
1. Introduction

Aqueous catalytic polymerization may seem like a contra-
diction at first sight. The high water sensitivity of Ziegler or
Phillips catalysts applied commercially for the production of
polyolefins is well known. However, water offers a unique
combination of properties as a medium for polymerization
reactions:
� A high heat capacity, which enables an effective transfer of

the heat of polymerization.
� A high polarity that results in a markedly different

miscibility with many monomers and polymers compared
to organic solvents.

� Surfactants can effectively stabilize dispersions of hydro-
phopbic polymer particles in water towards aggregation.

� Water is nonflammable and nontoxic.

The versatile opportunities resulting can be illustrated by the
following noncatalytic free-radical polymerization proce-
dures.

1.1. Aqueous Free-Radical Polymerization

Free radical initiated emulsion polymerization is applied
today on a multimillion ton scale.[1±4] Originally, emulsion
polymerization of styrene and butadiene was developed
independently in the United States and in Germany in the
1940s to obtain a substitute for natural rubber during wartime.
Today, vinyl acetate, acrylic acid and its esters, butadiene, and
styrene comprise the most important monomers for emulsion
polymerization.
Polymer latices are obtained as products of emulsion

polymerization. A polymer latex is a stable dispersion of
polymer particles in the size range of 50 to 1000 nm in a liquid
medium, usually water. Latices are also called polymer
dispersions. In such latices, coagulation and precipitation of
the polymer particles must be prevented. Stabilization can
occur by different mechanisms: by electrostatic stabilization
(most often involving ionic surfactants adsorbed to the
particle surface), or by steric stabilization (for example, by
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means of water-soluble polymers ad-
sorbed or covalently bound to the
particle surface). The mechanism of
emulsion polymerization is complex
and, despite intense research, many de-
tails are still subject to debate. In addi-
tion, as a consequence of the different
mechanisms of chain growth, chain
initiation, and chain transfer in free-
radical versus catalytic polymerization,
insights gained from the former can not
be transferred directly to catalytic pol-
ymerizations. Nonetheless, a strongly
simplified representation can be useful
to illustrate underlying principals.
A typical polymerization mixture

initially consists of water, emulsified
water-immiscible monomer, surfactant,
and a water-soluble initiator. A water-
soluble radical, for example, SO4

.� generated from K2S2O8,
grows by addition of monomer dissolved in small amounts in
the aqueous phase (Scheme 1). The resulting water-soluble
oligomeric radical can grow until it reaches a critical chain
length at which it becomes insoluble and collapses upon itself
(™homogeneous nucleation∫). The resulting primary particle
is stabilized by adsorption of surfactant, and further polymer-
ization within the particle results in particle growth. Alter-

nately, the water-soluble oligomer can enter a surfactant
micelle prior to reaching its critical chain length, thus
generating a particle (™heterogeneous micellar nucleation∫).
The emulsified monomer droplets serve as a reservoir for
monomer during emulsion polymerization, but as alluded to
previously polymerization usually does not occur in these
droplets but in the polymer particles to which the mono-
mers diffuses (Scheme 2). (A different situation is encoun-
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Scheme 1. Simplified schematic representation of possible mechanisms for particle formation in free-
radical emulsion polymerization.
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tered in the special case of miniemulsion polymerization,
see Section 3.) In this respect, the term ™emulsion polymer-
ization∫ can be misleading. In regard to nomenclature, the
term ™polymerization in emulsion∫ is frequently used in
this review to describe a (catalytic) polymerization carried
out under emulsion conditions. This is intended to make
no implications about the mechanism of particle for-
mation, which has often not been investigated; also it is
not implied whether stable polymer latices were formed or
not.
The viscosity of the reaction mixture increases only to a

relatively small extent during emulsion polymerization. The
viscosity of an aqueous latex is much lower than of a solution
of the polymer in an organic solvent. Thus, high polymer
yields can be achieved during emulsion polymerization in a
given amount of reaction volume. The polymer latices
obtained can be precipitated to isolate the polymer, but for
many applications they are used as such, for example, in paints
and coatings. In such applications film formation is a key step.
Evaporation of the dispersing medium results in formation of
a continuous polymer film on the substrate. Several million
tons of water are evaporated annually by this, and the
nonflammability and environmental friendliness of water are
particularly advantageous. In addition to existing large-scale
applications in paints, coatings, adhesives, paper manufactur-
ing, and other industries, polymer dispersions also possess an
interesting potential as submicron-size carrier materials, for
example, for biomedical applications[5] or as catalyst sup-
ports.[6±9] Polymer latices can also represent the substrates for
polymer-analogous modification (namely, synthetic transfor-
mations employing a polymer as a substrate).[10, 11] The
previous considerations show that polymer latices not only
represent a convenient opportunity for a polymer supplier to
™sell large amounts of water to the customer∫[12] along with
the polymer, but offer unique advantages regarding applica-
tions and the polymerization process.
In suspension polymerization a water-insoluble olefinic

monomer is also polymerized. Typically, a mixture of water,
water-immiscible monomer, monomer-soluble initiator, and
optionally a stabilizer is stirred vigorously. Polymerization
occurs in the monomer droplets (Scheme 2). The particles
obtained are much larger (�15 �m) than in emulsion
polymerization, and they do not form stable latices, but
instead precipitate during polymerization. For example, the
polystyrene beads used for the well-known ion-exchange
resins can be prepared by suspension polymerization.[13] In

this review, the designation of a catalytic
polymerization as ™supension-type∫ should
merely indicate a polymerization of a water-
insoluble monomer to a polymer which
separates during the polymerization, usually
in the absence of any stabilizer.
In dispersion polymerization a soluble

monomer is polymerized to an insoluble
polymer, which forms a stable latex. With
particle sizes of about 1 to 15 �m, dispersion
polymerization can cover the particle size
range between emulsion and suspension
polymerization.

Aqueous solution polymerization is also well-known, in
which a water-soluble monomer is polymerized to a water-
soluble polymer.[14] For example, acrylic acid is produced on a
large scale by free-radical techniques in this manner.[15] Again,
the nonflammability and nontoxicity of water as well as its
high heat capacity are advantageous. In some cases perform-
ing polymerizations in homogeneous solution can also allow
for an increased control of the molecular weight compared to
multiphase polymerizations (see Section 6).

1.2. Transition Metal Catalysis in Aqueous Media

In contrast to the aforementioned large-scale free-radical
polymerizations, transition metal catalyzed coordination
polymerization reactions in water have been little investigat-
ed. The early transition metal catalysts[16±19] used almost
exclusively in commercial catalytic polymerization of olefins
are extremely sensitive to moisture. What factors govern the
reactivity and stability of a given catalyst towards water?
Metal complex catalyzed conversions of olefinic substrates to
low molecular weight products or to polymers generally
involve organometallics, most often with metal�alkyl bonds,
as the active species. Availability of coordination sites for
substrate binding is a general prerequisite for catalytic
transformations. In regard to catalysis in aqueous media,
water can hydrolyze metal�alkyl bonds, block coordination
sites by binding as a ligand, and attack coordinated olefin
monomers or other ligands.[20] Regarding the former two–
perhaps most crucial–aspects, complexes of late transition
metals are much less sensitive than early transition metal
compounds because of their lower oxophilicity. This stability
towards water is illustrated impressively by the large-scale
commercial application of the Ruhrchemie ±Rhone Poulenc
process[21] in which propylene is hydroformylated using a
rhodium catalyst in a biphasic aqueous system. In this process
a simple separation of the water-soluble catalyst from the
apolar products is enabled. A variety of low molecular weight
compounds has been prepared by aqueous-phase organo-
metallic catalysis, and such reactions can by no means be
regarded as exotic today. By comparison, catalytic polymer-
izations in water have received little attention. In Cornils and
Herrmann×s comprehensive book[21] on aqueous-phase orga-
nometallic chemistry, the preparation of polymers covers only
a minor portion.[22]

Angew. Chem. Int. Ed. 2002, 41, 544 ± 561 547

Scheme 2. Schematic representation of free-radical emulsion and suspension polymerization.
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However, carrying out catalytic polymerizations in water is
an attractive goal. The previous considerations on free-radical
aqueous polymerizations illustrate the unique advantages of
water as a reaction medium, and catalytic polymerization
offers access to many polymer microstructures which can not
be prepared by free-radical techniques. Considerable advan-
ces have been achieved over the last few years in the area of
aqueous catalytic polymerization. This trend can be related to
general advances in late transition metal catalyzed olefin
polymerization, an increasing need for environmentally
friendly products and processes–and perhaps also simply to
a fascination with this topic and the opportunities resulting
from the combination of polymer, organometallic, and colloid
chemistry. It can be noted that other non-free-radical routes,
namely polycondensation[23] and ionic polymerization[24–27] in
aqueous emulsion have also received increasing interest
recently. Also, metal-mediated reactions such as polymer-
ization by Suzuki coupling in aqueous solution,[28, 29] aqueous
atom-transfer radical polymerization (ATRP),[30±32] and poly-
merization of acetylenes[33, 34] have recently been studied. This
paper reviews aqueous catalytic polymerization of olefinic
monomers. To exploit its aforementioned unique properties,
the presence of water as a major constituent of the reaction
medium is usually required, consequently catalytic polymer-
izations in organic solvents in the presence of only minor
amounts of water are excluded. In comparing catalyst
activities throughout this review, it should be noted that these
data were determined under strongly varying conditions by
different authors. Therefore, they should be taken only as an
indication of the order of magnitude. The same holds true for
polymer molecular weights. Activities are given as turnover
per hour (TOh�1; TO�mol substrate converted per mol of
metal) so as to enable a comparison of polymerization of
different monomers (with different molecular weights) and of
catalysts based on different metals.

2. Copolymerization of Carbon Monoxide with
Olefins

Catalytic olefin ±CO copolymerization has found wide-
spread interest as a consequence of the use of cheap starting
materials and the materials properties of the copolymers.[35±37]

As a result of the mechanism of the reaction, polyketones with
a strictly alternating sequence of units derived from olefin and
CO are obtained [Eq. (1)]. An alternating ethylene ±CO
copolymer melts at 257 �C. Incorporation of propylene

decreases the melting point, thus enabling the processing of
the materials (for example, 6 mol% propylene: Tm 220 �C).[43]

Such semicrystalline ethylene-propylene-carbon monoxide

terpolymers have been commercialized by Shell since 1995
as a new engineering thermoplastic under the tradename
Carilon, and BP has developed similar materials termed
Ketonex.[38, 39] However, Shell has recently announced it will
abandon this business for undisclosed reasons.[40] The poly-
ketones have a good resistance to hydrocarbon solvents and
good abrasion properties.[41] As a drawback, the presence of a
large number of carbonyl groups renders the polymers
sensitive to UV light; furthermore undesired crosslinking
through condensation reactions can occur at high temper-
atures during processing. These materials are unique in the
sense of representing a commercially available olefin polymer
with a large number of oxygen-containing polar moieties,
prepared by coordination polymerization.
In regard to the catalyst systems used, a major break-

through has been the finding that catalysts based on cationic
palladium(��) complexes with bidentate ligands exhibit sub-
stantially increased activities in ethylene ± carbon monoxide
copolymerization compared to previously known sys-
tems.[42, 43] In addition to diphosphanes, a variety of bidentate
ligands based on nitrogen[44, 45] and other donor atoms[46] has
been found to be suitable for olefin ±CO copolymerizations.
Methanol is typically used as the reaction medium, which
demonstrates the stability of these catalysts towards protic
media.[47]

The first investigation of a catalytic olefin ±CO copoly-
merization employed water as a reaction medium! In a patent
filed in 1948, Reppe and Magin described the reaction of
ethylene with carbon monoxide in the presence of an aqueous
solution of potassium tetracyanonickel(��)ate at 150 �C and
150 bar.[48] Along with oligomers of the general structures
H[CH2CH2C(�O)]nC2H5 and H[CH2CH2C(�O)]nOH (n� 1,
2), higher molecular weight solid ™polyketones∫ were ob-
tained. This reaction is a very early example, in a general
sense, of an aqueous catalytic olefin ™polymerization∫.[49]

More recently several reports on ethylene ±CO copolymer-
ization in water as a reaction medium have appeared that
have been catalyzed by cationic palladium complexes with
water-soluble bidentate ligands (for the solubility of the
monomers in water see ref. [50]). Sen et al. observed moder-
ate activities of up to about 102 TOh�1 in ethylene ±CO
copolymerization with the sulfonated phosphane- or nitrogen-
based ligands 1 and 2. The reaction conditions are rather mild

compared to those used in the work of Reppe and Magin, the
reaction being carried out at 50 �C and 35 bar each of ethylene
and CO (reaction time of 22 h with the in situ catalyst
([Pd��(NCCH3)4](BF4)2) bidentate ligand). An alternating
propylene ±CO copolymer with a molecular weight of 1.4�

548 Angew. Chem. Int. Ed. 2002, 41, 544 ± 561
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104 gmol�1 (versus polystyrene standards) was also prepared,
albeit at lower rates.[51]

Sheldon et al. reported significantly higher activities of up
to 1.5� 104 TOh�1for aqueous ethylene ±CO copolymeriza-
tion with a very similar catalyst system comprising the same
ligand 2.[52] These higher activities, comparable to those
observed with 1,3-bis(diphenylphosphanyl)propane (dppp) as
the non-sulfonated model for 2 in non-aqueous polymer-
ization in methanol, were ascribed to a higher purity of the
sulfonated phosphane ligand and the addition of a Br˘nstedt
acid which increased catalyst stability. The molecular weights
of the copolymer atMw� 5� 104 gmol�1 and Mw/Mn� 2 were
found to be similar to materials obtained in methanol as a
non-aqueous reaction medium under otherwise comparable
conditions. A high catalyst stability in the aqueous reaction is
evidenced by a constant productivity over several hours.[52, 53]

A variation of the ligand ™backbone∫ utilizing different chain
length (ArP2�(CH2)n�PAr2 with n� 2 to 5) showed the best
results in terms of activity and polymer molecular weight were
obtained with n� 3 (2).[53] This trend is similar to non-aqueous
polymerizations in methanol, that is, apart from solubility
issues, no requirements specific to the ligand structure are
evident for this particular catalyst system for aqueous
polymerizations. Specially designed water-soluble ligands
with two sulfonated moieties attached to the C3 ligand
backbone (3),[54] or hydroxylated neutral ligands such as 5[55]

were found to afford higher activities than 2.

The introduction of methoxy substituents at the ortho
position of the aryl rings of a diphosphane-modified cationic
palladium catalyst results in markedly increased catalyst
performance.[47] Ethylene ±CO copolymers with molecular
weights of up to Mw� 1.2� 105 gmol�1 at narrow polydisper-
sities (Mw/Mn� 2) were obtained in the aqueous polymer-
ization with the fully o-OMe-substituted analogue of ligand 2.
High activities of 6.1� 104 TOh�1 have been reported when a
well-defined complex 4 of this ligand was used (90 �C, 60 bar
ethylene/CO 1/1, 1 h reaction time).[56]

As alluded to earlier, the properties of ethylene ±CO
copolymers can be varied by introduction of another olefin as
a termonomer, and 1-olefin ±CO copolymers are also well-
known. The properties of these copolymers depend strongly
on their composition. Thus, the glass transition temperature of

1-olefin ±CO copolymers decreases from room temperature
to nearly �60 �C upon increasing the chain length of the
1-olefin from propylene to 1-dodecene.[37] By contrast to polar
ethylene ±CO copolymers, copolymers with higher 1-olefins
display a hydrophobic character. Ethylene-1-olefin-CO ter-
polymers and 1-olefin-CO copolymers can be prepared in
aqueous polymerizations.[51, 54, 55] Catalysts with entirely alkyl-
substituted diphosphane ligands such as 5 (by comparison to
the phenyl substituents in dppp) are particularly well-suited
for 1-olefin copolymerization.[55]

In the aforementioned copolymerization reactions, the
polyketone was reported to precipitate during the reac-
tion.[53±55] However, in the presence of an emulsifier such as
sodium dodecyl sulfate (SDS) and under otherwise suitable
conditions, stable polymer latices can be obtained. Such
polymerizations can be carried out with water-soluble cata-
lysts based on, for example, ligands of type 5.[57] By using a
miniemulsion technique (see Section 3) non-water-soluble
catalysts can also be employed.[58] Stable latices of ethylene ±
undec-10-enoic ± carbon monoxide terpolymers (Mw� 7�
104 g mol�1 versus PMMA standards) and of 1-olefin ±CO
copolymers (Mw� 2� 104 g mol�1) have been prepared. The
carboxylic acid functions as a polymerizable stabilizer. Here-
by, modification of the diphosphane ligands to attain water
solubility is not necessary, and thus can reduce synthetic
effort. With their glass transition occurring below room
temperature, 1-olefin-CO copolymers are well suited for film
formation. Latices with high solids contents can be prepared.
The mechanism of chain growth by alternating insertion of

ethylene and CO into Pd-acyl and Pd-alkyl species during
aqueous polymerization is identical to the well-investigated
copolymerization in methanol. A significant difference is
represented by hydrolysis as an important chain-transfer step:
methanolysis of a Pd-alkyl species affords a Pd�OMe
species which initiates chain growth during non-aqueous
polymerization and results in the formation of a new
CH2CH2C(�O)OMe end group in the polymer. By contrast,
hydrolysis affords a Pd�OH species, which reacts with CO to
form a palladium hydride prior to initiation of the next chain
(Scheme 3). Therefore, polyketones with two keto end groups
are obtained preferentially or exclusively in the aqueous reac-
tion.[52, 54, 59] The aforementioned reaction can be regarded as a
™reactivation∫ pathway after hydrolysis of a metal ± alkyl
bond which is specific to aqueous reactions involving CO.

Scheme 3. Mechanism of aqueous ethylene ±CO copolymerization.
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From the data available it can be concluded that aqueous
ethylene ±CO copolymerization can occur at rates similar to
the commercially viable process performed in methanol. High
molecular weight polyketones can be obtained. Apparent
advantages of water as a reaction medium for such polymer-
izations are its nonflammability and environmental friend-
liness. The recently demonstrated accessibility of stable latices
may enable new applications, which also do not require
processing at disadvantageously high temperatures.

3. Polymerization of Ethylene and 1-Olefins

Ziegler or Phillips catalysts based on early transition metals
(Ti, Zr, Cr, V) are employed in the commercial production of
polyolefins.[16±19] However, as a result of their high oxophi-
licity, such catalysts require strictly anhydrous conditions. In
recent years, the discovery of several new types of catalysts for
ethylene and 1-olefin polymerization based on late transition
metals have spurred a strong interest in this area.[18,60±62] As a
consequence of their lower oxophilicity, such catalysts can be
much more stable towards polar media.
It can be noted, that latices of low-density polyethylene

(LDPE) are prepared as a specialty product by free-radical
emulsion polymerization.[63] However, one of the disadvan-
tages this process suffers from is the necessity of working at
very high pressures (2000 bar) and a low variability regarding
the tailoring of the polymer microstructure.
An ethylene polymerization in water by a well-defined

rhodium complex, [(N�N�N)RhMe(OH2)(OH)]� , was re-
ported by Flood and co-workers in 1993 (N�N�N� 1,4,7-
trimethyl-1,4,7-triazacyclononane). Throughout this review,
X�Y or X�Y�Z denotes a bidentate and a tridentate
ligand, respectively, which coordinates through the X, Y, and
Z atoms).[50,64] A low molecular weight polyethylene was
obtained (Mw� 5� 103 gmol�1) at room temperature and
60 bar ethylene after 90 days of reaction. Although the
reaction rates of 1 TOperday were extremely low, this finding
was an important precedence for aqueous catalytic ethylene
polymerization. Interestingly, undesired hydrolysis of the
Rh�alkyl bond could be observed at higher temperatures as
a reaction competing with chain growth.
In 1995 Brookhart and co-workers reported that cationic

diimine-substituted palladium complexes of type 6 can poly-
merize ethylene to high molecular weight, highly branched
material in organic solvents such as dichloromethane. The
unique structure of the ethylene homopolymers obtained

results from a propensity of the metal centers to ™run∫ along
the growing polymer chain between insertions.[65, 66] In an
extensive patent on these polymerization reactions McLain
and co-workers demonstrated with several examples that
these can also be carried out in water.[67] Detailed investiga-
tions by Mecking and co-workers revealed that the catalyst is
remarkably stable in this suspension-type aqueous polymer-
ization.[68, 73] Ethylene is polymerized at a steady rate over a
time period of 16 h or longer. Activities of 900 TOh�1, similar
to non-aqueous polymerization in dichloromethane, are
observed at slightly elevated ethylene pressures of 20 bar
with 6 a. However, this high stability is attributed to an
™encapsulation∫ of the water-insoluble catalyst in the growing
hydrophobic polymer, which protects the catalyst from access
of water. Accordingly, aqueous solutions of water-soluble
catalysts with sulfonate-substituted diimine ligands are in-
active for ethylene polymerization.[69] Mechanistic studies
revealed that a complex of type 6 is stable in a water-
containing solution, that is, neither the Pd-Me moiety nor the
diimine ligand are hydrolyzed. However, decomposition
occurred instantaneously upon addition of ethylene.[68] It is
also of interest in the context of aqueous polymerization
whether water can compete with the monomer for binding to
the metal center and thus block coordination sites necessary
for polymerization. Addition of ethylene to the water
complex [(N�N)PdMe(OH2)]� at �40 �C resulted in
clean conversion to the known[65] ethylene complex
[(N�N)PdMe(H2C�CH2)]� .[70, 73] This result indicates that
water does not have a significant propensity for blocking the
coordination sites in this cationic palladium system.
Polymerization by 6 a in aqueous suspension yields a

rubbery amorphous solid (Mw� 2� 105 gmol�1, Mw/Mn� 2
to 3, ca. 70 branches per 1000 carbon atoms, Tg� 45 �C) while
a traditional polymerization in dichloromethane under similar
reaction conditions (temperature, ethylene pressure) leads to
a highly viscous liquid polyethylene (Mw� 3� 104 gmol�1,
ca. 100 branches per 1000 carbon atoms, Tg� 70 �C). How-
ever, rather than a conceivable direct interaction of water
with the catalyst, this effect appears to be related to the
different phases encountered by the catalyst during polymer-
ization (heterogeneous aqueous suspension of polymer en-
capsulating the catalyst instead of a homogeneous solu-
tion).[68] It can be noted that ethylene polymerization by 6
represents a catalytic aqueous synthesis of a hyperbranched
polyolefin.[70, 71] Polymerization of 1-olefins by catalysts of
type 6 in aqueous emulsion has been claimed to afford stable
latices.[72]

In view of many potential applications, synthesis of a largely
linear polyethylene with some degree of crystallinity in
aqueous emulsion would be of interest. Very recently,
Mecking and co-workers and Spitz and co-workers independ-
ently reported the nickel(��)-catalyzed polymerization of
ethylene to linear material in aqueous emulsion.[73, 74] Neutral
nickel(��) complexes 7 and 8 (Scheme 4) based on known
bidentate P�O ligands[75±78] were found to be suited as
catalyst precursors. Stable latices of low molecular weight
polyethylene could be obtained with water-soluble catalyst
precursors 7 a :[73, 79, 80] for example, a dispersion of polyethy-
lene with Mw� 3� 103 gmol�1 and Mw/Mn� 2 ± 3 was ob-
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Scheme 4. Neutral nickel(��) complexes utilized for the polymerization of
ethylene in aqueous emulsion.

tained with 103 TOh�1 under moderate reaction conditions
(70 �C, 50 bar ethylene pressure). The catalysts are stable in
the aqueous polymerization for several hours. Significantly
higher activities of up to about 3� 104 TOh�1 were observed
with 8 in aqueous emulsion, however, the latices prepared
with these lipophilic catalyst precursors were reported not to
be stable.[74, 81] Catalyst activities and polymer molecular
weights are reduced in the aqueous polymerizations relative
to those observed in traditional polymerization in non-
aqueous organic media such as toluene. The lower activities
and molecular weights can be related, to a large extent, to a
lower rate of chain growth in the aqueous polymerization
caused by an insufficient local concentration of ethylene at the
catalytically active centers.[79] Good catalyst activities at
limited ethylene concentrations can be expected to be
advantageous on catalyst performance.[82]

Claverie and co-workers have obtained highly active
catalysts by introducing electron-withdrawing perfluorinated
substituents to the bidentate P�O ligand (9 ; Scheme 4).[83, 84]

Low molecular weight linear material (Mw� 3� 103 gmol�1)
can be obtained at impressive rates of up to 1.7� 105 TOh�1 in
aqueous emulsion at ethylene pressures of 25 bar.
High molecular weight polyethylene has been prepared in

aqueous polymerizations with a different class of cata-
lysts.[79, 88] In traditional polymerization in toluene, suitable
representatives of the aforementioned P�O-substituted
catalysts and recently reported N�O-substituted salicylaldi-
mine-based catalysts are known to afford polymers of similar
maximum Mw values.[62, 76, 77, 85±87] However, by contrast to the
previously discussed aqueous polymerizations with P�O-
substituted catalysts, the latter type of complexes was found to
yield high molecular weight material also in aqueous polymer-
ization. Semicrystalline polyethylenes of Mn� 105 gmol�1

with narrow polydispersities (Mw/Mn� 2 ± 4) are accessible
in a suspension-type polymerization with precursors 10.
Although these catalysts display a limited stability to water,
activities of 3� 103 TOh�1 at room temperature are observed.
Like the polymers obtained in traditional polymerization in
organic solvents, the materials obtained in water with

salicylaldimine-based nickel(��) complexes possess a moderate
number of methyl branches. Overall, as in the case of the
linear polyethylenes obtained with 7 ± 9, the presence of water
has no effect on the basic polymer microstructure. Polymer
crystallinity can be influenced by employing norbornene as a
co-monomer. High molecular weight, amorphous ethylene ±
norbornene copolymers which form films at room temper-
ature can be obtained in aqueous polymerizations.[79]

The synthesis of stable latices requires suitable nucleation
of primary particles and subsequent stabilization. Water-
soluble initiators are used in classical free-radical emulsion
polymerization. Chain growth initially affords water-soluble
oligomeric radicals, which can nucleate particles by collapsing
upon themselves or by entering a surfactant micelle (see
Section 1). Similar considerations appear reasonable for the
aforementioned catalytic polymerization to form stable
latices with the water-soluble complex 7 a.[73, 79] As a different
strategy, a very fine initial dispersion of a hydrophobic catalyst
precursor can be achieved as a solution in a large number of
toluene/hexadecane miniemulsion droplets (diameter
ca. 100 nm), dispersed in the continuous aqueous phase.[83, 88]

Miniemulsions[89±91] can be prepared by subjecting a mixture
of water, a surfactant, an organic phase, and a so-called
hydrophobe to high shear. High shear results in the formation
of very small droplets. These are stabilized against Ostwald-
ripening[92] to larger droplets by the hydrophobe. Miniemul-
sions can be stable over prolonged periods of time. Free-
radical miniemulsion polymerization has been investigated
extensively. It should be noted, that the catalytic polymer-
ization reactions of ethylene discussed in the following section
differ from typical free-radical polymerization of a preformed
miniemulsion of a liquid monomer (Scheme 5). Gaseous
ethylene monomer is fed continuously to the reaction mixture
after miniemulsification of the catalyst solution. Thus, poly-
merization of preformed miniemulsion droplets of monomer
to particles of the same size, a typical feature of ™miniemul-
sion polymerization∫, does not apply.
The strategy of using a catalyst miniemulsion for latex

synthesis offers two advantages: catalyst precursors do not
have to be modified hydrophilically, which often reduces
synthetic effort,[83] and somewhat water-sensitive precursors
can be applied.[88] Claverie et al. have prepared stable latices
of low molecular weight linear polyethylene at high polymer-
ization rates by using miniemulsions of the aforementioned
catalysts of type 9.[83] Latices of ethylene copolymers with
1-olefins have also been prepared.[93] In addition to the
various attractive aspects of polymerization in emulsion,
another significant advantage is relevant in such copolymer-
izations: in conventional ethylene copolymerizations using
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late transition metal catalysts in organic media, the incorpo-
ration of 1-olefins is usually low and requires the addition of
large amounts of the co-monomer. In emulsions, the high local
concentration of the liquid co-monomer in droplets can
enable high levels of co-monomer incorporation. Copolymer-
ization of ethylene with comonomers bearing polar, hydro-
phobic moieties is of strong interest in the context of polymer
latices. To date, ethylene copolymerization with undec-10-en-
1-ol has been reported briefly.[93]

In the aforementioned ethylene polymerizations yielding
stable latices low molecular weight polymer was obtained.
The synthesis of dispersions of polyolefins with higher
molecular weights is necessary to exploit the property profile
of polymer latices. Bauers and Mecking have employed
miniemulsions of the somewhat water-sensitive catalyst
precursor 10 (R�Me, L� pyridine) for ethylene polymer-
ization. Hereby, stable latices of high molecular weight
semicrystalline polyethylene (Mn� 105 gmol�1, Mw/Mn� 2 ±
4) could be obtained.[88]

The polyethylene latices obtained in the different emulsion
polymerization procedures using the various aforementiond
nickel(��) complexes display particles with average diameters
of 100 to 600 nm. A number of anionic surfactants or neutral
stabilizers are suitable, that is, compatible with the catalysts
and capable of stabilizing the latex. Solids contents of up to
10% have been reported to date. A typical transmission
electron microscopy (TEM) image is shown in Figure 1. By
comparison to the smooth, spherical latex particles of
amorphous polystyrene, as an example of a well-studied
hydrocarbon polymer prepared by free-radical emulsion
polymerization, the ruggedness of the particles shown can
be rationalized by their high degree of crystallinity.
Very recently, an aqueous olefin polymerization using an

early transition metal catalyst has also been reported.[94] A
solution of styrene in toluene is prepolymerized briefly by a
catalyst prepared by the combination of [(C5Me5)Ti(OMe)3]
with a borate and an alkylaluminum compound as activators.
The reaction mixture is then emulsified in water, where
further polymerization occurs to form syndiotactic polystyr-
ene stereoselectively. It is assumed that the catalyst is

contained in emulsified droplets and is thereby
protected from the access of water, with the
formation of a crystalline polymer enhancing this
effect. Cationic or neutral surfactants were found
to be suited, whereas anionic surfactants deacti-
vated the catalyst. The crystalline polystyrene
formed was reported to precipitate from the
reaction mixture as relatively large particles of
500 �m.
A number of catalytic aqueous ethylene poly-

merizations have been reported very recently. A
particularly interesting aspect is the successful
synthesis of latices of largely linear polyethylenes.
Copolymerization with various olefinic monomers
enables a control of the polymer crystallinity. High
catalyst activities have already been achieved in the
synthesis of latices of low molecular weight ma-
terial. Such polymerizations can be of interest as a

Figure 1. TEM micrograph of polyethylene latex particles prepared by
catalytic polymerization (Mw� 2.1� 105 gmol�1, Mw/Mn� 2.2; crystallinity
54%; catalyst precursor 10 (R�Me, L� pyridine)).[88]

convenient direct route to wax dispersions. The accessibility
of latices of high molecular weight polyethylene has also been
demonstrated. Further improvements of catalyst activities are
clearly an important aim in this field. The role of small
amounts of added organic solvents, for example, in the
miniemulsion technique, on catalyst performance remains to
be clarified. The aforementioned activities reported to date
for aqueous ethylene polymerization (105 TOh�1) are lower
than those of metallocenes as single-site catalysts used for
the commercial production of polyolefins (�107 TOh�1).[95]

Ziegler catalysts, including metallocenes, have been improved
continuously with enormous efforts over the past 50 years. In
view of potential applications, it is debatable whether catalyst
activities in aqueous polymerizations must rival those of
today×s polyolefin production, or whether restrictions are not
quite as stringent as in today×s polyolefin industry. As an
example of properties interesting for potential applications,
polyolefins contain a negligible portion of double bonds
compared to styrene ± butadiene copolymers, a hydrocarbon-
polymer currently prepared by free-radical emulsion poly-
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merization on a large scale. This lower level of double bonds
can result in a considerably higher stability of polymer films
formed from polyolefin latices towards UV light and air.

4. Polymerization of Conjugated Dienes

Free-radical polymerization of butadiene in aqueous emul-
sion is performed on a large scale. Butadiene ± styrene
copolymer latices are employed, for example, in paper
treatment.[2] Transition metal catalyzed polymerization of
dienes in non-aqueous media is equally important. cis-1,4-
Polybutadiene rubbers are produced with Ziegler-type cata-
lysts based on titanium, cobalt, nickel, or neodymium in
solution processes with aromatic hydrocarbon solvents.[106]

Polymerization of butadiene catalyzed by rhodium salts in
water as a reaction medium was already reported in the 1960s
by Rinehart et al. and Canale and co-workers. By utilizing
Rh���Cl3 ¥ 3H2O as a catalyst precursor butadiene is polymer-
ized stereoselectively in aqueous emulsion to semicrystalline
trans-1,4-polybutadiene exclusively [Eq. (2); �99%
trans].[50, 96, 97] By comparison, free-radical polymeriza-

tion of butadiene in aqueous emulsion typically yields
polymers with 60% trans-incorporated units under similar
conditions.[98] Polymerization of butadiene in water as a
reaction medium by salts of late transition metals other than
rhodium was reported to yield polybutadienes of other
microstructures, however, the data provided is very limited.[97]

Polymer molecular weights of 2.6� 104 gmol�1 were deter-
mined by light scattering measurements.[97] The catalyst
activity was virtually constant over 30 h at 50 �C, which
demonstrates there is a remarkably high stability of the
catalyst in the aqueous polymerization.[99] Anionic emulsifiers,
namely SDS or alkylbenzene sulfonates, were found to be
suitable.[96, 100] On the basis of polymer microstructure and
comparative experiments with radical inhibitors, a coordina-
tion polymerization mechanism was suggested. A free-radical
polymerization mechanism can be excluded. Rhodium(�)
species, formed by the reduction of the Rh��� salts used as
the catalyst precursors by the butadiene monomer, have been
suggested as the active species. In agreement with this,
Rh� complexes such as [Rh2Cl2(C4H6)3] are also active cata-
lysts with moderate activities of up to about 2� 103 TOh�1

(with formic acid as a co-catalyst).[101, 102] In contrast to
industrially important free-radical copolymerization, styrene
is not incorporated in the rhodium-catalyzed butadiene
polymerization.[103] The rhodium catalyst is also inactive
towards isoprene,[101, 103] whereas other authors have reported
polymerization of cis- or trans-1,3-pentadiene in aqueous
emulsion.[104] Only limited data is available regarding the
stability and other properties of the polymer dispersions
obtained. Precipitation of considerable portions of the
polymer has been mentioned at high conversions in the
polymerization of butadiene.[99, 105]

The growing polymer chain in the polymerization of dienes
by late transition metal complexes is generally assumed to
coordinate to the metal center in a �3-allyl fashion (A).[106]

Allyl complexes are generally considered to be quite stable

compared to other organometallic compounds, particularly to
alkyl compounds.[107] Thus, it is perhaps not surprising that the
coordination polymerizations of dienes in water were discov-
ered relatively early on.
Polymerization of butadiene by modified cobalt catalysts,

such as the in situ system [Co���(acac)3]/AlEt3/H2O/CS2
(acac� acetylacetonate), can yield highly crystalline syndio-
tactic 1,2-polybutadiene (Tm� 205 �C).[108] The high stereo-
selectivity of these catalysts has been ascribed to coordination
of carbon disulfide as a ligand to the metal center.[109] Such
stereospecific polymerizations can be carried out in aqueous
emulsion,[110±112] and polymer latices can be obtained
[Eq. (3)].[111] A ™prepolymerization∫ with a small portion of

butadiene monomer in the presence of only trace amounts of
water is required. A solution of this ™prepolymerized∫ catalyst
mixture in a hydrocarbon is subsequently dispersed in water
together with further butadiene, and the polymerization then
proceeds. It has been speculated that the catalytically active
species is shielded from the access of water by the polymer
formed during the prepolymerization.[110]

The aforementioned catalytic polymerizations offer access
to special polymer microstructures in aqueous emulsion.
However, it must be noted that particularly the expensive
rhodium complexes used in the pioneering work display only
moderate activities. Latices of butadiene-(CO) polymers
suited for a variety of applications are already prepared
conveniently on a large scale by established free-radical
routes.

5. Vinylic Polymerization of Cyclic Olefins

The vinylic polymerization of cyclic olefins, in which the
ring structure is left intact, has been less thoroughly inves-
tigated than ROMP (see Section 6). An early example of an
aqueous polymerization is provided by the rhodium-catalyzed
polymerization of cyclobutene in emulsion. Under similar
conditions as those described by Rinehart et al. for butadiene
polymerization (Section 4), Natta et al. obtained a crystalline,
highly stereoregular polymer with low conversions
[Eq. (4)].[113] Ring opening is only a minor side reaction
compared with ruthenium-catalyzed aqueous ROMP of
cyclobutene (Section 6).

Angew. Chem. Int. Ed. 2002, 41, 544 ± 561 553



REVIEW S. Mecking et al.

Vinylic polymerization of norbornene (the most common
monomer) can be catalyzed in non-aqueous media by com-
plexes of various metals such as titanium,[114] zirconium,[115]

chromium,[116] cobalt,[117] nickel(��),[118, 119] or palladiu-
m(��).[120±123] Late transition metals can display high activities
when, for example, well-defined weakly coordinated nickel(��)
complexes[118] are used as catalyst precursors or with methyl-
aluminoxane (MAO)-activated nickel(��) and palladium(��)
catalysts.[124±126] The resulting polynorbornenes are amorphous
hydrocarbon materials of varying tacticity (depending on the
catalyst). They can display high thermal stability and a low
dielectric constant. Polynorbornene and functionalized de-
rivatives have been marketed under the brand-name Avatrel
as materials for electronics applications.[127, 128]

It should be noted, that the reactivity of 2,3-substituted
norbornenes, which are often employed as monomers in
aqueous polymerizations, can be strongly affected by its
configuration (exo/endo). The configuration of the monomers
utilized has not always been specified in the literature, which
can complicate a detailed comparison of results by different
authors. Also, it must be noted that characterization of
unfunctionalized polynorbornene obtained with palladium
catalysts is often complicated by its notorious insolubility in
organic solvents.[129] The tolerance of norbornene polymer-
ization with [Pd(NCCH3)4](BF4)2 as an initiator towards
added amounts of water (1000 equivalents with respect to
Pd) has been described by Mehler and Risse.[122]

A polymerization of norbornene affording an aqueous latex
was reported in 1993 by Perez and co-workers. Norbornene
(Tm� 44 �C) was treated in aqueous emulsion at 70 �C with
SDS as an emulsifier and PdCl2 as a catalyst precursor
[Eq. (5)].[130, 131] With moderate catalyst activities of 70 TOh�1,

a stable latex consisting of low molecular weight oligomeric
material (DPn� 10, DPn� degree of polymerization) was
obtained. Interestingly, very small latex particles of 10 to
20 nm diameter were reported. In well-known free-radical
polymerization of olefinic monomers, such small particles are
only obtained by microemulsion polymerization. PdCl2 is
slightly water-soluble, and the authors have reasoned that
polymerization occurs preferentially at the interface between
the water and monomer droplets (although the catalytically
active species has not been identified unambiguously). At the
same time, Safir and Novak reported the polymerization of
polar substituted norbornadienes 11 in aqueous emulsion with
PdCl2 [Eq. (6)].[132]

A few years later Perez and co-workers polymerized a
water-soluble norborn-5-en-2-yl-substituted gluconamide
(11 b) and a lactbionamide (11 c) with water-soluble

[PdCl2(NaTPPTS)2] in aqueous solution.[133] Oligomers with a
degree of polymerization DP� 17 and 12, respectively, were
obtained in a vinylic polymerization with moderate efficiency
(86 TO during an entire polymerization run). The water-
soluble oligomers form aggregates in solution. Like their
analogues formed by ROMP, such glycopolymers have been
suggested as therapeutic agents. A cationic polyelectrolyte
with a degree of polymerization DP of 94 was obtained by
polymerization of [5-(methyleneammonium)norborn-2-ene]
chloride with PdCl2 in aqueous solution. Cell transfection by
DNA complexes of this polyelectrolyte has been investigat-
ed.[134]

Polymerization of butylnorbornene by a catalyst system
containing one equivalent of the water-soluble phosphane
ligand NaTPPTS, [{(allyl)Pd(�-Cl)}2]/NaTPPTS/Li[B(C6F5)4],
has also been described. A high activity of 4.5� 104 TOh�1 has
been claimed for this aqueous suspension-type polymeriza-
tion in a patent.[135] This may be taken as an indication that
substantially higher productivities can be achieved in vinylic
aqueous polymerization of norbornene monomers compared
to the moderate efficiencies reported to date.

6. Ring-Opening Metathesis Polymerization

Ring-opening metathesis polymerization (ROMP) of cyclic
olefins can be carried out with a variety of catalysts based on
different metals,[136, 137] with molybdenum, tungsten, and
ruthenium catalysts being employed most often. In regard to
the mechanism of olefin metathesis,[138] it is generally agreed
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upon that metal alkylidenes represent the active species
(Scheme 6). Polymers prepared by (non-aqueous) ROMP of
olefinic monomers such as norbornene, dicyclopentadiene,
and cyclooctene are applied commercially.[139] In most com-
mercial processes, and also in much academic research, poorly
defined in situ catalysts have been applied. The advent of
catalytically active metal alkylidenes as well-defined precur-
sors in the 1980s was a strong thrust for the metathesis of
olefins as a synthetic method in general, and for aqueous
ROMP in particular.[136, 140±143]

Scheme 6. Mechanism (top) and overall reaction (bottom) of chain growth
in ROMP.

An early example of aqueous ROMP was provided by
Natta et al. with polymerization of cyclobutene and 3-meth-
ylcyclobutene using RuCl3 as a catalyst precursor.[144] Low
molecular weight stereo-irregular oils were formed with low
activities of about 15 TO. Polymerization occurs exclusively
by ring opening [Eq. (7)].

Rinehart et al. have reported ROMP of norbornene and of
2-functionalized norborn-5-enes with polar ester moieties in
aqueous emulsion with moderate activities. Iridium(���� or
iridium(�v) salts in combination with a reducing agent, or IrI ±
olefin complexes were employed as catalyst precursors.
Norbornadiene and dicyclopentadiene were also polymer-
ized, with only one double bond reacting.[101, 145]

In 1988, Grubbs and Novak reported ROMP of aqueous
solutions of functionalized 7-oxanorbornenes 12 and 13 using
RuCl3 or [Ru��(OH2)6](OTs)2 (OTs� toluene-4-sulfanoate) as
catalyst precursors.[146] Polymer molecular weights were found
to be higher at more narrow molecular weight distributions
(Mw� 1.3� 106 gmol�1;Mw/Mn 1.2 for 13) than those obtained
by polymerization in organic solutions. The high catalyst
stability towards water is underlined by the possibility of
multiple recycling of the catalyst solutions. Advantageously,
an initiation period of the catalyst prior to the onset of
polymerization is reduced in the presence of water. An
analysis by Feast and Harrison of the polymers resulting from

aqueous ROMP of 13 with RuCl3 and OsCl3 revealed these
materials to be atactic with a varying ratio of cis to trans
double bonds in the backbone.[147, 148] As a general feature,
trans linkages are usually obtained preferentially in ROMPof
norbornene using RuCl3 as a catalyst precursor. A number of
other functionalized norbornenes (14 ± 16) have been poly-
merized to high molecular weight polymer in aqueous
media.[149±152] Although this issue was only mentioned as an
aside, probably in all these cases the catalyst precursor and the
monomer (12 ± 16) initially formed a homogeneous solution,
and the water-insoluble polymer precipitated during the
polymerization reaction when a largely aqueous reaction
medium was employed. Acyclic olefins can function as chain-
transfer agents to regulate molecular weights.[147, 149, 153] The
analysis of the resulting oligomeric products supported the
presence of ruthenium alkylidene species.[153] Also in accord-
ance with intermediacy of a ruthenium alkylidene species in
the aqueous polymerization, the addition of ethyl diazoace-
tate as a carbene source to [Ru��(OH2)6](OTs)2 enabled
ROMP of less reactive low-strain cyclic olefins such as
cyclooctene.[154]

A significant advance was achieved by the utilization of
isolated ruthenium carbene complexes as catalyst precursors.
Solutions of complex 17 a in organic media were found to be
stable to added amounts of water, thus indicating that such

alkylidenes were suitable as catalyst precursors for aqueous
reactions.[155] In subsequent work, rather than the vinyl-
substituted carbenes of type 17, carbene complexes of type 18
were employed most often. They are easily accessible by
employing diazoalkanes as the reagents for the generation of
the metal ± alkylidene moiety and they represent more
efficient initiators.[156, 157] Complexes of the bulky trialkyl-
phosphane PCy3 (Cy� cyclohexyl) were found to generally
display higher activities in ROMP than their PPh3 analogues.
Compounds 17 b and 18 are now available commercially.
As a result of the water-insolubility of these metal carbenes,

aqueous polymerizations represent heterogeneous multi-
phase mixtures. Investigation of ROMP of the hydrophilic
monomer 16 or of a hydrophobic norbornene in aqueous
emulsion (catalyst precursor 17 b or 18 added as a solution in
dichloromethane) or suspension demonstrated that the poly-
merization can occur in a living fashion. For example, at a
monomer to initiator ratio 16/18� 100/1 with 78% yield of

poly-16 with Mw/Mn 1.07 (versus polystyrene
standards) was obtained.[158] The cationic do-
decyltrimethylammonium bromide (DTAB)
was used preferentially as a surfactant for
polymerization in emulsion. Block copolymers
of narrow molecular weight distribution are
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also accessible. Living polymerization can be carried out in
aqueous solution, without the addition of surfactants or
organic cosolvents, by using water-soluble carbene complexes
of type 19 and water-soluble monomers 20.[159] Interestingly,
addition of small amounts of acid (up to 1 equiv DCl) is
advantageous for catalyst performance. One reason is that

small amounts of hydroxide ions, detrimental for catalyst
stability, are eliminated. The acid was found to react with
complex 19 a to afford a monophosphane complex and the
phosphonium salt of the ligand, which means that remarkably
the metal ± alkylidenemoiety does not react with the acid. The
high stability of ruthenium-alkylidene species towards water
during the polymerization reaction was confirmed by NMR
spectroscopic analysis.
ROMP of norbornene in aqueous emulsion by employing

ruthenium(�v) complexes[160] with bis(allyl) ligands such as the
water-soluble [(�3:�3-C10H16)Ru(OH2)(OAc)]BF4 as catalyst
precursors has been reported by Wache.[161] High molecular
weight polymer with an unusually high cis content was
obtained with rates of 100 TOh�1. ROMP of deltacyclene, a
more peculiar monomer, by RuCl3 in aqueous suspension has
been reported to afford high molecular weight stereo-irreg-
ular polymer.[162]

The synthesis of neoglycopolymers by ROMP has been
investigated extensively by Kiessling et al. (the term neo-
glycopolymer refers to a synthetic, non-natural polymer
bearing carbohydrate moieties).[163] In comparison to other
synthetic methods, ROMP can offer the potential for good
functional group tolerance together with the possibility of
molecular weight control. Carbohydrate-substituted mono-
mers can be employed without protection of the hydroxy
groups, thus reducing the synthetic effort and also preventing
problems frequently encountered in deprotection steps. As
the monomers and also the desired polymers are highly
hydrophilic and water soluble, aqueous ROMP can offer the
advantage of a homogeneous reaction, which is beneficial for
molecular weight control and catalyst efficiency. ROMP of
7-oxanorbornenes substituted with glucose or mannose moi-
eties bound through C� or O�glycosidic linkages afforded
neoglycopolymers, such as 21.[164, 165]

The reaction can be performed using an aqueous solution of
RuCl3 and monomer to afford the water-soluble polymers.
Relative molecular weights of about 106 (by comparison to
dextran standards) were estimated. The polymers contain cis
as well as trans double bonds in roughly equal amounts in the
backbone which can be reduced to yield a saturated polymer
by employing hydrazine reduction.[165] Utilization of alkyli-

dene complexes 17 or 18 as well-defined catalyst
precursors for the polymerization of norbornene
derivatives with unprotected carbohydrate residues is
again complicated by the water-insolubility of these
ruthenium carbenes. Polymerization can be carried
out in emulsion (water/dichloromethane/surfac-
tant).[166, 167] In ROMP of a carboximide-functionalized
norbornene (see 16) N-substituted with a carbohydrate

moiety, increasing average degrees of polymerization in the
range of DPn� 10 to 143 were observed with increasing
monomer to catalyst ratio (18 as a catalyst precursor). This
observation indicates a certain degree of control over the
molecular weight, although molecular weight distributions
were not reported.[167] The erythrocyte-agglutinating activity
of the protein concanavalin A can be inhibited by the binding
of carbohydrates. Structure/activity relationship have been
investigated using the carbohydrate-substituted ROMP poly-
mers with systematically varied structures as multivalent
inhibitors.[164±166, 168]

It should be noted that removal of metal residues from the
unsaturated polymers generated by ROMP is a ubiquitous
issue,[165, 169] as noted early on by Natta.[144] The introduction of
polar moieties, such as hydroxy groups, can be expected to
further increase the difficulties of metal removal. A resulting
poor oxidative stability can be disadvantageous. Low metal
contents are also crucial for meaningful biomedical studies
and for potential biological applications. Although challeng-
ing, this problem can apparently be solved but detailed
published data is currently still limited.[170, 171]

In the aforementioned ROMPS in aqueous emulsion, the
synthesis of polymer latices has been mentioned very briefly
in some cases without further discussion of the latex proper-
ties. ROMP of the functionalized monomer 13 by RuCl3 to
form stable dispersions of high molecular weight polymer
(105 gmol�1 versus polystyrene standards) stabilized by a
PEO-b-PPO-b-PEO (PEO� polyethylene oxide, PPO�poly-
propylene oxide) triblock copolymer has been reported by
Booth and co-workers.[172] Whereas the monomer is water-
soluble, the polymeric product is not, and in this respect the
reaction resembles a dispersion polymerization. The stable
latices obtained consist of remarkably small particles of 60 nm
diameter, for example. Emulsion polymerization of norbor-
nene by various ruthenium catalysts has recently been
investigated in detail by Claverie et al.[173] Using the water-
soluble carbene complex 19 b or an in situ system [RuCl2-
(NaTPPTS)2]/ethyl diazoacetate as water-soluble catalysts,
average activities of up to 104 TOh�1 were observed[174] at
80 �C (for the structure of the water-soluble phosphane
NaTPPTS see Section 5). Polynorbornene latices consisting
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of relatively small particles of generally less than 150 nm
diameter were obtained. The anionic surfactants SDS or
Dowfax3B2[175] were used, and electrostatically stabilized
latices with solids contents of up to 46% were obtained with
the latter surfactant. Unlike typical free-radical emulsion
polymerizations, the particle number increases continuously
with conversion, thus indicating continuous nucleation. The
observed dependence of particle numbers on reaction con-
ditions indicates that homogeneous nucleation occurs, even in
the presence of surfactant micelles. To enable utilization of
the commercially available hydrophobic carbene complex 18
as a catalyst precursor for latex synthesis, the complex was
employed as a solution in toluene/hexadecane miniemulsion
droplets (see Section 3). Hereby, in addition to norbornene,
cyclooctene and cyclooctadiene, which are unreactive towards
the water-soluble catalysts, can be polymerized to latices of
high molecular weight polymers. Copolymerization of cyclo-
pentene and cyclooctene by 18 in miniemulsion has also been
reported independently by K¸hn et al.[179] Copolymerization
of norbornene with poly(ethylene oxide)-substituted norbor-
nene macromonomers by 18 to afford latex particles has been
reported.[176] Although this reaction was carried out in
ethanol/dichloromethane mixtures and thus does not repre-
sent an aqueous polymerization, from the viewpoint of colloid
chemistry it is interesting that the concept of polymerizable
stabilizers (™surfmers∫),[177] well known from free-radical
polymerization, has been applied to a dispersion-type ROMP.
In summary, ruthenium-catalyzed aqueous ROMP has

proven to be a versatile method for the preparation of polar
substituted polymers. The resulting materials have been
utilized for biomedical studies. Utilization of well-defined
metal carbenes as initiators enables control over the molec-
ular weight, and water-soluble ruthenium carbenes have
recently become available. Monomer/metal ratios on the
range of 100/1 have been typically utilized in the polymer-
ization of functionalized norbornenes. Whereas such catalyst
or initiator efficiencies are moderate in comparison to other
types of aqueous catalytic polymerizations (Sections 2 ± 4),

they are certainly satisfactory as a tool for the preparation of
special, for example, biologically active, materials. Polymer
latices have been prepared successfully by aqueous ROMP,
and the particle formation process has been studied recently.

7. Summary and Outlook

The principal possibility of aqueous catalytic polymeriza-
tion of olefinic monomers was demonstrated early on, with
pioneering work originating from the 1960s. However, since
then significant advances have been achieved only in very
recent years: 1) the number of polymers prepared in aqueous
catalytic polymerizations has grown substantially; 2) the
preparation of stable aqueous polymer latices has been
investigated; and 3) strong improvements in catalytic activity
have been achieved. High molecular weight polymers ranging
from amorphous or semicrystalline hydrocarbons to highly
polar water-soluble materials are now accessible. The current
state of these developments is summarized in Table 1.
What are the driving factors for these ongoing develop-

ments? The discovery of new late transition metal based
polymerization catalysts and the availability of well-defined
catalyst precursors (not requiring water-sensitive alkylalumi-
num cocatalysts) has certainly contributed. An increased need
for environmentally benign processes in general makes water
an attractive reaction medium. With polymer latices, this
advantage is not restricted to the polymerization process, but
also applies to the product itself. In addition to environmental
concerns, water is advantageous as a medium for polymer-
izations since it enables efficient processes to be achieved. In
the context of current general interest in the synthesis and
properties of micro- and nanoparticles, it can be noted that
catalytic polymerization in aqueous emulsion provides con-
venient access to dispersions of polymer particles in the size
range of about 80 nm to 1 �m. Finally, the functional group
tolerance of the catalysts has enabled polymerization of
special highly polar monomers to afford polymers, for
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Table 1. Overview of aqueous catalytic polymerization of olefins.

Reaction type Examples of catalyst precursors used Typical activity
reported [TOh�1][a]

Results

alternating olefin ±CO
copolymerization

cationic Pd�� ± diphosphane complexes 6� 104 semicrystalline ethylene ±CO copolymers are ac-
cessible with high activities in suspension-type
polymerization. Stable latices of 1-olefin copoly-
mers can be obtained

ethylene and 1-olefin
polymerization

neutral NiII(X�O) complexes (X�P, N) 2� 105 (Ni) stable latices of semicrystalline ethylene homo- and
copolymers with high activities

cationic PdII ± diimine complexes 103 (Pd) amorphous highly branched polyethylene in sus-
pension-type polymerization

butadiene polymerization
alkylaluminum-activated cobalt catalysts 103 (Co)

latices of syndiotactic 1,2-polybutadiene (Co)
Rh salts 2� 103 (Rh)

vinylic polymerization
of cycloolefins

PdII salts ca. 102 polymerization of norbornene; polymerization of
polar-functionalized norbornenes

ROMP Ru± alkylidene complexes or Ru salts 104 (norbornene)
102 (functionalized
norbornenes)

living polymerization of polar-functionalized nor-
bornenes. Controlled synthesis of polymers for
biomedical investigations; latices of norbornene
and functionalized derivatives

[a] The activities have been determined under strongly varying conditions, thus they should only be taken as a measure of the order of magnitude. TO
(turnovers): substrate converted [mol] per metal used [mol].
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example, for biomedical studies. In such small-scale reactions
water is a convenient solvent for the polar reactants which
enables polymerization in a controlled fashion in homoge-
neous solution.
What issues can be of interest in the future? As most latices

prepared by catalytic polymerization have become available
only recently, no data has been published regarding their
properties relevant for applications, such as latex stability
under different conditions, film formation, and film proper-
ties. Co- and terpolymerization of readily available mono-
mers, including polar-functionalized olefins, can be expected
to enable control of the latter properties. Particle morphology,
for example, the generation of domains of different polarity
such as in core ± shell particles, represents another interesting
aspect. A comprehensive picture remains to be established
with regard to the mechanism of particle formation, polymer-
ization kinetics, and, for example, the location of the catalytic
centers during the different stages of the reaction (aqueous
phase, inside monomer droplets or polymer particles, or on
the interface). Further improvements in catalyst performance
based on a systematic understanding are certainly also an
issue. In a polymerization aimed at preparing a latex, it is
desirable to leave the catalyst in the product in order to
maintain the intriguing simplicity of this direct route to a
polymer dispersion. Thus, catalyst performance must be
higher than the levels acceptable in many catalytic synthesis
of small molecules (�103 TO) where the catalyst is recovered.
On the other hand efficiencies must not necessarily compete
with Ziegler catalysts or metallocenes (�107 TO). Some of
the recent discoveries reviewed demonstrate that sufficient
catalyst performance can principally be achieved.[178]

In summary, recent findings have demonstrated aqueous
catalytic polymerizations to be a versatile topic. Various
potential applications can be envisioned. Equally, a number of
attractive subjects for fundamental research in the areas of
colloids science, polymer chemistry, coordination chemistry,
and catalysis are evident.
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