(styrene-co-DMAEMA) have also been reported for the effective
synthesis of luminescent CdS/polymer composite particles [320]. The difference in
this case was that surfactant-free emulsion copolymerization was performed in the
presence of Cd** jons that were coordinated to DMAEMA.

Alternatively, QDs can be synthesized inside preformed microgels parti-
cles (200-600nm) obtained by the copolymerization of NIPAM, AA, and
2-hydroxyethyl acrylate in the presence of MBA [182]. An aqueous solution of
Cd(ClOy4); (the caxt source) was first added to the particles to induce ion ex-
change between the cations of the microgels and Cd**. After dialysis, slow addition
of Naj;S solution induced the formation of CdS nanocrystals. The optical properties
of the embedded QDs (versus free QDs) were maintained and only slightly affected
(e.g., red-shift or broader emission peak). The microgels could be further coated by
a polymeric shell, and the resulting hydrophobic QD-doped particles were used as
building blocks for the fabrication of photonic crystals (Fig.37) [321].

Optical detection of glucose by CdS QDs immobilized inside microgels was
very recently reported [322]. This original approach relies on the formation of
copolymer microgels constituted of poly(N-isopropylacrylamide-co-acrylamide-
co-phenyl boronic acid). These particles were obtained in two steps: synthesis of
poly(NIPAM-co-AAm-co-AA) microgels, and coupling of 3-aminophenylboronic
acid to the -COOH groups of the AA units. Then, Cd** complexation was achieved
by the PAAm segments through the addition of Cd(ClOy),. After removal of excess
Cd>", a thioacetamide solution was added dropwise and the dispersion heated to
85°C for 1h to afford CdS-embedded microgels. Phenyl boronic acid is known to

5 = o
pH=8.7
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Fig. 37 (a) Synthesis of hybrid core—shell particles doped with CdS quantum dots. Reprinted from
[321] with permission of Wiley-VCH. (b) TEM photo of the core microgels. Scale bar: 50 nm.
Reprinted from [182] with permission of the American Chemical Society
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strongly bond to glucose, allowing the fluorescence of the in situ synthesized QDs
to be reversibly quenched and anti-quenched when the microgels undergo swelling
and deswelling in response to the changes in glucose concentration.

7 Synthesis of Metallic Latex Particles

The strong interest in the incorporation of metallic nanoparticles into polymer la-
texes arises from the outstanding optical, magnetic, and catalytic properties of metal
nanoclusters with potential uses in electronic and optical devices, magnetic record-
ing media, biological labeling, and catalysis. The formation of metal colloids or
clusters by the controlled reduction, nucleation, and growth of metal salts in aque-
ous solution has been investigated for over a century. Nevertheless, studies dealing
with the preparation of metallic polymer particles through emulsion polymerization
are scarce.

7.1 Polymer Encapsulation of Metallic Particles
Through Emulsion Polymerization

In 1999, Quaroni and coworkers reported for the first time the elaboration of
polymer-coated silver nanoparticles through emulsion polymerization [323]. The
silver colloids (around 100nm diameter and irregular in shape) were previously
modified by adsorption of a double layer of OA. Then, an uniform layer of
poly(styrene-co-MAA) copolymers was formed on the hydrophobized inorganic
seed particles, providing a protective organic and functional shell to the metal par-
ticle. Whereas thin coatings (<10nm) were shown to follow the shape of the metal
core, thicker coatings assumed more globular shapes. As the authors noted, the poly-
mer shell induced only minor changes in spectral properties under conditions where
the particles were un-aggregated. The plasmon resonance underwent only a small
red shift, which was ascribed to an increase of the dielectric constant in the particle
environment. A similar approach was described by Bao et al. who used 100 nm sil-
ver nanoparticles onto which was adsorbed an azo initiator (ACPA) [324]. Emulsion
copolymerization of styrene and NaSS was performed in the presence of PAA as a
steric stabilizer in a water/ethanol mixture. A thin polymeric shell (5—-10nm) was
thus formed onto the silver nanoparticles, protecting them from dissolution when
nitric acid was added to the medium. Non-spherical metallic particles could also be
encapsulated, as reported by Obare et al. CTAB-coated gold nanorods were covered
by a PS shell, which induced only slight modifications of the optical properties of
the nanorods [325], as previously observed by Quaroni et al. for silver particles
[323]. The Au core was then dissolved by KCN to provide hollow PS nanotubes.

In a related approach, Gu et al. reported the synthesis of multilayered gold/
silica/PS core—shell particles through seeded emulsion polymerization. In this



110 E. Bourgeat-Lami and M. Lansalot

study, silica-coated gold colloids were encapsulated by PS using MPTMS as silane
coupling agent according to the procedure previously described for silica (see
Sect. 2.1.1). These particles were subsequently transformed into hollow spheres by
chemical etching of the silica core in acidic medium [326].

Metal/polymer hybrid particles displaying an eccentric structure were very re-
cently reported [327, 328]. The key parameter for the formation of such morpholo-
gies was the addition of the metal nanoparticles after the polymerization was started.
The reaction was performed in a water/ethanol mixture (40/60 by weight), ethanol
playing a key role in the reduction of charge effects. Each hybrid particle contained
only one metal nanoparticle anchored on the poly(styrene-co-DVB-co-NaSS) poly-
mer particle. The strategy proved to be successful for gold, palladium, and platinum.

Finally, even if microgels are out of the scope of the present review, it is worth
mentioning that gold nanoparticles have also been encapsulated inside thermo-
and pH-responsive poly(NIPAM-co-AA) microgel particles using 60 nm OA-coated
nanoparticles as seeds [329, 330].

7.2 Polymer Particles as Template for the Synthesis of Metallic
Shells and Metallic Nanoparticles

Polymer particles can serve as colloidal templates for the in situ synthesis of either
metallic nanoparticles or metallic shells. This is achieved by the reaction of the
metal salt precursors previously adsorbed on their surface through ion exchange or
complexation chemistry. The colloidal templates must contain surface groups with
strong affinity for the metal precursors. Functional groups issued from carboxyl
(-COOH), hydroxyl (-OH), thiol (-SH), amino (—NH3), cyano (—-CN), or pyridino
derivatives can be easily introduced into polymer latexes by copolymerization of
the corresponding monomer. In this method, the surface-complexed metal salts are
then directly transformed into metal colloids by the addition of reducing agents. For
instance, polymer particles with a PS core and a P4VPy shell were used as template
for the synthesis of noble metal (including palladium, gold and silver) nanoparticles
in the shell layer (Fig.38) [331]. The Pd-functionalized composite particles were
successfully used as catalysts in Suzuki cross-coupling reactions.

Similarly, using the same particles as those used for the synthesis of CdS QDs
(see Sect. 6.2, Fig.36), silver nanoparticles could be deposited onto carboxylated
poly(MMA-co-MAA) particles using silver salts as precursors [315, 316]. As for
the case of CdS, periodic structures of polymer/silver hybrid colloids were elab-
orated. The method obviously opens a new avenue for production of optically
responsive materials with a controlled periodicity. In another work using com-
mercial 110nm carboxylate-functionalized PS particles as templates, Hao et al.
reported the synthesis of silver nanodisks formed through chemical reduction of
silver salts in DMF [332]. The composite particles obtained (Fig. 39) exhibited an
intense electronic spectrum differing markedly from those of spheres. Still using
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Fig. 38 TEM images of (a) poly(styrene-co-4VPy)/Pd, (b) poly(styrene-co-4VPy)/Au, and (c)
poly(styrene-co-4VPy)/Ag composite particles produced via chemical reduction of the correspond-
ing metal salts previously adsorbed on the surface of poly(styrene-co-4VPy) core—shell particles.
Adapted from [331] with permission of the American Chemical Society

Fig. 39 (a) TEM image of a fresh Ag/PS sample. Scale bar: 100 nm. (b) TEM images of Ag/PS,
tilting the sample plane from —30° through 0° to +30°. Reproduced from [332] with permission
of the American Chemical Society

carboxylated particles, different in situ chemical reduction methods were studied by
Mayer et al. to form silver—latex composites using commercial PS latexes [333]. By
adjusting the latex surface properties, the reduction method and conditions, or the
silver precursor type, various composite materials could be prepared.
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In other works, palladium [334-337] and rhodium [335-337] nanoparticles were
formed onto the surface of PS-based polymer particles functionalized through
the copolymerization of styrene with AA, MAA, and acrylonitrile. The resulting
composite colloids were evaluated as catalysts for the hydrogenation of alkenes,
the Rh-based composite showing activities close to commercially available prod-
ucts [336]. Using the obtained Pd-functionalized polymer particles, nickel [338],
nickel/cobalt [339], or cobalt [340] nanoparticles were anchored onto the surface
through chemical metal deposition (electroless plating) [341].

Sulfate-functionalized PS particles (of 710 and 580 nm) obtained by emulsion
polymerization were coated with silver or gold nanoparticles through the adsorption
of their corresponding metal salts in an ethanol/acetone mixture. This was followed
by chemical reduction and a seeding growth step (both performed in ethanol) [342].
The obtained core—shell colloids were able to crystallize into long-range ordered
structures with photonic bandgaps (Fig.40). As well as potential applications as
photonic crystals, the ordered structures may find applications as substrates for
SERS (surface enhanced Raman spectroscopy) studies.

More recently, noble metals such as gold, silver, platinum, and palladium were
deposited onto sulfate-functionalized PS particles through the addition of their re-
spective metal salts in the absence of extra reducing agent [343]. The sulfate groups
were supposed to be involved in a redox reaction with the metal salts, eventually
leading to the formation of the metal nanoparticles (Fig.41).

A last example of particular interest that also relies on the adsorption of metal
salts was recently proposed for the synthesis of silver nanoparticles inside the
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Fig. 40 (a) Procedure for coating PS colloids with gold or silver. (b) TEM image of 580 nm PS
colloids coated with gold. (¢) SEM image of opals made of gold-coated PS composite colloids.
Reproduced from [342] with permission of Wiley-VCH
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Fig. 41 TEM image of
nanosize-dot-arrayed Ag—PS
composite fabricated by
means of the redox reaction
method. Reprinted from [343]
with permission of Elsevier

outer layer of “nano-tree”-type core—shell particles, i.e., particles with a PS core
surrounded by regularly branched chains of PEG [344]. Similarly, Mei et al.
showed that palladium nanoparticles could be synthesized inside the hairy layer
of PS-PNIPAM core—shell particles [345]. In both cases, the composite particles
were subsequently used as catalyst in the reduction reaction of 4-nitrophenol in the
presence of sodium borohydride.

Instead of precursor metal salts, metal oxides could also be used. Silver—PS core—
shell particles were thus recently synthesized using a two-step procedure [346].
First, hydrogen reduction of a saturated silver(I) oxide solution at elevated tem-
perature was carried out in the presence of commercial sulfate-functionalized PS
particles (200nm) used as support for the reduction of Ag salt into silver. The
formed Ag nanoparticles were attached to the PS particles (Fig. 42a). Subsequent
acetone treatment led to the encapsulation of the silver nanoparticles inside the PS
spheres (Fig. 42b), accompanied by a red-shift of the characteristic plasmon reso-
nance frequency of the particles (Fig. 42c¢).

In alternative procedures, the coating can also be produced by the controlled hy-
drolysis of metal salts into metal oxides, followed by reduction of the oxide into
the corresponding metal. Submicrometer-sized composite spheres of yttrium and
zirconium compounds and hollow metallic spheres have been prepared this way by
coating cationic PS latex particles with basic yttrium carbonate and basic zirconium
sulfate, respectively, followed by calcination of the coated latexes at elevated tem-
peratures [347, 348]. Uniform coatings of copper compounds have been formed in a
similar procedure by aging (at high temperature) the aqueous solutions of the metal
salt in the presence of urea, PVP, and anionic PS latexes [349]. The coating was
shown to proceed by in situ heterocoagulation of the precipitating metal colloids
on the organic seed surface. Voids were produced in a subsequent step by complete
thermal oxidative decomposition of the polymer core.
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Fig. 42 TEM images of (a) Ag nanoparticles adsorbed onto PS particles, and (b) Ag—PS core—
shell particles. (¢) Extinction spectra of as-prepared Ag—PS particles (curve a), Ag—PS particles
dispersed in acetone (curve b), and redispersed back in water (curve c). Adapted from [346] with
permission of the American Chemical Society

Finally, similarly to magnetic nanoparticles or QDs, microgel particles have been
used as template for the synthesis of metallic nanoparticles such as silver [182, 321].

8 Summary and Outlook

This review article highlights the synthesis and properties of O/I particles elab-
orated through emulsion polymerization, which is a well-established technology.
The relatively recent advances in the synthesis of these particles have paved the
way to a huge range of new materials with outstanding properties. In this article,
we have reported selected examples of O/I colloids prepared from either preformed
minerals or preformed latex particles. When minerals are used as seeds, suitable in-
teractions of the growing polymer with their surface are provided by the previous
adsorption and/or reaction of molecules that can be either inactive or active in the
subsequent polymerization process. Such molecules include conventional surfac-
tants, organosilanes and titanates, macromonomers and surfmers, ionic initiators,
and ionic monomers. The overall strategy provides an accurate control over the
composite particle nanostructure, leading to a multitude of morphologies (core—
shell, multinuclear, multipod-like, snowman-like, armored-like, etc.). Furthermore,
the strategy affords the opportunity to precisely design the surface properties of the
polymer-coated mineral particles by selecting appropriate functional monomers.

In another approach, metallic particles, semiconductors, or metal oxides are gen-
erated at the surface or inside polymer colloids used as templates. Again, the seed
particle surface must carry suitable functionalities to promote interaction (and thus
deposition) of the inorganic precursor. Inorganic nanoparticles are obtained in a
subsequent step by thermal decomposition, hydrolysis, chemical reduction or other
soft-chemistry processes. These strategies allow selective nucleation and growth of
the inorganic particles at the surface or inside the latex particles, which eventually
protect them from agglomeration.
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Although a general chemical approach to the fabrication of these polymer/
inorganic composite particles in a precisely controlled manner is not yet available,
impressive progress has been made towards the designed synthesis of colloidal parti-
cles made of organic and inorganic domains assembled into unique and well-defined
structures. These simple methods will most probably open the way to the fabrication
of large amounts of original assemblies.

In practice, an infinite variety of polymer/inorganic particle combinations can
be envisaged. This article has attempted to summarize the most important issues to
be considered for successful formation of such nanocomposite colloids. The ability
to tailor the affinity between the organic and inorganic parts is the key to a happy
marriage between these two naturally incompatible compounds. However, despite
the considerable advances, excitement, and promise of O/I composite latexes, sub-
stantial fundamental research is still necessary to provide a deeper understanding of
current synthetic methods, develop new processes, and enable further exploitation
of these materials.

We hope that the general concepts and principles reviewed in this article will
provide the reader with the necessary background to develop deeper expertise and
to create novel O/I hybrid particles and nanocomposites with outstanding character-
istics and properties.
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Preparation of Hybrid Latex Particles
and Core—Shell Particles Through the Use
of Controlled Radical Polymerization
Techniques in Aqueous Media

Bernadette Charleux, Franck D’Agosto, and Guillaume Delaittre

Abstract The synthesis of hybrid and core—shell nanoparticles using controlled/
living radical polymerization in aqueous dispersed systems is reviewed. The pro-
cesses involve emulsion, miniemulsion, and dispersion polymerizations as well as
grafting techniques, with the aim of producing submicrometric latex particles with
well-defined morphologies that might not be accessible via classical radical poly-
merization. Those morphologies include organic/inorganic hybrids, nanostructured
particles, (nano)capsules, and particles with a hydrophobic core and hydrophilic
shell.

Keywords Controlled/living radical polymerization - Core—shell particle - Dis-
persion polymerization - Emulsion polymerization - Grafting from - Hybrid -
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1 Introduction

Since the advent of controlled/living radical polymerization (CRP) methods and
thanks to their compatibility with water, a huge amount of work has been performed
on their implementation in aqueous dispersed systems, mainly for miniemulsion
and emulsion polymerizations. As for homogeneous systems, the first goal was
to achieve good control over molar mass, molar mass distribution, and chain
architecture, e.g., for the synthesis of block or star copolymers in latex particles.
With miniemulsion and emulsion polymerizations, another dimension can be read-
ily controlled, namely particle morphology. The aim of this review article is to
show how the development of CRP in aqueous media, including miniemulsion
and emulsion polymerizations as well as grafting techniques, has opened a new
field in the design of submicrometric particle morphology. We will focus on (a)
organic/inorganic hybrid particles and will show the great potential of grafting
techniques performed either in aqueous solution or in heterogeneous systems; (b)
formation of (nano)structured particles via the design of block copolymers that
induce internal phase separation; (c) (nano)capsules; and (d) particles with a hy-
drophobic core and hydrophilic shell produced via two different approaches — a
convergent approach using hydrophilic or amphiphilic reactive polymers as precur-
sors, and a divergent approach using grafting techniques and polymer colloids as
substrate. Our purpose is to point out the advantage of CRP either for the design of
new morphologies or for a better control over already known morphologies, together
with potentially easier access to them.

2 Controlled/Living Radical Polymerization in Aqueous
Dispersed Systems

2.1 Main Controlled/Living Radical Polymerization Methods

Free-radical polymerization [1] is a widely used process for industrial production
and applications. This technique is relatively easy to perform because it does not
require any stringent purification of the reagents and is tolerant to many func-
tional groups. It generally leads to high molar mass polymers under relatively mild
conditions. Many different processes can be applied, such as bulk, solution, suspen-
sion, or emulsion polymerizations. Moreover, a wide range of functional monomers
are polymerized by radical mechanisms, and copolymerization provides a great
variety of random copolymers with many structures and properties. However, the
main drawback of radical polymerization is the lack of control over molar mass,
molar mass distribution, chain-end functionalities, and macromolecular architec-
ture. This is explained by the unavoidable, fast radical-radical terminations. For
that main reason, the emergence of “living” or controlled radical polymerization
(CRP) has opened a new era of research into this polymerization method [1, 2].
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Nitroxide-mediated polymerization (NMP)

Atom transfer radical polymerization (ATRP) (X = Cl, Br; Mt = Cu(l) and Cu(ll))

Pi—X + MtX,/Ligand — P + MiX,,/Ligand

D S

Degenerative transfer reactions (X = I, TeCH5 ...)

P’ + Pj-X — Pi-X + P;*

-~

Reversible addition-fragmentation transfer (RAFT) (Z = activating group)

Pi. + Pi*S*‘C:S ‘:‘ Pi*S*é’AS —P; ‘i Pj- + PifS*(‘::S
y z z

Fig. 1 Main activation—deactivation equilibria in controlled/living radical polymerization. The
first two are reversible termination reactions and the last two are reversible chain transfer reactions.
P? stands for a macroradical with i monomer subunits. In the initial control agent, the polymer
chain is replaced by a low molar mass leaving/initiating group, often referred to as R

The CRP techniques can be divided into two groups according to their mechanism.
They are based either on a reversible termination reaction or on a reversible chain
transfer reaction (Fig. 1). In both cases, macromolecular radicals undergo reversible
deactivation, i.e., successive activation—deactivation cycles. A very small fraction
of chains are instantaneously active and can thus propagate. During the deactiva-
tion period, the chains are end-functionalized by a specific group and are called
“dormant”. As a consequence of the dynamic activation—deactivation equilibrium,
chains build up and grow simultaneously during the whole polymerization period.
The main feature of CRP is that the number-average molar mass (M) increases lin-
early with monomer conversion. The molar mass distribution is narrow, provided
that a fast exchange occurs between active and dormant chains and that the chains
can be further extended with either the same or another monomer. This opens the
way to the synthesis of block copolymers and other more complex architectures.

2.1.1 Main Methods Operating via a Reversible Termination Mechanism

Nitroxide-mediated polymerization (NMP) [3] and atom transfer radical polymer-
ization (ATRP) [4, 5] are the two main methods of CRP based on a reversible
termination reaction. This corresponds to an equilibrium between the active
macromolecular radical and a dormant covalent counterpart, which is either an
alkoxyamine for NMP or an alkyl halide for ATRP (Fig. 1). Activation of the
alkoxyamine is a thermal process and requires elevated temperatures, whereas in
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ATRP a transition metal complex is needed for the activation of the alkyl-halide-
ended macromolecules, and a wider range of temperatures can be applied. In both
cases, the polymerization kinetics are governed by the activation—deactivation equi-
librium and by the persistent radical effect [6]. The number-average degree of
polymerization (DP,) is calculated by the ratio of the initial monomer concentra-
tion to the initiator (i.e., alkoxyamine or alkyl halide) concentration, multiplied by
monomer conversion.

Nitroxide-Mediated Controlled Radical Polymerization

Nitroxides are stable radicals that are able to trap carbon-centered radicals at a
nearly diffusion controlled rate. At low temperatures, the formed alkoxyamine
is stable and therefore the trapping reaction corresponds to an irreversible ter-
mination step. However, at elevated temperature, the C—O bond might undergo
homolytic cleavage, leading back to the propagating radical and to the nitrox-
ide. This equilibrium between propagating radical and inactive alkoxyamine is
the key step in nitroxide-mediated CRP. Moreover, owing to the stability of their
alkoxyamine end-group, the dormant macromolecules can be isolated and further
used as macroinitiators for the polymerization of the same or another monomer. The
main nitroxides are 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) [3, 7], which
was successfully applied for styrene and derivatives, and N-fert-butyl-N-(1-diethyl
phosphono-2,2-dimethylpropyl) nitroxide (SG1) [8] and N-tert-butyl-N-[1-phenyl-
2-(methylpropyl)] nitroxide (TIPNO) [9] (Fig.2), which allowed the range of
monomers to be very significantly expanded and the polymerization time to be
reduced. The initiation step can be performed in two different ways by using either
a bicomponent system with a classical radical initiator along with the free nitroxide
deactivator, or a monocomponent system based on a preformed alkoxyamine. The
latter is now the most popular method because it allows the kinetics and molar mass
to be tuned very precisely.

Atom Transfer Radical Polymerization

ATRP is based on the reversible transfer of a halogen atom between a dormant alkyl
halide and a transition metal catalyst using redox chemistry. The alkyl halide is re-
duced to a growing radical and the transition metal is oxidized via an inner sphere
electron transfer process. In the most studied reaction, the role of the activator is

e o

\OEt
Fig. 2 Structure of SG1 (left)

and TIPNO (right)
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played by a Cu(I) species complexed by a multidentate amine ligand, and the role
of deactivator by the corresponding Cu(Il) species. The initiation step can be per-
formed in different manners, starting either from Cu(I) or from Cu(Il). With the
former, the process is called direct ATRP and employs an alkyl halide initiator.
With the latter, there are multiple possibilities, among which one can cite the re-
verse ATRP process [4], which uses a classical radical initiator; the SR&NI method
[10], which combines an alkyl halide along with a small fraction of a classical rad-
ical initiator [the latter produces radicals able to reduce Cu(Il) into Cu(I)]; and the
activator generated by electron transfer (AGET) technique [11], which uses an alkyl
halide initiator along with a reducing agent to turn Cu(Il) into Cu(I). ATRP can
be successfully applied to a broad variety of monomers and can use a multitude of
available mono- or multifunctional initiators and catalysts that enable the polymer-
ization process and polymer characteristics to be finely tuned.

2.1.2 Main Methods Operating via a Reversible Transfer Mechanism

The activation—deactivation cycles are governed by a reversible chain transfer reac-
tion, i.e., a bimolecular reaction between an active macromolecule and a dormant
one, leading to the exchange of the functional end-group. It can be a direct ex-
change, like in the so-called degenerative transfer technique in which an iodine atom
is exchanged (called the ITP method for iodine transfer polymerization, and RITP
for reverse iodine transfer polymerization) [12—14]. The organotellurium-mediated
CRP (TeRP) follows a similar principle [15], with the exchange of a terminal
—TeCHj3 group. The reaction proceeds via the two activation processes, namely ther-
mal dissociation and degenerative transfer. However, when an external source of
free radicals is used at low temperature, the reaction only proceeds via degenerative
transfer. Another approach is the reversible addition—fragmentation chain transfer
(RAFT) [16-20], in which case chains are end-functionalized by an unsaturated
group (mainly a C=S bond from a dithioester, a dithiocarbonate, a dithiocarbamate,
or a trithiocarbonate) that is exchanged through an addition—fragmentation process
(Fig. 1). Technically, the polymerization system requires the use of a classical radi-
cal initiator in conjunction with a reversible chain transfer agent RX. The first step
can be considered as a conventional transfer reaction to RX, creating new chains
with a R group at one end and an X atom or functional group at the other end.
The next step is the transfer of X from an end-functionalized chain to a propagating
macroradical, which is a thermodynamically neutral, i.e., degenerative process. This
second step does not create new chains but contributes to the extension of existing
chains. If the initial concentration of radical initiator is small with respect to the
initial concentration of transfer agent, a large majority of the macromolecules have
the same expected end-group structure. The chain concentration becomes constant
and close to the initial concentration of transfer agent once the latter has been com-
pletely consumed. At that stage only, and if the reversible transfer takes place, a
linear increase in the M, with monomer conversion can be observed (DP,, is cal-
culated by the ratio of the initial monomer concentration to the chain transfer agent
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concentration, multiplied by monomer conversion). The main requirement is that the
rate constant of the transfer reaction to RX should be large, which is particularly the
case in the RAFT process. The polymerization kinetics follow the classical steady-
state assumption but, in some cases, especially with the dithiobenzoate-based RAFT
agents, a significant rate retardation effect is often observed [21].

2.2 Controlled/Living Radical Polymerization in Aqueous
Dispersed Systems

The developments of CRP in aqueous dispersed systems have been reviewed several
times in the last 10 years [22-30]. Since an exhaustive description of the achieve-
ments in the field is not the main target of this article, the reader is invited to refer to
those well-documented review articles. Only a brief overview will be given here and
all references concerning miniemulsion and emulsion polymerizations (the main
processes discussed in this review) can be found in the above-mentioned papers.

It should be mentioned, before starting this short description, that transposition of
CRP from homogeneous systems (i.e., bulk or solution) to aqueous dispersed sys-
tems was far from being straightforward. Nevertheless, although challenging, the
target was considered to be a particularly important one due the intrinsic qualities of
those processes (high polymerization rates, low viscosity, environmentally benign
conditions, broad application range, wide use in the industry, etc..). CRP was consid-
ered to offer additional advantages in controlling the polymer at the molecular level,
in fine-tuning the particle composition and morphology, and in opening the door to
well-defined hybrid nanocomposites for a variety of new potential applications.

2.2.1 Miniemulsion Polymerization

In a first approach, CRP was mainly studied in miniemulsion polymerization
[31-33] because the technique allows the complex nucleation and mass transport
processes of an emulsion polymerization to be avoided. Consequently, the same
recipes used in bulk could be employed, in particular the use of hydrophobic initia-
tors and control agents. Many successful examples have been reported, and led to
well-defined polymer chains and sometimes complex architectures in stable, sub-
micrometric latex particles. Depending on the CRP technique, several requirements
have to be considered.

In NMP, the nitroxide deactivator should be sufficiently oil-soluble to remain
within the particles and participate in the activation—deactivation equilibrium. In
case of favorable partitioning towards the aqueous phase or chemical degradation
due to side reactions, an increase in the polymerization rate is observed at the ex-
pense of the molar mass distribution, which broadens. In ATRP, the transition metal
complexes (mainly copper-based activator and deactivator) should be stable enough
in the presence of water and should not interact with the various components of



Preparation of Hybrid Latex Particles and Core—Shell Particles 133

the miniemulsion system, like the surfactant. For this reason, nonionic surfactants
are preferred. Because Cu(l) can be easily oxidized in the presence of air, direct
ATRP cannot be carried out under simple experimental conditions (the most deli-
cate step being the ultrasonication). Reverse ATRP is well-suited but requires a large
amount of catalyst. Recently, the best and most promising results were obtained us-
ing AGET ATRP [34-38]. With this method, the miniemulsion is prepared in the
presence of the Cu(II) complex deactivator, which is not sensitive to air, along with
a hydrophobic or amphiphilic alkyl halide initiator. The polymerization reaction is
simply triggered by the addition of a water-soluble reducing agent, ascorbic acid for
instance. In NMP and ATRP, the polymerization kinetics were studied in depth (both
experimentally and theoretically) [39-44] and the compartmentalization effect was
the subject of debate.

For polymerizations controlled by a reversible chain transfer mechanism, the key
points to consider are the solubility and the reactivity of the chain transfer agent.
In all cases, because the polymerization kinetics follow the classical steady-state
assumption, enhanced polymerization rate with respect to homogenous systems is
expected, owing to the compartmentalization effect. Concerning the reactivity (i.e.,
the value of the chain transfer constant), the effect on molar mass and molar mass
distribution should be the same in miniemulsion as in homogeneous systems. The
difference is thus mainly related to the solubility of the chain transfer agent and its
partition coefficient between water and the monomer phase. The most hydropho-
bic transfer agents can be easily used in miniemulsion polymerization, without
any potential exit of the primary radicals. Consequently, both the kinetics and the
molar masses are well-controlled. For more hydrophilic control agents, exit of pri-
mary leaving radicals can be an issue and could lead to rate-retardation effects and
poor control over molar masses. Despite colloidal stability problems encountered in
some particular examples (mainly with ionic surfactants), the miniemulsion process
was very successful for ITP and RAFT in aqueous dispersed systems, and allowed
block copolymers to be synthesized with good control over molar mass, molar mass
distribution, and chain structure.

2.2.2 Emulsion Polymerization

The development of true emulsion CRP processes was more challenging. Initially,
only the RAFT method was applied with success, using moderately hydrophobic
chain transfer agents with low chain transfer constants. In such a situation, the
nucleation step was not altered with respect to a classical radical emulsion polymer-
ization and the colloidal properties of the latexes were good. Generally, the batch
process was employed, but a slow addition of the monomer was sometimes preferred
in order to enhance transfer over propagation and lead to well-defined polymers.
With more reactive RAFT agents, the emulsion polymerization was more difficult to
achieve and the key to success was the use of an amphipathic macromolecular RAFT
agent based on poly(acrylic acid) (PAA) in starved monomer conditions, without
additional surfactant. More recently, poly(ethylene oxide) (PEO)-based amphiphilic



134 B. Charleux et al.

trithiocarbonate RAFT agents were employed in batch conditions, in a very simple
surfactant-free, batch, ab initio emulsion polymerization process. This achievement
was considered to be related to a judicious combination of the solubility and reactiv-
ity of the chain transfer agent. As those methods lead to hydrophilic-hydrophobic
core—shell particles, they will be the subject of a particular section of this article
(Sect. 6.1). It should also be mentioned here that a general difficulty of RAFT in
aqueous dispersed systems, and particularly emulsion polymerization, is related to
the need for a radical initiator in conjunction with the RAFT agent. Consequently,
it is not always easy to control the locus where reversible transfer will take place,
and this may have important and sometimes deleterious consequences on the control
over molar mass and molar mass distribution.

Considering NMP and ATRP, the initial development of emulsion polymerization
required the application of a two-step process. In the first step, a microemulsion-like
system is employed with a minimum amount of monomer to swell the surfactant
micelles and avoid the presence of large droplets. The latter are particularly detri-
mental to the colloidal stability of the latex, due to extensive droplet nucleation. This
first step leads to a living polymer seed, containing end-functionalized oligomers,
trapped inside stable particles. In a second step, the remaining monomer is added
either in one shot or with a slow feeding rate, and the polymerization is resumed
with simultaneous chain extension of the preformed oligomers and particle growth.
This method is particularly effective for creating well-defined homopolymers and
block copolymers within stable, submicrometric latex particles at high solids con-
tent. In NMP, water-soluble mono- or difunctional alkoxyamine initiators were used,
whereas the alkyl halide initiator was hydrophobic in ATRP. Like in RAFT, further
developments of NMP were based on surfactant-free recipes using water-soluble
or amphiphilic macromolecular alkoxyamines. This method leads to the in situ
formation of amphiphilic block copolymers that are able to self-assemble dur-
ing the polymerization process, following a polymerization-induced micellization
mechanism. Again, since the method leads to hydrophilic—hydrophobic core—shell
particles similar to crew-cut micelles, it will be more extensively described later
(Sect.6.2.1).

3 Organic/Inorganic Hybrid Particles

Organic/inorganic hybrid particles are nanocomposites meant to combine the best
attributes of the organic and the inorganic part. They can be defined as colloidal par-
ticles that contain both organic and inorganic domains either forming clearly distin-
guishable macroscopic phases or exhibiting some degree of mixing at the molecular
level. They can be obtained (a) by assembling preformed organic and inorganic
components, (b) by simultaneously reacting organic and inorganic precursors, or (c)
by polymerizing in situ organic and/or inorganic precursors in the presence of their
counterpart [45]. Because they require a structural order at the nanometer scale, a
key issue is the creation of specific interactions at the interface of the organic and
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inorganic components. This can be achieved by the incorporation onto inorganic
particles of well-defined polymers that provide specific properties to the resulting
hybrid via their functionality, composition, and dimensions.

A variety of CRP techniques have been employed to generate organic/inorganic
hybrid particles including NMP, ATRP, and RAFT [46-52] but only a very small
number of studies deal with organic/inorganic hybrid particles obtained via the use
of CRP in aqueous medium. Those are mainly related to modification of silica,
metallic oxides, or clays.

3.1 Silica Nanoparticles

Perruchot et al. [53] originally took advantage of successful poly(ethylene gly-
col) monomethacrylate (PEGMA) ATRP experiments directly performed in water
[54] to graft a variety of methacrylate-based polymers from silica nanopar-
ticles. The nanoparticles were first turned into ATRP initiators after reaction
with 3-(dimethylethoxysilyl)propyl-2-bromoisobutyrate. Surface-initiated ATRPs
of PEGMA and 2-(N-morpholino)ethyl methacrylate were then performed in wa-
ter at 20°C. The presence of polymer chains on the resulting silica particles was
shown by Fourier transform infra-red (FTIR) spectroscopy, elemental analyses and
thermogravimetric analysis (TGA). Increasing amounts of polymers were grafted
when the targeted molar mass was increased. The diameter of the resulting particles
determined by dynamic light scattering (DLS) increased consistently. The authors
mentioned that the livingness of the process should be assessed by size exclusion
chromatography (SEC) analyses performed on the cleaved chains. In addition, they
pointed out that a significant fraction of the polymer chains became detached from
the silica surface due to hydrolysis of the single Si—O bonds, by which the polymer
was linked to the particle.

Instead of covalently grafting small ATRP initiator molecules onto silica through
a Si-O link, an alternative can be to strongly adsorb a polyelectrolyte contain-
ing ATRP initiator moieties. This strategy takes advantage of the charged surface
of the silica particles (either positive or negative depending on the pH). Armes
and coworkers investigated the synthesis of cationic [55, 56] and anionic [57]
polyelectrolytes obtained by modification either of a preformed statistical copoly-
mer of hydroxyethyl methacrylate (HEMA) and dimethylaminoethyl methacrylate
(DMAEMA) or of polyHEMA obtained by ATRP, respectively. Cationic charges
were obtained by quaternization of the tertiary amine of DMAEMA units with
iodomethane, and anionic groups were introduced by partial esterification of the
hydroxyl side groups of polyHEMA with 2-sulfobenzoic acid cyclic anhydride. Bro-
moisobutyrate ATRP initiators were introduced by esterification of the remaining
hydroxyl groups. The resulting polyelectrolytes were then adsorbed onto anionic
Monospher 100 or Ludox TM-40 silica sols and cationic Ludox CL silica sol. A
range of hydrophilic monomers (nonionic and zwitterionic monomers) were then
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successfully polymerized in water or in water/organic cosolvent mixtures from these
modified silica surfaces. The success of the grafting reactions was shown by TGA,
'H NMR, FTIR, XPS, aqueous electrophoresis, DLS, and TEM. The livingness of
the process was, however, only indirectly shown by the increased amount of grafted
polymer with the increase in targeted molar mass.

The synthesis of hybrid materials conducted via a polymerization in organic or
aqueous solution from a monolayer of initiators attached to the inorganic particle
surface is a very popular strategy. ATRP has been the most widely used technique
in this area, but gelation often occurred as a result of interparticle coupling reac-
tions. In order to suppress this gelation, “grafting from” reactions are stopped at
low monomer conversion and are usually conducted under high dilution, which
greatly increases polymerization times. Gelation can also be avoided by addition
of sacrificial initiator in the dispersing phase that produces free unbound polymer
chains, which, however, need to be separated from the hybrid material. Bombal-
ski et al. [58] proposed to take advantage of the miniemulsion process to create
boundaries and force polymerization to occur inside very small compartmentalized
monomer droplets. Although the microscopic gelation can occur inside the droplet,
the macroscopic gelation could be efficiently avoided. For that purpose, the authors
used modified silica nanoparticles carrying an ATRP initiator and obtained by reac-
tion of (chlorodimethylsilyl)propyl 2-bromoisobutyrate with silica surface Si~-OH
groups [59]. These particles were dispersed in a n-butyl acrylate (BA) phase in the
presence of CuBr as Cu(l) source, bis(2-pyridylmethyl)octadecylamine (BPMODA)
as ligand, and hexadecane as hydrophobe. A miniemulsion was formed after son-
ication of this mixture with an aqueous solution of Brij98 as surfactant. However,
reproducibility problems were encountered and attributed to the difficulty in ho-
mogeneously dispersing the silica nanoparticles, CuBr, and BPMODA inside the
monomer droplets and in keeping the copper complex stable under sonication condi-
tions. AGET ATRP in which Cu(I) was replaced by Cu(II) was found to be the right
alternative. Because Cu(Il) survives the sonication step much better than Cu(l), the
polymerization was started at 80°C by addition to the miniemulsion of an aqueous
solution of sodium ascorbate that reduces Cu(II) to Cu(I). Miniemulsions remained
stable throughout the course of the polymerization, and the final latex particle sizes
were very close to the starting droplet size (220 nm). In addition, molar mass evo-
Iutions showed a high initiation efficiency since narrowly distributed molar mass
values (polydispersity index, PDI < 1.5) were close to the theoretical ones. TEM
analysis showed that the macroscopic gelation effect was effectively suppressed be-
cause individualized core—shell silica particles could be visualized after dissolution
of the particles in tetrahydrofuran and drying of the final latex.

3.2 Iron Oxide

Due to the number of potential applications, particularly in biorelated fields,
very intensive investigations have been conducted to look for new strategies for
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preparation of magnetic nanoparticles with tailor-made properties through attaching
appropriate functional moieties. In biorelated fields, water-dispersible nanoparticles
are commonly required [60]. In the case of magnetic iron oxide particles, two routes
have successfully ensured good control over size and size distribution: (a) the use of
emulsions as nanoreactors to nucleate nanoparticles [61], which, however, does lead
to magnetite exhibiting poor crystallinity; and (b) the nucleation of nanoparticles in
organic solvents at high temperature [62] in the presence for example of oleic acid,
thus leading to particles dispersible in nonpolar and low-polarity medium.
Lattuada et al. [63] used iron oxide nanoparticles synthesized at high temperature
and carrying surface oleic acid ligand (Fig. 3) as a starting point for generation of
a range of functionalized nanoparticles after ligand exchange. An ATRP initiator,
namely 2-bromo-2-methyl propionic acid, was introduced at the surface of the
particles. As this initiator was found to be incapable of providing sufficient stabi-
lization of the particles in any solvent, citric acid was concomitantly employed in
1:5 molar ratio to ensure good stability in aqueous media. The same type of initiator
was also incorporated at the surface of nanoparticles containing surface hydroxyl
groups, obtained after ligand exchange with OH-containing ligands (ricinoleic
acid and galactaric acid in Fig. 3), by reaction with 2-bromo-2-methyl propionyl
bromide. These ATRP-initiator-containing nanoparticles were then used to grow
hydrophilic polymer chains such as polyAA, polyMAA, polyHEMA, and poly-
DMAEMA using organic solvents such as dimethylformamide, dimethylsulfoxide,
or dichlorobenzene. Of interest for the present review, poly (sodium styrene
sulfonate) (polyNaSS) and poly(N-isopropylacrylamide) (polyNIPAAm) chains
were grown at room temperature in a mixture of water and methanol (3:1 v/v)

— OH
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HOYI\{OH
O OH 0% OH
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Citric Acid
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\/\/\)\/=\/\/\/\/\”/OH OM/EO
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Fig. 3 Different ligands used to coat iron oxide nanoparticles [63]
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using CuBr as Cu(l) source and 1,1,4,7,10,10-hexamethyltriethylene tetramine
(HMTETA) as copper ligand. However, no evaluation of the control of the polymer-
ization was provided and although highly water-dispersible particles were obtained,
stability issues assigned to the poor stabilization potential of the grafted polymeric
layer were mentioned.

Using similarly synthesized oleic-acid-stabilized iron oxide nanoparticles, the
same strategy was pursued by Hu et al. [64], who grafted an ATRP initiator onto the
surface of the nanoparticles via a silane-based precursor, 4-[(chloromethyl)phenyl]
trichlorosilane. The modified nanoparticles were characterized using FTIR, XPS,
and TGA, which showed the success of the functionalization. A methacrylate
macromonomer based on poly(ethylene glycol) (PEGMA) was then polymerized
in water after a short sonication step. Polymerization was performed at 35°C using
CuCl as a Cu(I) source and bipyridine as a ligand. Again, little information on the
control of the polymerization was provided apart from the facts that characteriza-
tions such as FTIR and XPS showed that polyPEGMA chains were formed on the
surface, and that the obtained nanoparticles were stable for several months in aque-
ous medium whereas pristine particles were dispersible in hexane only. The authors
mentioned a linear increase with time of the weight loss calculated from TGA analy-
ses of polyPEGMA-coated nanoparticles and claimed that the polyPEGMA grafted
chains exhibited all the features of controlled chains. However, they also mentioned
the formation of side homopolymer and a rapid increase in viscosity of the polymer-
ization medium with time. This is consistent with a loss of control, probably arising
from gelation due to interparticle coupling reactions, the elimination of which is one
of the biggest challenges in this “grafting from” approach (see above) [65]. Finally,
and as a bio-application, the authors showed that the uptake of magnetic nanoparti-
cles by macrophage cells was greatly reduced after grafting of polyPEGMA chains
using this strategy.

3.3 Other Metallic Oxides

Nguyen et al. [66] developed an original and generic method for the encapsulation
of solid particulate material wherein living amphipathic copolymers are used to sta-
bilize dispersions of inorganic pigments. These copolymers were obtained by the
RAFT process and thus were carrying a thiocarbonylthio end-group (macroRAFT
agents). This group can be reactivated for the polymerization of another monomer,
e.g. a hydrophobic one. In aqueous medium, these copolymers can thus be grown
on, to form an encapsulating hydrophobic shell. The authors used low molar mass
(M, less than 2000gmol ') poly(AA-co-BA) obtained from RAFT copolymer-
ization of BA and AA in dioxane solution. Because one key requirement for an
efficient encapsulation of the pigments is that these copolymers do not form micelles
when dispersed in the reaction medium, a random distribution of hydrophilic and
hydrophobic units was necessary. As a result, a copolymer containing an average of
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10 AA units and 5 BA units [poly(AAjp-co-BAs)] was used under neutral to basic
pH (5.5-8) conditions to disperse titanium oxide. After a sonication step, well-
dispersed particles were obtained even when the zero charge point was reached
(pH 8), suggesting a good level of adsorption of the macroRAFT agents even at
this pH. By additionally testing poly(AAjg-co-BA75) and poly(AAjg-co-BA;s),
the authors also showed that the higher the hydrophobicity of the macroRAFT
agent, the better its adsorption onto titanium oxide particles. Although these copoly-
mers were more liable to form micelles in water, the authors assigned this result
to the corresponding increasing surface activity of the copolymers. Encapsulation
was performed at 70°C by slowly feeding the dispersed system with a mixture
of hydrophobic monomers MMA and BA, using N, N’-azobiscyanopentanoic acid
(ACPA) as a water-soluble initiator. The living ends of the macroRAFT agents fur-
ther grew by adding hydrophobic monomer units and pulling the hydrophilic part
of the newly formed block copolymers towards the water phase. As long as pH was
maintained lower than 8, a very nice encapsulation of titanium oxide was obtained
(size around 365 nm), as shown in Fig. 4. The authors observed the absence, as tar-
geted, of non-encapsulated particles as well as the presence of a very low number
of new polymer particles. This last result is directly related to the presence or not of
macroRAFT agents in the water phase. The authors showed that although present
in the water phase at the end of the encapsulation process (~75%) and still living,
the macroRAFT agents can only add hydrophobic monomers when adsorbed onto
the surface of the pigment (~19%). They remained trapped there for the rest of the
process.

SEC analyses were performed on polymer formed during the encapsulation pro-
cess, after treatment of the core—shell particles with a tetrahydrofuran/trifluoroacetic
acid mixture to remove the inorganic part. Control of the polymerization was shown

Fig. 4 Encapsulated TiO;
pigment particles with
poly(BA-co-MMA) shell
using poly(AAg-co-BAs)
macroRAFT agent as
dispersant. From [66], with
permission from the
American Chemical Society
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by the linear increase in molar masses with the quantity of monomer mixture fed,
while the PDI remained relatively low (<1.7).

In a very similar approach, Daigle et al. [67] reported a general method for
synthesis of hybrid core—shell nanoparticles. Instead of a copolymer incorporating
hydrophobic and hydrophilic units, the authors used polyAA macroRAFT agents
obtained by RAFT polymerization of AA performed in ethanol and using a trithio-
carbonate as a control agent (according to previously published results [68]). The
polyAA macroRAFT agent was used to stabilize and disperse in water a range of in-
organic compounds such as oxides [BaTiOj3, TiO, (rutile and anatase), Al,O3, CuO,
ZrO;], metals (Zn, Mo) and nitrides (Si3Ny). The polymerization of a hydrophobic
monomer (styrene and/or BA) was then performed at 80°C using ACPA as a water-
soluble initiator. However, in contrast to Nguyen’s work [66], the monomer was
introduced at the beginning of the process while a solution of initiator was fed over 4
hours. According to TEM analyses (Fig. 5), the inorganic materials were effectively
encapsulated by a layer of hydrophobic polymer without formation of aggregates or
partially encapsulated compounds. However, the presence of homopolymer particles
was sometimes observed (Fig. 5b, TiO;). This phenomenon originated from polyAA
macroRAFT agents adding hydrophobic monomer units and becoming amphiphilic
enough to behave as surfactants, which were then able to nucleate a crop of polymer
particles. Control of the polymerization was not really achieved, as attested by the
high molar mass and the large PDI (2.2) obtained after SEC analyses of the soluble
fraction of polymer in tetrahydrofuran. The authors, however, did not aim at con-
trolling the polymerization but took advantage of the RAFT technique to reinitiate
a dormant polyAA chain carrying a highly reactive trithiocarbonate end-group.

Compared to Nguyen’s work [66], this strategy required the use of additional
surfactant (SDS) in order to minimize secondary nucleation induced by both the
presence of polyAA in the water phase — particularly emphasized in the case of
inorganic compounds for which polyAA adsorption is weak — and the absence of
monomer feed. However, the strategy appears simpler and more convenient for the
preparation of a wide range of inorganic/organic hybrid nanoparticles.

Fig. 5 (a) BaTiO3, (b) TiO;, and (c¢) Al,O3 encapsulated with a polystyrene shell using
polyAA macroRAFT agent as dispersant. From [67], with permission from Hindawi Publishing
Corporation
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3.4 Clays

Investigating the use of functional surfactants for the modification of clay and the
properties of the resultant polymer/clay nanocomposite, Hartmann’s team [69, 70]
used surface-active RAFT agents. The appropriate functionalization of these RAFT
agents made their attachment to clay platelets possible. As a result, a controlled
growth of polymer chains from the surface of the clay platelets was achievable. They
extrapolated to miniemulsion for the first time [71] their studies on styrene poly-
merization performed in bulk [72] in the presence of Montmorillonite clay modified
with PCDBAB and DCTBAB (Fig. 6).

Stable miniemulsions of styrene were obtained with hexadecane as a hydrophobe
and SDS as a surfactant. Polymerizations were performed at 75°C using N,N'-
azobisisobutyronitrile (AIBN) as an initiator and resulted in high conversion
(>80%) in relatively short times (<3 h) compared to the bulk polymerization, as a
result of the compartmentalization phenomenon. Consistent with a controlled pro-
cess, an increase in clay loading (i.e., RAFT agents) resulted in a decrease in molar
mass while keeping relatively low PDIs (around 1.6 and 1.4 for Montmorillonite-
DCTBAB and Montmorillonite-PCDBAB, respectively). As observed for bulk
polymerization [73] and as a result of the relatively high heterogeneity of the
system, the PDI seemed to decrease as the clay loading was increased, with a
threshold clay concentration of 2 wt%. Particle sizes were examined by DLS and
TEM analyses and exhibited a fairly narrow distribution with a slight secondary
particle nucleation. This was expected considering that the RAFT agents were
electrostatically bound to the clay via their leaving/initiating group, which could
not easily escape to the water phase. In addition, the physical barrier formed by the
clay platelets made it difficult for growing radicals to escape to the water phase.
Surprisingly, clay platelets were not visible by TEM in the raw final latex without
drying the latex and embedding it into epoxy resin. The resulting nanocomposites
were of partially exfoliated morphology as the clay loading increased, due to the de-
crease in molar mass of the bound polystyrene or poly(styrene-co-BA) [74] chains,
as attested by thermo-mechanical studies.

o~
PCDBAB [ DCTBAB

Fig. 6 Structure of the surface-active RAFT agents N,N-dimethyl-N-(4-{[(phenyl car-
bonothiol)thio] methyl}benzyl)-ethyl ammonium bromide (PCDBAB) and N,N-dimethyl-N-[4-
({[(dodecylthio)carbonothioyl]thio } methyl)benzyl]-ethyl ammonium bromide (DCTBAB)
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Fig. 7 Encapsulated gibbsite with poly(MMA-co-BA) shell using (a) poly(AAjp-co-BAs),
(b) poly(AAjg-co-BAjs), (¢) poly(AAjp-co-BA75s), and (d) poly(AAs-co-BAs) macroRAFT
agents as dispersants. From [75], with permission from the American Chemical Society

Very recently, Ali et al. [75] extended Nguyen’s strategy [660] to the encapsula-
tion of gibbsite as model substrate for platelet-like colloidal substrates. Cationically
charged gibbsite platelets were coated with random copolymers of AA and BA
obtained by RAFT polymerization mediated by dibenzyltrithiocarbonate. These
copolymers were previously treated with NaOH and added to gibbsite until charge
inversion was observed by zeta-potential measurements. The gibbsite platelets, now
stabilized by anionically charged poly(AA-co-BA) macroRAFT agents in water,
were encapsulated using a feed of MMA and BA (10:1 w/w). This allowed chain
extension of the macroRAFT agents and formation of a polymer shell around the
platelets (Fig. 7). The influence of the hydrophobicity and of the chain length of
the copolymers was studied by varying the BA/AA molar content and their molar
masses, respectively. The corresponding data showed that these parameters had to
be finely tuned in order to achieve efficient anchorage of the copolymers onto gibb-
site through charge interactions, and also to favor the presence of free copolymers
in water. Indeed, some of these RAFT copolymers in the aqueous phase became
adsorbed on the growing surface and could further participate in the encapsulation
process. As mentioned in the earlier works of Nguyen et al. [66], the random na-
ture of the copolymers prevents them from self-assembling in the aqueous phase at
the beginning of the polymerization. This reduces the possible early formation of
a crop of gibbsite-free polymer particles. However, the authors noticed that during
the polymerization, RAFT copolymers in the aqueous phase can still chain-extend,
become amphiphilic, and potentially create a crop of new particles that will end up
in the majority on the nanocomposite. It is worth mentioning the tremendous im-
pact of the monomer feed composition, since the use of a MMA to BA ratio of 7:3
(w/w) led to a loss of control over the platelet orientation and additional armored
morphologies were consequently obtained.

4 (Nano)structured Particles

As detailed in Sect.2.2, the development of CRP in aqueous dispersed systems
allowed new copolymer architectures to be synthesized in latex particles via
miniemulsion or emulsion polymerization processes. Block copolymers and their
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synthesis in such systems was quite a new development, as CRP is the main way
to achieve such a goal via aqueous phase polymerization. In this review article,
only the copolymers leading to phase separation and nanostructuration are consid-
ered. Two main types of morphology can be contemplated: the simple core—shell
morphology and the multilayered or “onion-like” morphology.

One of the first reports on the synthesis of core—shell particles via the design of
diblock copolymers in emulsion polymerization dealt with polystyrene-b-poly(n-
butyl acrylate-co-acetoacetoxyethyl methacrylate) [76]. The first step consisted of
the batch, ab initio, emulsion polymerization of styrene in the presence of 1-(O-
ethylxanthyl) ethylbenzene, a RAFT agent of the dithiocarbonate (xanthate) family
with a low transfer constant. The method led to latex particles with diameter of
30 nm. The polystyrene chain length was poorly controlled due to the low activity
of the xanthate, but chains were still living because they exhibited the xanthate
group at their end and could thus be further extended in a second step. This was
actually performed via seeded-emulsion polymerization of a mixture of BA and
acetoacetoxyethyl methacrylate, either in batch or under starved-feed conditions.
The method allowed a diblock copolymer to be formed in situ, with 64.5% reinitiat-
ing efficiency in batch and 76.4% in the semi-continuous process. The final particle
morphology was visualized by cryo-TEM and appeared to be of the core—shell type,
with polystyrene in the core. In a second study, the authors started the polymeriza-
tion from a non-controlled poly(MMA) seed latex in order to perfectly control the
particle size and particle size distribution [77]. Then, the first polystyrene block was
synthesized in the presence of O-ethylxanthyl ethyl propionate as a reversible chain
transfer agent in batch conditions to target an end-functionalized, low molar mass
polystyrene. The latter was further chain-extended via the slow addition of BA to
form a diblock copolymer with high (>90%) crossover efficiency. In both works,
a major difficulty was to prevent secondary particle nucleation, as the latter would
lead to the formation of homopolymer without any control over the chain growth.

In a different approach, Herrera et al. [78] studied the effect of the presence of
different amounts of a polystyrene-b-polyMMA block copolymer on the morphol-
ogy of polystyrene/polyMMA composite latex particles prepared via miniemulsion
polymerization. The block copolymers were produced in situ in the presence of
SG1 as a nitroxide mediator. The simple end-capping of variable fractions of the
polystyrene chains prepared in the first step, allowed chain extension to proceed
upon the addition of MMA in the second step. No control of the polymerization
was really targeted, but only the creation of a small fraction of block copolymers.
A change of morphology was clearly observed upon variation of the amount of com-
patibilizing block copolymer in the particles. Indeed, as the amount of the block
copolymer increased, the particle morphology changed from a hemisphere system
(without any block copolymer) to core—shell morphology because of a decrease in
the polymer—polymer interfacial tension.

When block copolymers with immiscible blocks are synthesized directly via
(mini)emulsion polymerization, the particles might exhibit internal phase sep-
aration during the polymerization, without the need for a cosolvent to induce
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Fig. 8 (a, b) TEM images of ultrathin cross-sections of latex particles with multilayered “onion-
like” morphology composed of poly(iso-butyl methacrylate)-b-polystyrene diblock copolymer
prepared via miniemulsion ATRP. From [79], with permission from Elsevier

the phenomenon. Such a situation was first shown by Okubo’s group [79] when
they used ATRP in miniemulsion to produce a poly(iso-butyl methacrylate)-b-
polystyrene diblock copolymer with a 1:1 weight ratio of the two blocks. Due to the
thermodynamically stable lamellar structure, the particles exhibited a multilayered,
onion-like morphology as shown in Fig. 8. The polymerization was performed in
two steps, first the miniemulsion ATRP of iso-butyl methacrylate till high conver-
sion (>93%), and then the seeded emulsion polymerization of styrene. The M,
of the diblock copolymers was close to 50kgmol ™!, with both blocks exhibiting
M, ~25kgmol~!. The final particle diameter was close to 300nm and the layer
thickness was ~19nm.

The same phase separation process was also observed for polystyrene and
polyBA diblock or triblock copolymers prepared via NMP in miniemulsion or
in emulsion [80]. The synthesis started with the polyBA block using either a
monofunctional or a difunctional water-soluble alkoxyamine initiator based on the
nitroxide SG1. The second step was the introduction of styrene to create the di-
block copolymer or the polystyrene-b-polyBA-b-polystyrene triblock copolymer,
respectively. Because the polymerization of BA was stopped at incomplete con-
version to avoid side reactions and to maintain a high degree of livingness of the
so-formed polymer, the polystyrene segments were not pure and contained BA
subunits. The study then focused on the effect of the composition of this poly-
mer block on the phase separation behavior. The onion-like nanostructure within
the particles was shown by TEM of films dried at room temperature (observations
were performed on ultrathin sections cryo-microtomed at —70°C), as displayed in
Fig. 9 for a diblock copolymer exhibiting M,, = 61kgmol ! with the following mo-
lar composition: polyBA,3,-b-poly(BAss-co-styrene,q;). The shape of the particles
was clearly maintained, as shown in Fig. 9a, with an average diameter of 310 nm
and a broad particle size distribution. After casting the film in a good solvent
and drying at 150°C, well above the T, of both blocks, a more classical lamellar
phase separation was observed (Fig.9b). Similar results were also obtained with
polyMMA-b-polyBA-b-polyMMA triblock copolymers, even though the polymer-
ization step leading to the external blocks was not controlled [80].
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Fig.9 TEM images of the polymer films formed from the polyBA,5,-b-poly(BAjs-co-styrene,q7)
diblock copolymer latex particles (a) after drying at room temperature for 4 days, and (b) after
solvent-casting in dichloromethane and drying at 15°C for 48 h

By combining CRP with another polymerization technique such as ring-opening
metathesis polymerization (ROMP), Airaud et al. [81, 82] demonstrated that parti-
cles with unique morphology could be synthesized in a single polymerization step
in miniemulsion or microemulsion. They performed simultaneous ATRP of MMA
and ROMP of norbornene, with a single water-soluble ruthenium macrocatalyst to
both initiate ROMP and mediate ATRP. The method led to the formation of two
incompatible homopolymers that segregated within the particles into hemispheres,
hence leading to “Janus-type” particles [83].

5 (Nano)capsules

Capsules are hollow spheres consisting of a thin (co)polymer membrane. Their
advantage over other nanoparticles is that they can be used as nanocarriers, mainly
for encapsulated hydrophobic molecules. The term “vesicle” is often used and corre-
sponds to a particular class of capsules with a bilayered membrane that is composed
of amphiphilic molecules or block copolymers [84]. Vesicles allow encapsulation
of either hydrophilic molecules in their inner cavity or hydrophobic ones in their
membrane. Considering the scope of this review article, CRP in aqueous dispersed
systems usually leads to classical capsules, except in one case, which will be de-
scribed in Sect. 6.2. However, only a few reports are actually devoted to this topic.
Two main strategies can be distinguished. The first is the use of a solid template such
as silica or metal particles on which surface-initiated polymerization is performed
(see Sects. 3 and 7.1). The second strategy relies on a heterogeneous polymerization
process (emulsion, miniemulsion, or even suspension) in the presence of an organic
liquid (oil).
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5.1 Solid-Templated Synthesis

In 2005, Duan et al. [85] used gold nanocrystals modified with ATRP initiators to
create a shell of terpolymer comprising DMAEMA, diethylaminoethyl methacry-
late (DEAEMA) and PEGMA subunits. They further crosslinked the DMAEMA
units with 1,2-bis(2-iodoethoxy)ethane. The Au core was subsequently etched with
an aqueous solution of potassium cyanide to produce hollow polymeric particles.
Thanks to the DEAEMA and non-crosslinked DMAEMA units, the capsules were
pH-sensitive. Depending on the proportion of crosslinked DMAEMA units (30 or
100%), the diameter of the capsules varied between 320 and 220 nm or 240 and
150 nm, respectively, when the pH was raised from 2 to 12. This behavior was ex-
ploited to encapsulate and release rhodamine dye using pH as a trigger. As a final
feature, instead of integrally etching the gold template, only the Au—S bond link-
ing the polymer to the metal particle was cleaved by a mild treatment to produce
capsules with free Au cores, thought to behave as sensors.

Silica nanoparticles have also been employed as templates to produce nanocap-
sules, though the process used was slightly different from that used for Au nanocrys-
tals. A Pickering aqueous emulsion of paraffin oil, stabilized by silica particles
previously functionalized with ATRP initiators, was first formed [86]. Then the
polymerization of HEMA was initiated using a CuCl/bipyridine catalytic system.
Because HEMA is water-soluble and insoluble in paraffin, its polymerization could
only occur in the water phase, leading to a sort of Janus silica particle. Because
HEMA has a tendency to produce lightly crosslinked polymers when polymerized
in water, a gel shell was formed around the stabilizing silica shell in place of true
Janus particles. The authors did not try to remove the silica particles from the ob-
tained hybrid capsules but showed that the shell of the so-called colloidosomes
was semipermeable, depending on the nature of the solvent. In tetrahydrofuran or
ethanol, in which polyHEMA is soluble, the shell swelled and diffusion of a small
fluorescent molecule through it could be achieved. In hexane, in which polyHEMA
is insoluble, no diffusion was observed.

Finally, another type of solid-templating technique was reported by Ting et al.
[87] (Fig. 10). First, they synthesized an amphiphilic block copolymer of polylactide
and poly(6-O-acryloyl-a-D-galactopyranose) by RAFT from a polylactide macro-
RAFT agent and then assembled it in water. The nature of the RAFT agent was such
(polylactide in the Z group) that the polymerization of another monomer in presence
of the block copolymer would lead to insertion of the monomer units between the
two blocks. The authors took advantage of this to insert monomer units between
the polylactide core and the polysaccharide shell. The polymerization of hexane-
diol diacrylate was conducted, leading to the formation of a crosslinked polymeric
layer around the polylactide core. The polylactide core was subsequently removed
by aminolysis with hexylamine, giving rise to sugar-coated capsules. The further
availability of thiol groups inside the capsules, usually arising from aminolysis of
RAFT polymers, has not yet been demonstrated.
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Fig. 10 Synthesis of sugar hollow cages by RAFT intrashell crosslinking and subsequent
core hydrolysis of polylactide-b-poly(6-O-acryloyl-o-D-galactopyranose) amphiphilic block
copolymers [87]

5.2 Oil-Templated Synthesis

This technique is completely different from the previous method because it involves
an oil-in-water emulsion. The system is typically based on the polymerization of a
monomer that is (partially) soluble in the oil, giving a polymer that will migrate at
the oil-water interface to result in an oil core surrounded by a polymeric shell. This
technique has the particularity of generating capsules with their interiors already
filled.

The first example of CRP applied to this technique concerns ATRP of MeO-
PEGMA (PEGMA with a methoxy end-group) and MMA in diphenyl ether [88].
The method consists of three stages. First, the synthesis of poly(MMA-co-MeO-
PEGMA) was initiated in the oil solution by toluenesulfonyl chloride in the presence
of CuBr/4,4'-dinonyl-2,2"-dipyridyl. At 57% conversion, a crosslinker was injected
and this oil phase was then transferred to an aqueous solution of poly(vinyl alco-
hol), where the polymerization proceeded in the formed droplets, hence producing
particles with diameters of several microns. Because the nature of the polymer de-
termines the interaction with the oil, the authors showed that the percentage of
MeO-PEGMA in the copolymer had a strong influence on the morphology of the
particles obtained. Indeed, when the ratio of MeO-PEGMA to MMA was low, the
polymer was quite soluble in diphenyl ether and gave an inner matrix morphology.
On increasing the MeO-PEGMA content, a few hollow particles among the matrix
particles were formed, as well as macroporous particles. When the MeO-PEGMA
content reached 31 mol%, microcapsules were obtained because the greater polarity
of the crosslinked copolymer allowed its migration to the interface. This example
perfectly illustrates the kinetic advantage of CRP because a slow propagation allows
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the migration to occur — especially within micrometer-sized particles — whereas
analogous conventional radical polymerization experiments only gave rise to matrix
particles. Later, the same authors used hydroxy-terminated PEGMA and showed
that the content of HO-PEGMA in the copolymer needed to achieve capsule for-
mation could be decreased to 17 mol% thanks to the intrinsic higher polarity of the
comonomer [89]. For a HO-PEGMA content of 24 mol%, two-layer capsules were
obtained. The authors attributed this phenomenon to the possible polymerization at
the interface due to the high hydrophilic nature of HO-PEGMA.

NMP was also recently used to produce crosslinked capsules of submicrome-
ter size [90]. Miniemulsion copolymerization of styrene and divinylbenzene in the
presence of a high proportion of hydrophobe was mediated by TEMPO at 125°C.
When a toluene/tetradecane oil mixture was used, conventional nanogels were ob-
tained because the crosslinked polymer was soluble. Even with a high content of
tetradecane (50 vol%), no hollow particles formed. By contrast, with substitution
of tetradecane by hexadecane (50 vol%), nanocapsules were achieved because of
the higher incompatibility of this latter oil with the polymer. The authors also sug-
gested that the nature of the surfactant could play a role in the formation of hollow
structures because it influences the interfacial tension of the particles. For example,
poly(vinyl acetate) (poly VAc) being only a steric stabilizer would favor the presence
of the polymer at the interface, whereas an electrostatic stabilizer would minimize
the driving force for migration. The miniemulsion process was also thought to be
more prone to hollow particle formation because the distance of migration is re-
duced compared to processes involving bigger particles.

The third main CRP technique, the RAFT process, was also employed to obtain
nanocapsules. Van Zyl et al. [91] used iso-octane as template for styrene miniemul-
sion polymerization in presence of a RAFT agent and a radical initiator. They
showed that the formation of capsules was strongly dependent on the nature of
these two species. When the polymerization was initiated in the organic phase by
AIBN, only solid particles were obtained due to the absence of driving force for
the migration of polymer to the interface of the particles. When potassium persul-
fate was used as a water-soluble radical initiator in conjunction with a dithioacetate
RAFT agent, nanocapsules were observed in contrast to the same experiment with
a dithiobenzoate. The different results arose from the different reactivities of the
RAFT agents. Initially, the radicals are created in the water phase and, after addi-
tion of few monomer units, they diffuse to the monomer droplets to nucleate them.
When a RAFT agent that gives no rate retardation (like dithioacetate) was employed,
nanocapsules could be obtained because long polymer chains were rapidly formed
and the viscosity at the interface increased quickly, hence locking the polymer
chains in place. Even the non-charged species coming from transfer reactions did not
seem to be able to diffuse inside the particles. Due to rate retardation, dithiobenzoate
only led to short chains at the beginning of the polymerization, which were able to
diffuse inside the particles.

Later, Luo et al. [92] reported a more versatile version of this technique, which
was later highlighted by Klumperman [93]. With the help of an oligomeric surface-
active RAFT agent [ammonolyzed poly(Manh-co-styrene)], not only the primary
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radical species could be confined at the interface but also the chains initiated by the
leaving/initiating group of the oligoRAFT agent. The process did not depend on the
type of monomer and, thus, one can imagine that many different types of capsules
could be produced by taking advantage of the versatility of the RAFT process. How-
ever, the first reported example was not perfect because a non-negligible amount
of solid polystyrene particles was present. Investigations on the structure and hy-
drophilicity of the oligoRAFT agents were thus performed by employing different
degrees of ammonolysis/hydrolysis of the Manh units and different compositions or
structures. When a too-hydrophobic transfer agent (poor surface activity) was used,
only solid particles were obtained. When the RAFT agent was too hydrophilic, its
surface activity was also low and a high proportion of the agent was presumably dis-
solved in water, giving rise to homogenous nucleation. A majority of solid particles
was also produced. Keeping a high degree of amphiphilicity combined to high molar
mass of the macroRAFT agent could improve the encapsulation efficiency and thus
decrease the proportion of solid particles. Finally, using a conventional surfactant
such as SDS helped to obtain a very high fraction of capsules (98 wt%) because the
degree of ammonolysis of the RAFT agent could be reduced while keeping a small
initial droplet diameter. The last possible improvement was the precise control of the
capsule structure (size, shell thickness, and symmetry). The authors addressed this
issue by using an oligomeric polyAA,-b-polystyrene,_; RAFT agent together with
SDS, and succeeded in getting capsules of about 110nm in diameter with a shell
thickness of 20nm [94] and narrow size distributions (Fig. 11). The solid particles
produced in parallel could be easily removed by centrifugation.

Fig. 11 TEM image of the capsules obtained by RAFT miniemulsion of styrene in the presence
of 20 wt% hexadecane (with respect to monomer), SDS, and a polyAA,-b-polystyrene_; macro-
RAFT agent. From [94], with permission from Wiley InterScience
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6 Core-Shell Particles with Hydrophilic Shell and Hydrophobic
Core via a Convergent Method

Due to their size, macromolecular stabilizers (providing steric or electrosteric
stabilization) show many advantages in emulsion and miniemulsion polymerizations
over those of low molar mass, such as improving stability under freezing conditions
or under high shear, or preventing diffusion issues during film formation. Macro-
molecular stabilizers that are strongly adsorbed onto the surface of the particles
[95-98] or even anchored via a covalent bond are less inclined to desorb or migrate
compared to conventional low molar mass surfactants like SDS. In some sense, the
resulting latexes can be described as core—shell particles with a hydrophilic shell
and hydrophobic core. In the context of this review article, we will not focus on the
use of amphiphilic block copolymers as stabilizers but will examine in detail the sit-
uation where a covalent bond is created between the stabilizer (i.e., the hydrophilic
shell) and the hydrophobic particle core.

To be covalently linked to the particles, the stabilizer must carry a group able to
participate in one of the key steps of the free radical polymerization process (initi-
ation, propagation, termination, or transfer reactions). According to the reaction in
which they are involved, the reactive surfactants are referred to as inisurf (initiation),
surfmer (propagation) or transurf (transfer). In these particular cases, the surfactant
not only plays a key role in the formation of the particles and the functionalization
of their surface, but also becomes an actor in the synthesis of the polymer chains
that will form the particles.

With CRP techniques, one may envision new ways of incorporating the reac-
tive surfactant, using either an attached reversible chain transfer group or a living
initiator group. Considering macromolecular species, the technique is based on the
use of a living, amphiphilic or water-soluble polymer, end-capped with an activat-
able functional group that is typical for the CRP method chosen for its synthesis
or that is introduced via post-modification. During the aqueous polymerization of
hydrophobic monomer, chain extension will proceed and lead to the formation of
amphiphilic block copolymers, which will eventually self-assemble into particles.
The following section describes this new technique according to the selected CRP
method, and discusses the structure of the so-formed polymers and the morphology
of the resulting particles.

6.1 Reversible Transfer Methods

Irreversible transfer reactions have been used in the past to generate block copoly-
mers from hydrophilic or amphiphilic thiol molecules such as sodium 10-mercapto-
1-decanesulfonate [99], or functionalized PEO [100] or poly(VAc-co-vinyl alcohol)
[101]. In fact, the very efficient transferring nature of the thiol function leads to a
high reactivity of the transurf in the dispersing phase. Although the in situ formation
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of amphiphilic block copolymers (able to act as the proper surfactant and to stabi-
lize the formed particles) takes place, the hydrophobic segment is not long enough
to provide the block copolymers with sufficient surface activity. This leads to a poor
anchorage of the surfactant at the surface of the particles.

In the new approach, the use of reversible chain-transfer agent groups located
at one end of a hydrophilic or amphiphilic macromolecule provides an interest-
ing alternative for production of core—shell particles with a hydrophilic shell and
hydrophobic core. One of the advantages (besides the classical ones for CRP) re-
sides in the fact that chains grow continuously throughout the polymerization, hence
overcoming the former drawback of the macromolecular chain-transfer agents with
a thiol end-group. This strategy has very recently emerged and benefits from the
unprecedented advances in CRP techniques; those based on degenerative transfer
being the focus of this section. These techniques include the RAFT process, which
relies on the use of thiocarbonylthio compounds of structure Z—C(=S)-SR, as well
as TeRP and RITP. As a general overview, all the systems that will be described
below are summarized in Table 1.

6.1.1 Reversible Addition-Fragmentation Chain Transfer Polymerization
From “Simple” Particles with Hydrophobic Core and Hydrophilic Shell

Tichagwa et al. [102] very briefly investigated the use of oligomers of 12-
acryloyloxydodecanoic acid (ADA) and 11-acrylamidoundecanoic acid (AAUA)
obtained by the RAFT process as possible stabilizers in batch emulsion polymer-
ization of styrene. Polystyrene latexes were successfully obtained, although particle
sizes were large. The RAFT moiety was expected to facilitate the control over molar
mass and polydispersity, but the corresponding study was not provided in the paper.
The first evidence that macroRAFT could effectively participate in the nucleation
of particles through the RAFT chain-end in a batch emulsion polymerization was
given by Manguian et al. [103]. They synthesized polyDEAEMA oligomers by
RAFT polymerization performed in ethanol and mediated by 4-(cyanopentanoic
acid)-4-dithiobenzoate (CPADB) as a RAFT agent. The resulting well-defined
oligomers (M, = 5200gmol ™!, PDI = 1.31) were then protonated with HCI and
used as hydrophilic macroRAFT agents in emulsion polymerization of styrene.
Stable and cationically charged polystyrene latexes (particle diameter of 112 nm)
were obtained with a complete conversion in less than 3 h. The involvement of the
dithiobenzoate chain-end in the nucleation of the particles was additionally shown
by experiments performed with a well-defined polyDEAEMA obtained by ATRP.
This polymer, carrying a bromine end-group (with low and non-reversible trans-
fer reactivity), was used instead of the polyDEAEMA macroRAFT. Much longer
polymerization times were required (6 h, 54% conversion) and much larger parti-
cles (diameter of 405 nm) were obtained. As no large particles were obtained that
would have been generated by homogeneous nucleation, as expected in a surfactant-
free emulsion polymerization, the possible nucleation mechanism proposed by the
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authors was that water-soluble oligoradicals reacted with the macroRAFT agent.
The resulting chain extension led to the formation of amphiphilic block copolymers
able to play the role of stabilizers.

These results were further exploited by Dos Santos et al. [104], who intended
to sterically and electrostatically stabilize latex particles using a combination of
hydrophilic macroRAFT agents. For that purpose, a PEO (M, = 2000gmol ')
carrying a dithiobenzoate chain-end and a polyDMAEMA (M, = 5730gmol !,
PDI=1.24), obtained by RAFT polymerization mediated by CPADB, were simul-
taneously used in a batch emulsion polymerization of styrene. However, although
some of the PEO chains seemed to participate in the nucleation process, the cor-
responding amount was not enough to prevent the latex from flocculation under
alkaline conditions. PEO macroRAFT agent was then used as control agent for the
RAFT polymerization of DMAEMA in organic solvent. The resulting block copoly-
mer was further successfully used in its protonated form as a double hydrophilic
macroRAFT agent to form polystyrene latexes in a batch emulsion polymerization
of styrene. The double stabilization of the latexes was confirmed by their stability
for months under alkaline conditions and against freeze—thaw cycles.

Bernard et al. [105] used the same strategy to decorate polyVAc latex parti-
cles with a dithiocarbonate end-functionalized dextran (dextran-RAFT), well-suited
for the CRP of non-activated vinyl esters such as VAc. Dextran-RAFT was ob-
tained by Cu(I)-catalyzed Huisgen [3 4-2] dipolar cycloaddition [106] between an
alkyne end-functionalized dextran and an azido-containing dithiocarbonate. The
low functionalization yield (30%) was apparently not an impediment for the syn-
theses of stable polyVAc latex particles (diameters from 80 to 150 nm) via batch
emulsion polymerization. The involvement of the dithiocarbonate end-group was
corroborated by the retardation effect observed when the dextran-RAFT concen-
tration was increased. In addition, a drastic effect on particle size was observed as
compared to emulsion polymerization experiments performed with native or alkyne-
functionalized dextran (particle diameter above 500 nm).

The above-mentioned examples show that the design of the hydrophilic shell
can be adjusted either by chemical modification of preformed hydrophilic poly-
mers (e.g., PEO, dextran) or by making the most of the RAFT process in terms
of macromolecular architectural control (by using polyDMAEMA, polyDEAEMA,
or PEO-b-polyDMAEMA). The RAFT process also allows the synthesis of well-
defined o-functionalized polymer, provided that the RAFT agent used to control
the polymerization is designed accordingly. Bathfield et al. [107] performed the
dispersion polymerization of BA in a mixture of ethanol and water in the pres-
ence of polyNAM that was previously prepared by RAFT polymerization. They
first showed that polyNAM prepared by conventional free radical polymerization
did not act as an efficient stabilizer under BA dispersion polymerization condi-
tions since particles exhibiting diameters above 3000 nm were obtained in this case.
The use of polyNAM carrying a dithiobenzoate chain-end as hydrophilic macro-
RAFT agent allowed the particle diameters to be drastically decreased down to
200 nm, and resulted in polyBA latexes that were stable for several months. Again,
the success of the formation of a latex was explained by the in situ formation
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of polyNAM-b-polyBA block copolymers that acted as stabilizers of the forming
particles, although kinetic issues such as very long inhibition periods (more than
10h) remained unexplained. The presence of a polyNAM hydrophilic shell was
further shown by 'H NMR analyses performed directly on the latex. In addition,
the visualization of the particles by TEM at room temperature was explained by
the presence of a hairy hydrophilic layer of polyNAM of high 7; (420K) that pre-
vented any film formation of the soft hydrophobic polyBA core. Finally, polyNAM
macroRAFT, containing a sugar moiety on the ¢-end and obtained using the corre-
sponding sugar-containing RAFT agent, was used in dispersion polymerization of
BA. A stable latex (250 nm) was obtained and was decorated at the periphery of the
hydrophilic polyNAM shell with sugar moieties.

Xiong et al. [108] performed miniemulsion polymerization of styrene or MMA
in the presence presynthesized polyDMAEMA macroRAFT agents and SDS. The
authors claimed to obtain stable miniemulsions of hydrophobic monomer droplets.
However, they did not present any kinetic data on the miniemulsion polymerization
nor evidence for the formation of amphiphilic block copolymers that could stabilize
the latex particles.

Taking advantage of the reactivity of the thiocarbonylthio end-group of hy-
drophilic (co)polymers (i.e., hydrophilic macroRAFT agents) for controlling the
formation of the particles in batch emulsion, miniemulsion, and dispersion poly-
merizations seems to be an original and challenging approach to the production of
core—shell particles with a hydrophilic shell and a hydrophobic core. However, in
none of the above-mentioned examples, was the purpose of the authors to control
the length and polydispersity of the polymer chains in the latex. They essentially
aimed at creating the stabilizer in situ with a long hydrophobic block of the same
kind as the polymer in the dispersed phase, and to design the hydrophilic shell of
the produced latex by making the most of the best attributes of the RAFT process
or of post-modifications of hydrophilic macromolecules. A further step towards a
comprehensive control of particle structure was the use of macromolecular stabiliz-
ers capable of controlling the architecture of the polymer chains inside the particles
as well as the structure of their surface.

Via Controlled Self-Assemblies of Amphiphilic Block Copolymers
under Hydrophobic Monomer Feed Control

Starved-feed conditions were first used to obtain a perfect control of the growth of
the hydrophobic block throughout the course of the emulsion polymerization and
to ensure a simultaneous self-assembly of the forming block copolymers. Ferguson
et al. [109, 110] and Sprong et al. [111], originally performed the emulsion poly-
merization of BA using an amphipathic polyAA macroRAFT agent. PolyAA was
obtained by RAFT polymerization of AA mediated by a trithiocarbonate, namely
2-{[(butylsulfanyl)carbonothioyl]sulfanyl } propanoic acid. The starved-feed condi-
tions prevented the formation of hydrophobic monomer droplets and allowed the
controlled growth of the hydrophobic block from the polyAA chains. The absence
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of monomer droplets is required at least up to the point where the RAFT moieties
are locked into particles, in order to avoid the macroRAFT agents migrating to the
droplet surface and stabilizing the monomer droplet—water interface. The authors
proposed that this resulted in the formation of trithiocarbonate-containing rigid mi-
celles that functioned as seeds for further polymerization. The RAFT control of
the molar mass was maintained throughout the course of the polymerization. Mo-
lar masses continued to increase (up to M, = 50,000 gmol’l) with the feed of BA,
while PDI remained lower than 1.5. The particle size of the final latex was around
60 nm. It is worth mentioning that the polyAA hydrophilic macroRAFT agent em-
ployed here was a very short oligomer (5 AA repetitive units).

Armed with these first successful results, the same team expanded its work in
an exhaustive mechanistic study of this system [110]. The authors calculated that,
consistent with the very narrowly distributed and small particle sizes (<60nm),
around 2700 macroRAFT agents seemed to be present in each particle, which is
much greater than the typical surfactant aggregation number. They thus called into
question their original assumption that rigid micelles were formed, and suggested
that diblocks were able to migrate to the surface of those micelles where polymer-
ization was occurring, from those micelles where polymerization had not yet taken
place. The authors discussed the inconsistency between the 60 nm particle size ob-
tained and the chain dimension (block copolymer with M; = 40,000gm01_1 and
estimated radius of gyration of 12 nm). They concluded that the burying of a certain
number of polyAA segments was possible. The excellent control over molar mass
and the livingness of the chains that composed the particles allowed the authors
to investigate the synthesis of novel core—shell particles (Fig. 12) [110]. Indeed, by
switching from a BA feed to a styrene feed they showed that polyAA-b-polyBA-b-
polystyrene triblock copolymers exclusively formed and that latex particles with a
hydrophilic polyAA shell, a polyBA hydrophobic first core, and a polystyrene more
hydrophobic center core were obtained, as evidenced by TEM.

Conventional core-shell; Triblock polymer:
different chains in the same chains extend
the core and shell from the shell into the core

Fig. 12 Left: Conventional core-shell particle from classical radical polymerization. Middle:
PolyAA-b-polyBA-b-polystyrene core—shell particles obtained after switching from a BA to a
styrene feed in emulsion polymerization using polyAA macroRAFT agent. Right: TEM image
of polystyrene domains stained with ruthenium tetroxide. From [110], with permission from the
American Chemical Society
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Finally, the authors commented on the use of a starting trithiocarbonate having
thiododecyl as an activating group, namely 2-{[(dodecylsulfanyl)carbono thioyl]
sulfanyl} propanoic acid. The more pronounced hydrophobicity of the polyAA ob-
tained therefore required fewer BA units to be added before being insoluble in water.
This resulted in smaller particle diameter (49.9 nm, 20% solid content) than with the
original thiobutyl-containing trithiocarbonate (60.3 nm, 13% solid content).

A similar study [112] was then carried out by the same research team us-
ing preformed trithiocarbonate end-functionalized polyAA-b-polystyrene diblock
copolymers (with 8 or 9 AA units and 10 or 5 styrene repetitive units) instead of pure
polyAA and performing semicontinuous styrene emulsion polymerizations. Very lit-
tle information on the characterization of these diblocks was provided. Indeed, the
blocking efficiency of a polyAA macroRAFT agent towards styrene does not favor
the formation of pure block copolymers, and the structural definition of the block
copolymer used remains questionable. The mobility of the diblock copolymers was
found to be largely dependent on their overall hydrophobicity. When used in emul-
sion polymerization, these block copolymers were able to migrate between micelles,
the nucleation of which was possible provided that a sufficient radical flux was im-
plemented. At low initiator concentrations, un-nucleated micelles could break up
and the corresponding block copolymers could migrate to stabilize newly created
particles until they grew sufficiently to remain trapped.

Following the same strategy, BoZovi¢-Vukic¢ et al. [113] synthesized poly (4-
vinylpyridine) (poly4VP) chains using (S-dodecyl-S’-isobutyric acid) trithiocarbon-
ate in a mixture of toluene and ethanol under RAFT control. The obtained poly4VP
macroRAFT agents were chain-extended with styrene and acrylonitrile in solution,
but also under emulsion copolymerization conditions (which is of interest for this
review). Under acidic conditions (pH 4-5), poly4VP macroRAFT agents are soluble
in water and were exposed to a feed of styrene and acrylonitrile in a semicontinuous
process. In agreement with the results of Ferguson et al. [110], the feed was carefully
adjusted to avoid monomer droplets. Molar masses very nicely shifted toward high
molar masses up to complete conversion of the monomers, showing the formation
of particles almost exclusively composed of block copolymers. This was addition-
ally confirmed by gradient elution chromatography analyses although no colloidal
characterization such as particle size or TEM microscopy was provided.

This last example confirmed the usefulness of this novel approach for produc-
ing particles of hydrophilic shell and hydrophobic core that indeed consisted of
self-assembled amphiphilic block copolymers. However, for the strategy to be suc-
cessful, the authors underlined the prerequisite of avoiding monomer droplets and
thus advised the use of slowly feeding the hydrophobic monomer.

Towards Controlled Self-Assemblies of Amphiphilic Block Copolymers in Batch?
The obvious improvement was then to find conditions and/or reagents capable of

producing amphiphilic block copolymers from hydrosoluble macroRAFT agents,
ensuring such a self-assembly under batch conditions. This was indeed achieved by
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Rieger et al. [114], who simply used a PEO macroRAFT agent (M, = 2000 gmol ')
as both stabilizer and control agent in ab initio batch emulsion polymerization of
styrene and BA. This macroRAFT agent was obtained by esterification of a com-
mercial o-methoxy-w-hydroxy PEO with (S-dodecyl-S-isobutyric acid) trithiocar-
bonate. It exhibited a critical micelle concentration (CMC) of 0.5 mM, in the range
of conventional PEO-based surfactants. First performing styrene emulsion polymer-
izations, experiments were stopped after 23 h (67% conversion) and stable latexes
were obtained. According to SEC analyses, molar masses increased with conver-
sion and the final latex exhibited a symmetric and narrow molar mass distribution.
However, the chromatograms corresponding to lower conversions were asymmetric.
Particle sizes in the range of 250 nm did not match the theoretical small sizes ex-
pected for a pure self-assembly of block copolymers (see beginning of this section)
and indeed might reveal the complexity of the emulsion polymerization process that
was occurring. However, due the very nice control over the molar mass and the
stability of the obtained latex, the authors further evaluated the potential of their
system using BA. Much larger polymerization rates were then achieved (100% con-
version within 4 h). In addition, narrowly distributed molar masses were obtained
that increased linearly with conversion throughout the course of the polymerization.
Stable latexes exhibiting very narrow particle size distributions indicated a negligi-
ble impact of monomer droplets nucleation in this batch system.

The effect of the PEO macroRAFT agent molar mass (from 1000 up to
5000gmol ') was also studied [115]. This last parameter was shown to affect the
particle size and the kinetics, and was advantageously used to tune the final particle
size of the targeted latexes by mixing, in the same experiment, PEO macroRAFT
agents of different molar masses. The macroRAFT agent with M, = 2000 gmol~!
was shown to provide a good control over the copolymerization of BA and MMA,
up to a MMA content of 75%. Additionally, original morphologies assumed to
result from block copolymer aggregation were obtained in this system.

In the same vein, Ji et al. [116] synthesized a living polyAAm using a
2-{[(ethylsulfanyl)carbonothioyl] sulfanyl} butyric acid. This trithiocarbonate-
functionalized polyAAm was used in a batch emulsion polymerization of styrene.
A preliminary sonication step was performed to disperse the hydrophobic monomer
into sufficiently small droplets. After 6 h of polymerization, the authors noted the
formation of a stable latex composed of polymer chains, which were analyzed by
FTIR, differential scanning calorimetry (DSC), and SEC. These characterizations
showed the formation of polyAAm-b-polystyrene block copolymers. Particle sizes
increased up to 58 nm during the polymerization, and the corresponding distribu-
tion remained narrow. The authors proposed that particles were mainly formed by
nucleation of the very small monomer droplets formed after the sonication step
and stabilized by polyAAm macroRAFT agents. Entry of oligoradicals, favored
by the large surface offered by these small droplets, would lead to extension of
the polyAAm macroRAFT agents into block copolymers under RAFT control.
The same strategy was further applied by Wi et al. [117] using polyMAA macro-
RAFT agents carrying a dithiobenzoate chain-end. However, the provided data —
both on the synthesis of polyMAA macroRAFT agent and on its further use in
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batch emulsion polymerization of styrene — did not allow clear conclusions on the
nucleation and polymerization mechanisms to be drawn.

Compared to emulsion polymerization, miniemulsion polymerization presents
the advantage of avoiding the critical nucleation step by preforming nanomet-
ric monomer droplets that will act as nanoreactors as long as their stability is
maintained throughout the polymerization. Miniemulsion can thus be regarded as
an interesting tool for producing stabilized nanoreactors that can further generate
particles with hydrophobic core and hydrophilic shell. Dos Santos et al. [118] in-
vestigated the use of a PEO carrying a dithiobenzoate end-group as both a stabilizer
and a control agent to mediate the miniemulsion polymerization of styrene. Af-
ter checking the ability of PEO macroRAFT agent to stabilize a miniemulsion of
styrene in water, polymerizations were undertaken at 75°C using AIBN as an initia-
tor. DSC measurements and molar mass determinations showed that the system was
living, although polydispersity indices reached values up to 2.2. This rather broad
molar mass distribution was assigned to the presence of different populations of
controlled chain length arising from the partitioning of PEO macroRAFT agent be-
tween the aqueous phase, the droplets, and the water—droplet interface. This also led
to a loss of miniemulsion features. Complex mechanisms induced by PEO macro-
RAFT agent partitioning were corroborated by the presence of holes, which were
observed by TEM in the final latex when the PEO macroRAFT agent concentration
was raised, and probably arose from the formation of buried PEO-b-polystyrene
block copolymers.

Attempts to improve the molar mass distribution by varying the concentration
and the nature of the initiator did not work. A decrease in polymerization temper-
ature, in conjunction with the use of an adequate hydrophobic initiator, seemed to
be the way to obtain a true miniemulsion polymerization system with a relatively
constant particle diameter during the polymerization, while maintaining a good
level of control. Pham et al. [119] proposed the use of amphipathic RAFT agents
such as polyAA-b-polyBA and polyAA-b-polystyrene, to emulsify the dispersed
phase, stabilize the particles, and control the molar mass of the polymer produced
under styrene miniemulsion polymerization conditions. Although very little infor-
mation on the characterization of the starting block copolymers was provided, they
were sufficiently hydrophobic to be nonlabile, i.e., they were strongly adsorbed
at the droplet surface and incapable of diffusing through the aqueous phase. The
miniemulsion of styrene formed in their presence was stable over the timescale of
the polymerization. This led to a stable latex, and a true miniemulsion polymeriza-
tion process was indicated by DLS and TEM measurements that showed no evidence
of new particle formation. Control of the polymerization was shown by the linear
increase in molar masses with conversion and a narrowing of the corresponding
molar mass distributions (PDI from around 2 down to 1.2) with an increasing initial
amount of macroRAFT agents.

The success of the use of hydrophilic macroRAFT agents as both stabilizer and
control agent for the polymerization of hydrophobic monomers in aqueous dispersed
media was easily transposed to dispersion or precipitation polymerizations in which
the monomer is completely soluble in the dispersing phase and the corresponding
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polymer is not. An et al. [120] polymerized NIPAAm in water using hydrosol-
uble poly(N,N-dimethylacrylamide) (polyDMAAm) macroRAFT agents (poly-
DMAAmI and polyDMAAm2) obtained using S-1-dodecyl-S”-2-(2,2'-dimethyl
acetic acid) trithiocarbonate and S-3-(propionic acid)-S”-2-(2,2'-dimethyl acetic
acid) trithiocarbonate as RAFT agents, respectively. Polymerization of NIPAAm
being set at 70°C and thus above the lower critical solution temperature (LCST) of
polyNIPAAm (32°C), the formation of block copolymers in water rapidly led to pre-
cipitation of the polyNIPAAm segment and formation of particles. The additional
use of a crosslinker N,N'-methylenebisacrylamide (MBAAm) during the polymer-
ization of NIPAAm allowed the particle integrity to be maintained once the latex
was cooled down to room temperature. The polymerization being conducted under
microwave conditions, polymerization times were short (1030 min). The particle
size distribution was narrower in the case of polyDMAAm?2 (carrying a propionic
acid end-group) than with polyDMAAmI1 (carrying the dodecyl end-group). The
use of the latter — exhibiting a CMC — could lead to both homogeneous and micellar
nucleation and explain the broader particle size distribution mentioned earlier [110].
In both cases, however, a very good control over the molar mass of the polyNIPAAm
block was obtained, as shown by the good agreement between theoretical and ex-
pected molar mass values obtained by SEC analyses (PDI < 1.2). Further surface
bioconjugation was performed by reaction of a fluorescein-labeled albumin with
the surface carboxylic acid group of particles obtained with polyDMAAm?2.

The same group [121] further expanded the potential of these nanostructured hy-
drogel materials by using polyDMAAm macroRAFT agents containing an azide
a-chain-end. Latex particles obtained after NIPAAm precipitation polymerization
in water were thus decorated by azide surface functionalities. The hydrophilic
shell was functionalized with an alkyne-containing dansyl molecule using Cu(I)-
catalyzed Huisgen [3 + 2] dipolar cycloaddition [106]. The additional presence of
the trithiocarbonate functionality inside the particles was advantageously used to
functionalize the hydrophobic core. In the presence of ethanolamine, the trithiocar-
bonate was turned into a thiolate that could add onto an acrylate via 1,4-Michael
addition. The hydrophobic core was then labeled according to this strategy using a
fluorescein-containing acrylate. Finally, Rieger et al. [122] prepared hydrogels us-
ing the same PEO as the one successfully used in batch emulsion polymerization
of styrene [114, 115]. They synthesized double hydrophilic block copolymers by
first polymerizing DMAAm in solution using this PEO macroRAFT agent. Then,
the direct synthesis of thermosensitive nanogel particles in aqueous dispersion was
performed by using these double hydrophilic block copolymers for the polymeriza-
tion of N,N-diethylacrylamide (DEAAm) in water. In the presence of a crosslinker
for this step, thermoresponsive gel particles were obtained. The swelling/shrinking
phenomena induced by temperature variations around the LCST of polyDEAAm
were perfectly reversible. The resulting material consisted of original nanogels car-
rying a double hydrophilic PEGylated shell that might be further functionalized via
copolymerization of the DMAAm with functional monomers.
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6.1.2 Organotellurium-Mediated Radical Polymerization
and Reverse lodine Transfer Polymerization

Hydrophilic polymer chains obtained by TeRP carry a terminal carbon-Te bond
that can be reactivated. These chains can be extended in water using a hydrophobic
monomer to generate amphiphilic block copolymers in situ. The first and the only
study in this area was performed by Okubo et al. [123], who used hydrosoluble poly-
MAA synthesized by TeRP, and thus carrying a —TeCH3 end-group, to synthesize
polyBA latex particles. They showed that the polymerization was complete (16 h)
and that a stable latex exhibiting small particle sizes (19 nm) was obtained. The
molar masses were controlled, although 50% conversion had to be reached to fully
activate and thus consume the polyMAA-TeCHj3 chains, leading to a PDI over 1.5.
By increasing the stirring rate from 200 to 1000 rpm, polymerizations were much
faster (100% conversion reached in 4 h) and particle sizes of 22 nm were obtained.
A linear increase in molar masses with conversion was still observed with much nar-
rower molar mass distributions (PDI < 1.5), indicating a better control at this high
stirring rate. Faster polymerizations at high stirring rates were explained by higher
BA concentrations inside the particles, which were induced by a higher monomer
diffusion through the water phase. Lower PDI and better control were explained by
the corresponding lower polymer weight fraction at higher stirring rates (higher BA
concentration in the particles), which favored the degenerative transfer between two
polymer chains.

In RITP [124], molecular iodine is used to generate in situ iodinated transfer
agents. Using RITP, Tonnar et al. [125] took advantage of the higher reactiv-
ity and solubility in water of AA compared to BA to produce poly(AA-co-BA)
copolymers that became gradually richer in BA during the progress of polymer-
ization in surfactant-free, batch, ab initio emulsion polymerization. The authors
mentioned that these copolymers self-assembled to form particles in which the poly-
merization was resumed, although the particle sizes in the range of 200 nm were
not commented upon. The livingness of the obtained latexes was shown by their
successful reactivation (seeded emulsion polymerization) to form poly(AA-co-BA)-
b-poly(BA-co-styrene) copolymer.

6.2 Reversible Termination Methods

For CRP based on a reversible termination process, the strategy was to synthesize
water-soluble macroinitiators (with either an alkoxyamine or an alkyl halide chain-
end) by direct CRP or by post-functionalization, before using them as both initiators
and stabilizers in emulsion polymerization of a hydrophobic monomer.

6.2.1 Nitroxide-Mediated Radical Polymerization

The first results on the use of NMP macroinitiators were published by Wang et al.
[126], who used a TEMPO-capped polyNaSS to initiate the polymerization of
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styrene in water without surfactant. Although the polydispersity indexes for the
synthesis of the polyNaSS macroalkoxyamine were rather low (1.2 < PDI < 1.3),
no data were provided concerning the polymerization. The same observation can
be made for the kinetic and macromolecular characteristics of the emulsion poly-
merization. Stable dispersions were obtained, but the solid content did not exceed
5 wt%. The particle size distributions were quite broad and within the 50-200 nm
range.

A few years later, Charleux’s team developed a similar strategy using SG1-
based macroalkoxyamine, after having thoroughly studied the use of water-soluble
molecular alkoxyamines based on SG1 in both miniemulsion and seeded emulsion
polymerizations [127—131]. First, the conditions for control of the polymerization
of acrylic acid in solution with SG1 were determined and allowed the preparation of
well-defined SG1-capped polyAA [132, 133]. After purification, a polyAA,;-SG1
(PDI = 1.17) was used to initiate the polymerization of styrene or BA in basic wa-
ter at 120°C and 3 bar pressure, and with a typical solids content of 20 wt% [134]
(Fig. 13).

Although the molar masses were significantly higher than the theoretical ones,
they increased linearly with monomer conversion, and the PDIs were rather low for
such a process (< 1.5 at 80% conversion). Narrow particle size distributions were
obtained at the end of the polymerization (conversion > 90%) and diameters below
100 nm could be reached, as demonstrated by DLS and TEM. The comparisons
between results obtained by these two techniques allowed the authors to prove the
existence of a core—shell morphology, measuring a shell thickness of 5-7nm at
high pH (i.e., hydrophilic polymer in extended conformation) in good agreement
with the length of the polyAA,; segment. The pH-responsive behavior of the shell
was illustrated by DLS and showed a clear decrease in diameter when the pH was
lowered (Fig. 14) [135]. These spherical aggregates could thus be defined as crew-
cut micelles, according to Eisenberg’s description [136], with a short hydrophilic
stabilizing block and a long hydrophobic block in the particle core.
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Fig. 13 Chain extension via NMP of polyAA-SG1 by a hydrophobic monomer in water to form
amphiphilic block copolymers in situ and to induce micellization by polymerization
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Fig. 14 Colloidal characteristics of the polyAA-stabilized particles prepared by surfactant-free
nitroxide-mediated emulsion polymerization of styrene: (a) pH-dependence of the diameters (Dy,),
(b) stability of the polystyrene particles with pH, and (c) influence of the initial polyAA-SG1
concentration and of the target degree of polymerization, DP;, s, on the particle diameter

Later, the influence of diverse experimental parameters such as the macroinitiator
length, its concentration, the initial free nitroxide concentration, the solids content,
and the concentration of an added electrolyte was evaluated and exploited to pro-
pose a mechanism for particle formation and growth of polymer chains [135]. For
instance, it was demonstrated that the molar mass of the so-formed amphiphilic
block copolymers and the particle diameter could be tuned by varying the initial
macroalkoxyamine concentration (Fig. 14). Narrower molar mass distribution could
also be reached (PDI = 1.3 at 90% conversion), although complete and/or fast ini-
tiation could still not be achieved. To explain this, the importance of water-phase
kinetics and slow initiation by the polyAA-based macroinitiator was pointed out
[135, 137].

Solids contents that were rather high for such a batch, ab initio, emulsion poly-
merization process could be reached (i.e., up to 40 wt%) keeping an excellent
colloidal stability [44]. With the chains being end-capped by an alkoxyamine, it was
possible to resume the polymerization after removal of residual monomer and addi-
tion of a second load of monomer. When styrene was added to a polyAA-b-polyBA-
based latex, polyAA-b-polyBA-b-polystyrene triblock copolymers were formed
within polystyrene-polyBA-polyAA core—shell-corona particles [137]. Similar re-
sults were obtained when styrene was injected into the mixture during the polymer-
ization of BA in a two-step semi-batch process. In this latter case, the third block
was a poly(styrene-co-BA) random copolymer.
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This polyAA-SG1 methodology was also employed in the dispersion poly-
merization of DEAAm at up to 40 wt% solids [137, 138]. The same polymerization
kinetics and control over polymer chains as for styrene and BA polymerization
were observed. Nanoparticles exhibiting similar structural features were also ob-
tained [137]. The thermoresponsive nature of the polyDEAAm core-constituting
block permitted the complete disassembly of the particles to release double hy-
drophilic diblock copolymers in water below its LCST (32°C). Upon heating above
this temperature, particles could be reformed, though with different dimensions.
This last feature was evidence for the out-of-equilibrium nature of the aggregates
obtained by the polymerization-induced self-assembly process (vide supra). When
a difunctional monomer like MBAAm was added to the recipe, the structures of
the thermoresponsive particles could be locked by crosslinking of the inner block.
Upon cooling of the sample, the colloids swelled with water and their diameter in-
creased. However, macrogelation occurred when the molar fraction of crosslinker
was higher than 0.05. This could be explained by the slow initiation process, which
created radicals in the aqueous phase for a rather long period of time and prevented
confinement of the crosslinking reaction inside the particles.This problem could be
partially circumvented thanks to the living nature of the polymerization. Not to dis-
turb the nucleation step, a semi-batch process was used to delay the introduction of
the crosslinker, and the efficient crosslinking of the particles was achieved [138].
This technique allowed the complete decoupling of the nucleation and crosslink-
ing processes. For example, for a certain polyAA-SGI1 concentration and several
crosslinker concentrations, particles with the same size at high temperature were
obtained, but with differing abilities to swell. Nanogels ranging from 30 to 120 nm
in their dry state could be produced, with volumic swelling ratios of up to 10 in some
cases. As nanogels of small dimensions were previously impossible to obtain at high
concentrations without surfactant, this work could be regarded as a significant step
towards an industrial-scale production because the removal of surfactant and water-
soluble species is avoided and particle morphology is well-controlled [139]. The
nanogels retained the pH-sensitivity of the shell-constitutive polyAA and thus pre-
cipitated at high temperature and low pH [137]. Aiming at physically crosslinked
nanogels, the authors carried out a two-step semi-batch dispersion/emulsion poly-
merization by adding styrene to a running DEAAm dispersion polymerization.
Polystyrene-b-polyDEA Am-b-polyAA core—shell-corona structures were eventu-
ally obtained [137].

This macroalkoxyamine route is a very simple way of obtaining highly concen-
trated dispersions of crew-cut micelles in a batch, ab initio, emulsion polymerization
process because few reagents are needed. It is noteworthy that a single molecule,
i.e., the polyAA-SG1 macroalkoxyamine, acts simultaneously as a stabilizer, an ini-
tiator, and a control agent in the complete absence of any other additional molecule
(mainly radical initiator and surfactant). Moreover, the method enables the synthesis
of out-of-equilibrium structures that are difficult to obtain under other conditions.
For example, different morphologies like spherical or worm-like micelles, multi-
compartmented or spherical vesicles (the latter being the most represented) have
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Fig. 15 Classical (left) and cryo- (right) TEM images of the aggregates obtained by nitroxide-
mediated emulsion polymerization of 4-vinylpyridine initiated by polyAA-SG1

been recently reported using 4 VP as the core monomer and the same polymerization
technique (Fig. 15) [140]. These structures were composed of well-defined block
copolymers of AA and 4VP with a long hydrophobic block. The structures were
found to solubilize with decreasing the pH owing to the basic nature of the poly4VP
block. Re-assembling of the amphiphilic copolymers at basic pH gave rise to a
monomodal 85-nm spherical micelle population. This proved the out-of-equilibrium
structure of the initial aggregates.

With the incomplete and/or slow initiation by polyAA-SGI1 being a recur-
ring problem with regard to macromolecular control, Dire et al. [141] designed
polyMAA-based macroalkoxyamines. They took advantage of the SG1-mediated
copolymerization effect of methacrylate monomers with styrene reported by
Charleux et al. [142, 143] to improve the initiating efficiency. A poly(MAA-co-
styrene) macroinitiator with 8 mol% of styrene units was synthesized because
it was shown that the so-formed alkoxyamine exhibited a methacrylate-styrene-
SG1 terminal sequence that was able to dissociate at low temperature (70-90°C)
[143]. Thanks to this new feature, the emulsion homopolymerization of MMA was
carried out at very low temperature (40°C) and high solids content (20 wt%). A
non-controlled mechanism was observed since a rather broad molar mass distri-
bution was obtained. This was clearly explained by a slow consumption of the
macroinitiator due to a low dissociation rate constant of the alkoxyamine bond at
such a temperature, leading to the continuous creation of block copolymer chains
throughout the polymerization process. Nevertheless, the obtained latex was sta-
ble and showed a very narrow particle size distribution. This provided a mild and
simple method for synthesizing poly(MAA-co-styrene)-b-polyMMA amphiphilic
block copolymer core—shell particles at a high solids content [144].

For the same reason as for bulk or solution synthesis of methacrylate-based
macroalkoxyamines, a low percentage of styrene was needed to improve control of
the emulsion polymerization [144]. Even for very low amounts (3 mol%), the poly-
merization could be controlled over a lower temperature range (60-80°C), though
the polymerization rate was quite slow. Increasing the reaction temperature, together
with increasing the amount of styrene to keep a good control, resulted in faster
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polymerizations. It appeared clearly that the temperature was the main lever because
high conversions were reached in more than 20h at 65-80°C whereas a few hours
(2-3 h) were sufficient at 85-90°C. The macromolecular features of the amphiphilic
block copolymers formed in situ were highly improved by this method, and a 100%
initiation efficiency was observed with good control over molar mass and very nar-
row molar mass distribution. The colloidal characteristics were, however, not as
good as when polyAA-SG1 was used as a macroinitiator, though they remained
largely acceptable owing to the more hydrophobic nature of the macroalkoxyamine.

The variety of the type of particles obtained by NMP in surfactant-free emul-
sion was finally extended to PEG-coated particles [145]. In this case, macro-
alkoxyamines composed of PEGMA and MAA units were synthesized according
to the same procedure as described above, i.e., with a low amount of styrene.
Two different reactive water-soluble polymers were used in emulsion, one with a
large majority of MAA units and another with equal proportions of the two polar
monomer units. When used to initiate the polymerization of MMA with a small
percentage of styrene in surfactant-free emulsion at 85°C and 20 wt% solids con-
tent, the reaction proceeded very quickly and 90% of the monomer reacted in ca.
3 h. The molecular characteristics perfectly followed the trend of a CRP with a final
PDI as low as 1.3 (Fig. 16). In all cases, small particles of 30-50 nm were produced.
Nevertheless, some aggregates were present in the final latex. Moreover, the particle
dispersion based on the highest amount of PEGMA stabilizing units exhibited quite
a high viscosity, giving rise to a white cream. In this system, it seems that the steric
stabilization was not sufficient to provide a very good stability to the particles and
that an electrostatic stabilization was also required.
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Fig. 16 Overall conversion versus (a) time and (b) number-average molar mass, M,, and poly-
dispersity index, My /M, (the line represents the theoretical M,) for the nitroxide-mediated
surfactant-free emulsion copolymerizations of methyl methacrylate and styrene in the presence of
poly(PEGMA-co-MAA-co-styrene)-SG1 macroalkoxyamines of different molar masses (triangles
9400, and squares 4400gm01’1) [145]
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6.2.2 Atom Transfer Radical Polymerization

The ATRP process has also been used to create hydrophobic—hydrophilic core—shell
particles. All the published studies are related to the use of a PEG segment as the sta-
bilizing block for the particles. Indeed, a charged hydrophilic block would interact
with the catalytic system and disrupt its effect. In all cases, a commercial PEG was
functionalized with a chlorine- or a bromine-based ATRP initiator via simple ester-
ification of the PEG hydroxyl end-group. In the first report, a PEG44-Br was used to
initiate the polymerization of NIPAAm at 50°C in water and very low concentration
(> 0.5 wt%) using the CuBr/Mes-TREN catalytic system [146]. At this temperature,
the polyNIPAAm block was insoluble so the reaction proceeded through a disper-
sion mechanism. The molar mass of the polyNIPAAm block was 7400 gmol~! with
a PDI of 1.62 for the block copolymer. The authors did not provide any data on the
colloidal characteristics of the dispersion. Later, they introduced a crosslinker to sta-
bilize the particles and obtained a diameter of ca. 70 nm for the swollen nanogels at
25°C. An electron micrograph showed a rather broad size distribution. The authors
also demonstrated that using an organic cosolvent like tetrahydrofuran during the
reaction allowed the size of the aggregates to be increased.

PEG-based ATRP initiators were also used to polymerize hydrophobic
monomers in an emulsion polymerization process. Xu et al. [147] used a PEG;(-Cl
to initiate the polymerization of styrene at 75°C in presence of CuCl/bipyridine and
Tween-20 as catalyst and surfactant, respectively, at low theoretical solids content
(4-8 wt%). Although the authors referred several times to the ATRP mechanism to
explain the colloidal behavior of their system, they did not give precise details to
prove the controlled character of the polymerization. A linear increase in the molar
mass with monomer conversion was stated. When the monomer to macroinitiator
ratio was decreased, the diameter of the particles increased. An increase in the cat-
alyst concentration had the reverse effect. The diameter ranged from 30 to 90 nm in
the given examples. Irradiating with microwaves during the reaction improved the
colloidal features (smaller particles with lower polydispersity). It was proposed that,
under such conditions, the catalytic system was more active and so the initiation
step was faster and gave rise to many more particles of smaller size for the same
mass content.

Stoffelbach et al. used another technique to obtain PEG-coated hydrophobic par-
ticles by ATRP [35]. They employed a miniemulsion process in which the surfactant
was a reactive amphiphilic block copolymer. A PEG;-b-polystyrenes; bearing a
bromine atom at its hydrophobic end was first synthesized by ATRP of styrene from
a PEG macroinitiator in homogeneous medium. Then, it was dispersed in water
and mixed with a monomer solution containing hexadecane and a Cu(Il) complex
for AGET ATRP before being subjected to cooling, ultrasonication, and deoxygena-
tion (Fig. 17). The polymerizations of n-butyl methacrylate (BMA), BA, and styrene
were initiated by adding ascorbic acid and were conducted at 80 or 90°C to af-
ford triblock copolymers. The polymerization of BMA was rather fast but initiation
was slow, giving rise to slightly high PDIs. This could be improved by adding a
small amount of styrene to slow the polymerization down. Polymerizations of BA
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Fig. 17 Synthesis of PEG-shell/polystyrene-core nanoparticles by AGET ATRP in miniemulsion
from a PEG-b-polystyrene-Br macroinitiator [35]

and styrene were very slow. All these polymerizations gave a plateau at incomplete
conversion after 1 or 2h of reaction, which might be explained by hydrolysis of
the bromine group or migration of the catalyst in the aqueous phase. In all cases,
initial and final dispersions were found to be stable, even though their size distribu-
tions were rather broad. The diameters ranged from 130 to 230 nm and were smaller
when the concentration of PEG-b-polystyrene-Br was increased. Because the re-
active block copolymer acted as both an initiator and a stabilizer, the evolution of
particle size could not be decorrelated from the molar mass of the polymers.

Lietal. [37] published new results using the same approach by additionally intro-
ducing a hydrophobic molecular initiator together with the PEG-b-polystyrene-Br
amphiphilic macroinitiator to control the macromolecular and colloidal characteris-
tics independently. Thanks to this methodology, the amount of reactive surfactant
could be reduced (while aiming at a similar degree of polymerization for the
polymer formed) by keeping the overall initiator concentration constant. At the
beginning of the polymerization, two different molar mass distributions could be
observed owing to the presence of two initiators of different lengths. Progressively,
a monomodal distribution was formed as the influence of the molar mass of the ini-
tiators became negligible. For a similar molar concentration of macroinitiator, when
the degree of polymerization of the polystyrene block was increased, the stability
of the latex was slightly affected. Nevertheless, this technique allowed the synthe-
sis of triblock copolymers with M, ranging from 10,000 to 25,000 gmol~! within
particles of 200-390 nm in diameter. Finally in the same study, a PEG44-Br without
any hydrophobic segment was also used to initiate and stabilize the miniemulsion
ATRP. The initial monomer-in-water miniemulsion proved to be stable for at least 2
days at 70°C, with a slight increase in the droplet diameter compared to the initial
value. Without additional initiator, the reaction was slow but controlled. A few dead
PEG chains were formed at the beginning but stable particles of 140-200 nm were
obtained. When a molecular ATRP initiator was used, a low M, could be targeted
without a huge quantity of PEG-Br and the same general features as in the case of
the PEG-b-polystyrene-Br were obtained.
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7 Core-Shell Particles via a Divergent Method: Grafting
of Polymer Brush at the Surface of Polymer Particles

To create particles with a hydrophobic core and a hydrophilic shell, preformed
hydrophobic polymer particles can be used as substrate for the covalent grafting of
hydrophilic polymer chains. Aqueous emulsion polymerization is thus the method
of choice for synthesis of core particles with submicrometric diameter (due to the
scope of this review article, discussion will be restricted to aqueous emulsion poly-
merization, although some examples of particle substrates created via suspension
polymerization exist; however, with much larger diameters). The grafting methods
are very close to those used for the surface modification of inorganic materials, such
as for instance silicon wafers or colloidal silica particles [46, 48—52]. Various strate-
gies can be employed such as:

— Grafting through methods, via copolymerization of monomers with vinylic
bonds attached at the surface

— Grafting to methods, using a preformed polymer able to react with co-reactive
groups covalently bound to the surface

— Grafting from methods (also called surface-initiated polymerization), by which
the polymer is grown from the surface via attached initiator or chain transfer
agent

With the development of CRP the “grafting from” method has been extensively
studied in the recent years. The main reason comes from the non-drastic experimen-
tal conditions and the versatility in terms of monomers and processes. In particular,
CRP is tolerant to water and can thus be conducted in an aqueous environment.
Thanks to the fast initiation step and simultaneous growth of all polymer chains,
the surface-initiated CRP (SI-CRP) methods lead to high grafting densities and al-
low polymer brushes to be formed, with chain attached to the surface by a single
point located at their extremity. All of these methods are very powerful for the
synthesis of a broad variety of well-defined (co)polymers with controlled molar
mass and narrow molar mass distribution. However, the number of articles report-
ing grafting reactions at the surface of polymer colloids is far lower than those
on surface modification of inorganic particles. The majority of articles deal with
surface-initiated ATRP (SI-ATRP), i.e., the “grafting from” methodology. In the
context of this review article, the most relevant works concern grafting via aqueous
ATRP of hydrophilic polymer from an initiator located at the particle surface [148—
157] (Fig. 18). In some other examples, grafting via SI-ATRP was performed in an
organic solvent after transferring the particles from the aqueous phase where they
were first synthesized [158—164]. One article refers to surface-initiated NMP [165]
and two others show the application of RAFT for the synthesis of end-functionalized
polymer chains that were further grafted onto the surface of polymer particles
[166, 167].
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Step 1.
Synthesis of (crosslinked) latex particles
via emulsion polymerization

Br, Br
Step 2. Br Br
Synthesis of functional latex particles via
seeded-emulsion copolymerization: Br Br
incorporation of a functional monomer bearing
an alkyl halide initiating group for ATRP Br Br
Br B Br

Step 3.
Surface-initiated ATRP either in water or
in organic solvent

Fig. 18 Three steps needed for performing a SI-ATRP reaction from the surface of a polymer
latex particle

7.1 Grafting from Technique

7.1.1 Atom Transfer Radical Polymerization in Water
Synthesis of Functionalized Latex Particles

Surfactant-free batch emulsion polymerization initiated by a charged radical initia-
tor was generally used to synthesize the latex particles constituting the hydrophobic
core [149-156], which was composed of polystyrene in all of the published works.
Such a method led to latexes of low solids content (below 5 wt%), with large par-
ticles exhibiting diameters above 500 nm. In a different way, Guerrini-Manuszak
et al. [148] worked in more classical conditions with a mixture of cationic and non-
ionic surfactants, and the resulting core particle diameter was significantly smaller
(92 nm). Taniguchi et al. employed miniemulsion in the presence of a polymerizable
surfactant [157]. Because SI-ATRP requires the synthesis of particles with appropri-
ate reactive functions located at the surface, post-functionalization was performed
by (co)polymerization with a monomer bearing an ATRP initiator group, i.e., an
alkyl halide (except for miniemulsion, in which a single copolymerization step was
employed [157]) (Fig. 19). For that purpose, the preformed particles were used as a
seed, and various strategies were developed to target a thin, uniform reactive layer at
the surface, to tune the surface density in functional groups, and to avoid secondary
nucleation.
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derivative (X = Br) [148,149,150,152,162] [163]

Fig. 19 Monomers bearing an ATRP initiator group used in emulsion polymerization for the func-
tionalization of latex particles

A complete study from Mittal et al. [154] aimed at finding the best conditions in
the particular case of polystyrene core particles and an acrylate functional monomer.
To enhance the compatibility between the core and the reactive shell and favor
creation of core—shell particles instead of a second population of small particles,
it was found appropriate to maintain unreacted monomer in the seed (incomplete
conversion of 70%) and to introduce a crosslinker in both the core and the shell.
Moreover, the presence of the latter had the advantage of improving the properties
of the final particles by favoring the irreversible anchorage of the hydrophilic shell
(further grown by SI-ATRP). Due to incomplete monomer conversion in the first
step, the seed particles were soft, which favored the formation of a uniform shell.
In addition, the way the functional monomer was introduced (shot or delayed addi-
tion; pure or mixed with styrene) also had an effect on the uniformity of the reactive
layer. In the presence of a crosslinker, however, irregular morphologies were more
difficult to avoid.

Surface-Initiated Atom Transfer Radical Polymerization
The latex particles functionalized with the ATRP initiator were cleaned either by

dialysis and/or by cycles of centrifugation and serum replacement to eliminate all
water-soluble species (either initially present or generated during the latex synthe-
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sis) and to better control the surface properties. For instance, the radical initiator had
to be removed very carefully when ATRP was carried out at elevated temperature
[148] in order to limit the initiation of free chains in the aqueous phase. Because the
particles were electrostatically stabilized by the charged initiator fragments located
at the chain-ends, the addition of the ATRP cationic catalyst could cause latex floc-
culation. This was not observed at low solids content and when a cationic initiator
was chosen [148]. However, the problem was encountered with negatively charged
latexes (persulfate initiator) and was fixed by the addition of a nonionic surfactant
just before the ATRP reaction [149].

In the vast majority of the published examples, “grafting from” was carried out
using a Cu(l) catalyst for direct ATRP (either CuBr alone [148] or a mixture of
CuX/CuXj, with X = ClI or Br, and Cu powder [149-153, 155, 156]) with various
multidendate amine ligands. For some reactions, a free ATRP initiator was added in
the latex serum [149, 152, 153]. In one instance, the polymerization was performed
at 70°C or 80°C [148], whereas in all the other works room temperature was applied.
A single, very recent article reported the use of AGET ATRP with Cu(Il) complex
and ascorbic acid [157]. The hydrophilic monomers were 2-hydroxyethyl acrylate
[148], 2-(methacryloyloxy)ethyl trimethylammonium chloride (MAETACI) [148],
DMAAm [149-151], methoxyethylacrylamide [152], NIPAAm [152, 153, 155],
methoxypoly(ethylene glycol)-based N-substituted acrylamide macromonomers
[156] and a styrene derivative bearing a lactose residue [157].

Very little information has been reported on the SI-ATRP kinetics, but it appears
that incomplete monomer conversions are reached even after a long polymerization
time of 24 h [148, 153]; this can be ascribed to the persistent radical effect and the
accumulation of Cu(Il) deactivator in the aqueous phase [6].

By degrafting the polymer chains via hydrolysis of the ester function located at
the initiator—particle junction, a complete characterization of the grafted chains (i.e.,
molar mass, molar mass distribution, mass of chains per unit area of latex, and radius
of gyration, Rg) was performed by Brooks and coworkers [149-153] as a function of
various parameters such as the concentrations of monomer, latex particles, surface
initiator, deactivator [Cu(II)], and external initiator. The system was mainly studied
for the SI-ATRP of DMAAm at the surface of polystyrene latexes bearing negative
charges [149, 151]. It was clearly seen that an increase in the initial monomer con-
centration (at constant grafted initiator concentration) led to an increase in M; of
the grafted chains (up to values as high as ~6 x 10° gmol_l) (Fig.20) along with an
increase in the grafting density. The latter could reach a value of 0.8 chains per nm?,
which is particularly high. The ratio of the average distance between grafted chains
to Ry was always below 2, indicating the formation of a polymer brush. This was
confirmed by the linear increase in the hydrodynamic thickness of the hydrophilic
polymer shell with M,, (Fig.21), reaching 650 nm for M, = 3.5 x 10° gmol~'. This
led to an increased viscosity of the latex due to the high particle volume fraction.
Depending on the ligand, the control over the polymer chain growth was quite effec-
tive as the PDIs were relatively low, typically in the 1.2-1.6 range for the N,N,N’,
N',N"-pentamethyldiethylenetriamine (PMDETA) and HMTETA ligands (Fig. 20).
Moreover, as expected for a well-controlled ATRP, the addition of more Cu(II) de-
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Fig. 20 Typical evolution of M, (leff) and M, /M, (right) versus monomer concentration as a
function of the ATRP catalytic system, for the SI-ATRP of DMAAm in water at 22°C from the
surface of polystyrene particles. From [149], with permission from the American Chemical Society
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activator led to a decrease in the PDI, together with a decrease in M), at similar
polymerization time, due to a reduction of the polymerization rate. The addition of
an external ATRP initiator, either hydrophilic or hydrophobic, led to a decrease in
M, but did not improve control over the polymerization. In all reactions performed
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in the absence of external initiator, free polymer chains were still found in the latex
serum, most probably generated by chain transfer reactions to the ligand [149, 155].
Therefore, cleaning of the latex after grafting might be needed for further applica-
tion. The effect of the surface ATRP initiator concentration was studied in detail
[151], and its increase led to a great enhancement of the polymer grafting density.
With a negatively charged latex, the positively charged catalyst was shown to be
more concentrated in the surrounding of the particles than in the solution, but re-
mained lower than the initiator concentration. Nevertheless, its local concentration
depends on the charge surface density of the latex and on physico-chemical parame-
ters, and is not easily controlled. It should be noted that it is an important parameter,
which affects the rate of initiation and the initiator efficiency.

It can thus be concluded that the way of generating and controlling a well-defined
hydrophilic polymer brush via SI-ATRP from polystyrene latex particles has been
well-studied, and that the parameters affecting the most important outcomes (such
as grafting density, chain length, and shell thickness) were correctly understood.
These achievements became the foundation for targeting a variety of organic parti-
cles with hydrophobic core and hydrophilic shell . For instance, one of the goals was
to cover the surface of the latex particles with a temperature-sensitive polymer shell
composed of polyNIPAAm, (LCST at approximately 32°C) [153, 155]. The growth
of the polyNIPAAm chains from the latex particle surface was studied in detail and
results similar to those found for the SI-ATRP of DMAAm were found [153]. At
20°C, the hydrodynamic thickness of the grafted polyNIPAAm layer measured by
DLS was proportional to DP,%% at constant grafting density and continuously de-
creased with the increase in temperature from 22 to 36°C. The fully collapsed and
hydrated dimensions of the core—shell particles were retained upon repeated cycles
of heating and cooling [153]. The presence of a regular extended polymer layer was
visualized by TEM after drying the latex at a temperature below the LCST [155]. At
temperatures above the LCST, the shell was no longer visible because the polyNI-
PAAm chains collapsed onto the polystyrene surface and the particles tended to
aggregate due to their enhanced hydrophobic character.

The possibility of grafting block copolymer chains via a two-step SI-ATRP was
studied. The concomitant increase in molar mass and thickness of the hydrophilic
layer proved both the living character of the polymer grafted in the first step and the
efficient reinitiation in the second step [152]. An example of block copolymer used
was polyDMAAm-b-polyNIPAAm, which exhibited a change in the chain confor-
mation leading to a reduction of the hydrodynamic diameter of the particles upon
an increase in temperature above the LCST, in a similar way as the polyNIPAAm
homopolymer.

Hairy polymer colloids formed in this way might find application in several
domains in the future. With a polymer brush exhibiting a LCST, the change of
surface properties with temperature could be of high interest for applications based
on adsorption—desorption processes, such as their use as stationary phases for
bioseparation. Recently, PEG-based N-substituted acrylamide macromonomers
were grafted via SI-ATRP from the surface of polystyrene latexes. These PEG-
based surfaces showed good protection against nonspecific protein adsorption from
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blood plasma compared to the bare surface [156]. A similar result was shown
with polystyrene particles coated with lactose residues, which enhanced protection
against adsorption of bovine serum albumin [157]. Although out of the scope of
this review article, it is also interesting to mention the application of the SI-ATRP
grafting method to “gigaporous” polymeric chromatography beads for the synthe-
sis of polyDMAAm brushes, with the goal of creating tunable high-throughput
size-exclusion chromatography media [168].

7.1.2 Atom Transfer Radical Polymerization in Organic Medium

Like the method described in the previous section, the first step of ATRP in an
organic medium is the preparation of functionalized latex particles via aqueous
(seeded) emulsion polymerization [158, 159, 161-164]. Synthesis of the core la-
tex particles was not different from the above-mentioned recipes, except that the
particles were stabilized against dissociation in the organic medium by crosslink-
ing. In addition, the use of a surfactant to tune the particle size was not a problem
as the particles were easily washed before being used as a substrate. In a par-
ticular example, the ATRP initiator was not introduced by copolymerization with
a functional monomer but by using layer-by-layer deposition of polyelectrolytes,
one of them containing halogenated functional groups [160]. The functionalized
particles were then isolated, washed, and transferred into an organic solvent for
subsequent SI-ATRP. In some sense, the technique is out of the scope of the present
review article because the CRP (i.e., the grafting reaction) was not performed in
aqueous medium. Depending on the solvent used for the ATRP, the experimen-
tal procedure was close to that of a surface-initiated polymerization (poor solvent
for the core polymer) or close to that used in homogeneous conditions for the
synthesis of grafted copolymers (good swelling solvent for the core polymer).
The core polymer used was either polystyrene (either crosslinked with divinylben-
zene [158, 159, 161, 162] or non-crosslinked [160]), poly(4-vinylbenzyl chloride)
(also crosslinked with divinylbenzene) [164], or polyMMA (crosslinked with a
trifunctional methacrylate) [163]. In parallel, the solvents were cyclohexanone
[158], methanol [ 159, 161], isopropanol/water [ 159, 161], acetone/water [159, 161],
tetrahydrofuran/methanol [ 162], toluene [163], or propanol [164]. The ATRP condi-
tions were classical, using Cu(I)/Cu(II) catalyst, various aminated ligands, and either
room temperature or more elevated temperature such as 75°C. The resulting poly-
mers were examined in terms of molar mass (when degrafted) and layer thickness.
Generally, the conditions leading to a CRP system were found to yield a well-
defined polymer shell. In some examples, the latter was a classical hydrophobic
polymer such as polyMMA [158, 160], polyMA [158], polystyrene [163], poly(terz-
butyl acrylate) [163], or polyBMA [163]. In one example, the grafted polymer was
polyDMAEMA, which showed pH- and temperature-responsive behavior when the
particles were further transferred to water [159]. The polyDMAEMA domains were
used as nanoreactors to generate gold nanoparticles at the particle surface, the cat-
alytic activity of which was effective in the reduction of 4-nitrophenol by NaBH,
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[161]. In another study, a poly4 VP layer was grafted, which was further activated in
a PdCl; solution followed by reaction with CO or H;S to yield composite particles
with metallic palladium or palladium sulfide nanoparticles in the shell.

7.1.3 Nitroxide-Mediated Radical Polymerization in Organic Medium

In recent years, nitroxide-mediated CRP (using SGI1 in particular) has under-
gone important development due to the increase in the number of polymerizable
monomers, and has hence become quite versatile for a variety of functional sys-
tems. It is thus of great interest to consider the technique for grafting polymer
chains onto reactive substrates. The technique was used for grafting polyDMAEA,
polystyrene-b-polyDMAEA and polyBA-b-polyDMAEA (co)polymers from poly-
mer particles prepared via aqueous emulsion polymerization [165]. As described in
the previous section, the grafting reaction was not performed directly in water but
in dimethylformamide, although the use of water might be possible if one considers
the successful development of NMP in aqueous dispersed systems (see Sect.2.2).
As for ATRP, the reaction requires the use of polymer particles functionalized with
a proper NMP initiator at their surface. The latex was prepared via batch emulsion
copolymerization of styrene and 4-vinylbenzyl chloride in the presence of a sur-
factant, to yield latex particles with an average diameter of 60 nm. The particles
were then transferred to dimethylformamide, and water was further eliminated by
evaporation. At this stage, the surface chloromethyl groups (~CH,—Cl) were turned
into the corresponding SG1-based alkoxyamines (-CH,—SG1). Because of the need
for copper catalyst in this reaction, the modified particles had to be thoroughly
cleaned by cycles of centrifugation and serum replacement. Then, the “grafting
from” reaction was performed in dimethylformamide in the presence of the selected
monomers (DMAEA, styrene or BA), free nitroxide and, for some reactions, an ad-
ditional free alkoxyamine initiator. Grafted block copolymers were synthesized in a
two-step procedure, using the particles with the living chains as a “multifunctional
macroinitiator”.

Compared to ATRP, the method is more straightforward because no catalyst is
required, only a simple elevation of temperature to reversibly activate the surface
alkoxyamine groups and start the polymerization. However, by comparison, the
reaction temperature needs to be high (112°C), whereas SI-ATRPs were mostly
performed at room temperature. The polymerization kinetics and evolution of M
of the free chains formed in solution were studied. The rate and M;, depended on the
presence or not of free alkoxyamine initiator in the polymerization solution. When
the initiator was present, the rate was enhanced but M, was lower, as expected.
In parallel, the free chains exhibited a very narrow molar mass distribution, which
might also be the same for the grafted chains. In addition, the latter were still living
because the reinitiation towards diblock copolymers was effective. An increase in
the particle diameter was observed concomitant to the growth of the polymer chains
at the surface (for instance, variation of the diameter was 18 nm when M,, of the
polyDMAEA was 25,000gmol ). Complete analyses of the particles confirmed
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the creation of surface polymer brush. All particles modified by a polyDMAEA
layer could be readily redispersed in water, which was not the case for the particles
without the grafted hydrophilic shell.

7.2 Grafting to Technique

The “grafting to” technique has the great advantage of allowing the synthesis of a
well-defined polymer before the grafting reaction, but it generally leads to low graft-
ing densities. To date, only the RAFT method has been used in this way for coating
preformed latex particles. By introducing a reactive function in the initiating and/or
leaving group of the RAFT agent, the macromolecules can be attached via their
a-end while they maintain their living character (i.e., reactive w-end group) after
the grafting reaction. Alternatively, the thiocarbonylthio m-end group can be easily
turned into a thiol function for further attachment of biological molecules. In a first
approach [166], a polystyrene latex was prepared via an emulsifier-free emulsion
polymerization in the presence of a hydrophilic functional comonomer, aminoethyl-
methacrylate hydrochoride, which creates a hydrophilic layer at the particle surface
and yields primary amine groups in alkaline conditions. The hydrophilic polymer
to be grafted was polyNAM prepared using a dithiobenzoate RAFT agent with
a propionic acid leaving group, which was further modified into the correspond-
ing activated ester. The amide linkage between the polymer chains and the latex
surface was then created by reaction between the activated polyNAM chains and
the surface amine groups. The reaction was performed at 40°C for 12 h. The other
approach [167] was based on a crosslinked latex of poly(styrene-co-4-vinylbenzyl
chloride), in which the surface chloromethyl groups were turned into azides via re-
action with sodium azide. The hydrophilic polymer to be grafted was a poly[methyl
ether oligo(ethylene glycol) methacrylate] synthesized via RAFT using a dithioben-
zoate chain transfer agent with an ethynyl substituent on the leaving group. Grafting
of the polymer onto the latex surface was performed via the Cu(I)-catalyzed Huis-
gen [3 + 2] dipolar cycloaddition between alkyne and azide [106], and the reaction
was carried out overnight at 70°C. In both cases, the modified latex was further
cleaned to remove all unattached polymer, and the presence of the hydrophilic shell
was checked by various techniques, including particle size analysis.

8 Conclusion

After a long period of time devoted to the implementation and understanding of CRP
in aqueous dispersed systems, a greater level of control has been achieved and will
lead to the design of new systems and eventually new particle morphologies. Besides
the classical target of control over chain structure, CRPs in miniemulsion or in emul-
sion along with grafting techniques offer exceptional tools for the design of new
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nano-objects that were not accessible before via classical radical polymerization or
that required many synthetic steps. We believe that this target will be the most im-
portant one for CRP in the future because not only will new types of particles emerge
but also because more robust structures will be achieved via easier syntheses.
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Miniemulsion Polymerization as a Means
to Encapsulate Organic and Inorganic Materials

Clemens K. Weiss and Katharina Landfester

Abstract The miniemulsion technique greatly enhances the possibilities for the
preparation of hybrid nanomaterials by encapsulating molecular compounds, lig-
uids, or solid material. Using this technique, a wide variety of novel functional
nanocomposites can be generated that are not accessible with other techniques. After
briefly introducing miniemulsions and the miniemulsion polymerization techniques
for the preparation of polymeric nanoparticles, this review focuses on the prepara-
tion of functional nanostructures by encapsulation of organic or inorganic material
in polymeric matrices. The examples presented highlight the possibility to either
protect the encapsulated material (e.g., dyes, drugs, magnetite, or DNA) and create
completely new properties that emerge in a synergistic manner from the compo-
nents of the nanocomposites, or to perform reactions in polymer-enclosed vessels
of submicrometer size.

Keywords Hybrid materials - Miniemulsion - Nanocomposites - Nanomaterials
- Nanoparticles
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1 Introduction

Novel applications in science and technology require highly efficient and, if
possible, environmentally friendly methods and techniques for the generation
of functional nanocomposite materials. Serving the environmental aspect, water-
based formulation techniques that avoid the use of organic solvents are the focus
of attention. Besides the well-known water-based emulsion and microemul-
sion polymerization processes, the miniemulsion polymerization technique is a
highly versatile heterophase system that is suitable for the preparation of complex
nanoparticles.

Miniemulsions are two-phase systems that consist of finely dispersed stable
droplets in a second, continuous phase. The droplets are usually created by the
application of high shear forces (ultrasound, high pressure homogenization, etc.)
on a conventional emulsion formulated from two immiscible liquids. Direct (oil-
in-water, o/w) as well as indirect (water-in-oil, w/0) miniemulsions can be prepared
and stabilized with the appropriate surfactant. The droplets are in the submicrometer
range and show a narrow size distribution. The ideal concept of individually acting
nanoreactors is realized in miniemulsions because the droplets are stabilized from
collisions and coagulation by a surfactant, and a costabilizer suppresses diffusional
degradation. Cationic, anionic, and nonionic surfactants can be used for the formu-
lation of a miniemulsion. The costabilizer, often called “(ultra)hydrophobe” (direct
miniemulsion) or “lipophobe” (inverse miniemulsion), has to be a compound with
an extremely low solubility in the continuous phase. For direct miniemulsions hex-
adecane is often used; for indirect miniemulsions a salt such as NaCl is usually used.
The costabilizer creates an osmotic pressure inside the droplets, counteracting the
Laplace pressure that is responsible for diffusional degradation (Ostwald ripening).

This has several implications on the reactions and on the products obtained from
a miniemulsion process [1-3]. Ideally, the droplets do not change their identity dur-
ing the whole miniemulsion process. This means that, without outer stimuli and low
solubility in the continuous phase, the contents of the droplets remain inside and do
not interact with droplets in the vicinity. The reaction volume is essentially limited
to the volume of one droplet. Furthermore, as long as no product is created that
is soluble in the continuous phase, the concentrations and relative amounts of the
droplet contents are unchanged before and after the reaction.

Unlike in conventional emulsion polymerization processes, the droplets can
be regarded as individually acting nanoreactors, suitable for a wide variety of
different reactions. Organic reactions (esterifications) [4, 5], crystallization pro-
cesses [6-9] and sol-gel reactions [10], to name only few, can be conducted in
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miniemulsions. However, the miniemulsion technique is especially of great interest
for the preparation of (functional) polymeric nanoparticles. The nanoreactor con-
cept, realized in miniemulsions, allows the independent polymerization of a large
number of individually acting nanodroplets. Thus, not only radical homopolymer-
ization can be performed, but also defined copolymerization for the generation of
copolymer nanoparticles or the defined introduction of functional groups to the
particle surface. Moreover, miniemulsion polymerization is not limited to free rad-
ical polymerization. The examples found in literature range from controlled radical
polymerization, anionic and cationic polymerization, enzymatic polymerization,
and polymerase chain reaction to polyaddition and polycondensation reactions,
highlighting the versatility of the miniemulsion polymerization technique [1].

In addition to “simple” particle generation, the miniemulsion offers great oppor-
tunity for the encapsulation of small molecules, liquids, and solids in polymeric
matrices or shells to generate functional hybrid nanomaterials for a wide variety of
applications.

2 Encapsulation of Material Soluble in the Dispersed Phase

Compounds that are soluble in the dispersed monomer phase can be very easily in-
tegrated in a standard miniemulsion polymerization process, as illustrated in Fig. 1.

After dissolution of a desired amount of functional molecule, the two phase sys-
tem is homogenized and subsequently polymerized. During the homogenization
process, the added compound is homogenously distributed among the generated
droplets, ensuring that the concentration in the droplets is essentially the same con-
centration as in the bulk monomer phase before homogenization. Owing to the
nanoreactor concept, the concentration remains at the adjusted value throughout the
polymerization process. The final morphology of the nanocomposite is determined
by the solubility of the added compound in the polymer. Full miscibility leads to

homogenization

l-ﬁ

polymerization

l-ﬁ'_

Fig.1 Miniemulsion polymerization process in the presence of additional compounds added to the
monomer. Left: Two-phase system consisting of an aqueous surfactant solution (lower phase) and
a monomer phase (upper phase) containing the costabilizer and the functional compound. Middle:
Nanodroplets of same size containing the functional molecules. Right: Polymerized particles with
the encapsulated component
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a solid solution in which the compound is homogenously distributed all over the
polymeric matrix. If the component becomes insoluble in the polymer, phase sep-
aration occurs and leads to smaller or larger domains, which can be distributed as
microdomains all over the matrix or assemble to form a core—shell structure.

2.1 Dyes

Dyes have not only been encapsulated for the generation of colored or dye-labeled
beads or for protection of the dye, but also for investigation of the miniemul-
sion polymerization process, especially droplet nucleation and particle formation
[11-16].

Musyanovych et al. [17] investigated the particle formation process in
miniemulsions containing styrene plus an additional positively aminoethyl-
methacrylate (AEMH) or negatively charged acrylic acid (AA) comonomer in
the presence of the nonionic surfactant Lutensol AT50. The fluorescent dye
N-(2,6-diisopropylphenyl)perylene-3,4-dicarbonacidimide (PMI) was added to
the monomer phase as probe. The authors observed that in contrast to pure
polystyrene (PS) particles, the particles prepared with a high amount of functional
comonomer result in bimodal size distribution. By evaluating the PMI content in the
fractions of the large and the small particles, it was found that the dye concentration
was the same in both fractions. Such a situation cannot be generated by monomer
diffusion or secondary nucleation (see Fig. 2) because different PMI concentrations
in the fractions are to be expected. Diffusion of monomer from smaller to larger
particles without the diffusion of PMI would lead to a high PMI concentration
in the smaller particles and a lower concentration in the larger particles because
the amount of PMI remains the same and the amount of monomer changes. Parti-
cles generated by secondary nucleation should be free of dye. Only the so-called
budding-effect can explain the equal dye concentrations found in both fractions.

The encapsulation of different types of fluorescent dyes gave evidence for the
protection of encapsulated molecules from environmental influences by a polymeric
shell. Although the particles are about 100-200nm, which means that the actual
barrier created by the polymeric shell is less than 100 nm, the protection against
water or oxygen is highly efficient.

It is well known that the luminescence of lanthanide complexes is quenched by
the presence of water, as OH™ vibrations can interact and thermally relax the excited
lanthanide states [18]. After encapsulation of the europium-B-diketonato complexes
europium-(2-naphthoyl trifluoroacetone)s, Eu(NTFA)3, and europium-(2-naphthoyl
trifluoroacetone)s(trioctylphosphine oxide),, Eu(NTFA)3;(TOPO);, in a PS matrix,
the quantum yield observed for the encapsulated complex in the presence of water
was significantly higher (about four times) than without the polymeric shell, indi-
cating protection from environmental water [19].

Pyrene was used as a fluorescence probe by several authors [20-22]. Bradley
et al. [20] used poly(methylmethacrylate) (PMMA) as matrix to prepare pyrene/
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Fig.2 Mechanism for the emergence of a bimodal particle distribution after miniemulsion copoly-
merization of styrene with charged comonomers in the presence of Lutensol ATS50

PMMA hybrid particles of less than 100 nm. The authors found that the lifetime
of encapsulated pyrene was 520ns, irrespective of the oxygen concentration (a
quencher for pyrene fluorescence) in the dispersion. In solution, the lifetime of
pyrene was 20 ns in air and increased to 118 ns in nitrogen atmosphere. Additionally,
it could be shown that the fluorescent dye could be efficiently protected from water-
based quenchers. Even in the presence of T1,SO4, a highly efficient quenching agent
for pyrene fluorescence, no reduction of the fluorescence lifetime was observed,
which also indicates that no pyrene can be found on the particle surface. The incor-
poration of pyrene and some of its derivatives in a PS matrix showed comparable
results [21, 22]. Itis interesting that pyrene, as a molecularly dissolved component in
the PS matrix, does not show excimer emission until high concentrations in the ma-
trix are reached [21, 22]. This means that the molecules are efficiently separated by
the phenyl rings of the PS matrix. Using a polymerizable pyrene-based comonomer
in the same concentration as pyrene, excimer formation was observed, indicating
less effective separation due to the introduction of the polymerizable group [22].
Colored latexes or nanocolorants have been proposed as a new class of colorants,
in addition to conventional dyes and pigments, that combine the advantages of both
classes while overcoming their disadvantages. Although dyes show excellent color
saturation and contrast, their poor thermal and light stability and their low resistance
against water limits their application as water-based inks. Pigments, on the other
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hand, are generally highly stable against environmental influences but show low
color brilliance and low image gloss. Additionally, the size of the pigment parti-
cles has to be reduced by means that consume energy and time, and thus money.
Because nanocolorants are polymeric nanoparticles with encapsulated and protected
dye, one can imagine that the advantages of both of the conventional colorants are
indeed combined. Several dyes have been used for the preparation of colored latexes.
Takasu et al used phthalocyanine dyes as well as styryl or azo dyes [23-25] to in-
vestigate the aggregation state of the dyes in the polymeric matrix and the “leaking”
of the dyes as a function of their bulkiness. Diffusion from the composite particles
into the aqueous phase of a nanocolorant dispersion can be limited by either using a
bulky dye, thus increasing the stiffness of the polymeric matrix (e.g., by crosslink-
ing), or by the introduction of an impermeable shell around the particles [23]. Here,
a polyurea shell limited the leaking of the dye from the particles [24].

Sudan Black B, a dye insoluble in monomers could be encapsulated by mixing a
50 wt% Sudan Black B solution (methylisobutyl ketone) with styrene and subjecting
the mixture (1:1) to subsequent miniemulsion polymerization. After polymerization
and evaporation of the solvent, phase separation occurred and the dye was encapsu-
lated by a polymeric shell, which effectively protects the dye from photodegradation
induced by UV-activated oxygen [26].

Co-encapsulation (which is essentially limited to the miniemulsion technique) of
a hindered amine acting as radical scavenger improved the photobleaching perfor-
mance of the encapsulated dye [23].

With a modified miniemulsion technique using the encapsulated dye and pre-
formed PS (M,, = 50,000 gmol™!) as hydrophobic costabilizer, the dyes solvent
green, solvent yellow, solvent blue, and solvent red could be encapsulated in a
PMMA matrix [27, 28]. Depending on the concentration and the dye, phase sep-
aration occurred during the generation of the composite particles to form dye
crystallites enclosed by a polymeric shell [27]. In the dispersed state, the dyes in-
teract with the polymeric matrix, which is manifested by a small but significant
bathochromic shift of the absorption maxima [28].

By copolymerizing a stimuli-responsive polymer/hydrogel layer around a col-
ored nanoparticle of PS-co-PMMA, color-changing latexes could be prepared. The
hydrogel can switch from a collapsed hydrophobic to a swollen hydrophilic layer
around the central particle, changing the local refractive index and, consequently,
the color intensity of the latex. Using poly(n-isopropylacrylamide) (PNIPAM)
[29], the layer reacts to temperature changes, and using poly(2-(diethylamino)ethyl
methacrylate) (PDEAEMA) [30], the layer reacts to changes in the pH of the
aqueous continuous phase.

Photochromes are a special class of dyes. After irradiation with a specific wave-
length, generally in the UV range, these dyes change their chemical structure
(e.g., cyclization). The newly formed compound shows different spectral properties
(“‘color”) to the original structure. After irradiating such dyes with a second charac-
teristic wavelength, usually in the visible range, the structural change is reversed and
the original chemical structure and, consequently, the original color is regenerated.
Integrating these compounds in nanosized polymeric matrices allows, e.g., the for-
mulation of color-changing inks.
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Several photochromes of different structures (diarylethene and spirobenzopyran)
were encapsulated in PS matrices to form composite nanoparticles with diame-
ters between 70 and 150nm [31]. TEM images did not show phase-separated dye
crystals in the nanoparticles. Hybrid films were prepared by spin-coating and inves-
tigated for their photochromic properties. After UV irradiation, the films changed
their color according to the embedded photochrome. The reversibility of this process
was shown by irradiation with light of 500-650nm, which reinstalled the original
state.

The above-mentioned possibility for the co-encapsulation of two or more com-
pounds in exact relative amounts enables the preparation of “photoswitches.”
Furukawa et al. [32] co-encapsulated a boron-dipyrromethene (BODIPY)-based
dye (top, Fig.3) in combination with (cis-1,2-bis(2,4,5-trimethyl-3-trienyl)ethane
(CMTE), a photochromic dye. CMTE changes from the two-ring structure (left,
Fig. 3) to the condensed three ring structure (right, Fig. 3) through irradiation with
UV light. By applying visible light of the correct wavelength (broad maximum
at 518nm), the change can be reversed. Before irradiation with UV light, the
BODIPY dye exhibits its normal fluorescence properties: excitation at 488 nm and
emission at 510nm. After irradiation with UV light, the three-ring structure of
CMTE efficiently quenches the fluorescence of the excited BODIPY dye as the
energy is transferred by a Forster-type resonance effect. After energy transfer, the

© BODIPY®493/503
e CMTE

Fig. 3 Co-encapsulation of BODIPY and CMTE [32]. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission
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two-ring form of CMTE is reformed and the excited BODIPY state is no longer
quenched. The particles fluoresce as they did before UV irradiation. The switching
efficiency is dependent on the distances between BODIPY and CMTE. Hence, at
higher concentrations and, consequently, less distance, the energy transfer is more
efficient.

Comparable photoswitchable fluorescent nanoparticles with other fluorescent
dye/photochrome systems were prepared by Hu et al. [33, 34]. Here, a spiroben-
zopyran (BTF6) was co-encapsulated with solvent green 5, disperse yellow 184 [34]
and solvent yellow 44 [34]. Due to the spectral overlap of the open-ring form of
BTF6 with the emission wavelengths of the respective fluorescent dyes, the fluores-
cence emission could effectively be quenched and transferred to the encapsulated
BTF6.

2.1.1 Biomedical Application of Dye-Labeled Nanoparticles

Polymeric nanoparticles have been proposed for several biomedical applications
ranging from drug delivery to cell labeling [35]. As the polymeric particles are
in the size range of 100 nm, detection is only possible via electron microscopy or
particle labeling. Traditionally, nanoparticles are labeled with radioactive isotopes
(e.g., '*C [36], '*°1 [37]), which can easily be integrated in the polymeric matrix
with conventional emulsion polymerization because the radiolabeled monomer is
chemically identical to the non-radioactive compound. More popular and power-
ful is fluorescence labeling of bioactive molecules or particles because several dyes
with different fluorescent colors can be applied. Introduction of a fluorescence label
to nanoparticles via surface reactions, or particle coating with a fluorescent poly-
mer (e.g., FITC-dextran [38]) is possible with preformed polymeric nanoparticles.
Adsorbed dyes are prone to desorption and alter the surface of the nanoparti-
cles, which might also affect the response of biological systems to the nanoparticles.
The integration of markers in the particles can label them without alteration of
the particle surface. Here, the miniemulsion polymerization technique offers the
unique possibility of directly introducing hydrophobic fluorescent dyes into a poly-
meric matrix. Besides the possibility of applying a wide variety of monomers, the
nanoparticles can be surface-functionalized in situ via the addition of functional
co-monomer to the miniemulsion.

The ability of different cell lines to internalize polystyrene nanoparticles with
different densities of amino or carboxy surface-functionalization was investigated
quantitatively using fluorescence-activated cell sorting (FACS), and qualitatively
using confocal laser scanning microscopy. Both techniques are based on the re-
liable and uniform distribution of the fluorescent dye among the nanoparticles
[39, 40]. Here, the highly hydrophobic dye PMI is used. As the amount of dye
in the nanoparticles is known and, as the nanoparticles are prepared with the
miniemulsion technique, it can be assumed that each particle contains essentially
the same amount of dye; therefore, quantification of particle uptake is possible. The
experiments showed that especially the highly amino-functionalized nanoparticles



Miniemulsion Polymerization to Encapsulate Organic and Inorganic Materials 193

are favorably internalized in all of the investigated cell lines. Surface functionaliza-
tion with carboxylic groups also slightly enhances the particle uptake compared to
that of plain, non-functionalized PS nanoparticles. In order to investigate the actual
uptake path into HeLa cells, positively and negatively charge PS nanoparticles of the
same size were applied in combination with selective inhibitors for different uptake
mechanisms [41]. By quantification of the incorporated fluorescent dye it could be
shown that the uptake is energy-dependent and involves F-actin and dynamin, irre-
spective of the surface charge of the particles. Additionally, macropinocytosis seems
to be important for the uptake of the positively charged nanoparticles.

Besides the above-mentioned experiments using PS-based nanoparticles, PMI
could be successfully incorporated into phosphate-functionalized PMMA and PS
[42], polyisoprene (PI), PS-co-PI [43], polyester [44], and poly(butylcyanoacrylate)
(PBCA) [45, 46] matrices (Fig. 4) for the investigation of cellular response to these
polymeric nanoparticles. It could be shown that the internalization in different cell
lines depends on the cell line, the polymer, and the surface functionalization of the
nanoparticles.

Moreover, PBCA nanoparticles were also applied to in vivo studies on their abil-
ity to permeate the blood-brain barrier (BBB). The results (Fig.5) showed that,
depending on the particle dose applied to rats, the particles are located in the brain
blood vessels (45 mg) or can cross the BBB (200 mg). The results were confirmed
through investigations of the blood—retina barrier (comparable to BBB) [45].

So-called dual-marker particles are functionalized with dye and magnetite
simultaneously. Magnetite label can be detected in vivo by altering the contrast
in magnetic resonance tomography experiments, while the location of the fluores-

cent dye can be investigated by fluorescence or confocal laser scanning microscopy
[47-49].
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Fig. 4 SEM image of PBCA nanoparticles with encapsulated fluorescent dye PMI
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Fig. 5 Cryosections of rat brain after administration of 45 and 200 mg of PBCA nanoparticles.
Transmitted: optical transmission images of the sections (40x). Nano: green fluorescence created
by the PMI-labeled nanoparticles. Willebrand: endothelial cells stained with red fluorescent an-
tibody (von Willebrand factor primary and anti-IgG secondary antibody with fluorescent label).
Merge 40x and merge 63 x: images merged from the green and red channels. Scale bars: 100 mm
[45]

Hydrophilic dyes were encapsulated in nanogels using the inverse miniemulsion
polymerization method. The crosslinked poly[oligo(ethylene glycol) monomethyl
ether methacrylate] (POEOMA) nanogel was prepared by using atom transfer rad-
ical polymerization (ATRP) in Span80-stabilized aqueous droplets. A polymeric
dye [rhodamine isothiocyanate (RITC) dextran] [50] could be incorporated in the
systems, as could rhodamine in combination with doxorubicin [51] or with bovine
serum albumin and gold nanoparticles [52].

2.2 Metal Complexes

As mentioned above, organometal dyes, especially lanthanide-based dyes, have
been used for the generation of dye-containing, colored latexes. Several other ap-
plications that do not exploit the optical properties of the metal complexes can also
be found in literature.

Usually, the encapsulated compound is present in a finely dispersed state, dis-
tributed all over the polymeric matrix or in aggregates of different size, up to
small crystallites (see above). Tetramethylhepandionato lanthanide (Ln(tmhd)3)
complexes, on the other hand, were found to generate spherical lamellar structures
that resemble “nano-onions” [53] when used in a miniemulsion polymerization pro-
cess with acrylate monomers. Although the exact mechanism of the layer formation
and the exact composition of the layers remain the subjects of ongoing research,
some facts have become evident. The special triangular-prismatic geometry of



Miniemulsion Polymerization to Encapsulate Organic and Inorganic Materials 195

the complex, which gives access to further coordination sites, seems to play a
crucial role in structure formation because the corresponding octahedral Al(2,2,6,6-
tetramethylheptane-3,5-dione); complex did not induce structure formation. It has
been speculated that either the complexes themselves assemble to the layer struc-
tures or that coordinative interactions between the carboxy functions of the acrylate
monomers or sodium dodecyl sulfate (SDS) and the lanthanide ions generate entities
that assemble to lyotropic subphases.

No structure formation was observed by Vancaeyzeele et al. [54] after the encap-
sulation of unsymmetrical lanthanide-B-diketonato [lanthanide tris(4,4,4-trifluoro-
1-(2-naphthyl-1,3-butanedione)] complexes (where the lanthanide is Pr, Ho, La, Tb,
or Eu) in crosslinked PS nanoparticles. Single-element as well as multi-element
particles of different sizes could be prepared. The lanthanide content of the particles
was investigated using inductively coupled plasma mass spectrometry (ICP-MS)
and optical emission spectrometry (ICP-OES) and determined as 1000 complexes
per particle. By evaluating the lanthanide content in the continuous phase after re-
moval of the particles, they found that no complex leaks from the composite beads.
With exact determination of the element combination and their relative amounts, an
elemental signature can be attributed to one specific particle batch. Exploiting this
feature, Vancaeyzeele and coworkers could monitor the amount of internalization of
differently sized element-encoded particles in different, clinically relevant cell lines.

A novel approach for non-conventional nanolithography is also based on a
miniemulsion process that includes the encapsulation of a hydrophobic metal
complex [55, 56] in a polymeric matrix. Acetylacetonatoplatinum(Il)-loaded PS
nanoparticles of extremely narrow size distribution could be deposited in a highly
ordered hexagonal array on hydrophilic Si substrates [55]. After deposition, the ar-
ray was subjected to plasma and temperature treatment for removal of the polymer
and annealing of the resulting metal particles, leading to a highly ordered array of
platinum nanoparticles of ca. 10 nm, the size being dependent on the amount of Pt
complex encapsulated in the PS beads. The Pt nanoparticles occupy the centers of
the former composite particles and have interparticle distances that are determined
by the size of the initial beads. Increasing or decreasing the initial particle size leads
to larger or smaller distances between the Pt particles (Fig. 6). The size of the Pt
particles can easily be adjusted by the amount of complex added to the monomer
before polymerization. These arrays of perfectly ordered nanoparticles can be used
to produce, e.g., arrays of silicon nanopillars or ordered arrangements of nanoholes
in a Si substrate. Co-encapsulation of acetylacetonatoplatinum(II) and acetylaceto-
natoiron(IIl) in a stoichiometric ratio Fe:Pt of 1:1 led to the formation of a highly
ordered array of FePt nanoparticles after the same treatment as described above.

2.3 Functional Organic Molecules

Sensitive or volatile substances such as drugs, initiators, or fragrances need to be en-
capsulated and protected for applications with a sustained demand of the respective
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Fig. 6 (a) Pt-containing latex after depositing a monolayer onto a silicon substrate. (b) Same
substrate after exposing the deposited latex to an isotropic oxygen plasma for 2 h, and subsequently
annealing the sample up to 850°C for a short period of time. The initial diameter of the latexes is
200 nm; the final diameter of the Pt nanoparticles is around 10 nm

compound. A further benefit of the polymeric shell is the possibility of controlling
the release of the compound from the composite particles and, hence, its concentra-
tion in the environment.

By encapsulation in PMMA or PBA-co-PMMA, the acid-sensitive photoinitia-
tor Lucirin TPO could effectively be shielded from acidic environments [57]. The
hybrid particles are a typical example of a system in which a core—shell morphol-
ogy (Fig.7) is generated by phase separation during the polymerization process.
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Fig. 7 TEM images of encapsulated Lucirin TPO in polymer shells, clearly reveling core—shell
morphology

Although the photoinitiator is readily soluble in the monomer(s), it is insoluble in the
polymer. Thus, Lucirin TPO precipitates and forms an amorphous core surrounded
by a polymeric shell. The encapsulation efficiency, which is the ratio of encapsulated
material to material initially added to the system, was determined to be about 90%.
The release of the initiator into the environment was investigated using isopropanol
as solvent. Compared to a 50% release of Lucirin TPO after less than 1 min, the
release from a crosslinked shell is significantly prolonged to about 5 min.

The encapsulation of a volatile fragrance was shown by Theisinger et al. [58].
The authors used 1,2-dimethyl-1-phenyl-butyramide (DMPBA) (bp 41°C) for en-
capsulation in PS, PMMA, poly(butylmethacrylate) (PBMA) and copolymers to
adjust the 7}, of the polymeric particles. Hybrid particles with a ratio of 1:1 DMPBA
to polymer could be prepared. Calorimetric measurements revealed the altered poly-
merization kinetics after the addition of DMPBA to the monomer. Full conversion
was reached after significantly longer reaction times (150 min compared to 25 min
for pure monomer). Additionally, the molecular weight is reduced by an increased
amount of added amine. The release, which was gravimetrically determined, can be
controlled by the amount of encapsulated material and the environmental tempera-
ture. Generally, higher fragrance content leads to slower release, and if the material
is released at temperatures above T the loss is faster and more complete compared
to release at temperatures below 7.

In contrast to sustained release, some applications might require the liberation
of the entire encapsulated material during a very short period of time, initiated by
an external stimulus as temperature. To achieve this goal, azoinitiators with high
decomposition temperatures were encapsulated in polymeric matrices [59]. The idea
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250 nm

Fig. 8 SEM image of nanoparticles with encapsulated azoinitiator after “nanoexplosion”: (a) top
view, (b) plane tilted by 35°

is to decompose the encapsulated initiator very rapidly at elevated temperatures,
producing a large volume of nitrogen that will literally blow up the nanoparticle
and lead to a rupture in the particle wall — a “nanoexplosion” (Fig. 8). Encapsulated
material would thus be released all at once, triggered by increased temperature. It is
important that the decomposition temperature is chosen below the 7 of the polymer,
otherwise the generated gas can escape from the particles without breaking the shell.

3 Capsule Formation

Particles with liquid (aqueous or organic) or hollow interior are generally termed
capsules. In contrast to solid particles, capsules can, for example, accommodate and
protect aqueous solutions of sensitive structures such as proteins or DNA. Addi-
tionally, thin capsule shells with adjusted material and porosity can guarantee rapid
exchange of solvent with the capsule exterior but keep the (functional) encapsulated
material in the interior. In addition to the well-known layer-by-layer approach, with
or without the use of sacrificial cores [60, 61], the miniemulsion technique is an
ideal candidate for capsule formation and provides several ways for the formation
of polymeric capsules in the range of several hundred nanometers. The formation
of inorganic capsules (e.g., [62]) by miniemulsion polymerization is also possible.
For the formation of polymeric nanocapsules, three general techniques can be dis-
tinguished and will be discussed in detail:

1. Capsule formation by phase separation (Sect. 3.1; Fig. 10)
2. Generation of polymer at/from the interface (Sect. 3.2.2; Fig. 13)
3. Nanoprecipitation of polymer on preformed nanodroplets (Sect. 3.3; Fig. 18)

Irrespective of the technique applied for capsule formation, the resulting morpho-
logy delicately depends on thermodynamic and kinetic factors. The polymer used
for the shell formation has to be sufficiently insoluble in the core liquid: if the sol-
ubility is too high, no phase separation can occur and homogenous structures are
formed (i.e., particles or gels). If the phase separation cannot proceed “smoothly”
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Fig. 9 Equilibrium a
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(e.g., when the viscosity of the system is too high, or in the case of restricted chain
mobility by excessive crosslinking) the kinetics will determine the morphology of
the resulting nanostructures (e.g., particles or multicore structures).
Thermodynamic considerations, based on the work of Torza and Mason [63], can
predict the equilibrium morphology without the influence of kinetic factors. The
studies were conducted with two immiscible organic liquids in water. Based on the
interfacial tensions ¥;; and the respective spreading coefficients Sj, the equilibrium
morphology could be predicted. The spreading coefficient S; is defined as:

Si =7k — (v + i)

Assuming that yj2 > Y23, with subscripts 1, 2, and 3 denoting organic liquid 1,
water, and organic liquid 2, respectively, the morphologies shown in Fig. 9 can be
predicted.

Although the considerations give a general idea of the resulting morphology,
surfactants that alter the interfacial tensions of the components are employed in
miniemulsions, and at least one component is not a liquid but a high molecular poly-
mer. Thus, more elaborate models have to be used for more accurate prediction of
the equilibrium morphologies. These models are discussed in detail elsewhere [64].

3.1 Capsule Formation by Phase Separation

This technique is suitable for the encapsulation of hydrophobic liquids. The basic
steps are shown in Fig. 10.
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Fig. 10 Capsule formation by phase separation. A solution of monomer and hydrophobic oil (/eft)
is dispersed in an aqueous surfactant solution (middle). Phase separation between the growing
polymer and the oil occurs, leading to core—shell morphology with encapsulated liquid (right)

Here, the disperse phase of the direct miniemulsion consists of an organic liq-
uid (usually a long chain hydrocarbon or a triglyceride), which is a solvent for the
monomer(s) but a nonsolvent for the emerging polymer. When the polymer has the
proper hydrophilicity and interfacial tensions with the other phases, phase separa-
tion occurs in a way that the nonsolvent is engulfed by the growing polymeric shell,
eventually leading to complete encapsulation of the organic liquid.

The importance of the polymer is underlined by the work of several authors
[65, 66]. Generally it was found that an increase in the polymer’s hydrophilicity
favored the formation of capsules, while the application of hydrophobic polymer,
such as PS, yielded a mixture of capsules and particles. The copolymerization of
styrene with MMA, AA [65], methacrylic acid (MAA) [66] or NIPAM [67] led to
the formation of a large fraction of capsules, but solid particles were still gener-
ated. Using MMA [65] as monomer, capsules are generated. Their properties such
as size and shell thickness can be adjusted by changing the ratio of monomer to
hexadecane (HD), which is encapsulated. In a conventional miniemulsion polymer-
ization of MMA with HD as osmotic pressure agent (MMA : HD = 24 : 1) particles
of 70 nm are generated. Increasing the ratio of MMA:HD to 1:5, nanocapsules with
a liquid core and sizes up to 160nm are formed. The shell thickness constantly
decreases with the amount of added HD. As mentioned above, the surfactant is an-
other crucial factor in determining the final morphology. Decreasing the amount of
SDS used for stabilization of the droplets/capsules from 4.1 wt% (with respect to
the dispersed phase) to 0.6 wt%, the morphology changes from capsules to bowl-
like structures and fragments of capsules. Here, the increase in interfacial tension
changes the morphology of the structures. The same can be observed for the appli-
cation of Lutensol AT50 (Fig. 11). In this case, the structures have larger diameters
(230nm) but show the same bowl-like shape as observed with a low amount of
SDS [65].

Capsule morphologies could also be obtained by applying the biodegradable
surfactant lecithin and the eco-friendly hydrophobe Neobee M5 (triglyceride)
[68] after copolymerization of styrene and divinyl benzene (DVB), controlled
by 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and stabilized by poly(vinyl
alcohol) (PVA) [69].
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Fig. 11 Coexistence of PMMA nanocapsules and capped particles in the presence of (a) low
concentration of SDS and (b) Lutensol AT50 as stabilizer

3.2 Capsule Formation by Polymerization From or at the Interface

Another concept is to initiate the polymerization reaction from the interface to the
center of the monomer-containing droplets, or to generate polymer at the interface.
The first approach can be realized by interfacially active initiators or water-soluble
initiators generating amphiphilic species that “anchor” the growing polymeric chain
to the interface. Here, the monomer is only located in one phase. For the second
approach, it is most convenient to have a hydrophilic monomer in the aqueous phase
and a hydrophobic monomer in the organic phase — they only meet and react to
polymer at the interface.

3.2.1 Initiation at the Interface

In their effort to generate capsules from PS, Tiarks et al. [65] used the interfa-
cially active initiator PEGA200, which increased the fraction of capsules in direct
miniemulsions.

Ni et al. [70] generated organic/inorganic PS/silica shells around an inert
hydrocarbon by copolymerizing styrene with methacryloxypropyltrimethoxysi-
lane (MPS). The application of the hydrophilic comonomer MPS, potassium
peroxodisulfate (KPS) as initiator, and a critical octane/monomer ratio led to the
formation of polymeric shells. A subsequent condensation of ~40% of the silanol
groups led to the formation of silica. The authors assign the capsule morphology
to the presence of the hydrophilic comonomer favoring phase separation, with KPS
being responsible for the above mentioned anchoring effect.

A detailed study, comparing the thermodynamic prediction for the equilib-
rium morphology with the experimental results, was performed using a system



202 C.K. Weiss and K. Landfester

comprising HD as core material, polybutylacrylate (PBA) as polymeric compo-
nent, and KPS as anchoring initiator [71]. The thermodynamic model predicted an
inverted core—shell structure with polymer engulfed by HD. The theoretical predic-
tions stood in clear opposition to the experimental results. Although PBA is difficult
to visualize due to its low T;, evidence for core-shell structures with encapsulated
hydrocarbon could be found. This difference is explained by kinetic factors, such
as impaired diffusion, and most importantly by the initiation and propagation of the
polymerization from the interface to the liquid droplet core.

Some insight into the kinetic requirements for the formation of polymeric cap-
sules can be gained by the experiments of van Zyl et al. [72]. The authors in-
vestigated the controlled living polymerization of styrene for the encapsulation
of isooctane. Two different RAFT agents (reversible addition fragmentation chain
transfer) were employed in a miniemulsion polymerization process. Phenyl 2-propyl
phenyl dithioacetate (PPPDTA) led to very fast polymerization reactions, whereas
phenyl 2-propyl dithiobenzoate (CDB) retards the polymerization reaction. Again,
KPS was used to fix one end of the polymer to the interface. The effect of KPS could
clearly be shown in comparison to the application of N,N-azo-bis-(isobutyronitril)
(AIBN). Using PPPDTA, a living polymerization with KPS and AIBN could be ob-
served, but capsules were generated with only KPS. Initiation by using AIBN led to
the formation of solid particles because no amphiphilic, anchoring species are gen-
erated, allowing the growing species to diffuse into the droplets. The combination
of CDB and KPS could not generate capsules because the viscosity of the growing
polymeric shell is not high enough to reduce the chain mobility sufficiently and also
allow diffusion of the growing polymer into the droplet

Living polymerizations can be restricted to the interface between an organic
droplet and the water phase in a miniemulsion by using amphiphilic oligomeric
RAFT agents. The thioester group was coupled to either PAA-H-PSS (polyacrylic
acid-block-polystyrenesulfonate) oligomers [73] or SMA oligomers (styrene-maleic
anhydride) [74, 75]. In the first case, NaOH solution is used to deprotonate the
carboxylic acid groups, and in the second case ammonia is employed for ammonoly-
sis/hydrolysis of the maleic anhydride, thus generating amphiphilic structures. The
amphiphilic oligomers are also capable of stabilizing the miniemulsion droplets so
that no additional surfactant is needed. Nevertheless, it could be shown that small
amounts of SDS lead to the formation of a larger fraction of capsules.

Anionic polymerization of alkylcyanoacrylates (ACA) can also be performed at
the interface between aqueous and organic phases. This reaction is suitable for the
encapsulation of aqueous [76] as well as organic droplets [77]. Taking advantage
of the fact that the polymerization is initiated by nucleophiles such as water,
Musyanovych et al. [76] could form a shell of PBCA around droplets of an aqueous
solution of DNA (790 base pairs). The droplets are generated by miniemulsification
of the aqueous DNA solution in an inert continuous phase, which is miscible with
the monomer BCA but is a nonsolvent for the polymer. As soon as the BCA is added
to the inverse miniemulsion, polymerization is initiated at the droplet interface.
Because the polymer is insoluble in the continuous phase and in the droplet phase,
a shell around the droplets is formed. After completion of the polymerization, the
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Fig. 12 TEM images of PBCA capsules obtained in the presence of 5 wt% Span80 and different
amounts of monomer butylcyanoacrylate: (a) 70, (b) 100, and (c) 200uL

capsules can be separated from the oil phase and redispersed in an aqueous solution
of Lutensol AT50. The shell thickness (5-40nm) and the morphology are depen-
dent on the amount of monomer added (Fig. 12). The droplet/capsule size can be
adjusted between 250 and 700 nm by the type and amount of stabilizer and the con-
tinuous phase. The least amount of coagulum and the most uniform capsules could
be obtained using Miglyol 812N as continuous phase and a 2:3 mixture of Span80
and Tween80 as stabilizer. DNA could be encapsulated with 100% efficiency.

For the encapsulation of organic liquids, a solution of BCA in Miglyol 812N was
dispersed in a methoxypoly(ethylene glycol) (MePEG)-containing aqueous phase
[77]. MePEG bearing a hydrophilic OH group is capable of initiating anionic poly-
merization from the water phase, eventually generating the polymeric shell around
the oil droplet. In the oil core, paclitaxel (for cancer therapy) could be encapsulated
with 65% efficiency.

3.2.2 Generation of Polymer at the Interface: Polymerization
and Polyaddition

Reports of interfacial radical copolymerization as well as of interfacial polyaddi-
tions can be found in the literature. Representatively, the formation of polymeric
shells by interfacial reactions, the polyaddition in inverse miniemulsions, is shown
in Fig. 13.

Interfacial copolymerization of hydrophilic vinylethers with hydrophobic
maleates can be conducted in direct [79] and in inverse [80] miniemulsions, leading
to encapsulation of organic liquids or water, respectively. The concept is based
on two monomers that do not homopolymerize and are located in the organic and
aqueous phase, respectively. The polymerization is initiated by an interfacially ac-
tive azoinitiator. Regarding the system for encapsulation of organic liquids, thermal
initiation (60°C) leads to coalescence and destabilization of the miniemulsion, and
thus lower reaction temperatures (30°C) are required. UV initiation was also used
for the generation of stable capsules.
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Fig. 13 Formation of polymer shells by interfacial reactions, shown here with an inverse
miniemulsion. Left: Aqueous dispersion containing a lipophobe (which can also be a functional
molecule, e.g., GA(DTPA) [78]) and monomer A (e.g., diamine, diol) in an organic solvent (e.g.,
cyclohexane). Middle: Solution of monomer B (e.g., diisocyanate) in the same organic solvent
used for preparation of the miniemulsion is added. Right: Polymeric shell is generated by interfa-
cial polycondensation of monomers A and B

The inverse miniemulsion system was studied in more detail. It was found that
the conversion is limited by the ability of the monomers to diffuse to and react with
each other. Complete conversion could only be obtained at low monomer loadings
of 2.5 wt% vinyl ether in the aqueous phase and an equimolar amount of maleate
in the organic phase. Increasing the weight fraction of vinyl ether monomer to
10wt% (maleate also adjusted), the total conversion drops to 40%. The addition
of a crosslinker has the same effect, and also depresses the total conversion by re-
stricting the monomer diffusion. Using hydrophilic maleate components, the total
conversion can be increased from about 40% for dioctylmaleate to 100% for diethyl
maleate. The more hydrophilic monomers can access the water phase, thus increas-
ing the volume in which polymerization can take place. The authors could also show
that the water-soluble dye Rhodamine B can be encapsulated and released from the
capsules [80].

A more general approach without the need for highly specialized co-monomers
is represented by the generation of polyurethane (PU) or polyurea (PUR) by interfa-
cial polyaddition. Usually, the diol or diamine component is water-soluble, whereas
the diisocyanate is hydrophobic and thus soluble in organic media. In analogy to
the radical polymerization approach, polyadditions can be conducted in direct and
inverse miniemulsions, giving rise to the possibility of encapsulating nonpolar and
polar liquids. As mentioned before, the encapsulated liquids must not be a solvent
for the generated shell if capsules are the desired morphology.

For direct miniemulsions, mostly isophorone diisocyanate (IPDI) [81, 82] was
used because this compound slowly reacts with water, which is the main component
of a direct miniemulsion. The reaction with water generates amine groups, which
themselves can react with diisocyanates, leading to PUR as byproduct. Despite
the application of slow-reacting diisocyanate, PUR is generally found in polymeric
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shells generated by interfacial polyaddition in miniemulsion. The reactions can be
performed with or without a catalyst [e.g., dibutyltin dilaurate (DBTDL)], in the
organic phase. The diol component is added to the aqueous continuous phase, lead-
ing to capsules consisting of PU with urea units. In contrast to cationic or nonionic
surfactants, anionic surfactants such as SDS were shown to be most suitable for
stabilization of the capsules.

More interesting for biomedical applications is the encapsulation of aqueous
(physiological) solutions. This can be accomplished by using the inverse miniemul-
sion technique [78, 83—-85]. After stable aqueous droplets have been generated, the
polymeric shell is generated by polyaddition, protecting the aqueous interior. Again,
the hydrophilic diol or diamine is dissolved in the polar phase, while the diiso-
cyanate is added via the organic phase. After the shell formation, it is possible to
transfer the capsules to water for further applications. A wide variety of hydrophilic
components can be used, ranging from diols and triols to polysaccharides as dex-
tran or starch, and from diamines to an amine-bearing surfactant (Lubrizol U, a
polyisobutylene-succinimide pentamine) that acts as a crosslinking surfmer [85].
The application of Lubrizol U for stabilization and crosslinking of PUR capsule
shells leads to extraordinarily stable and water-impermeable nanoshells for the en-
capsulation of aqueous solutions of e.g., fluorescein (Fig. 14) [85].

Besides the application of water as dispersed phase in an inverse miniemulsion,
it is also possible to disperse polar organic solvents such as dimethylsulfoxide,
formamide, vinylpyrrolidone, or ethylene glycol in an inert hydrocarbon [e.g.,
cyclohexane, dodecane, or Isopar M (a mixture of several hydrocarbons)] [83].
Irrespective of the dispersed phase, the size can be controlled by the amount of
the stabilizer. The lowest droplet/capsule size could be obtained for ca. 9% of the
stabilizer poly[(ethylene-co-butylene)-block-ethylene oxide] [P(E/B-b-EO)], which
has shown to be highly efficient at stabilizing any kind of inverse miniemulsion [86].
As the reaction of the diisocyanate with the diol or diamine is very fast, as confirmed
by calorimetry, the mode of the diisocyanate addition to the reaction system is cru-
cial. A quick addition leads to small capsules, resembling the size of the preformed
droplets. Slow addition gives the components (with a low but recognizable solubil-
ity) in the polar droplets time to diffuse through the continuous phase, which leads to
an increase in the droplet size. The thickness of the polymeric shell can be controlled
by the total amount of reactants used. It could also be shown that reactions such as

Fig. 14 TEM images of polyurea capsules or frazzles prepared at different hexamethylenedi-
amine/toluenyldiisocyanate molar ratios: (a) 1:2, (b) 1:1.5, and (c¢) 2:1 [85]
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Fig. 15 TEM micrographs of polyurea capsules loaded with different amounts of silver nanopar-
ticles: (a) 30, (b, ¢) 120 mg AgNO; in the aqueous phase

the reduction of Ag™ by hydrazine can be performed within the polymer enclosed
area (see Fig. 15). The number of silver particles can be varied over a wide range.

The porosity of the particles could be shown by encapsulating an aqueous so-
Iution of a gadolinium-based magnetic resonance imaging (MRI) contrast agent
[Gd-diethylenetriamine penta acetic acid (DTPA)]. As the Gd complex is still ac-
cessible by water from the capsule exterior, changing the water’s proton relaxation
time, it can be concluded, that the shell is porous and allows water to diffuse into
the capsules, but restricts the complex to the interior [78].

A further step towards efficient biomedical application was shown by the work
of Paiphansiri et al. [84]. Using a convenient carboxymethylation reaction with
chloroacetic acid, it was possible to introduce carboxylic acid groups onto the
PU/PUR particle surface (Fig. 16).

These groups allow physical and chemical immobilization of biologically active
molecules as proteins. This could be shown by physically immobilizing gold-
labeled IgG antibodies to the capsule surface (Fig. 17). Encapsulation of an aqueous
solution of suforhodamine adds a fluorescent label for microscopic detection. By
evaluating the capsule internalization in HeLa cells, it could be shown that nega-
tively charged capsules are not taken up by the cells, and pristine capsules only to a
very limited extent, whereas positively charged capsules [as obtained by adsorption
of PAEMA or poly(ethylene imine) PEI on the surface] were very well internalized.
These results are in good agreement with the data obtained from experiments with
PS particles [35].

3.3 Polymer Precipitation on Preformed Nanodroplets

Nanoprecipitation can also be a very efficient method for the generation of poly-
meric shells encapsulating an aqueous core. The aqueous core is generated by
miniemulsification and can be charged with the desired functional molecule, e.g.,
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Fig. 16 TEM micrographs of polyurethane nanocapsules prepared using hexadecane/
toluenyldiisocyanate molar ratios of (a) 1:1.9 and (b) 1:2.25 from cyclohexane phase. The images
were taken before the carboxymethylation reaction

Fig. 17 PAEMA-coated polyurethane capsules with physically adsorbed gold-IgG antibodies.
Gold is visualized with the backscattered electron detector (indicated by arrows) in the SEM

the antiseptic chlorohexidine digluconate [87, 88]. The continuous phase of the
miniemulsion consists of a mixture of a solvent (e.g., dichloromethane, DCM) and
a nonsolvent (e.g., cyclohexane) for the polymer [e.g., PMMA, polycaprolactone
PCL, or poly(methylacrylate) PMA]. After miniemulsification, the solvent is care-
fully evaporated and the polymer precipitates on the aqueous droplet (Fig. 18).
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Fig. 18 Formation of polymer capsules by polymer nanoprecipitation on preformed miniemulsion
droplets. Left: An aqueous solution containing a lipophobe (can also be a functional molecule, e.g.,
chlorohexidine digluconate [87, 88]) is dispersed in a solution of a polymer in a solvent/nonsolvent
mixture. Middle: After homogenization, solvent is evaporated in a controlled manner. Right: The
polymer precipitates on the aqueous droplets and eventually forms a polymeric shell

Irrespective of the molar mass of the precipitated polymer, the encapsulation effi-
ciency of the aqueous core increases from 20% (100 mg polymer in 0.5 mL aqueous
solution) to >90% (500 mg polymer in 0.5 mL aqueous solution). After redispersion
in an aqueous SDS solution, it could be observed that the size increases, probably
due to influx of water induced by osmotic pressure. After redispersion, the high
molecular weight PMMA capsules (996,000 gmol ') retained their encapsulation
efficiency, whereas the capsules prepared from lower molecular weight polymer
(335,000 or 71,000gmol~ ') lost some of their payload. The method is also suit-
able for other polymers (PCL, PMA). Although PCL encapsulation showed lower
encapsulation efficiencies, PMA encapsulation led to an almost complete encapsu-
lation of the chlorohexidine digluconate, but also to the formation of coagulum after
nanoprecipitation (Fig. 19).

4 Encapsulation of Material Insoluble in the Dispersed Phase

Material insoluble in the dispersed phase includes inorganic crystallites such as iron
oxide or titania, amorphous nanostructures (e.g., silica) with a size of 5-100 nm,
organic pigments such as carbon black, or insoluble dyes. The main problem en-
countered during the encapsulation of such structures in polymer matrices is the
interfacial tension between inorganic material, monomer/polymer and the contin-
uous phase of the miniemulsion. Generally, inorganic structures are difficult to
disperse in a typical organic monomer phase due to their hydrophilic character.
Thus, the surface has to be made “compatible,” by hydrophobization. Typical ex-
amples are the coating of magnetic iron oxide nanoparticles with oleic acid, or
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Fig. 19 Capsule formation by nanoprecipitation with (a) PCL and (b) PMA [87]
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Fig. 20 Encapsulation of insoluble material (hexagons) in miniemulsion. Left: The insoluble mate-
rial is hydrophobized with a compatibilizer and dispersed in the monomer phase (with costabilizer).
Middle: This dispersion is subsequently homogenized with an aqueous surfactant solution. Right:
The composite particles can be generated by polymerization

the surface reaction of silica with alkylsilanes (see below). Such surface-modified
inorganic structures can be dispersed in a monomer phase and successfully encapsu-
lated by polymeric shells (Fig. 20). Nevertheless, with an increasing amount of the
dispersed material in the monomer phase, the viscosity becomes too high for an ef-
ficient dispersion in order to generate a miniemulsion. To overcome this limitation,
the so-called co-sonication process, which is suitable for, e.g., organic pigments or
magnetite, was established. Several examples are presented here to illustrate the
principle, the limitations, and the possibilities for the formation of homogenous hy-
brid nanoparticles.
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4.1 Organic Pigments and Carbon-Based Material

Dyestuffs that are insoluble in the matrix are usually referred to as pigments. Besides
inorganic pigments such as titania, organic pigments such as carbon black and ph-
thalocyanines are widely used in industry. As the pigments are usually structures of
sub-100 nm size, they tend to aggregate due to their high specific surface. For a suc-
cessful application, the use of single, separated pigment particles, preferably in form
of an aqueous dispersion, would be ideal. Encapsulation in polymeric nanoparticles
presents a way to efficiently separate the structures from each other, and more-
over to protect the encapsulated material. Formulating the systems in water-based
miniemulsions leads to water-based dispersions.

Direct dispersion of carbon black or organic pigments in the monomer (e.g.,
styrene) leads to increased viscosity of the organic phase, making it difficult to dis-
perse this phase in aqueous media. Thus, only less than 10 wt% [89, 90] of the
pigment can be dispersed in styrene and formulated as a miniemulsion. A great im-
provement, with respect to the amount that can be encapsulated, is given by the
so-called co-sonication process (Fig. 26). Initially developed for carbon black [91],
this technique was also applied for other organic [92] or inorganic pigments [93, 94].

Instead of directly dispersing the pigment in the monomer, in the first step of the
process, a dispersion of the respective pigment in water is generated by ultrasonic ir-
radiation and the pigment particles are stabilized by a surfactant (ionic and nonionic
surfactants can be applied) [92]. This dispersion is mixed (usually with the help
of ultrasound) with a miniemulsion composed of the desired monomer dispersed
in water and stabilized with the appropriate surfactant. During the incorporation
of the pigment in the monomer droplets, surfactant desorbs form the pigment, a
process that is monitored by surface tension measurements [91]. The generated
ad-miniemulsions (adsorbed-miniemulsion) exhibit distinct reaction kinetics, de-
pending on the encapsulated material as it interacts with the polymerization initiator
[92]. Complete encapsulation of up to 80 wt% of pigment could be shown by TEM
and, in the case of carbon black, with nitrogen sorption measurements. Because
carbon black exhibits a high inner porosity, a successful encapsulation dramatically
reduces the specific surface area that is accessible for nitrogen. After encapsulation,
only the surface provided by solid nanostructures can be measured [91].

The costabilizer plays an important role in the encapsulation of hydrophobic pig-
ments in polymeric matrices, especially if the pigment is directly dispersed in the
monomer phase. In addition to its original task of establishing an osmotic pres-
sure to avoid diffusional degradation, it serves as mediator between the pigment
surface and the monomer and the polymer, respectively. For carbon black, the
use of HD, Jeffamine M2070, and M1000 [89] as well as a oligourethane-derived
costabilizer [91] led to stable dispersions with uniform particles. The encapsulated
pigment is not an efficient costabilizer (to build up the osmotic pressure in the
droplets) as the aggregates do not induce sufficiently high osmotic pressure. In the
case of phthalocyanine-based pigments, HD or hexadecanol were shown to be ef-
ficient ultrahydrophobes, whereas the application of PS (M, = 35,220gmol ! and
M, = 65,600 gmol_l) induced phase separation [90].
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Fig. 21 Carbon-based materials suitable for encapsulation in polymers: (a) carbon black, (b) car-
bon nanotubes, and (¢) nanodiamond

Other carbon-based, hydrophobic materials used for the encapsulation in poly-
meric nanoparticles are nanodiamond (unpublished results from our laboratory) and
single walled carbon nanotubes (Fig.21).

Single-wall carbon nanotubes (SWNTSs) are very promising materials for inno-
vative electronic applications, like novel electrode materials and highly effective
reinforcements for polymeric systems, because of their extremely high tensile
strength. Despite the high potential, actual application is difficult because the nan-
otubes tend to aggregate due to their high surface area and nt-w interactions. A very
simple, but not very effective and only temporary approach is the generation of a
dispersion by separating the tubes by surfactants. More promising is coating of in-
dividual SWNTs with a polymer, creating a barrier that prevents aggregation of the
nanotubes. Bearing in mind that polymeric nanoparticles prepared by the miniemul-
sion polymerization technique are in the range of few hundred nanometers, it seems
to be obvious that the SWNTs (with a length of several micrometers) cannot be
completely encapsulated in a polymeric nanoparticle generated in a miniemulsion.
Nevertheless, the miniemulsion polymerization can provide a platform for coat-
ing the SWNTs with polymeric material of different kinds, mostly PS, PI, or their
copolymers [95-98]. The structure is best described as a beaded-nanorod [97-99]
(Fig. 22). Interestingly, SWNT dispersions prepared with anionic surfactants (SDS,
4-dodecylbenzenesulfonic acid SDBS) are reported to be unstable und thus not suit-
able for the miniemulsion process [95, 96] because the anionic surfactants tend to
desorb from the carbon nanotubes in aqueous dispersion. In contrast, the application
of cationic (e.g., cetyltrimethylammoniumbromide, CTAB) [95] or a combina-
tion of anionic and nonionic surfactants (SDS and Igepal DM-970) [98] leads to
polymer-covered SWNTs. The resistance of carbon PS and PS-co-PI with dispersed
(8.5wt%) SWNT decreases to 10Qcm~! compared to 10'°Qcm™! for the pris-
tine polymer, indicating incomplete coverage of the SWNTs with polymer [95].
A similar effect was observed in a system of LiClO4-doped polypyrrole (PPy)-
coated SWNTs. An electrode from the composite material in Kynar FLEX showed
higher conductivity than the pure polymer dispersed in Kynar [99].
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Fig. 22 PPy-coated SWNT. (a) Beaded-nanorod morphology (A polymeric particles, B plain
SWNT). (b) PPy film around SWNT (C PPy film). Reprinted from [99], copyright 2005, with
permission from Elsevier

4.2 Inorganic Material

As mentioned above, inorganic surfaces are usually not compatible with nonpolar
organic liquids as monomers. Thus, the crucial point in generating hybrid nanopar-
ticles from polymer and inorganic (nano)structures is their surface modification
for making the inorganics compatible to the organic monomer/polymer matrix.
Most of the published work deals with silica, clay, and iron oxides, although some
reports covering other inorganic material can be found (e.g., ZnO for UV-blocking
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applications [100—102]). There are several reasons to incorporate inorganic material
into polymeric matrices: protection of the encapsulated material [e.g., quantum dots
(QDs)], protection of the environment from the encapsulated materials (e.g., Cd
from CdS QDs), and the improvement of different properties of the polymer, among
which the mechanical properties and gas diffusion properties have to be mentioned.

For the encapsulation in PS, the surface of calcium carbonate crystals was
modified with stearic acid. With this modification, up to 5wt% of the inorganic
material could be directly dispersed in the monomer and subsequently encapsulated
by miniemulsion polymerization [89]. For the encapsulation of alumina nanopar-
ticles, oleic acid was used to generate hydrophobic surfaces [103]. Carbon-coated
silver nanoparticles (0.5 wt%) could be incorporated in PMMA nanoparticles and
increased the T, by 14°C [104]. Another method for the generation of Ag/polymer
hybrid nanoparticles was presented by Crespy et al. [105]. By using non-aqueous
inverse miniemulsions with high-boiling solvents, it is possible to generate silver
nanoparticles in situ by the reduction of silver nitrate via the polyol route. The
dispersed phase, N-vinyl pyrrolidone (NVP), DMSO, 2-pyrrolidone, or ethylene
glycol, can efficiently be stabilized by P(E/B-b-EO) alone or in combination with
poly(vinylpyrrolidone) (PVP), despite temperatures of >150°C. Although droplet
collisions and thus coalescence are highly favored at these temperatures, the droplets
of, e.g., 2-pyrrolidone stabilized with the above-mentioned surfactant combination,
retain their size of 180 nm for 20 h. The addition of silver nitrate and ethylene glycol
to NVP can be used to simultaneously reduce the silver ions to metallic silver
nanoparticles (reaction volume restricted to droplet) and polymerize NVP to gen-
erate a polymeric matrix around the metallic nanoparticles (Fig. 23).

Detailed studies were conducted on the encapsulation of hydrophilic and hy-
drophobic titania nanoparticles in PS. The inorganic nanoparticles were surface-
modified with polybutylene succinimide diethyl triamine (OLOA370), which has
been shown to be the most efficient surfactant for enabling the dispersion of titania
in styrene [106-110]. After separation of the product particles by centrifugation
in a density gradient, the encapsulation efficiency was calculated. Up to 89% of

Fig. 23 TEM micrograph of
Ag/PVP hybrid nanoparticles
prepared in inverse
miniemulsion at high
temperatures. Scale

bar: 50nm [105]
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the titania could be encapsulated in 73% of the PS. This means that not all the
titania was encapsulated and that pure PS particles were generated as well, most
probably by secondary nucleation in the aqueous phase. Another efficient compat-
ibilizer for titania is Solsperse 32,000, a polyamine/polyester. By modifying titania
with this polymer, hybrid nanoparticles with PS and PS-co-PBA could be generated
[111-114].

As already mentioned, the generation of fluorescent nanoparticles is of great in-
terest for biomedical applications. An alternative to the widely used organic dyes
are fluorescing nanocrystals, as lanthanide-based [115] or, more commonly, as
semiconductor QDs. Because the QDs are generally composed of highly toxic el-
ements such as cadmium, selenium, or tellurium, it is absolutely imperative that
biological systems are protected from these materials. Thus, the encapsulation in
polymeric matrices provides an excellent way to convert QDs into a more biotol-
erable form. CdS or CdSe QDs are generally prepared by a process that caps the
nanocrystal with trioctylphosphine oxide (TOPO), generating a highly hydropho-
bic shell. This allows the direct dispersion of the QDs in the monomer and a
subsequent miniemulsion polymerization procedure. Different coatings can be in-
troduced (e.g., with vinylmercaptobenzene [116] or hexadecylamine [117]), but do
not interfere with nor improve the integration into the polymer. Hybrid particles
with PS [116-119] or PBA matrices [118, 120] could be prepared and charac-
terized with respect to their photoluminescent properties. The radicals generated
during the polymerization process seem to interact with the QDs because their
emission frequency is shifted, indicating a changed size [118, 119]. Besides the
commonly used CdX (X = S or Se) QDs, CdTe stabilized by 3-mercaptopropionic
acid could be homogenously incorporated in PS nanoparticles by the use of OV-
DAC (octadecyl-p-vinylbenzyldimethylammonium chloride) or DVMAC (didecyl-
p-vinylbenzylmethylammonium chloride) as phase transfer agent [116]. These ad-
ditives prevent the system from phase separation, which pushes the QDs to the
outer region of the polymeric particles, where they might be prone to environmental
influences (see, e.g., [117]). Another possibility for overcoming the inhomogeneous
distribution of QDs in polymeric particles is to generate a second polymeric layer
on the QDs/PS hybrid nanoparticles, which can be created by seeded emulsion poly-
merization [117]. The second shell further protects the QDs located in the outer parts
of the primary hybrid nanoparticles protecting the QDs. These multilayer particles
could be assembled to colloidal crystals, showing an angle-dependent fluorescence,
according to the stop band of the photonic crystal. A polymerization from the QD
surfaces was shown by Esteves et al. [121]. By coordinating a phosphine-oxide-
modified ATRP starter to CdS QDs it was possible to generate a PBA shell around
the nanocrystal. Performed in miniemulsion, the authors used the AGET (activator
generated by electron transfer)-ATRP technique.

4.2.1 Silica

Silica nanoparticles have been widely used for the generation of nanocompos-
ite materials because they are easy to obtain, are available in variable sizes, and
can be functionalized. Owing to their surface silanol groups, they can be very
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easily covalently modified with trimethoxysilanes bearing a wide variety of different
functionalities. Various studies, especially investigating the influence of the size and
the surface properties, have been conducted by applying the miniemulsion polymer-
ization technique.

Silica/polymer hybrid nanoparticles of different morphologies could be obtained
after introducing 20 nm negatively charged silica particles into a miniemulsion poly-
merization process [122]. The morphologies obtained strongly depend on the sur-
factant added to the system, the pH of the continuous phase, and the (co)monomer
composition. Only after complete surface coverage with cetyltrimethylammonium
chloride (CTMA-CI), a cationic surfactant that strongly interacts with the silica sur-
face, could the particles be incorporated into a polystyrene-co-poly-4-vinylpyridine
(PS-co-P4AVP) matrix (Fig.24). By applying different reaction conditions, such
as other surfactants or changing the pH, several morphologies, like raspberry or
hedgehog structures can be realized. Modifying this process by introduction of
large (90nm) silica particles with methacryloxy(propyl)trimethoxysilane (MPS)-
hydrophobized surface, raspberry-like PS/silica hybrids with an additional large
silica particle in the center could be prepared [123].

The influence of differently sized, MPS-modified silica nanoparticles on the mor-
phology of PS/silica particles was investigated by Zhang et al. [124]. Using 45 nm
silica (20mM SDS), 200 nm multicore hybrids could be obtained. Reducing the
particle size by increasing the amount of SDS led to the reduction of the number
of encapsulated silica particles, eventually leading to a single core—shell morphol-
ogy (40mM SDS). Single core—shell hybrids could be obtained with 90 nm silica
particles for any surfactant concentration (20-40 mM SDS); only the particle size
(180-130nm) and thus the shell thickness decreased. Silica particles of 200 nm led
to raspberry-like structures with PS spheres attached to one silica bead. Comparable
results were obtained in a system with PS/PBA copolymer matrix [125].

v

¥ ’
k. A
‘ ol

200 nm |

3 S

Fig. 24 PS-co-P4VPIsilica hybrid nanocomposites prepared with (a) non-hydrophobized silica,
and (b) hydrophobized silica using CTMA-CI as surfactant [122]
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The protecting abilities of the polymeric shell around silica particle were shown
by subjecting silica/PMMA-co-PBA hybrids to HF treatment. Nearly 90% of the
silica was encapsulated and thus not prone to dissolution by HF [126].

The dispersion of 120nm MPS-modified silica particles in styrene with a sub-
sequent miniemulsion polymerization, initiated by AIBA (azodiisobutyramidine
dihydrochloride) and stabilized by CTAB, led to cationic core—shell particles.
Adding titanium tetraisobutoxide to the system generated a thin titania shell around
the silica/PS nanocomposites [127].

Several efforts were made to prepare anisotropic hybrid particles. Lu et al. [128]
formulated a miniemulsion with a dispersed phase containing tetracthylorthosilicate
(TEOS), styrene, and MPS, stabilized by CTAB. After initiation of the styrene poly-
merization, a copolymer from styrene and MPS was formed. Addition of ammonia
induces hydrolysis and condensation of TEOS to silica. The processes induce phase
separation to a styrene droplet with the growing PS, and a TEOS droplet with the
growing silica. The droplets are bridged by the PS-PMPS copolymer. Conducting
the reaction without MPS generates separate silica and PS particles.

Asymmetric hybrids could also be generated by partial functionalization of silica
beads with octadecyltrimethoxysilane (ODMS) at interfaces [129] or with MPS at
defined aggregates of silica beads. With this technique, a great number of different
morphologies could be realized by varying the ratio of monomer to silica [130]
(Fig. 25).

Initiators for the controlled living radical polymerization could also be intro-
duced to silica particles. Nitroxide-mediated polymerization (NMP) conducted
with styrene in miniemulsion led to the generation of core—shell particles, with
styrene grafted to the central silica particle [131]. PBA could be polymerized from
20nm silica beads by attaching an ATRP agent to the silica surface and subsequent
miniemulsion polymerization [132]. Confining the polymerization to miniemulsion
droplets could avoid gel formation, which was observed in the bulk reaction. Due
to the limited monomer diffusion, only 25-35% of conversion could be obtained
in bulk.

Usually the silica/polymer composites are prepared with styrene, MMA, BA, or
their copolymers. However, few reports cover experiments with less commonly used
polymers such as poly(styrene sulfonic acid) (PSSA), poly(hydroxyethylmethacry-
late) (PHEMA), poly(aminoethylmethacrylate) PAEMA [133], polyethylene (PE)
[134], or polyamides [135]. Using a miniemulsion of nickel-based catalysts for the
polymerization of ethylene, which is dispersed in toluene in the presence of hy-
drophobically modified silica particles, PE/silica hybrids could be prepared [134].
The ethylene is introduced into the system by bubbling through the miniemul-
sion. The hydrophobic moiety of the silica particles interacts with the growing
polymer and leads to lentil-shaped or isotropic hybrids. Lentil-shaped particles are
composed of semicrystalline PE, whereas the isotropic hybrids are composed of
amorphous polymer. The crystallinity of the polymer is determined by the choice of
polymerization catalyst. Silica/polyamide hybrid nanoparticles were prepared with
3-aminopropyl triethoxysilane (APS)-modified silica particles [ 135]. These particles
were dispersed in sebacoylchloride and the solution miniemulsified in an aqueous
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Fig. 25 TEM (a—e) and SEM (a’—e’) images of anisotropic PS/silica hybrid particles synthesized
in the presence of w/o-silica. The weight ratio of monomer/silica was increased systematically in
images (a—e) and (a’'—€'): (a,a’) 28:1, (b,b’) 60:1, (¢,c’) 72:1, (d,d’) 80:1, and (e,e’) 100:1 [130].
Reproduced by permission of The Royal Society of Chemistry
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SDS solution. The dropwise addition of hexamethylene diamine led to the formation
of polyamide, covering the silica particles and resulting in 200 nm hybrid particles.

Asymmetric snowman-like PS/silica hybrids containing two different fluorescent
labels and suitable for biomedical applications were reported by Wang et al. [136].
While the carboxy-functionalized PS part served as anchor for green fluorescing
NHS-FITC, the amino-functionalized silica part was functionalized with red flu-
orescing TRITC. The asymmetric distribution was confirmed by confocal laser
scanning microscopy.

422 Clay

Clays are layered silicates. The layers usually have a thickness of 1nm and sev-
eral tens or hundreds of nanometers of lateral extension. The surfaces of these
platelets are negatively charged and stacked by intercalated, positively charged
metal ions. By exchanging the metal ions with hydrophobic quaternary ammonium
salts (e.g., CTAB or CTMA-CI), the single layers can be made hydrophobic, allow-
ing organic solvents to swell and eventually exfoliate the silicate layers. Functional
quaternary ammonium salts allow the introduction of, e.g., polymerizable groups
(e.g., 2-methacryloyloxyethyl hexadyldimethylammonium bromide, MA16 [137])
or groups that can act as initiator [138] for polymerization reactions. The integra-
tion of clay platelets into polymeric films is of high interest because the inorganic
component improves the mechanical properties and, due to their flat disc-like shape,
greatly reduces gas permeation through polymeric films. Most widely used are the
naturally occurring montmorillionite [137, 139-143] or saponite [144, 145] miner-
als as well as commercially available Cloisite [137, 138, 146, 147] (organomodified
montmorillionite) or the synthetic Laponite RD [148].

Organo-modified clay can be directly dispersed in monomers and subjected to
miniemulsion polymerization. However, there is an upper limit for the application
of this technique because the organo-modified clay dispersed in monomers forms
thixotropic gels from concentrations of about 4% [144] or more. A monomer/clay
dispersion with increased viscosity cannot be dispersed finely enough to gen-
erate a stable miniemulsion. However, Tong et al. [149] could successfully
disperse 30wt% of modified saponite in styrene. The clay was modified with
(ar-vinylbenzyl)trimethylammonium chloride (VBTAC), a small quaternary ammo-
nium salt that is capable of copolymerizing with styrene or acrylates. The dispersion
in styrene was of low viscosity and therefore suitable for the miniemulsification pro-
cess. After polymerization, nanohybrids with 30 wt% of exfoliated organomodified
clay could be obtained.

Macroinitiators or agents for controlled radical polymerizations (NMP, RAFT)
could be immobilized on clay surfaces by modifying NMP [137, 138] or RAFT
[142, 143, 150] agents with ammonium groups and subsequent ion exchange. This
ensures close contact of the clay and the polymer, which is very important for highly
enhanced properties [151]. Samakande et al. investigated the kinetics of RAFT-
mediated living polymerization of styrene [143] and styrene/BA [142] mixtures in
miniemulsion. The authors found that the molecular weight of the polymer is, as
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expected, dependent on the amount of RAFT-agent-modified clay added to the dis-
persed phase of the miniemulsion. Increasing the amount of clay, meaning more
RAFT agent, decreases the molecular weight. The clay morphology also changes
with the amount added to the miniemulsion. While at low (1 wt%) clay loadings, the
platelets are fully exfoliated, intercalated (platelets still stacked, but with increased
distance) structures can be found at 5 wt% loading.

4.2.3 TIron Oxides (Magnetic Nanoparticles)

Although there are a few reports of using the miniemulsion technique for prepara-
tion of magnetic nanohybrids that are not based on iron oxide [152, 153], most of the
literature deals with superparamagnetic iron oxide. Superparamagnetism is a fea-
ture exhibited by single-domain nanoparticles of magnetite (Fe304) or maghemite
(y-Fe203), generally of a size of about 10 nm. Superparamagnetism is character-
ized as saturation magnetization of ferromagnetic material, but the material does not
show remanent magnetization, which is typical for bulk ferro- and ferrimagnets. As
the particles do not have a permanent magnetic dipole, they do not coagulate due to
magnetic interactions. However, in a magnetic field they show a significant response
due to their high saturation magnetization. Due to these extraordinary features, these
nanoparticles give rise to several applications such as cell separation, hyperthermia,
MRI contrast enhancement, or magnetic drug targeting. For these biomedical ap-
plications, the iron oxide nanoparticles have to be brought into the bloodstream of
a target organism and must be shielded from the aqueous environment to protect
them from being degraded and metabolized. Fast degradation in the organism might
induce toxic effects.

Encapsulation in Inverse Miniemulsion

Commercial iron oxide nanoparticle-based formulations (e.g., Ferridex, Resovist)
contain iron oxide nanoparticles encapsulated in hydrophilic dextran or modi-
fied dextran. The encapsulation of superparamagnetic iron oxide nanoparticles in
hydrophilic polymer shells can very easily be accomplished by an inverse miniemul-
sion polymerization process. Although magnetite surface is hydrophilic, it is ben-
eficial to coat the nanoparticles with hydrophilic polymer (e.g., PMAA) [154]
or “double hydrophilic” block copolymer PEO-PMAA [155]. Interestingly, the
magnetite nanoparticles precipitated in the presence of PEO-PMAA are signifi-
cantly smaller (5nm) than nanoparticles prepared in the presence of either PEO
or PMAA, which are each about 10nm. The PEO-PMAA-coated particles could
easily be dispersed in hydroxyethylmethacrylate/acrylic acid (HEMA/AA). After
miniemulsification of the ferrofluid in a P(E/B-b-EO)-decane solution, the monomer
droplets were thermally polymerized to yield fairly monodispersed nanoparticles of
140-220nm, according to the amount of stabilizer. The iron oxide saturation mag-
netization did not change during the encapsulation process and remained at about
60emug~! iron oxide.
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PMAA- or citrate-coated magnetite [154] or maghemite [156] nanoparticles
could successfully be encapsulated in a crosslinked polyacrylamide matrix using
an inverse miniemulsion process. Here, an inert hydrocarbon (cyclohexane or dode-
cane) was used as continuous phase and Span80 as stabilizer.

Xu et al. used the same process to encapsulate PMAA-coated magnetite in silica
[157]. By adding TEOS to a miniemulsion of magnetite-PMAA/water dispersed
in Span80/cyclohexane, silica/magnetite hybrid nanoparticles could be generated.
About 19 wt% of magnetite could be incorporated in the silica matrix.

Thermoresponsive P(NIPAM-co-MAA) could be obtained using PAA-coated
magnetite nanoparticles in an inverse miniemulsion polymerization process [158].
The superparamagnetic particles could change their size from 250 nm to 100 nm by
changing the temperature from 20 to 70°C.

Encapsulation in Direct Miniemulsion

Encapsulation of superparamagnetic iron oxide nanoparticles in hydrophobic ma-
trices offers a better protection for the inorganic particles in aqueous medium,
because the encapsulated material is less accessible for water in the hydropho-
bic polymer particle. It is of great importance to generate a highly hydropho-
bic iron oxide in order to achieve high contents in the hybrid particles for a
strong magnetic response to external fields. With some exceptions, oleic acid was
used for hydrophobization of the magnetite surface. A few attempts to covalently
functionalize the magnetite surface with silanes (aminoproplyltrimethoxysilane or
3-methacryloxypropyltrimethoxysilane) [159, 160] have been reported.

Magnetite coated with sodium 1,2-bis(2-ethylhexoxycarbonyl)ethanesulfonate
(AOT) was directly dispersed in styrene, but led to an inhomogeneous distribution of
magnetite in the hybrid system [161, 162]. Pure PS nanoparticles, as well as poly-
meric particles partially covered with magnetite, could be distinguished by TEM
analysis. Although this can be regarded as a hybrid system, the actual encapsulation
in polymer seems to be uncertain from the presented results.

Using a phosphate-based dispersant (Disperbyk 106, organic amine salt com-
posed of the partly esterified phosphate and organic amine), Zhang et al. [159, 163]
generated magnetic hybrid particles from PS and magnetite. The authors confirmed
the presence of hybrid particles using TEM. Again, the magnetite distribution is
inhomogeneous and the magnetite seems to be located on the polymer and not
inside the particles. The magnetic properties were investigated with a SQUID
magnetometer. The particles exhibited typical paramagnetic behavior, with an ex-
tremely high saturation magnetization of 47emug .

A single-pot reaction of maghemite nanoparticles, fluorescent pigment, polyester
resin, Tween80, Span80, AIBN, and styrene dispersed in an aqueous NaOH
solution, led to the formation of ferromagnetic (hysteresis in vibrating sample
magnetometry analysis) hybrid nanoparticles [164]. Magnetite compatibilization is
ascribed to the application of polyester resin.
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A more elaborate approach is based on covalent immobilization of the Y-shaped
surfactant 12-hexanoyloxy-9-octadecenoic acid (HOA) on the iron oxide nanopar-
ticles [165]. These surfactant-modified magnetite nanoparticles were subjected
to a miniemulsion polymerization process. The polymerization was initiated by
Y-irradiation, and the droplets stabilized with the above-mentioned Y-shaped sur-
factant. Detailed SEM and TEM studies revealed that the morphology and the
magnetite location were strongly dependent on the reaction parameters. Without the
addition of HD as hydrophobic costabilizer, the particle size distribution is broad
and the magnetite inhomogeneously distributed, irrespective of the amount of sur-
factant added. Addition of small amounts of HD expectedly improves the particle
size distribution. With this technique, nearly 60 wt% of magnetite could be encap-
sulated in polystyrene matrixes, yielding superparamagnetic hybrid nanoparticles.

Most of the processes described in literature employ oleic acid for hydrophobiza-
tion of the magnetite surface.

The uniform incorporation of larger amounts of magnetite into polymeric parti-
cles is the most crucial point in order to obtain a strong and uniform response from
the magnetic hybrid nanoparticles. Based on the co-sonication process (Fig. 26) de-
scribed earlier, a three-step process was used for the generation of aggregates of pri-
mary magnetite nanoparticles and their subsequently encapsulation in a polystyrene
matrix [93, 94]. In the first step, magnetite nanoparticles are co-precipitated from

sonication
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magnetite (10 nm)

Fig. 26 The co-sonication process, representatively shown for magnetite aggregates. A dispersion
of magnetite is mixed with a preformed monomer miniemulsion (middle). Magnetite aggregates are
engulfed by the monomer droplets after sonicating the mixture of both dispersions (upper right).
After subsequent polymerization, the hybrid nanoparticles are obtained (lower right)
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ferrous and ferric chloride to yield magnetite particles of about 10 nm in diameter.
After hydrophobization of the primary superparamagnetic magnetite crystallites, the
ferrofluid (hydrophobized magnetite in octane) was dispersed in an aqueous SDS so-
lution by ultrasound. From this miniemulsion, octane was evaporated and a stable
dispersion of SDS-stabilized aggregates of hydrophobized magnetite remained. In
the last step, the magnetite dispersion and a styrene miniemulsion were mixed by
co-sonication and, after subsequent polymerization, magnetic polystyrene nanopar-
ticles could be obtained (Fig. 26).

Using this process, more than 40 wt% of magnetite could be encapsulated
in polystyrene. Although the initial saturation magnetization of 87emug~! iron
oxide decreased to 53emug~!, there was still significant magnetic response. This
decrease, which was also observed by several other authors [166—-168], might
be caused by partial oxidation or by a change in the crystal structure on the
surface of the magnetite nanoparticle. By adding comonomers to styrene, surface-
functionalized magnetic PS nanoparticles could be obtained [47, 48]. Styrene
copolymerized with a defined amount of acrylic acid creates carboxy functions
on the particle surface, which could subsequently be covalently functionalized by
lysine or by physical adsorption of the commercial transfection agent poly(L-lysine)
(PLL). It could be shown that lysine-functionalized particles are highly efficiently
internalized by cells. The extent of cellular uptake even exceeds the internalization
of PLL-functionalized particles. The incorporated magnetite offers an easy and reli-
able assay for quantification of the internalized nanoparticles by generating Prussian
blue. The co-incorporation of a fluorescent marker (e.g., PMI, or QDs [169]) into
the magnetic PS particles offers the additional possibility of optical particle tracking
using fluorescence microscopy.

Carboxy functions for further bioconjugation could also be introduced in mag-
netic poly(ethylmethacrylate) (PEMA) by copolymerization of EMA with acrylic
acid [170, 1711, or by using 4,4'-azo-bis(4-cyanopentanoic acid) (ACPA) as initia-
tor [172].

In contrast to the homogenous magnetite distribution by the three-step process,
the dispersion of hydrophobized magnetite in styrene/MAA [173] or a toluene-based
ferrofluid [174] in styrene, followed by a miniemulsion polymerization process,
leads to magnetite/polymer particles with inhomogeneous iron oxide distribution.

Further investigations of the magnetite distribution within PS/magnetite hybrid
particles by electron microscopy tomography showed that the choice of initiator is
decisive in the investigated system [175]. Using the water-soluble initiator KPS,
magnetite is homogeneously distributed in the polymeric matrix (Fig. 27a). Appar-
ently, no magnetite is located on the particle surface. The addition of AIBN does
not change the distribution pattern (Fig. 27b). Using only AIBN, however, a hemi-
spherical aggregate of magnetite is created, which is located at the particle surface
and indicates an incomplete encapsulation (Fig.27c). The authors attribute these
observations to the fact that KPS initiates polymerization from the aqueous phase,
confining the magnetite in the droplet. AIBN (see anchoring effect for the genera-
tion of polymeric capsules, Sect. 3.2), on the other hand, initiates the polymerization
from within the droplets, leading to a microphase separation between the polymer
and the hexane-based ferrofluid.
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Fig. 27 Three-dimensional tomograms of magnetic particles using various initiators: (a) KPS,
(b) KPS + AIBN, and (c) AIBN. Reprinted from [175], copyright 2007, with permission from
Elsevier

A study using an SDS-stabilized miniemulsion of oleic-acid-coated magnetite
in octane as a “magneto template” identified the chain mobility of the generated
polymer within the miniemulsion droplet as a possible reason for microphase sep-
aration and the subsequent non-uniform distribution of magnetite within the hybrid
particles. In contrast to the application of pure styrene, the addition of DVB, lead-
ing to highly crosslinked polymer structures, produced hybrid particles with more
homogenous magnetite distribution. The authors attribute the observation to hin-
dered diffusion in crosslinked structures, which prevents the magnetite particles
from phase-separating to the droplet surface [176].

Nonspherical, surface-imprinted magnetic PMMA (see Fig.28) nanoparticles
could be prepared by Tan et al. [177, 178]. A miniemulsion process was used to
prepare magnetite/PMMA nanoparticles on which proteins were either immobilized
by adsorption (RNAse A) [178] or covalently (bovine serum albumin, BSA) [177].
After creating a shell of PMMA, the proteins were removed, leaving cavities on
the particles surface. The BSA-imprinted nanoparticles showed superparamagnetic
properties and exhibited a high rebinding capacity for BSA.

Crosslinked, magnetic PMMA nanoparticles were prepared by Liu et al. using
a hexane-based ferrofluid [179]. The authors could incorporate less than 8 wt% of
magnetite, yielding particles with a saturation magnetization of about 4emug~!.
X-ray photoelectron spectroscopy (XPS) was used to prove that no iron oxide is
present on the particle surface. By treatment with sodium methoxylate the methyl es-
ter groups were hydrolyzed and subsequently esterified with poly(ethylene glycol),
which could be further functionalized with a reactive dye (Cibacron Blue F3G-A).

Another way to create specifically functionalized magnetic polymeric nanopar-
ticles was recently presented by Qian et al. [180]. The authors introduced anchor
groups by copolymerizing styrene with vinyl acetate and subsequently treated the
system with ethanolic NaOH for the hydrolysis of the ethyl ester groups. The con-
jugation of mercaptonicotinic acid with divinylsulfone introduced a highly specific
ligand for the recognition of IgG antibodies. After magnetic separation of the mag-
netic nanoparticles from IgG-containing serum, the antibody could be isolated with
>99% bioactivity purity.
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Fig. 28 Microscopic observation of prepared surface-imprinted magnetic PMMA nanoparticles.
Field emission SEM images of (a) support particles, (b) imprinted particles, and (c¢) non-imprinted
particles. (d) TEM images illustrating the successful encapsulation of Fe3O4 magnetite. Reprinted
with permission from [177]. Copyright 2008 American Chemical Society

A further proof for the complete encapsulation and protection of magnetite
nanoparticles by a polymeric shell was delivered by Zheng et al. [181], who treated
magnetite/PS particles with 1 M HCl solution and found no evidence for dissolved
iron in the solution.

Ultrasonic initiation of styrene polymerization was investigated by Qiu [182,
183]. Although hybrid particles could be obtained, plain polymer nanoparticles were
found in the system as well.

Emulsifier-free miniemulsion polymerization was also used for the encapsulation
of oleic acid/magnetite nanocrystals in styrene [184, 185] or chloromethyl-styrene
for further functionalization [ 186]. For this approach, it is necessary to use a cationic
ionizable initiator [2, 2-azobis (2-amidinopropane) dihydrochloride (V-50)], which
contributes to the particle stabilization. The use of KPS did not lead to stable
systems. Almost no encapsulated magnetite could be found by the authors per-
forming conventional emulsion polymerization, using comparable conditions to the
miniemulsion polymerization [185]. In the approach of Lu et al. [187], the stabi-
lizer is formed during the polymerization of sodium styrene sulfonate added to the
system. Here, hybrid nanoparticles with about 10 wt% of magnetite and a saturation
magnetization of 2emug~! could be prepared.
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To improve the encapsulation efficiency, the hydrophobicity of oleic-acid-coated
magnetite was increased by depositing the oleic acid in form of a monolayer with
free hydrocarbon chains [188]. To ensure this, oleic-acid-coated magnetite particles
(10nm) were washed with ethanol, which is a better solvent for oleic acid than
water, to remove excessive layers of oleic acid. After this treatment, the magnetite
nanoparticles are more hydrophobic than particles purified with water. The contact
angle of a dried film of coated magnetite against water changed from 70° (washed
with water only) to 120° (washed with ethanol). The monolayer-coated magnetite
could be homogeneously incorporated in polystyrene, whereas the encapsulation
of the conventionally treated magnetite was incomplete and pure PS nanoparticles
could be observed.

Extremely high magnetite contents of 86 wt% in styrene particles could be
achieved by preparing the hybrid particles with a combined miniemulsion/emulsion
system [189]. Initially, a miniemulsion of a ferrofluid consisting of magnetite coated
with oleic acid and undecylenic acid in octane was prepared. A styrene “macroemul-
sion,” which was prepared by membrane emulsification using a SPG-membrane
(Shirasu porous glass), was added dropwise to the previously prepared miniemul-
sion. The larger styrene droplets act as a reservoir, from which the monomer can
diffuse to the miniemulsion droplets and polymerize there.

Shao et al. reported the preparation of all-inorganic magnetic hybrid nanoparti-
cles by encapsulating oleic-acid-coated magnetite in silica [190]. First, a ferrofluid
consisting of hydrophobized magnetite in TEOS was prepared, which was subse-
quently miniemulsified in water. Hydrolysis and condensation of TEOS to silica
was initiated by the addition of ammonia to the miniemulsion, leading to the
formation of amorphous silica particles with up to 30 wt% magnetite content.
The nanocomposites were successfully used for DNA separation under high ionic
strength solutions. The plasmids readily adsorb to the silica surface, while the
magnetite enables magnetic separation.

The generation of magnetite polymer hybrid nanoparticles can not only be
accomplished by the miniemulsion polymerization technique but also by a combina-
tion of miniemulsion and solvent evaporation. This opens the way to the preparation
of composite particles consisting of polymer not generated by radical polymer-
ization. Using this technique, biodegradable poly-L-lactide (PLLA) nanoparticles
containing a fluorescent dye and iron oxide (25 or 10 nm) could be prepared. First,
the primary magnetite nanoparticles were modified with oleic acid for compati-
bilization and dispersed in an SDS/water solution. This dispersion is mixed by
co-sonication with a miniemulsion consisting of a solution of PLLA and the flu-
orescent dye in chloroform. Subsequently, the organic solvent is evaporated and the
polymer precipitates around the magnetite particles and the fluorescent dye. The ho-
mogeneity of the iron oxide distribution depends on the size and on the amount of
magnetic nanoparticles introduced in the formulation and is most homogenous for
25 nm particles in concentrations of 20 and 50 wt% (Fig. 29). As already observed
with pure PLLA nanoparticles, the molecular weight of the polymer is reduced dur-
ing the sonication treatment [49].
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Fig. 29 TEM images of PLLA particles with different encapsulated amounts of iron oxide
(25 nm): (a) 6.7, (b) 20, (c) 50, and (d) 100 wt% related to PLLA [49]

Related to the generation of nanocapsules discussed above, is the appearance
of rings or particles with single holes in hybrid system consisting of hydrophobic
iron oxide, organic solvent, and polymer, probably in combination with KPS as
initiator (see anchoring effect, Sect. 3.2). The emergence of these non-equilibrium
structures is attributed to a delicate interplay of phase separation, viscosity, and
solvent evaporation [191, 192].

5 Summary

The examples of a great variety of nanocomposites presented in this review un-
derline the versatility of the miniemulsion process for the encapsulation of a wide
variety of many different materials and compounds in a great number of different
(functional) polymeric shells. Compounds that are soluble in a monomer can very
easily be integrated in the miniemulsion polymerization process. The material can
be incorporated to serve as label (e.g., fluorescence) or to be released from the poly-
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meric nanoparticles (e.g., drugs). Capsules, hollow or liquid-filled particles, can be
generated by several mechanisms, all relying on the miniemulsion technique. Phase
separation and interfacial reactions (radical, polyaddition) were applied for the en-
capsulation of organic liquids. Aqueous solutions could be provided with a shell by
precipitating polymer on preformed aqueous droplets and also by interfacial reac-
tions. Solid, nanoscaled material, insoluble in the monomer phase, has to be made
compatible with the polymer used for encapsulation. The required hydrophobic moi-
ety can be introduced by physical adsorption of surfactants (e.g., oleic acid) or by
covalently functionalizing the surface of the encapsulated material with hydropho-
bic siloxanes.

We are certain that many more functional materials for a wide field of appli-
cations can be created by the miniemulsion process, allowing the formation of
complex hybrid materials.
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Organic-Inorganic Hybrid Magnetic Latex

Md Mahbubor Rahman and Abdelhamid Elaissari

Abstract The preparation of magnetic hybrid latex, consisting of inorganic
magnetic iron oxide nanoparticles and organic polymer, in dispersed media is
reviewed. The aim of this chapter is to highlight the recent advances of research
into the synthesis of hybrid magnetic latex preparation in dispersed media. Al-
though the term “organic—inorganic hybrid composite/latex” covers a wide range
of materials, this review will principally focus on the preparation methods, empha-
sizing emulsion polymerization in the presence of inorganic iron oxide magnetic
particles. However, some relevant hybrid polymer latexes of other metal oxides and
their synthetic methods will be highlighted. Furthermore, some applications and
properties of magnetic latex, polymerization parameters and the shortcomings of
preparation methods will be reviewed.

Keywords Core—shell morphology - Dispersion polymerization - Emulsion poly-
merization - Ferrofluids - Hybrid latex - Magnetic latexes - Magnetic nanoparticles

Contents
I INtrodUCHION . . .oouti it e 239
2 Applications of Magnetic Particles ..............uieiiiiiiiiiiiii e 241
2.1  Biomedical Applications of Magnetic LateX...........c.ooviiiiiiiiiiiiiiiiinenann... 241
3 Iron Oxide Magnetic NanopartiCles ..........ccoeuuiiuuuiiieitiiiiiie e iiiiiieeaaana. 245
3.1  Mechanical Size Reduction Method.............c..ccoiiiiiiiiiiiiiiiiiii s 246
3.2 Chemical Methods ..........oiiiiiiii 246
4 Synthesis of Magnetic LateX ........ovuueiinit it 251
4.1  Magnetic Latex Fabrication in Preformed Polymers ........................co. 251
4.2 In Situ SYNthesis. . .ooonnt i e 253
4.3 Polymerizations of Monomer in the Presence of Magnetic Nanoparticles .......... 257
5 Concluding Remarks .........ooiuiiiii i e 276
RETEICIICES ..ottt 271

Md M. Rahman and A. Elaissari ()
University Lyon-1, LAGEP, UMR 5007, CNRS, CPE, 69622 Villeurbanne, France
e-mail: rahman@lagep.univ-lyonl.fr; elaissari@lagep.univ-lyonl.fr



238

Abbreviations

u-TAS
AA
AAEM
ACPA
ACVA
AEM
AIBA
AIBN
AM
APS
ATRP
CA
DVB
EA
EDA
EGDM
GLYMO
GMA
IgepalCO-520
KPS
LBL
MAA
MBA
MMA
MPDMS
MPSA
MPTMS
MRI
NIPAM
NVP
Oligo-dT
P(DMAEMA-EGMA)

PAA
PAMPS
PCL
PEG
PEO
PEI
PEOAM
PEOVB

Md M. Rahman and A. Elaissari

Micro total analysis system

Acrylic acid

Acetoacetoxyethyl methacrylate
4,4-Azobis(4-cyanopentanoic acid)
4,4-Azobis(4-cyanovaleric acid)
2-Aminoethylmethacrylate
2,2-Azobis(2-isobutyramidine)
Azobis(isobutyronitrile)

Acrylamide

Ammonium persulphate

Atom transfer radical polymerization
Cetylalcohol

Divinylbenzene

Ethylacrylate

Ethylene diamine

Ethylene glycol dimethacrylate
[3-(Glycidyloxy)propyl] trimethoxysilane
Glycidyl methacrylate
Poly(oxyethylene nonylphenylether)
Potassium persulphate
Layer-by-layer

Methacrylic acid

N,N-methylene bis acrylamide
Methyl methacrylate
Methacryloxypropyl dimethoxysilane
3-Mercapto-1-propane sulfonic acid
[3-(Methacryloxy)propyl]trimethoxysilane
Magnetic resonance imaging
N-Isopropyl acrylamide

N-Vinyl pirolidone
Oligodeoxythymidylic acid

Poly(2-dimethyl aminoethyl methacrylate—ethylene

glycol dimethacrylate)
Poly(acrylic acid)

Poly(2-acrylamido-2-methyl-1-propanesulphonic acid)

Poly(e-caprolactone)
Poly(ethylene glycol)
Poly(ethylene oxide)
Poly(ethylene imine)
Poly(ethylene oxide acrylamide)
Poly(ethylenoxide) vinylbenzene
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PGMA Poly(glycidyl methacrylate)

PHEMA Poly(2-hydroxyethyl methacrylate)

PLGA Poly(D,L-lactide-co-glycolide)

PLLA Poly(L-lactide)

PMA Poly(methacrylic acid)

PMAMVE Poly(maleic anhydride-alt-methyl vinyl ether)

PMI N-(2,6-Diisopropylphenyl)-perylene-3,
4-dicarbonacidimide

PMMA Poly(methyl methacrylate)

PPO Poly(propylene oxide)

PVA Poly(vinyl alcohol)

SDS Sodium dodecyl sulphate

SEM Scanning electron microscopy

St Styrene

TEM Transmission electron microscopy

TEOS Tetraethyl orthosilicate

TGA Thermogravimetric analysis

Triton X-405 Poly(oxyethylene) isooctylphenylether

V-59 2,2-Azobis(2-methylbutyronotrile)

VA-057 2,2-Azobis[N-(2-carboxyethyl)-2—-2-methyl-
propionamidine]

VSM Vibrating sample magnetometry

1 Introduction

Composite or hybrid materials are materials consisting of organic materials (i.e.
polymers) and inorganic materials. The latter can be composed of a metal oxide
such as iron oxide, silica, gold particles or quartz powder. Magnetic latex is a hybrid
material consisting of polymer-encapsulated magnetic particles. The discussion in
this chapter will be confined to iron oxide magnetic nanoparticles.

Currently, an enormous amount of magnetic particles are produced, and out-
standing research is performed due to their promising applications. Research into
magnetic latex at the smaller nano- and microlevels is of great interest. The special
behaviour of these nano/micromaterials points to a very promising future in the area
of biomedical applications [1, 2].

The size of nanoparticles permits access to the area of quantum behaviour. It is
in this size range that a lot of progress has been made in different scientific areas
such as chemistry, physics and, principally, in biotechnology [3]. By changing the
size of the nano/microparticles or using different kinds of materials, the relaxation
time of magnetic particles can also be changed. Magnetic nanoparticles have been
(and will be in the future) a very useful tool in various kind of applications, from
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biomedical to information carriers and data storage systems. Even the micro total
analysis system (L-TAS) has been developed using magnetic particles as magnetic
fluid stimuli-responsive carriers [4].

Metal oxides can show a variety of interesting magnetic, electronic and optical
properties that can be used in many applications. For instance, when metal oxides
like TiO, are incorporated into hybrid materials, they act as pigments to enhance
the appearance and durability of polymeric films. Properties such as wettability,
solubility, corrosion resistance, modules, strength, gas permeability, heat resistance
and flammability can also be tuned by combining inorganic materials with polymers.
Magnetic polymers can even be used in hostile environments such as seawater and
petroleum [5].

Profound attention has been given to the magnetic latexes because of their special
properties like superparamagnetism, high field irreversibility, high saturation field
and extra anisotropy contribution. These properties are, for example, controlled by
size and surface type.

Among the magnetic particles, iron oxides such as magnetite (Fe304) or its ox-
idized form maghemite (y-Fe,O3) are mostly preferred in biomedical applications
because they are superparamagnetic and biocompatible [6]. There are many other
highly magnetic materials like cobalt and nickel oxides but they are usually toxic
and prone to oxidation.

The encapsulation and/or surface modification of magnetic nanoparticles by
polymers protects particles from oxidation, and improves toxicity, dispersability
and colloidal stability. In the paint industry, the encapsulation of pigments and other
fillers with polymers is sometimes applied. A pigment like titanium dioxide is in-
troduced in paints to achieve opacity, which depends on light absorption as well as
light scattering. The latter is related to the particle size and to the distance between
particles. Agglomeration of pigments can occur by flocculation during drying and
reduces the scattering effectiveness of the dispersed pigment particles. The polymer
coating of pigments can solve the above problem, preventing flocculation of parti-
cles in the paint film [7]. Besides chemical and block resistance, better adhesion and
protection from ambient unwanted materials are the advantages of the encapsulation
of pigments with polymers.

In the biomedical field, the role of polymers in the preparation of magnetic com-
posites and latexes is generally to protect the inorganic part and to induce reactive
chemical functions capable of immobilizing biomolecules via chemical reactions.
The chemical reaction between magnetic polymers and biological species may occur
by the formation of covalent bonds or hydrogen bonding. The presence of magnetic
materials endows the polymer particles with additional properties [8]. For instance,
iron oxides and ferrites are used to produce conducting polymers [9], in magnetic
polymer composites for radiowave-absorbing materials [10], to modify the optical
properties of films [11], and for inks used in printers based on magnetism [12] where
the specific magnetic properties of iron oxides are utilized.
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2 Applications of Magnetic Particles

There is a broad range of applications of polymer-coated magnetic particles in
different industrial sectors. The particles are interesting for the preparation of paint,
ink, pharmaceuticals, cosmetic formulations and catalyst carriers, and are used in
the paper industry and for chromatographic separation, water treatment, waste man-
agement etc. [13—17]. Moreover, magnetic particles are of interest in some other
industries, e.g. for recording media and magnetic seals in motors. Magnetic parti-
cles are used extensively in pharmacy, biology and medicine to transport biological
compounds. Biomolecules can be separated quickly from a complex medium by
fixing them to magnetic particles. They can be used not only in vitro for diagnostic
applications but also for in vivo therapeutic applications. The magnetic latex must
have the following characteristics, regardless of the application in the biomedical
field:

— Colloidal and chemical stability in different conditions and media

— No or very low magnetic remanence that affects the dispersability of the particles
after removing the external magnetic field

— In cases where no remanence occurs, no magnetic interactions among the parti-
cles remain; with low remanence it is easy to disperse particles after switching
off the applied magnetic field

— No leaching of iron oxide in the case of biomedical applications

— The small size renders a large surface area for adsorption and/or interaction of
biomolecules and a low sedimentation rate in comparison to the magnetic sepa-
ration process

— Capable of complete and rapid separation

— Biocompatible surface

— Good response to the applied external magnetic field, because with a better re-

sponse, the necessary intensity of the applied magnetic field can be lower and

leads to a better process rate

Easy production and low cost

For the magnetic particles to be biocompatible, the particles must be coated with
biocompatible polymers in order to prevent the formation of large aggregates, ge-
ometry change and biodegradation when exposed to a biological system.

2.1 Biomedical Applications of Magnetic Latex

2.1.1 In Vivo Applications

The magnetic latex can be utilized in therapeutic processes, for example mag-
netic resonance imaging (MRI) [18], targeted drug delivery [19, 20] and
hyperthermia [21].
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MRI Contrast Agents

The intensity of human body tissue proton(s) is measured in a particular magnetic
field using the MRI technique. Normally, the difference of the proton signal intensity
between healthy tissue and affected tissue is not sufficient to be useful for diagnostic
assessment [22]. As a contrast agent, magnetic particles bearing superparamagnetic
iron oxides can play a pivotal role in amplifying the signal intensity difference be-
tween healthy and affected tissue in MRI. The magnetic particles within tissue help
to obtain a significantly larger signal from the MRI scanner. In medicine, MRI is
used to demonstrate pathological or other physiological alterations of living tissues.
In an MRI examination under a magnetic field, the magnetic particles localized in
the tumour can be detected. The effect of the magnetic nanoparticles in the MRI se-
quence can be attributed to the resulting magnetic field heterogeneity around these
particles, through which water molecules diffuse and induce a modification of pro-
ton relaxation. Some researchers combined drug delivery and MRI approaches in a
one-design system [23]. For example, in clinical oncology, magnetic MRI-guided
delivery of drug-loaded nanoparticles administered by an intratumoral injection, (or
intravenously) can result in remarkably better treatment efficiency [18, 23].

Controlled Drug Delivery

The typical procedure for drug administration, in which drugs are injected in-
travenously or orally for general systemic distribution, is accompanied by some
problems. Some examples are non-specificity to the target site, the need to use high
doses to get the required result, side effects and toxicity to normal cells. Different
types of drug delivery approaches have been scouted to resolve the above-mentioned
problems and to increase the amount of uptake drugs into lesion (wound) cells. The
use of magnetic micro- or nanoparticles as a carrier for drugs has the potential to
mitigate the side effects and to control the drug distribution on the target site [24].
In this technique, drugs immobilized on magnetic particles can be transported in a
controlled manner to target sites through applying an external high magnetic field
gradient. However, it is less effective in the interior of the human body because
of the lower magnetic field strength at a larger distance [25]. This problem can be
overcome by implanting magnets close to the target site within the body [26]. It is
also interesting that magnetic particles accumulate not only at the required site but
also throughout the cross-section from the external source to the depth marking the
effective field limit [27]. In a recent review, the interaction of nanoparticles with
cells has been discussed [28]. Superparamagnetic iron oxide nanoparticles encapsu-
lated with different polymers have been explored for targeted and controlled drug
delivery. Gang et al. [29] reported the preparation of tetraheptylammonium-capped
Fe;0,4 magnetic nanoparticles to study the accumulation of anticancer drug in target
cancer cells and revealed that magnetic nanoparticles enhance the interaction of an-
ticancer drugs with leukaemia cells, which resulted in a higher uptake of the drug by
cancer cells. Recently, multilayered magnetic composites consisting of a magnetic
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core and two coating shells made up of poly(N-isopropyl acrylamide) (PNIPAM)
and poly(D,L-lactide-co-glycolide) (PLGA) have been prepared for controlled drug
delivery [30]. Magnetic particles, for example embedded in poly(ethylene glycol)
(PEG) [31], thermally sensitive hydrogel [20, 21] or liposomes [32, 33] are also
used in drug delivery.

Hyperthermia

Hyperthermia is an approach in which heat is applied to a definite tissue site contain-
ing malevolent cells in order to reduce the viability of cancer cells and increase their
sensitivity to chemotherapy and radiation [34]. In hyperthermia, magnetic particles
are used to kill affected cells by producing heat and elevating the body temperature
due to the action of an external magnetic field with limited effect on the healthy
cells. Magnetic particles guided by an external electromagnetic field emit energy in
the form of heat, which raises the temperature to such a level (42—-45°C) that per-
nicious tissues can be destroyed or paralyzed [35]. Cationic magnetic liposomes,
which can be used as heating mediator for application in local hyperthermia, have
been developed [36]. Different clinical applications of magnetic particles for hyper-
thermia are summarized in [37].

2.1.2 In Vitro Applications
Magnetic Separation

In biomedical diagnostics, the use of magnetic latex can replace the time-consuming
and laborious steps of centrifugation or filtration [38]. The separation technique is
associated with the binding of magnetic particles to biomolecules that have spe-
cific affinity to target molecules for separation or analysis. Since magnetic supports
can be separated from solutions containing other species like suspended solids, cell
fragments and contaminants, the magnetic affinity separation is useful for crude
samples [39, 40]. Direct and indirect methods of separation are frequently used
in biomedical diagnostics, such as for detecting disease with magnetic particles
and for specific interaction between biological molecules (e.g. antibody/antigen or
nucleic acids). In the direct method, the magnetic particles carrying antibodies are
mixed with the sample containing the target molecules and then the mixture is kept
for incubation. During the incubation, an immunological reaction takes place be-
tween the molecules immobilized on the particles and the target molecules. Then,
by applying a magnetic field, the particles are separated. In the case of indirect
methods, the target molecule in the sample is recognized by a specific molecule
(first molecule), which is capable of reacting with another second molecule that is
immobilized on the magnetic particles. The indirect method is more specific than
the direct method [41].
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Immunoassay

The process by which the concentration or the amount of any analyte in solution is
determined through an interaction between the antibody and the targeted antigen,
is called an immunoassay. Generally, either the antibody or antigen is immobilized
onto a solid support, which can be magnetic particles to make the immunoassay
easier. Superparamagnetic particles are used in sandwich or competitive binding
immunoassay. In a sandwich immunoassay, target antigens that have two binding
sites to an antibody immobilized on magnetic particles can be physically separated
from a mixture containing analyte (antigen). Labelled antibodies (using radiolabels,
fluorescent dyes, enzymes or chemiluminescent molecules) are used to measure the
bound target. On the other hand, antigens having a single binding site (to antibody)
are measured by a competitive immunoassay [42]. Magnetic beads seem to be one
of the most effective methods for removing tumour cells from bone marrow [43].
It should be mentioned that magnetic latexes, which have a large surface area in
combination with functional group(s) on the surface for binding of biomolecules,
have been tested for many different immunological applications for their easy sepa-
ration from any medium [44, 45].

Magnetic Latex for Nucleic Acids

The use of magnetic particles as a solid support in the separation, isolation and
purification of nucleic acid is indispensable in the biomedical field. It offers ben-
efits over conventional methods like phenol extraction or ethanol precipitation
methods [46]. Specific DNA isolation and extraction (to obtain purified nucleic
acid) without using any organic solvent is required in biomedical diagnostic tests
and is possible with magnetic particles. Polymeric magnetic particles linked to
oligodeoxythymidylic acid (oligo-dT) are also used to purify mutated RNA (e.g.
polyadenylated RNA) for identifying genes, cDNA synthesis and subtracting hy-
bridization [41]. Other magnetic colloidal particles (e.g. cationic, gelatin-coated
and silica-coated particles) are used as solid support for nucleic acid extraction and
concentration [47-50].

Magnetic latex for protein and enzyme isolation, separation and purification is
widely used in the field of biotechnology. One of the advantages of using mag-
netic particles is that the denaturation of proteins can be prevented [51]. Protein or
enzymes are subject to lower shear stresses in magnetic separation than in centrifu-
gation, filtration or chromatographic separations. The magnetic latex consisting of
an iron oxide magnetic core and a polymeric shell can be easily adapted to immo-
bilize antibodies [52], proteins [53] and enzymes [54, 55]. The magnetic polymer
particles usually need to be sufficiently hydrophobic to allow a relatively strong
physical adsorption of antibodies via hydrophobic interaction. On the other hand,
the immobilization of biomolecules is sensitive to different parameters like tempera-
ture, pH, ionic strength and viscosity of the medium. For this reason, the presence of
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different kinds of reactive functional groups on the surface of the magnetic particles
can be used for chemical covalent grafting instead of physical hydrophobic interac-
tion with biomolecules [56].

Virus and Bacteria Capture

Magnetic particles have been investigated in labelling processes like accelerated
agglutination [57] and accelerated sedimentation. Besides the above applications,
magnetic latex is very suitable for extraction or concentration of viruses and bacte-
ria. Recently, some work has been done using magnetic beads for virus detection and
concentration [58, 59]. In the study of Satoh et al. [58], some DNA and RNA viruses
were concentrated more than 100 and 1000 times, respectively, using poly(ethylene
imine) (PEI)-conjugated magnetic beads. Elaissari et al. [59] developed functional-
ized magnetic beads with low-diameter and high iron oxide content to obtain a large
reactive surface area and rapid magnetic separation, and to develop tools for generic
virus extraction and purification.

The bacteria tested for most often in the food industry are Salmonella,
Escherichia coli and Listeria. Numerous detection processes use magnetic particles
to give faster results, with a detection limit that is the same as or lower than that of
conventional techniques [60, 61].

Miscellaneous Uses

Recently developed systems attempt to use magnetic particles in the so-called
magnetic twisting cytometry (MTC) [62]. The extensive use of magnetic nano/
microparticles in biotechnology is also described in the literature [63].

Taking into account all of the above mentioned applications, the synthesis of
magnetic latex will be discussed in two parts: first, the preparation of iron oxide
nanoparticles and, second, the preparation of magnetic latex. Depending on the aim
of researchers, many polymerization techniques are applied such as suspension, dis-
persion, emulsion, microemulsion and miniemulsion polymerization in combination
with controlled radical polymerization techniques like atom transfer radical poly-
merization (ATRP), reversible addition-fragmentation chain transfer (RAFT) and
nitroxide-mediated radical polymerization (NMP). The preparation of hybrid mag-
netic latex by emulsion polymerization will be the focus of this review.

3 Iron Oxide Magnetic Nanoparticles

The stable colloidal dispersion of iron oxide nanoparticles in a liquid carrier medium
is known as magnetic ferrofluid. The iron oxides mostly used are magnetite Fe3O4
and maghemite y-Fe,O3. The carrier medium can be chosen to be aqueous or
organic, depending on the application. The stability of the ferrofluids is the main
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quality that determines the possibility for exploitation in different industrial and
biomedical applications. To obtain stable ferrofluids, particles are coated with a sta-
bilizing dispersing compound such as a polymer or surfactant and, obviously, the
choice of polymer or surfactant depends on the liquid carrier medium. This fluid
acts as a single-phase system that responds to a magnetic field but completely de-
magnetizes in the absence of a magnetic field. For this unique combination of fluid
and magnetic properties, ferrofluids have been used in a vast range of areas [64].

There are two basic methods for the preparation of iron oxide magnetic nanopar-
ticles: the mechanical size reduction method and the chemical method.

3.1 Mechanical Size Reduction Method

The idea of this method was proposed by Papell [65] and improved by other au-
thors, including Rosenweing [66]. In this method, bulk magnetic iron oxide is mixed
with a liquid organic solvent in the presence of huge amount (10-20vol%) of sur-
factants like oleic acid [66] and poured into a crushing ball mill to grind for a
period of a few weeks. The role of the surfactant is not only to prevent the parti-
cles from re-agglomeration but also to enhance the grinding process of the particles.
Since the obtained particles have a broad size distribution, the method is not very
cost-effective. It is also time-consuming, so the method is less used than chemical
methods.

3.2 Chemical Methods

3.2.1 Chemical Coprecipitation Method

The chemical coprecipitation method is most widely used to prepare nanosized mag-
netic particles. Various procedures have been introduced to reach this goal [67-70].
Generally, all these procedures begin with a mixture of FeCls and FeCl, solution
in water and then coprecipitation is performed by the addition of base, typically
ammonium or sodium hydroxide. The reaction can be written as follows:

2FeCl; + FeCly + 8NH,OH — Fe304 + 4H,0 + 8NH4Cl

The method is affected by different parameters like the type and concentration of
salts, temperature, pH and the addition rate of ammonia. After coprecipitation by
the addition of a basic medium, the system is subjected to different purification
steps like magnetic separation, filtration and washing. It should be mentioned here
that a rapid pH increase (from 8.5 to 10), and not using strong bases like LiOH
or NaOH, are important to avoid the precipitation of nonmagnetic hydroxides of
iron [71]. Nanosized iron oxide magnetic particles dispersed in aqueous or organic
medium can be directly produced by this wet chemical method.
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Ferrofluids synthesized by chemical coprecipitation may be surfactant-stabilized
ferrofluids or ionic ferrofluids. Surfactant ferrofluids are iron oxide nanoparticles
coated by stabilizers or surfactant layer(s) for colloidal stability. The coating agents
are polymers and surfactants, be they polar, non-polar or non-ionic. Fatty acid
derivatives are most often used to stabilize these iron oxide nanoparticles either in
organic or aqueous medium. If the particles are dispersed in an aqueous medium, a
double layer of surfactant is needed to form a hydrophilic layer. On the other hand,
if the particles are dispersed in an organic non-polar medium, one layer of surfactant
forms a hydrophobic layer on the surface of the particles.

For instance, Khalafalla et al. prepared stable magnetic particles both in organic
and aqueous media. First of all, addition of excess ammonia in a mixture of the
aqueous solution of ferrous and ferric salts precipitates magnetic particles. Then,
oleic acid is added to the system and reacts with the ammonium groups to form
ammonium oleate. A hydrophobic coating is formed around the particles. The ag-
gregated particles are separated by a magnet and then subjected to dispersion in an
organic solvent [67]. The authors also showed that a stable colloidal dispersion of
magnetic particles in an aqueous system is possible by just replacing the oleic acid
by the more hydrophilic dodecanoic acid [68].

Elaissari et al. [69] prepared oil-in-water (O/W) magnetic emulsions by fol-
lowing the Khalafalla method. A ferrofluid was obtained that was composed of
superparamagnetic maghemite nanoparticles with a diameter below 10 nm (Fig. 1),
stabilized in octane by a surrounding oleic acid layer. This magnetic fluid was then
emulsified in SDS-water in order to obtain stable ferrofluid droplets [69]. Another
research group [70] published a different method: magnetic nanoparticles were
prepared from an iron sulphate solution, which was oxidized by a sodium nitrate
solution before being precipitated by concentrated ammonia. The obtained magnetic

Fig. 1 TEM image of magnetic nanoparticles prepared by the Khalafalla coprecipitation method.
Reprinted from [68] with permission (copyright (©) IEE)
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particles were dispersed in an aqueous solution containing fatty acid surfactants
such as oleic acid; the addition of hydrochloric acid induced the colloidal aggre-
gation of the magnetic particles. After eliminating water, the hydrophobic particles
were dispersed in toluene. The particle sizes ranged from 4 to 70 nm, depending on
the quantity of the sodium nitrate used to oxidize the iron sulphate.

A surfactant-free ionic ferrofluid preparation was accomplished in water by
Massart [71]. The electrical charges (either positive or negative) on the surface of
magnetic iron oxide nanoparticles create electrostatic repulsion between the parti-
cles. This repulsion keeps the colloidal system stable. The sign of the charge on the
particles depends on the pH of the solution. Below pH 7 the particles are positively
charged, whereas above pH 7 the particles are negatively charged. The experimental
parameters under which reaction takes place, such as the initial molar ratio between
the ferrous and ferric salts, the type of base used, the temperature, the pH, or the
type and concentration of cations present, all strongly influence the size, yield and
the magnetic properties of the formed iron oxide nanoparticles [72]. Low polariz-
ing ions, tetramethylammonium cations, perchlorate anions, citrate or nitrate ions
are used to impart the colloidal stability of the dispersion. Aqueous suspensions of
magnetite nanoparticles (Fig. 2, size 9 nm) have been prepared by this group [73].

The binding of surfactants to the surface of the particles can be done through
electrostatic interaction or complexation with metal ions; the surfactants molecules
should have a complexing (chelating) groups in the latter case. Ferrofluids can also
be stabilized by various low molecular weight compounds such as fatty acids, sac-
charides and the polymers polyvinyl alcohol (PVA), PEG, dextran, polyacrylamide,
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Fig. 2 TEM image of magnetic particles prepared by the Massart method. Reprinted from [73]
with permission
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poly(methacrylic acid) (PMA), poly(ethylene oxide)-co-poly(propylene oxide)
(PEO-co-PPO) bisphosphonates, etc. Of them, PEG is most suitable for use in
biomedical applications because of its biocompatibility [74].

3.2.2 Thermal Decomposition Method

Besides the chemical coprecipitation method, iron oxide magnetic particles can
be prepared by thermal decomposition of organometallic compounds such as iron
pentacarbonyl and by hydrothermal reaction of mixed oxides or hydroxides of iron.
In this method, usually oxides or hydroxides of iron are treated at high temperature
(above 200°C) and pressure (more than 2000 psi), known as the supercritical condi-
tions for water. The size, size distribution and morphology of the particles depend on
the presence and concentration of surfactant, the temperature, residence time, pH of
the reaction system, and on the concentration of the precursor (such as ferric nitrate)
[75] (Fig. 3). Water acts as a hydrolytic reactant. The main chemical processes in-
volved are hydrolysis, oxidation and neutralization of mixed metal hydroxides. The
amount and size of the magnetic particles are increased with a long reaction time and
high water content in the reaction medium [76]. As a precursor, an iron chloride salt
or iron acetylacetonate can also be used for example (instead of iron pentacarbonyl)
and the resulting particles are dispersible in organic solvents [77, 78].

3.2.3 Polyol Method

The method deals with the preparation of magnetic particles in polyol (ethylene
glycol, diethylene glycol, propylene glycol etc) as solvent. Inorganic materials
are dissolved in polyol and the reaction can be carried out at a wide range of

lReactDr

Crystallizer
P bt

Fig. 3 (a—d) Mechanism of iron oxide nanoparticle formation in PVA by a hydrothermal process.
Reprinted with permission from [75]
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temperatures due to the high boiling point of the polyol. The polyol has a multi-
ple role: as a solvent, as a stabilizer, as a ligand and, finally, as a reducing agent
[79]. In a typical reaction, precursor metal hydroxides or metal salts are dispersed
in polyol and the temperature is raised. In the course of the reaction, the metal pre-
cursor forms an intermediate that is reduced to form metal nuclei, which then form
metal particles.

3.2.4 Aerosol Method

The synthesis of magnetic particles by the aerosol or vapour method deals with the
chemical reaction that takes place in confined droplets of reactant that are dispersed
in an inert gas. The aerosol collides with the vapour of co-reactants and turns into
solid particles [80]. High production rate is the main advantage of this continuous
chemical process. There are two routes in the aerosol technique: spray pyrolysis, in
which ferric salt is reduced by organic compounds; and laser pyrolysis, in which
iron pentacarbonyl is decomposed in the presences of an energy transfer agent with
air as an oxidant to form maghemite nanoparticles [81]. The latter method is more
favourable for preparation of less-aggregated particles.

3.2.5 Microemulsion Method

To control the size and size distribution, synthesis of magnetic nanoparticles in a
W/O microemulsion has been reported. The presence of surfactant molecules results
in the formation of different sizes (1-10nm) of micelles. The surfactant molecules
organize themselves with the polar end inside in the water phase and the non-polar
end in the oil phase. The micelles/droplets contain the aqueous solution of iron salts.
The concentration and type of surfactants and metal ions, the pH, reducing agents
and co-surfactants can all affect the particle growth and, consequently, the particle
size distribution (Fig. 4) [82, 83].

Fig. 4 TEM image of magnetic particles prepared in microemulsion. Reprinted from [82] with
permission
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4 Synthesis of Magnetic Latex

4.1 Magnetic Latex Fabrication in Preformed Polymers

4.1.1 Solvent Evaporation Process

This is one of the easier processes for synthesis of magnetic polymer microspheres.
The magnetic component is dispersed in an organic phase (a suitable solvent) con-
taining polymer (PLLA, Polybutyral, PCL) and then it is emulsified in an aqueous
solution of stabilizing polymeric surfactants (PVA, SDS, Pluronic PE6800) to form
an O/W emulsion. The evaporation is accomplished by vigorous stirring of the
emulsion at room temperature. The prepared particles are usually polydisperse and
large in size. Using the solvent evaporation method, Homoudeh et al. [84, 85] have
demonstrated incorporation of a large amount of magnetite in poly(lactic acid)-
based nanoparticles, and high magnetic saturation values in poly(e-caprolactone)
(PCL)-based microparticles. The particles can be used as a contrast agent in MRI.
Here, magnetic components are dispersed in a dichloromethane phase containing
the dissolved polymer. This organic phase is then subjected to emulsification in
an aqueous phase containing PVA to form an O/W emulsion. The evaporation of
dichloromethane enables the precipitation of the dissolved polymer onto magnetite-
loaded polymeric particles. The magnetite nanoparticles are simply mechanically
entrapped during the polymer precipitation process.

Tanyolac et al. [86] also prepared magnetic microbeads by applying the solvent
evaporation method. They used chloroform as organic phase and polybutyral as
polymeric material. The range of produced particle size was 125-250 um.

Here, it is also worth mentioning that the solvent diffusion method (also known as
the phase separation method) is used to prepare magnetic nanoparticles. The method
consists of using a partially water-miscible solvent like ethyl acetate as an organic
solvent. This solvent is emulsified in an aqueous solution of a stabilizing agent,
followed by dilution of the internal phase with an excess of water to induce the pre-
cipitation of polymer. Applying the method, 90—-180nm size particles with a good
magnetic loading of PLGA were reported by Lee et al. [87]. At first, iron-oxide—
PLGA-containing saturated ethyl acetate phase in the Pluronic-containing aqueous
phase was emulsified with a high speed homogenizer. Then, excess water was added
to the O/W emulsion while applying ultrasound. The subsequent addition of wa-
ter dilutes the solvent concentration in water and extracts solvent from the organic
solution, which leads to the nanoprecipitation of polymer matrix, entrapping iron
oxide nanoparticles.

The modification of the surface of iron oxides by hydrophilic macromolecules
such as PVA and proteins is also reported [88-90]. For instance, Lee et al. [90]
carried out a coprecipitation of iron salts in an aqueous solution of PVA to form a
stabilized dispersion. They reported a decreasing crystallinity of iron oxide particles
with an increase in the concentration of PVA, while the morphology and particles
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size remained the same. Chatterjee et al. [88] studied the encapsulation of individual
iron oxide nanoparticles or small clusters by human serum albumin using the heat
stabilization method.

Another work of Chatterjee et al. [89] describes the incorporation of magnetic
particles in a biocompatible polymer gel using PVA. The obtained magnetic gel
was dried to form a biocompatible magnetic film. The authors reported efficient
crosslinked magnetic nanoparticles in the polymer network with superparamagnetic
properties. In very recent work, iron oxide nanoparticles were loaded by the mi-
celles of amphiphilic block copolymer of poly(NIPAM-co-AM)-block-PCL using
the solvent evaporation method. The resulting thermally responsive magnetic mi-
celles were used for simultaneous magnetic hyperthermia and drug delivery [21].

4.1.2 Sol-Gel Method

The sol-gel method can be associated with the transformation of a homogeneous so-
lution (sol) of a metal oxide or alkoxide precursor to a crosslinked three-dimensional
solid (gel) [91]. At room temperature, the precursor undergoes multistep hydrolysis
and polymerization reactions to form a colloidal dispersion and the particles turn
into a new “gel” phase. Controlled bulk properties and microstructure of the materi-
als, and synthesis of optically transparent materials, are the advantages of the sol-gel
method. However, there is a problem in controlling the sol-gel mixture composi-
tion because the outcome depends on many factors like pH, temperature, nature of
the solvent, ratio of water and precursor, and concentration. The superparamagnetic
Fe3O4 nanoparticles were coated with silica by dispersing iron oxide particles in a
2-propanol/water mixture using ultrasonication for about 10 min. Then, ammonium
hydroxide and tetraethyl orthosilicate (TEOS) were consecutively added to the reac-
tion mixture under continuous stirring at room temperature for 12 h. Alternatively,
the surface of the particles was modified by [3-(glycidyloxy)propyl] trimethoxysi-
lane (GLYMO) and iminodiacetic acid [92].

4.1.3 Layer-by-Layer Process

Spontaneous electrostatic attraction between oppositely charged polymer chains
is used to synthesize magnetic latex in a layer-by-layer process (LBL). The LBL
method can produce coated latex of different shapes and sizes, and with uniform
and controlled thickness of the layer without using high cost equipment.

It is also possible to incorporate various functional groups on the surface of the
particles to produce multifunctional magnetic latex [93, 94]. The LBL adsorption of
polyelectrolyte onto the colloidal particles is a well-recognized method for magnetic
nanoparticle encapsulation and functionalization [95, 96].
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Sauzedde et al. [93] reported the synthesis of monodisperse magnetic latex,
combining anionic iron oxide nanoparticles (5—10nm) and cationic core—shell poly-
mer particles containing polystyrene core—shell PNIPAM, poly(St-co-NIPAM) and
poly(NIPAM-co-MBA) functionalized with 2-aminoethyl methacrylate (AEM). The
negatively charged iron oxide particles were adsorbed onto the seed particles by
electrostatic interaction. Adsorption of iron oxide onto pure cationic PNIPAM latex
was strongest. Elaissari et al. [97] studied the encapsulation and functionaliza-
tion of O/W magnetic emulsions using sequential adsorption of oppositely charged
polyelectrolytes via the LBL process. In the encapsulation process, at first, polyelec-
trolyte was adsorbed onto negatively charged magnetic particles using PEI. After
that, the obtained cationic magnetic particles were introduced into the solution of
a high concentration of polyanion poly(maleic anhydride-alt-methyl vinyl ether)
(PMAMVE). The average diameter and magnetic content of the final particles were
240nm and 60% (wt/wt), respectively.

4.2 In Situ Synthesis

4.2.1 Incorporation of Iron Oxide by the Precipitation Process

Magnetic polymer microspheres can be prepared by coprecipitation of iron salts
inside the polymer matrix. Ugelstad et al. [98] synthesized monodisperse magnetic
polymer microspheres using a multistep procedure that is based on four steps:

1. Synthesis of porous polymer particles as a seed latex with diameters in the range
2—4um and a very narrow size distribution

2. Diffusion of iron oxide salts into the porous latex particles

3. Precipitation of Fe(Il) and Fe(III) salts inside the porous latex by the addition of
a base like ammonium hydroxide or sodium hydroxide

4. Encapsulation of the magnetic iron oxides inside the porous latex particles by a
seeded polymerization process

The porous latex seed particles are obtained via the dynamic swelling method
followed by an emulsion polymerization process. A volatile solvent that has no
tendency to take part in the polymerization is used in the swelling process and is fol-
lowed by evaporation to prepare the porous microspheres [99]. The monodisperse
particles can be swollen up to 50-1000 times with respect to their initial volume
by a vinyl monomer solution, sometimes in combination with other reactants such
as a porogen solvent. All reactants are present inside the swollen particles before
polymerization.

One of the most widely used magnetic beads was prepared by Ugelstad et al.
[100]. In the preparation of magnetic polymer particles, hydrophobic polymers of
styrene (St) or styrene-co-divinylbenzene (St-co-DVB) are used, which have a large
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tendency for non-specific binding to proteins. The second polymer encapsulation
layer can be chemically modified by reactive functional groups (e.g. amine, car-
boxylic, thiol, epoxy and aldehyde groups) for the introduction of specific affinity
ligands or biomolecules.

Synthesis of hydrophilic magnetic particles with an average size of 2.6 um and
PDI 1.02, and a 24.3% iron oxide content was carried out by Ma et al. [101]. She
used coprecipitation of iron oxide inside an amino functional polymer matrix. The
total process involves three steps: (a) preparation of poly(glycidyl methacrylate)
(PGMA) seed particles by a dispersion polymerization, (b) functionalization of the
seed PGMA particles with ethylene diamine (EDA), and (c) impregnation of iron
salts and precipitation with ammonium hydroxide solution inside the functional
polymers matrix.

The synthesis of core—shell magnetic nanoparticles from polyacrylic acid (PAA)
graft copolymers containing side chains of PEO and PPO (Fig. 5) was demonstrated
by Hatton et al. [102]. Using a mixture of the polymers at a temperature of 180°C,
amine-terminated PEO and PPO were coupled onto the PAA via amidation. Super-
paramagnetic polymer-coated nanoparticles were synthesized by the hydrolysis and
condensation of Fe(IT) and Fe(III) chloride salts in the presence of PPO- or PEO-
modified PAA copolymers. The extraction of organic compounds from aqueous
media towards the copolymer shell of hydrophobic PPO segments can be applied
in the field of water purification.

Homogeneous distribution of magnetic particles in the polymer matrices can be
obtained using polyacrylamide-based microgel particles swollen with water. The
amount of ferric and ferrous salts contained in the microgel and the quantity of water
depends on the crosslinking density. Fe(II) and Fe(III) salts are transformed into iron
oxide nanoparticles inside the hydrogel, by raising the pH and temperature. How-
ever, the application of ultrasound to disperse the prepared magnetic microgel may
desorb or release the iron oxide from the microgel latex. Consequently, the prepared

PEO/PPO-PAA PPO: Interior PEO: Outer layer for
amphiphilic graft copolymers hydrophobic steric stabilization in
environment for water
ﬂ solubilization
C—NH—(CH,CH,O)"—CH, 2 FeCl, : /
S5 FeCl,
o]
|
J"‘NH —(CH,CHO)—CH, RO
| T=80°C
CH,
COOH
COOH: Attaches to ~10 nm Fe;0,
Fe,0, surface core

Fig. 5 Magnetic fluid synthesis in an aqueous solution of PEO/PPO-PAA graft copolymer.
Reprinted from [102] with permission
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magnetic microsphere may have a more porous surface, which is not suitable for use
as a solid support in immunoassay. A similar approach was proposed by Kawaguchi
et al. [103], who prepared a magnetic microgel in the following way: acrylamide
(AM), methacrylic acid (MAA) and bisacrylamide are dispersed in a solution of
Fe(I) and Fe(III) salts, which are then precipitated by addition of ammonium hy-
droxide. Dextran is used to limit the precipitation in the aqueous phase. Dextran
can also enhance the dispersability of ferrite particles, preventing aggregation in
the dispersion medium and improve biocompatibility of the particles. Finally, the
magnetic composite microspheres are coated by a layer of epoxy functional PGMA
to protect any release of the magnetic particles in the course of the application or
post-application periods. The average diameter of the final particles is 400 nm and
magnetic content is 20-25%.

Recently, Sahiner et al. [104] reported the preparation of anionic hydrogels
(Fig. 6) of poly(2-acrylamido-2-methyl-1-propane sulphonic acid) (PAMPS) with
different amounts of crosslinking agent for use in in situ synthesis of magnetic and
metal particles. Different size metal particles were prepared inside the polymeric
matrices by the adsorption of the metal ions from their aqueous salt solution into
the preformed polymer network by the aid of the ion-exchange ability of the pH-
sensitive hydrogel and subsequent reduction of the metals using strong reducing
agents. Transmission electron microscopy (TEM) and thermogravimetric analysis
(TGA) analysis demonstrated that the (PAMPS) content of hydrogel has a great ef-
fect on both the metal ion loading capacity as well as particle size.

500 nm
e

Fig. 6 (a—c) TEM images at different magnifications of composite-PAMPS-co-PAMPS hydrogels
containing iron oxide particles. Reprinted from [104] with permission
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Another appealing approach to the synthesis of superparamagnetic latex has been
taken by Wormuth [105]. The method proceeds in two steps: first, the in situ pre-
cipitation of iron oxide in the presence of a double hydrophilic block copolymer
(PEO-block-co-PMA), which dictates the nucleation, controls growth, and sterically
stabilizes the magnetic particles. Then, this is followed by a miniemulsion poly-
merization technique to encapsulate the magnetic particles, utilizing hydroxyethyl
methacrylate (HEMA) and MAA monomers. TEM, DLS, TGA and XRD magnetic
measurements were used to analyse the produced magnetic latex. Iron oxide parti-
cles of 5nm were present inside the magnetic latex particles, having a diameter of
140-220nm. The magnetic latex contained 18% magnetic iron oxide.

In order to prepare core—shell magnetic microspheres for use as an MRI contrast
agent, “double hydrophilic” block copolymers of PEO-block-PGA have also been
investigated by another research group [106].

The preparation of dendrimer-coated magnetic nanoparticles was reported
by Douglas et al. [107]. In the preparation process, Fe(Il) salt precursor using
(CH3)3NO was reduced and this was done in the presence of COOH-terminated
poly(amidoamine) dendrimers; 20-30 nm sized particles were formed.

4.2.2 Deposition of Magnetic Metals

In order to have magnetic properties, iron, cobalt and nickel metals can be used to
prepare magnetic polymer particles. The preparation of well-defined cobalt mag-
netic nanoparticles was reported by Thomas [108]; in this method, the cobalt
metal is deposited into the polymer matrix in the presence of a random terpolymer
poly(MMA-EA-NVP) by thermolysis of the cobalt carbonyl precursor Co, (CO)s in
toluene. The terpolymer stabilizes the magnetic cobalt particles. Tuning the ratio of
the metal precursor and surfactants, core—shell nanoparticles with controllable size
can be obtained. One of the major features of this method is the organization of
ferromagnetic cobalt nanoparticles into one-dimensional nanoparticle chains when
cast from the solution onto TEM grids.

The method of preparing superparamagnetic particles developed by Charmot
[109] uses hydrophobic non-porous polystyrene seed particles of narrow size distri-
bution. A seeded polymerization is carried out to increase the particle size (1.35um)
and a terpolymer is formed around the seed particles by a dispersion polymeriza-
tion of styrene, DVB and 4-vinylpyridine in toluene. The toluene containing cobalt
precursor swells the latex particles, which results in a homogeneous distribution
of the metal precursor. A thermolysis reaction is conducted in the presence of
4-vinylpyridine, and the release of carbon monoxide indicates the decomposition
of the metal salt into cobalt. The main problem of this method is the particle surface
deformation during the evolution of carbon monoxide. The amount of crosslinker,
however, cannot be reduced below a certain level without significantly modifying
the properties of the particles.

Takahashi et al. [110] studied the synthesis of magnetic core and polymeric
shell particles, taking carboxylic-acid-containing copolymers as stabilizer. The
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copolymerization of an allyl-terminal PEO macromonomer with maleic anhydride
is carried out, followed by basic ring-opening that produces carboxylic functional
copolymer. Due to the presence of this copolymer, ferrite salts are oxidized by hy-
drogen peroxide to form superparamagnetic nanoparticles. Finally, the adsorption
of lipase onto the polymer-coated magnetic particles renders a catalytically active
support for esterification.

4.3 Polymerizations of Monomer in the Presence
of Magnetic Nanoparticles

For the preparation of hybrid magnetic latexes, different monomers can be poly-
merized in heterogeneous reaction systems in the presence of magnetic particles.
Several polymerization techniques, namely suspension, dispersion, emulsion, mi-
croemulsion and miniemulsion are prevalent.

4.3.1 Suspension Polymerization

Suspension polymerization is one of the heterogeneous polymerization methods for
magnetic latex preparation in which water-insoluble monomers, magnetic particles
and monomer soluble initiator are dispersed as a droplet in a continuous aqueous
phase. The droplets are stabilized sterically by surfactants or stabilizers, and vigor-
ous stirring takes place during polymerization to prevent aggregation or coalescence
of these droplets. The target in suspension polymerization is the formation of a
uniform dispersion of polymerized monomer droplets in the aqueous phase. These
droplets are subjected to polymerization by direct conversion of the droplets to cor-
responding magnetic polymer particles of about the same size. The range of the
particle size distribution depends on the initial droplet size, which is influenced by
the concentration of surfactant, the interfacial tension, the degree of agitation and the
design of the stirrer/reaction system [111]. The dynamic equilibrium between coa-
lescence and break-up, which depends on the above-mentioned parameters, drives
the final droplets size [112].

Synthesis of hydrophobic magnetic latex was reported in a patent [113]; mag-
netic particles are dispersed in organic phase consisting of water-insoluble initiator
and vinyl aromatic monomers. The obtained dispersion is then mixed with an aque-
ous solution of surface-active agent and the mixture is emulsified. The size of the
produced magnetic polymer lattices ranges from 0.03 to 5 um. Another group, Lee
etal. [114], prepared magnetic microspheres using St and DVB. The dispersed phase
consists of oleic-acid-coated magnetic particles (size less than 5 um) dispersed in or-
ganic phase containing St and DVB. Oil-soluble initiator azobis(isobutyronitrile)
(AIBN) is used. After stirring for 1h at room temperature, the dispersed phase
is then transferred into the continuous aqueous phase in which PVA is dissolved,
and is stirred for 16h at 70°C under nitrogen atmosphere. The average diameter
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of the prepared magnetic microsphere is 219um. Using almost the same recipe,
Maria et al. [115] produced a range of 65-300um particles with 2—-7% iron ox-
ide. Another illustration of suspension polymerization is the use of St and DVB in
the presence of magnetic powder to prepare magnetic latex with large diameters in
the region of 100-300um. Magnetic particles of 20 um are dispersed in an organic
phase by applying ultrasound. The mixture is then dispersed in an aqueous phase
and polymerized, initiated by a peroxide at 80°C. The prepared particles are func-
tionalized by photo-oxidation using UV radiation and used for covalent coupling of
biomolecules such as enzymes [116].

Oxidation of the polystyrene shell results in the presence of carbonyl groups
(-C=0), as indicated by FTIR. The incorporation of iron oxide in the polymer is
very low at about 1.25% of the monomer mass.

To achieve a narrow size distribution and smaller particle size, modified suspen-
sion polymerization is also reported [117] for preparation of magnetic poly(methyl
methacrylate) (PMMA)-DVB-GMA microspheres (Fig. 7). The magnetic particle is
functionalized by the reaction of the epoxy groups with ammonia solution to provide
amino group on the surface, and is activated by glutaraldehyde for protein adsorp-
tion. The average size of the obtained particles is 6.4um. Three modifications in
the approach can be made. First, polymerization is conducted under enhanced me-
chanical agitation to form uniformly sized monomer droplets. Second, the reaction
temperature is increased with a controlled rate, resulting in smaller droplets. The

6 2000X 10U

Fig. 7 SEM micrograph of magnetic POMMA-DVB-GMA) microspheres. Reprinted from [117]
with permission (copyright Wily-Interscience)
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resulting particles have a higher magnetic content. Third, the use of high levels of
surfactant, (20% PVA relative to monomer) leads to a narrower size distribution of
particles.

In addition, magnetic latex with hydrophilic polymer can be produced by in-
verse suspension polymerization using a W/O suspension. Miiller-Schulte et al.
reported [118] the preparation of hydrophilic thermally sensitive magnetic polymer
particles for an in vivo contactless controlled drug release by using inverse sus-
pension polymerization (Fig.8). A ferrofluid and initiator ammonium persulphate

N-Isopropylacrylamide
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Drug 3-5 min

+

Radical Forming Agents

v

Inverse Suspension
Polymerization -
Bead Formation

Fig. 8 Flow diagram of NIPAM bead preparation (a) and SEM image of NIPAM microbeads
(b). Reprinted from [118] with permission



260 Md M. Rahman and A. Elaissari

(APS) were added to a monomer phase consisting of NIPAM, poly(oxyethylene
nonylphenylether) (IgepalCO-520) and, as a crosslinker, N,N-methylene bis acry-
lamide (MBA). The mixture was treated for 30 s in an ultrasonic bath (as drug-like
substances, methylene blue or rhodamine B were used) and dispersed in oil phase
containing Span 80, Brij 72 and Prisorine. Spherical micron-sized magnetic poly-
mer particles with a size of 10-200um were obtained, depending on stirring speed.
It is also possible to prepare spherical nanoparticles using an oil phase consisting of
F 127, Aerosol or Span 60.

Moreover, a magnetic molecularly imprinted polymer of 4-divinylpyridine and
EGDMA particles was synthesized by inverse suspension polymerization [119]. The
reaction was carried out in silicon oil as a dispersion phase, and in the presence of
2,4-dichlorophenoxyacetic acid and MPTS. The advantages of the silicon oil as a
continuous phase are a low polarity and immiscibility with the monomer mixture.
The prepared particle average size is 20 um and the magnetic content is very low, at
around 1 wt%.

Using the suspension polymerization approach, Lu et al. [120] also described
the preparation of molecularly imprinted Fe;O4/poly(St-DVB) composite beads for
amino acid recognition using MAA and AM as functional monomer, stearic acid as
porogen, and PEG 4000 as dispersant. The diameter of the composite particles was
400—450 um and the magnetic content was 3.78%. Tyrosine and phenylalanine were
both used as templates and comparative molecules for studying molecular recogni-
tion selectivity.

4.3.2 Dispersion Polymerization

Dispersion polymerization is an appealing method due to the inherent simplicity and
non-tedious single-step process in attaining monodisperse micron-sized polymer
particles. In a typical dispersion polymerization process, monomer(s) and initiator
are soluble in the continuous phase but the produced polymers are not soluble in the
dispersion medium. The oligomer chains formed in the dispersion medium coalesce
to form nuclei and, at the same time, adsorb stabilizers from the medium to form
stable primary particles containing magnetic cores. At the stage where sufficient nu-
clei are formed, nuclei formation stops and the number of particles is constant from
there on. The reason is that the surface area of the particles is sufficient to capture
newly formed oligomers and insoluble polymer chains. Further particle growth takes
place by polymerization inside the particles, which are swollen with the monomer
[121-123]. It should also be mentioned that the solvent polarity in the dispersion
polymerization is one of the important factors [124].

Horak et al. prepared magnetic PGMA latex by dispersion polymerization of gly-
cidyl methacrylate (GMA) in the presence of magnetic iron oxide in a water/alcohol
mixture. The polymerization was carried out using oil-soluble AIBN as an initiator
and PVP as stabilizer [125]. Moreover, Horak et al. also demonstrated the syn-
thesis of magnetic poly(2-hydroxyethyl methacrylate) (PHEMA) in the presence
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of different geometrical or morphological structured (needles or cubes) iron oxide
particles in an organic continuous medium [126]. The resultant particles (Figs.9
and 10) produced by this method contain 15 wt% iron oxide.

Fig. 9 SEM images of (a) magnetic PGMA microspheres. Polymerization conditions: 68 g
ethanol, 12 g GMA, 2 g Fe,03, 4.5 wt% PVP (based on polymerization mixture), and 2 wt% AIBN
(based on monomer). (b, ¢) crosslinked magnetic PGMA microspheres. Polymerization condi-
tions: (b) 66 g ethanol, 2 g water; (c) 62 g ethanol, 6 g water; 11.04 g GMA, 0.96g EDMA, 1¢g
Fe; 03, 2.25 wt% PVP (relative to the polymerization mixture), and 2 wt% AIBN (relative to the
monomers). Reprinted from [125] with permission

Fig. 10 SEM micrograph of magnetic poly(HEMA-co-GMA) (1/1 w/w) microspheres prepared
in a polymerization mixture containing 38.2/29.8 (g/g) toluene/2-methylpropan-1-ol, 2 wt% BPO
(relative to the monomers),1 g of an oleic-acid-stabilized ferrofluid, and 5 wt% EC. Reprinted from
[126] with permission



262 Md M. Rahman and A. Elaissari

Thermally sensitive magnetic poly(St-co-NIPAM) with particle sizes of
5-100um and magnetic amphiphilic poly(St-co-PEOAM) particles of 5-80um
were synthesized by Ding et al. [127, 128] through dispersion polymerization.
Amphiphilic magnetic poly(St-co-PEOVB) was also reported by the same group
[129]. The aim of the synthesis of magnetic amphiphilic polymer microspheres,
which have homogeneous catalytic property, is to use them as a catalyst carrier.
In both cases, particle size distribution and magnetic content were not satisfactory.
The phase transition behaviour (at about 31°C) and adsorption behaviour of emul-
sifier and trypsin on the magnetic PS/P(DMAEMA-EGMA) prepared by dispersion
polymerization were investigated [130].

Recently, work has also been published by Zhang et al. [131] regarding the syn-
thesis of magnetic poly(St-GMA) microspheres using dispersion polymerization.
Different instrumental analyses like Fourier transform infrared (FTIR) spectrometry,
X-ray diffraction (XRD), TEM, TGA and vibrating sample magnetometry (VSM)
were performed to characterize the obtained microspheres. A high content (about
70 wt%) of iron oxide has been claimed to be present in the (0.5—1um size) poly-
mer microspheres. However, as shown in the TEM micrograph, a matter of concern
is that the magnetic iron oxide particles are not fully encapsulated by polymer. The
resulting particles will be of questionable use in biomedical applications.

The method was used by Park et al. to prepare polymer-coated carbonyl iron
magnetic composites particles [132]. The carbonyl iron was encapsulated by PMMA
macromolecules via dispersion polymerization. The prepared polymer-coated
magnetic particles were further crosslinked with ethylene glycol dimethacrylate
(EGDM) to improve the mechanical properties of PMMA for use as a dispersed
phase for magnetorheological fluids in industry. Besides, Sun et al. [133] inves-
tigated the synthesis of nonporous and spherical magnetic beads by dispersion
polymerization of GMA crosslinked with DVB. Further amino functionalization
was accomplished so that the particles could be used as anion exchangers to capture
plasmide DNA.

4.3.3 Emulsion Polymerization

Emulsion polymerization is the polymerization technique that starts with emulsified
monomer in the continuous aqueous phase. Polymer formation takes place in the
micelles and is initiated by water-soluble initiators. The monomers are insoluble or
sparingly soluble in water. Emulsion polymerization is used very frequently in order
to perform encapsulation of inorganic particles with polymers where water-based
coatings are required. For the encapsulation of inorganic particles, seeded emulsion
polymerization is performed; hydrophobic inorganic particles are dispersed with
normal surfactants or protective colloids in the aqueous phase. As polymerization
on the surface of inorganic particles is always in competition with secondary parti-
cle formation, the concentration of the surfactants should be lower than their critical
micelle concentration. However, homogeneous nucleation can also occur, which
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is more dominant for more water-soluble monomers. Therefore, the chance for
secondary nucleation is higher and the resulting encapsulation will be poorer. The
efficiency of encapsulation thus depends on the water solubility of monomers [134].

The required properties of the hybrid particles can only be obtained when the
magnetic particles are dispersed as single particles in the matrix. So, initially the
magnetic particles (stabilized by surfactants or protective colloids) should be well-
dispersed in the aqueous phase and aggregation should be avoided during the
polymerization. Additionally, in combination with surfactants, ultrasound can be
used to make well-dispersed particles.

An interesting approach has been developed by Elaissari et al. [135] to pre-
pare magnetic latex via free radical emulsion polymerization of the hydrophobic
monomer St and the crosslinking agent DVB in the presence of submicronic mag-
netic droplets dispersed in water. The particle size distribution was controlled
by the size distribution of the initial magnetic emulsion. In this case, oleic-acid-
coated iron oxide magnetic nanoparticles in octane were emulsified with an aqueous
solution of amphiphilic copolymer or the nonionic surfactant poly(oxyethylene)
isooctylphenylether (Triton X-405) to form ferrofluid magnetic droplets in water.
Then, St and DVB were added to the mixture and stirred at room temperature to
diffuse the monomers into the ferrofluid droplets. The polymerization was initiated
by either AIBN or potassium persulphate (KPS). The influence of different reaction
conditions, for instance initiator type, level of DVB and adsorption of carboxylic-
containing amphiphilic copolymers, was investigated in terms of polymerization
kinetics and latex particle morphology.

It was demonstrated that the homogeneous encapsulation of iron oxide nanopar-
ticles was possible when ampiphilic copolymer was used with 60:40 wt% ratio of
St to DVB and KPS as initiator (Fig. 11). The use of only St and AIBN as initiator

Fig. 11 TEM image of latex prepared with St, DVB and KPS (40 wt% DVB)]obtained from
ferrofluid droplets stabilized with a functional polymeric surfactant. Reprinted from [135] with
permission
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produced an asymmetric hemisphere-like morphology. The particles were character-
ized by TEM, scanning electron microscopy (SEM) and TGA. Particles of 200 nm,
with a highly magnetic content (60%) and high carboxylic surface charge were
claimed.

Earlier, oleic-acid- or sodium dodecyl sulphate (SDS)-stabilized ferrofluid en-
capsulation with EGDM was reported, where 4,4-azobis (4-cyanovaleric acid)
(ACVA) was used as initiator and particles were further functionalized with MA
[136]. The emulsion polymerization of GMA in the presence of dextran-coated ster-
ically stabilized iron oxide magnetic particles using various emulsifiers (Disponil
AES 60, Tween 20, Triton X-100) and initiators (APS and ACVA) was carried out
[137]. Disponil AES 60 and ACVA were considered suitable emulsifiers and initia-
tors, respectively, due to the hydrolysis of epoxy groups (originated from GMA) in
the course of APS-initiated polymerization. The obtained particles were polydis-
perse and almost spherical, as shown by SEM (Fig. 12). Similar work with different
initiators and surfactants was reported [ 138, 139].

However, the use of water-soluble monomer in emulsion polymerization is more
complicated. A potential example is the synthesis of thermally sensitive mag-
netic microspheres using water-soluble NIPAM, using the combination of emulsion
polymerization and then seeded precipitation polymerization [140, 141]. Lee et al.
[140] conducted the synthesis of magnetic latex by a two-stage process: at the first

Fig. 12 SEM of magnetic PGMA microspheres obtained by emulsion polymerization in the
presence of 0.75 wt% of (a) Disponil AES 60, (b) Tween 20 and (c) Triton X-100 in water. Poly-
merization conditions: 0.26 wt% ACVA (relative to feed), dextran-coated iron oxide/GMA-0.33.
Reprinted from [137] with permission
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stage, magnetic polystyrene seed particles were synthesized, which were then used
as seed for second stage seeded emulsion polymerization with NIPAM and MAA.
As observed in TEM, the morphology of the particles was not uniform core—shell,
and secondary nucleation was also found. Another approach to the synthesis of mag-
netic latex was pointed out by Shang et al. [142]. An O/W emulsion of a ferrofluid
was prepared by replacing the SDS with oleic-acid—SDS-coated iron oxide particles,
and then forcing the emulsion through a membrane with highly uniform micrometer
(2 or 5um) pore size. The emulsion-templated free radical polymerization of acrylic
acid (AA) was performed in the presence of oleic acid and propenyl polyethylate
alcohol (RN-10)-coated iron oxide particles and initiated by UV light, with ben-
zophenone as initiator. In another research study, Shamim et al. [143] performed
emulsion polymerization [144] for the synthesis of a PNIPAM shell on magnetic
particles using iron oxide nanoparticles coated with the polymerizable surfactants
thidiglycolic acid (TDGA) and 4-vinylaniline. The thiol group (-SH) and carboxylic
group (-COOH) of TDGA can be attached to magnetic particles and to the amine
group (-NH;) of vinylaniline, respectively. The preparation process is described in
Fig. 13.

Margel and Boguslavsky prepared DVB-coated magnetic latex in emulsion
polymerization to form air-stable carbon-coated nanoparticles containing crys-
talline iron. They also studied the influence of DVB on the particle size and
size distribution, and revealed that above a certain concentration of DVB (nearly
2%) the size distribution becomes wider [145]. It is very interesting to note that
a similar result was found by another research group: in their case, more than
2% of DVB monomer led to less uniform magnetic core—polymeric shell, with
secondary particle formation [139]. Recently, Margel et al. [146] reported the
preparation of PGMA/polystyrene core—shell micron-sized particles (Fig. 14) pre-
pared by emulsion polymerization, which were subsequently covered with iron
oxide nanoparticles.

The use of DVB in emulsion polymerization for the preparation of functional
magnetic microsphere was described by Zhao et al. [147].

More recently, the fabrication of multihollow superparamagnetic magnetite/
polystyrene nanocomposite particles via water-in-oil-in-water (W/O/W) double
emulsions (Fig. 15) was demonstrated [148].

When amphipathic magnetic particles having hydrophilic hydroxyl and hy-
drophobic oleic ester groups on the surface are mixed with St in water, the magnetic
particles reside on the interface of water and oil. At reaction temperature (70°C)
and specific stirring conditions, the magnetic particles can pull water inside the oil
phase, resulting in the formation of a W/O/W double emulsion. The presence of
the more amphipathic magnetic particles at the interface of water and oil enhances
the possibility of easier formation of double emulsions [148]. The effect of the
amount of magnetic particles present in the reaction system, in combination with
stirring and temperature, were studied. KPS as initiator at a temperature of 70°C
and proper stirring conditions provided multihollow particles (Fig. 16c—i) at mod-
erate concentration (0.50-1 g) of magnetic particles, whereas the presence of .25 g
magnetic particles caused either hollow or multihollow particles (Fig. 16b).
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Fig. 14 SEM images of (a) PGMA/PS and (b) magnetic PGMA/PS particles. Reprinted from
[146] with permission

Elaissari and coworkers recently reported the synthesis of hydrophilic aminodex-
tran containing magnetic latex using the combination of seeded and miniemulsion-
like polymerization processes. The characterization of the latex demonstrated that
the particles were cationically charged, hydrophilic, and have a high colloidal sta-
bility irrespective of the aminodextran immobilization process [149].

Polymerization in disperse media (dispersion, suspension or emulsion) is al-
ways accompanied by some problems, for example, non-uniform encapsulation and
secondary particle formation. The new approach of using “inverse emulsion poly-
merization” is promising to resolve the problems mentioned above. Pioneering work
on inverse emulsion was done by Vanderhoff et al. [150]. Menager et al. [151] syn-
thesized magnetic latex using inverse emulsion (W/O) polymerization of AM with
MBA in dodecane. Citrate-coated iron oxide magnetic particles were placed in an
aqueous dispersion of the monomers. This aqueous mixture, stabilized by Span 80,
was added to the oil (dodecane) phase under stirring. The polymerization was initi-
ated with 2,2-azobis(2-isobutyramidine) (AIBA). Radiation by a 0Co Y-ray source,
at a dose rate of 103.9Gymin ', initiated an inverse emulsion polymerization to
produce superparamagnetic magnetite/PS composite particles [152].

Many efforts have been devoted to the synthesis of magnetic latex using a special
type surfactant-free emulsion polymerization technique (Fig. 17a). This technique
was a substantial breakthrough in preparing polymer latex without using surfactants.
An example of soap-free emulsion polymerization is the polymerization (initiated
by KPS) of St in presence of surface-modified iron oxide magnetic particles, where
silane-coupling reagents like [3-(methacryloxy)propyl]trimethoxysilane (MPTMS)
and methacryloxypropyldimethoxysilane (MPDMS) were used. The produced mag-
netic latex particles were characterized routinely and revealed that the use of the
di-functional coupling reagent MPDMS is suitable for production of monodisperse
and spherical magnetic latex [153] (Fig. 17b). However, with the magnetic particles
in the outer shell of the latex, the possibility of iron oxide leaching and interaction
with target molecules in biomedical applications is high.
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Similar work has been done by Gu et al. [154] on improving on the colloidal sta-
bility of the magnetic latex produced. Sodium p-styrene sulfonate (NaSS) was added
in the course of the polymerization reaction. Very recently, silica-coated magnetic
silica particles were encapsulated by a fluorescent polymeric shell of styrene and
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1000 nm

Fig. 16 TEM images of (a) oleic-acid-coated magnetic particles, (b) hollow or multihollow and
(c—g) multihollow magnetic particles. (h, i) SEM images of multihollow magnetic polymeric par-
ticles. Reprinted from [148] with permission

pyrene using soap-free emulsion polymerization initiated by the amphoteric initia-
tor 2,2-azobis[N-(2-carboxyethyl)-2-2-methylpropionamidine] (VA-057) (Fig. 18).
The important advantages of using the amphoteric initiator are to control the elec-
trostatic surface potential of polymer particles to such a range that it can stabilize
the particles without producing new particles, and to impart carboxyl groups that
make it easier to attach other functional groups on the surface of the composite par-
ticles. The surface of the prepared magnetic composite was amphoteric in nature, as
indicated by the zeta potential [155].

In a quest for different applications various numbers of polymers have been
chosen to prepare encapsulated and functionalized magnetic particles by soap-
free emulsion polymerization. Examples are amide- and carboxyl-functionalized
magnetic latex for protein immobilization [156], and thermally sensitive and
carboxyl-functionalized particles for antibody purification [157], bioprocesses
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[158] and controlled release [159]. Often, a raspberry-like morphology of mag-
netic polymeric microspheres (Fig. 19) is obtained [160, 161], and in the work
of Adler it was highlighted that the modification of iron oxide nanoparticles with
sodium oleate markedly enhanced the encapsulation efficiency [161]. Additionally,
the increasing concentration of magnetic particles in the reaction system increased
the polydispersity of the final particle size distribution. The addition of acetoace-
toxyethyl methacrylate (AAEM) influences the size of the particles at a constant
concentration of iron oxide magnetic particles. A similar approach has been used
to prepare stimuli-responsive core—shell template particles to incorporate magnetic
materials in the core [162].
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500 nm

Fig. 18 TEM image of magnetic core—polymeric fluorescent shell particles. Reprinted from [155]
with permission

Fig. 19 TEM image

of raspberry-like magnetic
polystyrene particles.
Reprinted from [160]
with permission

NIPAM, GMA and MBA were copolymerized with different feed ratios in a
soap-free aqueous medium using V-50 as initiator, resulting in particles with a
PGMA-rich core and PNIPAM-rich shell. The obtained template particles were al-
lowed to react with the sodium salt of 3-mercapto-1-propane sulfonic acid (MPSA),
2-aminoethanethiol (AET) and mercaptoacetic acid to introduce functional groups
to the particles. Magnetic iron oxide particles were precipitated inside the template
particles by the use of FeSO4 - 7TH,O and NH4OH solution. The resulting hybrid
core—shell particles contain 33% magnetic nanoparticles in the core. Philipse et al.
[163] prepared magnetic PMMA hybrid latex exhibiting field-induced colloidal
crystallization. The magnetic emulsion of iron oxide particles coupling with silane
agent was used as seed in the soap-free emulsion polymerization of MMA with
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KPS as initiator [163]. Liu et al. [164] started with bilayer oleic-acid-coated iron
oxide nanoparticles and applied the combination of soap-free and seeded emulsion
polymerization (Fig.20a) to produce GMA-functionalized magnetic poly(MMA-
DVB-GMA) microspheres. This was followed by modification of the PGMA shell
with EDA to introduce amino groups that can react with the organic dye fluorescein
isothiocyanate and that impart multifunctional, photoluminescence, superparamag-
netic and pH-responsive properties to the particles (Fig. 20b).

4.3.4 Microemulsion Polymerization

A microemulsion is defined as a thermodynamically stable, isotropic and optically
transparent dispersion of two immiscible liquids prepared in the presence of a stabi-
lizing system, which can be a single surfactant, a mixture of surfactants, or mixture
of a surfactant and a cosurfactant [165]. Liu et al. [166] reported the synthesis of
polymer-coated magnetic microspheres using direct microemulsion polymerization.
They produced 1-5um sized magnetic polymer particles from oleic-acid-coated
10nm iron oxide magnetic particles. A microemulsion was formed by dissolving
the magnetic nanoparticles in different monomers like St, DVB, MAA and AM in
the presence of SDS and cetylalcohol (CA); benzoylperoxide or KPS was used, re-
spectively, as initiator for the polymerization.

Preparation of iron oxide magnetic nanoparticles and their encapsulation with
polymers in W/O, i.e. inverse microemulsion polymerization, was also applied by
O’Connor et al. [167]. Inverse microemulsion polymerization was used to prepare
submicron hydrophilic magnetic latex containing 5-23 wt% iron oxide. AM and
crosslinker MBA were added to an aqueous suspension of previously synthesized
iron oxide nanoparticles (6 wt%); this aqueous phase was dispersed in a aerosol OT
(sodium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate) (AOT)-toluene solu-
tion to form a W/O microemulsion, followed by polymerization with AIBN or V-50
as initiator. The particle size (80—180nm)was controlled by tuning the concentra-
tion of the water-soluble crosslinker agent as well as the amount of surfactant with
respect to water [168].

4.3.5 Miniemulsion Polymerization

The aqueous dispersions of thermodynamically unstable O/W droplets that are pre-
pared by using high mechanical shear (ultrasound, high speed homogenizers) are
known as miniemulsions. Depending on the conditions, the droplet diameter is in
the range of 20-500nm and they are kinetically stable from hours to days. The
droplets are stabilized against Ostwald ripening by low molecular weight costabi-
lizers known as hydrophobes, which are highly water-insoluble but soluble in the
dispersed phase. A very frequently used hydrophobe is hexadecane, which remains
in the dispersed phase, suppresses Ostwald ripening, and retards monomer diffusion
from smaller droplets to larger droplets. Anionic, cationic or nonionic surfactants
dissolved in the continuous aqueous phase can be used to prevent the coalescence
of droplets [169, 170].
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Ramirez et al. encapsulated double-layer (oleic acid and SDS) surfactant-coated
magnetite into polystyrene particles by miniemulsion polymerization [171]. In the
three-step process, oleic-acid-coated magnetite and oleic acid/SDS double-coated
magnetite were prepared in the first and second step, respectively. The third step
consists of the preparation of a miniemulsion by stirring 1 h for pre-emulsification,
followed by ultrasonication for 2 min using St as monomer with hexadecane and
SDS in water. The encapsulation of magnetite was accomplished by cosonication of
an St miniemulsion and SDS-stabilized magnetite nanoparticles. The polymeriza-
tion was initiated by KPS at 80°C.

A similar approach was used by Holzapfel et al. to produce a magnetic latex
(45-70nm) that had both magnetic and fluorescent properties [172]. The magnetite
(10nm) was encapsulated with poly(St-co-AA) in the presence of a fluorescent
organic dye N-(2,6-diisopropylphenyl)-perylene-3,4-dicarbonacidimide (PMI). 2,2-
azobis (2-methylbutyronotrile) (V-59) was used as initiator. The final particles were
further functionalized by poly-L-lysine onto the surface of the magnetic latex.

Using miniemulsion polymerization, Gu et al. reported the synthesis of magnetic
polystyrene latex and carboxylated magnetic polymer latex [173, 174]. In the lat-
ter,carboxyl end groups were provided on the surface of the latex directly from the
initiator 4,4-azobis (4-cyanopentanoic acid) (ACPA). The average size of the final
magnetic particle was 250 nm.

The preparation of magnetic latexes and the investigation of the effect of differ-
ent parameters on the particle morphology, size, size distribution and miniemulsion
polymerization kinetics were discussed by various research groups [175-177].
Zhang et al. [176] showed that a higher amount of KPS and sonication time in-
creased the polymerization rate at the beginning period. On the other hand, an
increase in iron oxide made the reaction rate slower and resulted in less monodis-
perse particles.

The effect of the amount of surfactant SDS, hydrophobe hexadecane, iron oxide
magnetic particles, MAA and non-ionic cellulose ether, hydroxyethylcellulose, on
the magnetic latex morphology, surface quality and size distribution was studied by
Forcada et al. for the encapsulation of magnetic particles by miniemulsion polymer-
ization of St. Optimal conditions were 2-3% of SDS, 9-12% of hexadecane, 10%
of iron oxide and 2% of HEC, relative to the total amount of St and iron oxide [177].

Mori and Kawaguchi reported the preparation of magnetic polystyrene particles
containing 30wt% of magnetite. Magnetic polystyrene particles of 300 nm were
produced and easily separated when persulphate, KPS or APS initiator was used.
Conversely, due to high colloidal stability, the latex prepared by oil-soluble initiator
(for instance AIBN) was not easy to separate, and the magnetite nanoparticles were
located on the surface of the polystyrene latex. A mixture of initiators resulted in
intermediate properties compared to individual systems [170].

The synthesis of magnetic PMMA by miniemulsion polymerization was also
illustrated [178, 179]. Hong et al. prepared particles in the range of 100-150nm and
15-26 wt% magnetite content by miniemulsion polymerization. They also studied
the effect of initiator AIBN and monomer MMA dosages on the polymerization
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kinetics in the presence of magnetic particles (Fig.21), where a higher amount of
initiator and a lower amount of monomer enhanced the polymerization rate [178].

Liu et al. prepared magnetic poly(MM-DVB) latex following the same process.
Benzoyl peroxide, CA and hexane were used as initiator, cosurfactant and hy-
drophobe, respectively. Additionally, the surface of the magnetic latex was modified
with PEG to be coupled to the affinity dye, Cibacron blue F3G-A (CB) [179].

Thermosensitive magnetic latex was reported to produce on/off switching-
controlled polymer membranes; miniemulsion polymerization was applied to
obtain magnetic polystyrene seed, which was further used for functionalization
with PNIPAM [180]. Membrane fabrication was accomplished by the mixing of
MPS-PNIPA microgel latex with a 8 wt% solution of PVA containing glutaric alde-
hyde as a crosslinking agent. The crosslinking reaction of PVA was induced by
lowering the pH of the solution to 2 by the addition of HCI solution. The mixture
was poured into a square mould with a thickness of 1.5 mm and width of 4 cm. The
layer was placed perpendicularly to the direction of a static uniform magnetic field
for 5 h. Due to the mutual interaction between the magnetic gel beads, a pearl chain
structure develops. The crosslinking reaction locks the chainlike structure in the
gel, aligned along the direction of the field. The chains of core—shell MPS-PNIPA
particles form channels in the PVA matrix.

Inverse miniemulsion polymerization was used by Wormuth to prepare super-
paramagnetic poly(HEMA-co-MAA) latex. Double hydrophilic diblock copolymer
(PEO-b-PMA) was not only used as a stabilizer but also as a structure-directing
agent by which particle nucleation and growth could be influenced. The obtained
particle size was in the range 140-220 nm and the magnetic content was 18% [181].

Recently, Qiu et al. synthesized magnetic polystyrene latex by polymerizing St in
the presence of iron oxide nanoparticles and using ultrasound to initiate the reaction
[182]. More recently, Teo et al. reported the use of ultrasound for initiating the poly-
merization of n-butyl methacrylate in the presence of magnetic nanoparticles [183].

Following the emulsifier-free miniemulsion polymerization route, Forcada et al.
illustrated the synthesis of self-stabilized magnetic latex. Ionic NaSS was taken as
a stabilizer as well as comonomer (Fig. 22). Photon correlation spectroscopy (PCS)
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Fig. 22 Stabilization mechanism for the self-stabilized magnetic polymeric composite nanopar-
ticles obtained by emulsifier-free miniemulsion polymerization. Reprinted from [184] with
permission

was applied to determine the surface hairy layer and colloidal stability in the pres-
ence of various electrolytes. The presence of higher amounts of NaSS improved the
encapsulation and PSD, and decreased the particle size. The optimum amount of
NaSS was found to be 20 wt% with respect to the total amount of St and magnetite
[184]. A similar approach has been reported by Reza et al., who prepared magnetic
poly(St-co-DVB-chloromethyl styrene) via emulsifier-free miniemulsion polymer-
ization [185].

5 Concluding Remarks

Hybrid latex, consisting of a magnetic inorganic part and a polymeric organic part,
is an important material both in research and for applications in chemistry, bio-
chemistry, colloid science and environmental science. Every day, new aspects of
magnetic latexes are being developed due to the demand for magnetic latexes in dif-
ferent forms in areas like separation techniques, drug delivery, MRI contrast agents,
cancer therapy, ink, paint, cosmetic industries etc.

In the last few years, many efforts have been given to the preparation of magnetic
latexes in dispersed media using suspension, precipitation, dispersion, emulsion,
miniemulsion and microemulsion polymerizations. In this review chapter, the syn-
thesis and functionalization of magnetic core—shell polymer particles in dispersed
media have been reviewed with the main focus on emulsion polymerization.

Some new approaches, using for example ATRP, RAFT and NMP, are emerging
for the synthesis of well-controlled structures of hybrid magnetic materials. The
chapter of Charleux et al. [186] covers this area and also includes the preparation of
magnetic latex.
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