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Poly(2-oxazoline)s

The living cationic ring-opening polymerization of 2-oxazolines has
been studied in great detail since its discovery in 1966. The versatility of
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this living polymerization method allows copolymerization of a
variety of 2-oxazoline monomers to give a range of tunable polymer

properties that enable, for example, hydrophilic, hydrophobic, fluo-

rophilic, as well as hard and soft materials to be obtained. However,
this class of polymers was almost forgotten in the 1980s and 1990s
because of their long reaction times and limited application possibil-
ities. In the new millennium, a revival of poly(2-oxazoline)s has arisen

because of their potential use as biomaterials and thermoresponsive

materials, as well as the easy access to defined amphiphilic structures
for (hierarchical) self-assembly. Recent developments that illustrate
the potential of poly(2-oxazoline)s are discussed in this Review. In
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addition, the promising combination of poly(2-oxazoline)s and click

chemistry is illustrated.

1. Introduction

The synthesis of well-defined polymer structures is
essential for the study of interactions between macromole-
cules and biological systems, tuneable stimuli-responsive
materials, as well as hierarchical self-assembly. In an ideal
case, a one-pot synthetic procedure allows accurate control
over a wide range of polymer architectures, monomer
composition, and distribution as well as polymer properties
such as the hydrophilic/hydrophobic ratio. The most com-
monly used polymerization methods in contemporary
research are controlled radical polymerization techniques,
which, unfortunately, do not meet this ideal case, since
intermediate purification is required for the preparation of
well-defined block copolymers. In contrast, living ionic
polymerizations remain living up to near-quantitative con-
version as a consequence of repulsion between the charged
living chain ends, which allows the sequential addition of
different monomers for the preparation of block copolymers.

The cationic ring-opening polymerization of 2-oxazolines
was discovered in the middle of the 1960s by four independent
research groups." The resulting polyamides can be regarded
as analogues of poly(amino acid)s, that is, pseudopeptides, as
shown in Scheme 1. The living cationic ring-opening poly-
merization of 2-oxazolines provides easy and direct access to
a wide variety of well-defined polymers, in which the end-
group functionality can be controlled during the initiation and
termination steps. Furthermore, the properties of poly(2-
oxazoline)s can be tuned simply by varying the side chain of
the 2-oxazoline monomer. The synthesis and polymerization
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Scheme 1. Polymerization of 2-oxazolines as well as the structural
analogy with poly(amino acid)s.
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mechanisms of a wide variety of 2-oxazoline monomers have
been discussed in excellent reviews by Kobayashi,”! Aoi and
Okada,” as well as Kobayashi and Uyama.”! Furthermore,
the early possible applications of poly(2-oxazoline)s as
stabilizers/surfactants, compatibilizers, and thermosettings
were addressed by Kobayashi and Uyama.®! The reader is
also directed to more recent overviews of synthetic aspects of
poly(2-oxazoline)s that focus on side-chain and end-group
functionalization” as well as the synthesis and properties of
block, gradient, and statistical copolymers.l”!

In recent years, the use of poly(2-oxazoline)s in biomed-
ical applications!'!! has evolved as a result of their biocom-
patibility as well as their stealth behavior (see Section 2.1)
being similar to that of poly(ethylene oxide) (PEO). Fur-
thermore, the discovery that poly(2-ethyl-2-oxazoline)
(PEtOx) exhibits a lower critical solution temperature in
waterl'” opened up a completely new research area on
thermoresponsive materials. Furthermore, the easy access to
hydrophilic, hydrophobic, and fluorophilic polymers by
simply changing the side chain of the monomer stimulated
investigations into the synthesis and self-assembly of a range
of amphiphilic copolymer structures.

These recently emerging applications of poly(2-oxazo-
line)s are discussed in this Review. In addition, an overview of
recent efforts to use click chemistry to prepare functional
poly(2-oxazoline)s and to combine poly(2-oxazoline)s with
other polymer structures is provided.
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2. Biomedical Applications
2.1. Blood Clearance, Biodistribution, and Protein Adsorption

The biocompatibility of poly(2-methyl-2-oxazoline)
(PMeOx) was demonstrated in 1989 by Goddard through
intraveneous administration in mice.™® *I-labeled polymers
were found to be excreted from mice without significant
accumulation in organs, although some, presumably high-
molecular-weight, polymer was found in skin and muscle
tissue. More recent studies by Jordan and co-workers on the
biodistribution and excretion of well-defined radiolabeled
PMeOx and PEtOx in mice demonstrated no accumulation in
tissue and rapid clearance from the bloodstream.!'*!

Dejardin and co-workers reported in 1989 that the
adsorption of a poly(2-methyl-2-oxazoline)-block-poly(ethy-
lene oxide)-block-poly(2-methyl-2-oxazoline) (PMeOx-b-
PEO-b-PMeOx) triblock copolymer on silica particles sup-
pressed platelet adhesion and fibrinogen adsorption.[*! How-
ever, at that time it could not be distinguished whether the
protein-repellent properties were due to the PEO, PMeOx, or
a combination of both. Nonetheless, this was a first indication
of the potential “stealth” behavior of PMeOx, that is,
suppression of all interactions with the body—such as with
proteins and the immune system. Unambiguous proof of the
biocompatibility and stealth behavior of PMeOx- and PEtOx-
decorated liposomes was provided by Zalipsky and co-
workers.'*!! In vivo studies of these liposomes in rats and
mice revealed enhanced circulation times, with similar blood-
clearance rates being found for PMeOx and PEO, while
PEtOx was removed somewhat faster (Figure 1). The lip-
osomes accumulated mainly in the liver, kidney, and spleen,
similar to PEO lyposomes.

The in vitro blood compatibility of PEtOx was demon-
strated by Chung and co-workers."® A thin layer of PEtOx
attached to a polyurethane film suppressed platelet adhesion
to the same extent as a PEO layer, thereby indicating similar
stealth behavior for PEtOx and PEO. In addition, Konradi
etal. found that surfaces coated with PMeOx showed a
similar adsorption of proteins and bacteria in vitro as PEO-
coated surfaces.!"”")

Furthermore, PEtOx was found to increase the biocom-
patibility of the hydrogels, thereby resulting in enhanced
in vitro cell viability.?!! The importance of the molecular
weight of the polymer is evident from a report by Riihe and
co-workers, who demonstrated that a glass-surface-grafted
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Figure 1. In vivo elimination of polymer-decorated liposomes from the
blood of mice. The pharmacokinetic curves are similar and show
enhanced circulation times for PMeOx (@) and PEO (m) as well as a
somewhat faster clearance for PEtOx (A). Reprinted from Ref. [17].

layer of high-molecular-weight (M,, =380 kDa; all previous
studies were based on polymers with M, <20 kDa) PEtOx
promotes the formation of a dense layer of healthy endothe-
lial cells on the surface.?

The biocompatibility, stealth behavior, and biodistribu-
tion of PMeOx closely resemble the beneficial properties of
PEO that boosted its widespread use in biomedical applica-
tions. It should be noted that PMeOx is more hydrophilic than
either PEtOx or PEO,”?!! which might complicate conjuga-
tion reactions in apolar organic solvents. Nonetheless,
PMeOx has great potential for use in biomedical applications,
although in-depth studies have to be performed to further
evaluate the fate and possible degradation pathways when
used in vivo. The potential formation of poly(ethylene imine)
residues by enzymatic degradation of the amide bonds of
poly(2-oxazoline)s®! have to be studied in detail in particular,
since copolymers of 2-ethyl-2-oxazoline and ethylene imine
are known to exhibit higher cytotoxicity than PEtOx.*!

2.2. Drug and Protein Conjugates of Poly(2-oxazoline)

The conjugation of polymers to drugs is a well-established
strategy in drug delivery to enhance the solubility of the drug
and increase the circulation time in the body, while at the
same time lowering the immunogenicity.”” In addition,
targeting groups can be included in the polymer to deliver
the drug to a specific tissue or cell.

The first report of PMeOx-peptide conjugation dates
back to the 1990 study by Saegusa and co-workers.”®! PMeOx
was coupled to bovine liver catalase, and it was demonstrated
that the remaining enzyme activity depended on both the
molecular weight of the polymer as well as the extent of
modification. The enzyme activity was also retained in
organic solvents, such as chloroform and benzene, and results
from the solubility of the polymer. Shortly after, the first
PMeOx- and PEtOx—peptide conjugates were reported, and
it was demonstrated that the affinity of the peptide for
antibodies was retained in the conjugates.” As already stated
in Section 2.1, Jordan and co-workers evaluated the biodis-
tribution and excretion of PMeOx and PEtOx conjugates with
an "'In radiolabel.' A similar PEtOx polymer with a
chelating end group was conjugated through its side chain

Angew. Chem. Int. Ed. 2009, 48, 7978 -7994
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to a cyclic RGD peptide by a click reaction, which resulted in
a polymer conjugate with a high potential for tumor cell
diagnostics and therapeutics, depending on the radionuclides
used (Scheme 2).% The versatility and potential of PEtOx as
an alternative to PEO were also demonstrated by Hoogen-
boom and co-workers for both protein and small-drug
conjugates; comparable results were obtained for PEtOx
and PEO in regard to, for example, protein-rejecting proper-
ties, drug-release profile, and in vitro cytotoxicity."!]
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Scheme 2. Conjugate formed between poly(2-ethyl-2-oxazoline) and a
cyclic RGD peptide; stat = statistical polymer.*

2.3. Poly(2-oxazoline)-Functionalized Drug Carriers

Nowadays, drug carriers are often functionalized with
PEO (so-called PEGylation) to render them “invisible” to the
human body by suppression of protein adsorption and
recognition by the immune system.’**) As a result, such
stealth particles have enhanced circulation times, which result
in drug release over a longer time period. In addition,
polymer-functionalized liposomes, polymer-lipid conjugate
micelles, as well as block copolymer micelles are often used to
enhance the solubility of hydrophobic drugs.**!

Even though poly(2-oxazoline)-functionalized liposomes
were demonstrated to have similar beneficial properties as
PEGylated liposomes,'®'” drug delivery using such poly(2-
oxazoline) liposomes has, surprisingly, not been reported to
date. Nonetheless, drug loading and release from micellar
drug carriers formed from poly(2-oxazoline) block copoly-
mers have been reported. Jeong and co-workers studied the
use of PEtOx-block-poly(e-caprolactone) micelles for the
loading of paclitaxel, an anticancer drug with poor aqueous
solubility.®® The block copolymer micelles showed low
cytotoxicity. In addition, loaded micelles showed a compara-
ble in vitro inhibition of the proliferation of KB human
epidermoid carcinoma cells as the current clinical formula-
tion, while avoiding the side effects such as hypersensitivity
and neurotoxicity. Wang and Hsiue studied the micellization
of poly(L-lactide)-block-PEtOx-block-poly(L-lactide) (PLA-
b-PEtOx-b-PLA) triblock copolymers and demonstrated that
the middle PEtOx unit is both temperature and pH sensi-
tive.?”! In particular, the protonation of the PEtOx below a
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pK, value of 7.1 was identified as a potential targeted release
mechanism in cancer cells, which are more acidic than healthy
cells.”® Thus, triblock copolymer micelles were loaded with
the anticancer drug doxorubicin, and a faster release was
found at pH 5 than at pH 7.4 (physiological value), because
of the swelling of the micelles. In addition, the doxorubicin-
loaded micelles successfully killed HeLa cells; the doxorubi-
cin was located in the acidic compartments of the cells, thus
suggesting an acid-triggered in vitro drug release. A similar
low cytotoxicity and pH-induced release of doxorubicin was
found for PEtOx-block-PLA block copolymer micelles.”
However, the diblock copolymer micelles had better defined
and smaller structures, while showing faster pH-induced
release of doxorubicin.

Hsiue et al. also prepared PEtOx-block-PEI (PEI = poly-
ethyleneimine) block copolymers for use as nonviral gene
carriers.*! This block copolymer formed polyplexes with
DNA that dissociated at low pH values, thus indicating its
potential to deliver DNA intracellularly. Furthermore, in vi-
tro cell studies revealed low cytotoxicity as well as high
transfection efficiency in gene expression, which makes this
diblock copolymer a potential candidate for nonviral gene
therapy.

2.4. Antimicrobial Poly(2-oxazoline)s

Antimicrobial polymers have evolved as attractive alter-
natives to low-molecular-weight antimicrobial agents.[*=!
The major advantage of antimicrobial polymers over low-
molecular-weight alternatives is their lower toxicity as well as
their lower tendency to lead to microbial resistance. Further-
more, the polymeric analogues have prolonged lifetimes and
sometimes enhanced efficiency and selectivity.

Based on the low toxicity of poly(2-oxazoline)s, they were
anticipated to be suitable as biocide end-functionalized
polymers. Waschinski and Tiller reported that PEtOx end-
functionalized with a quaternary ammonium salt had higher
antimicrobial activity against S. Aereus than analogous end-
functionalized PMeOx and PEO."* Surprisingly, the polymer
chain length did not influence the activity, while the
functionality at the other chain terminus (satellite group)
strongly influenced the antimicrobial action. The effect of
satellite groups was elucidated by further varying the
structure, which revealed better antimicrobial activity when
the quaternary ammonium salt and the satellite group
aggregate in a unimolecular micelle. A subsequent joint
attack of both groups on the phospholipid membrane
(Figure 2) causes perforation of the membrane.[*>*!

Besides these soluble antimicrobial poly(2-oxazoline)s,
the preparation of antimicrobial surfaces was reported by
Tiller and co-workers through the use of two different
approaches. In the first approach, an amphiphilic block
copolymer  consisting of  poly(2-phenyl-2-oxazoline)
(PPhOx) as the hydrophobic block and PMeOx as the
hydrophilic block was prepared with a quaternary ammonium
end group at the PMeOx terminus.*’! This polymer was
subsequently used as a stabilizer for the emulsion polymer-
ization of styrene/butyl acrylate mixtures to give poly(2-
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Figure 2. Bacterial action of a poly(2-oxazoline) bearing both quater-
nary ammonium and alkyl terminal groups. Modified from Ref. [45].

oxazoline)-modified latices. Polymer films that were cast from
these latices were found to exhibit good antimicrobial
properties agains S. Aureus, independent of the styrene/
butyl acrylate ratio. In the second approach, a poly(2-
oxazoline) bearing both a polymerizable end group and a
antimicrobial quaternary ammonium end group was copoly-
merized with hydroxyethyl methacrylate and glycerol dime-
thacrylate to give a cross-linked polymer network.*** The
resulting polymer films were found to exhibit antimicrobial
properties that required a lower amount of biocidal groups
than low-molecular-weight copolymerizable additives, while
having longer lasting activity.

3. Thermosensitive Poly(2-oxazoline)s
3.1. Thermoresponsive Polymers in Solution

The first study on the thermosensitivity of aqueous
solutions of PEtOx, reported by Kwei and co-workers in
1988, showed that the cloud points were dependent on the
polymer concentration, and a lower critical solution temper-
ature (LCST) in the range from 61°C to 64°C was found
depending on the molecular weight of the polymer, which
ranged from 500 kDa to 20 kDa. Later, Du Prez and co-
workers reported that PEtOx with a molecular weight below
10kDa does not exhibit a cloud point at 0.5 wt%.P" In
addition, Kwei and co-workers reported salting out (decrease
of the LCST) on addition of sodium chloride, and salting in
(increase of the LCST) on addition of tetrabutylammonium
bromide to an aqueous solution of PEtOx.'"” In 1992, Uyama
and Kobayashi reported that poly(2-isopropyl-2-oxazoline)
(PiPrOx) also exhibits a cloud point in the range 36-39°C,
thus making it a promising candidate for biomedical pur-
poses.P!! It was recently reported by Park and Katoaka that
poly(2-n-propyl-2-oxazoline) (PnPrOx) also exhibits thermo-
sensitivity in water, with a cloud point of 24°C in a 1 wt%
aqueous solution.®? PiPrOx and PnPrOx are structural
isomers of the most widely studied LCST polymer, namely
poly(N-isopropylacrylamide) (PNTPAM; LCST = 32°C),*>>!
with PiPrOx even having a similar LCST. Scheme 3 depicts
the structures and LCSTs of PEtOx, PiPrOx, and PnPrOx.
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Scheme 3. PEtOx (left), PiPrOx (middle), and PnPrOx (right) with their
corresponding LCST values.

With regard to biomedical applications of thermosensitive
polymers,"™* PjPrOx seems to be ideal because of its
temperature transition close to body temperature.”! Winnik
and co-workers reported a differential scanning calorimetric
study of the aqueous-phase transition of PiPrOx.””! The
sensitivity of the phase transition to the molecular weight of
the PiPrOx was found to be more pronounced than for
PNIPAM, thus making the latter superior for use in biomed-
ical applications. In addition, it was demonstrated that the
number of carbonyl groups available for hydrogen bonding,
as well as the change in the solvation volume around the
phase transition, increased as the chain length of PiPrOx
increased. Katoaka and co-workers reported that acetal end-
functionalized PiPrOx, which can be used for the preparation
of bioconjugates, had similar cloud points as the nonfunction-
alized analogue.[” The introduction of larger hydrophilic or
hydrophobic end groups into oligomeric PiPrOx leads to
higher or lower cloud points, respectively.*

Even though the phase transition of PiPrOx has been
reported to be fully reversible, Schlaad and co-workers
observed the irreversible formation of coagulate particles
when annealing a solution of PiPrOx for several hours at
60°C, which is far above the cloud point temperature.® This
observed coagulation was found to be a hierarchical self-
assembly process based on the directional crystallization of
PiPrOx into nanoribbons, which further assemble into nano-
fibers (Figure 3).°” This isothermal crystallization process
was very recently explored by Winnik and co-workers for the
preparation of composite nanomaterials by heating a solution
of PiPrOx-grafted pullulan (a natural water-soluble polysac-
charide) above the cloud point.[%!

Besides PiPrOx homopolymers, there is significant inter-
est in the copolymerization of different 2-oxazoline mono-
mers to allow accurate control over the cloud points. Park and
Katoaka reported the copolymerization of iPrOx with the
more hydrophilic EtOx, which led to a linear increase of the
cloud point as a function of the EtOx content up to 67 °C with
75mol% EtOx.* This linear increase and absence of
temperature-induced micellization was somewhat surprising
considering the gradient monomer distribution in the polymer
chains and the lower reactivity of iPrOx compared to EtOx.
Copolymerizing iPrOx with the more hydrophobic nPrOx
also resulted in a linear dependence of the cloud points on the
composition.”? Huber and Jordan further decreased the
cloud point of PiPrOx down to 9°C by gradient copolymer-
ization of iPrOx with the hydrophobic 2-n-butyl-2-oxazoline
and 2-n-nonyl-2-oxazoline (NonOx).1! A versatile approach
to tune the cloud point of PiPrOx was reported by Diehl and
Schlaad.l*! Statistical copolymers of iPrOx and 2-(3-butenyl)-
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Figure 3. Top left: Nanoribbons formed by directed crystallization of
PiPrOx upon annealing above the cloud point; top right: Coagulate
particles resulting from hierarchical self-assembly of PiPrOx nano-
ribbons (scale bar: 2 um); bottom: crystal structure of PiPrOx.
Reprinted from Ref. [62].

2-oxazoline) were prepared, and it was demonstrated that the
cloud point could be tuned from 0 to 100°C by incorporation
of hydrophobic or hydrophilic side groups by using a thiol-ene
“click” modification approach (see Section 5).

To avoid the complications induced by the gradient
monomer distribution that are generally obtained with
iPrOx, the copolymerization of EtOx and nPrOx, which
have similar reactivity, was studied. Park and Kataoka
reported initial studies demonstrating that the cloud points
could be tuned between 24 and 75°C, with a nonlinear
relationship between the cloud points and the composition.*
Extended investigations on EtOx-nPrOx copolymers were
reported by Hoogenboom et al. which revealed that the cloud
points could not only be tuned by composition, but also by the
degree of polymerization (Figure 4).7 As such, the cloud
point could be kept constant while tuning other polymer
properties, such as the hydrodynamic volume and glass
transition temperature.

Very recently, two reports appeared on the synthesis and
LCST behavior of poly(2-oxazoline) comb polymers.[®*®
Jordan and co-workers described both the free-radical
polymerization and living anionic polymerization of 2-iso-
propenyl-2-oxazoline.[®® The resulting polymer was treated
with an excess (based on the number of oxazoline units) of
methyl triflate to provide the oxazolinium salt of the polymer,
which was used as a macroinitiator for the cationic ring-
opening polymerization of MeOx, EtOx, and iPrOx. The
latter two comb copolymers showed LCST behavior, with
cloud points significantly lower than linear analogues. The
reverse synthetic route was demonstrated by Hoogenboom
and co-workers.” First a methacrylate end-functionalized
PEtOx macromonomer was prepared by end capping the
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Figure 4. Cloud point of EtOx—nPrOx copolymers as a function of both
composition and degree of polymerization (represented by the mono-
mer to initiator ratio [M]/[/]). Reprinted from Ref. [67].

living PEtOx chains with the ammonium salt of methacrylic
acid." In the next step, this macromonomer was polymerized
by reversible addition fragmentation chain-transfer (RAFT)
polymerization, which resulted in well-defined thermores-
ponsive comb copoly(2-oxazoline)s.

In contrast to the numerous studies on the LCST behavior
of poly(2-oxazoline)s in solution, only a few recent reports
have discussed an upper critical solution temperature
(UCST). Schubert and co-workers found that PPhOx exhib-
ited an UCST in ethanol.” Interestingly, the solubility of
PPhOx increased on addition of water to the ethanol solution,
leading to a solubility maximum in the range 6-25 wt% of
water in ethanol. This maximum solubility was ascribed to the
presence of monomeric water molecules in these solvent
mixtures.”” These water molecules form hydrogen bonds with
the polymeric amide groups, thereby resulting in a “compati-
bilizing” hydration shell around the polymer. In addition, it
was reported that PEtOxgy-stat-PPhOx,, exhibits both LCST
and UCST transitions when heated in a water/ethanol
mixture with 40 wt % ethanol. Furthermore, copolymers of
EtOx and NonOx also display UCST behavior in water/
ethanol solvent mixtures, as demonstrated by Hoogenboom
and co-workers.!

3.2. Thermoresponsive Hydrogels

Applications of thermoresponsive polymers are often
based on hydrogels."”! Thermoresponsive hydrogels can be
divided into two types: polymers that undergo a sol-gel
thermal transition, which can be used for thermally induced
gelation,™ and stable (cross-linked) hydrogels that undergo
temperature-induced swelling/shrinking, which can be
applied, for example, in pulsatile drug delivery.™!

In 2000, Kim etal. reported that thermoresponsive
PEtOx-block-poly(e-caprolactone) (PCL) diblock and PCL-
b-PEtOx-b-PCL triblock copolymers form micellar gels at
low temperature and high concentration.” Increasing the
temperature induced a gel-sol transition, followed by precip-
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itation through collapse of the PEtOx. In contrast, PLA-b-
PEtOx-b-PLA triblock copolymers form weak gels upon
passing the phase transition temperature, that is, thermally
induced gelation occurs, as demonstrated by Wang and
Hsiue.®” Interestingly, controlling the composition of the
triblock copolymer allowed lowering the cloud point of
PEtOx to 33 and 38°C for polymers with a middle PEtOx
block of 50-100 repeat units and outer PLA blocks with DP
~5, which is ideal for invivo applications. Cross-linked
hydrogels consisting of PEtOx macromonomers and hydroxy-
ethyl methacrylate (HEMA) or hydroxypropyl acrylate were
reported by DuPrez and co-workers.” These hydrogels
exhibit reversible swelling/deswelling behavior upon chang-
ing the temperature stepwise from 20 to 70 °C. Similarly, Kim
et al. reported reversible temperature-induced swelling/desw-
elling cycles for interpenetrating networks of cross-linked
PEtOx macromonomer with poly(vinyl alcohol)” or chito-
san.” In a recent study, David et al. reported the synthesis
and swelling behavior of ternary microgel particles consisting
of NIPAM, HEMA, and PMeOx or PEtOx macromono-
mers.” Upon drying, the microgel particles self-assembled
into colloidal crystals to form porous hydrogels with large
uniform channels (Figure 5), presumably through hydrogen
bonding between the poly(2-oxazoline) tertiary amides and
the PNIPAM secondary amides. The presence of a channel-
like microstructure resulted in a faster deswelling of the
hydrogels compared to PNIPAM hydrogels.

Figure 5. Left: Transmission electron microscopy (TEM) image of
ternary microgel particles; right: scanning electron microscopy (SEM)
image of a fractured ternary hydrogel (scale bar: 5 um); the insets are
enlargements that show that the hydrogel is composed of aggregated
microparticles. Reprinted from Ref. [79].

4. Self-Assembly of Poly(2-oxazoline)s

Controlled and directed self-assembly forms the basis of
living matter.®™ Prominent examples include the self-assem-
bly of phospholipids into cell-membranes as well as the
folding of proteins. In biological materials, these self-assem-
bly processes result in functional materials with specific
properties ranging from mechanical strength and flexibility to
information storage in genes and brains.®!! The beauty of
natural self-assembly has inspired chemists throughout the
world to investigate the self-assembly of synthetic mole-
cules.®*®! Currently, the self-assembly of well-defined syn-
thetic polymers is an important area of research,®™ focusing
on structure formation by phase separation in the bulk
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phase!®! as well as structure formation in solution by selective
solubility.® The latter is a particularly important area of
research for poly(2-oxazoline)s, which will be discussed in the
following section.

4.1. Self-Assembly of Homopoly(2-oxazoline)s

The self-assembly of homopolymers in solution can be
induced by crystallization, as described in Section 3.1 for the
formation of nanoribbons and fibers of PiPrOx (Figure 3).%
A similar crystallization-driven hierarchical self-assembly was
reported by Jin for six-arm PMeOx with a benzene core.*”
The hexakis(bromomethyl)benzene-initiated polymerization
of MeOx led to the formation of an opaque suspension, which
does not occur for linear PMeOx. A combination of optical
micrography, wide-angle X-ray scattering, and differential
scanning calorimetry revealed the formation of micrometer-
sized spheres with a crystalline PMeOx wall. It was proposed
that the spherical polymer consists of a rigid crystalline core
surrounded by flexible sections that aggregate to give large
spheres. Furthermore, Schlaad and co-workers reported the
self-assembly in solution of a poly(2-oxazoline) with glucose
units in the side chain into nanofibers.®™ In this case, the
driving force for the self-assembly was found to be hydrogen
bonding between the sugar moiety and the amide groups of
the polymer backbone, which are proposed to result in
sheetlike structures that form the wall of the nanofibers.

Alternatively, the self-assembly of homopoly(2-oxazo-
line)s can be induced by the introduction of bulky dendritic
side chains, as was beautifully demonstrated by a number of
research groups. Stebani and Lattermann reported that
poly[2-{3,4-bis(n-decyloxy)phenyl}-2-oxazoline], which was
prepared by living cationic ring-opening polymerization of
the corresponding monomer, exhibits liquid-crystalline
behavior in the melt.®™ Simultaneously, Ringsdorf and co-
workers described the synthesis of the same polymer by
functionalization of linear poly(ethyleneimine), and it was
demonstrated that this polymer self-assembles in a hexagonal
columnar mesophase.’” Based on the similarity of the
hexagonal phases of the polymer as well as cyclic and linear
oligomeric analogues, it was speculated that the polymer
arranges in a helical fashion. However, further investigations
on polymers bearing chiral centers in either the dendritic side
chain or the polymer backbone revealed destabilization of the
hexagonal columnar mesophases, thus undermining the
proposed helical arrangement of the polymer backbone.””
In parallel to these examples, Percec et al. reported that
poly[2-{3,4,5-tris(n-alkoxy)phenyl}-2-oxazoline]s, prepared
by living cationic polymerization, form hexagonal columnar
phases.”” Reducing the degree of polymerization to 20 for
polymers with dodecyloxy or undecyloxy chains attached to
the dendritic groups led to the formation of the rarely
observed lyotropic inverse micellar phase.”>*!! Furthermore,
Percec et al. reported systematical variations in the molecular
structure of poly[2-{3,4-bis(n-alkoxy)phenyl}-2-oxazoline]s in
regard to the degree of polymerization as well as the length of
the alkyloxy chain.”*! The polymers with alkyloxy chain
lengths varying from octane to tridecane were found to form

Angew. Chem. Int. Ed. 2009, 48, 7978 -7994


http://www.angewandte.org

Poly(2-oxazoline)s

columnar hexagonal lattices, in which the lattice dimensions
depended on both the length of the alkyloxy chain and the
degree of polymerization.” In contrast, the polymers with
tetradecane and pentadecane alkoxy chains were found to
undergo a transition from a 3D cubic phase at a low degree of
polymerization to a 2D hexagonal columnar phase at a higher
degree of polymerization (Figure 6).°! Interestingly, poly-
mers with intermediate chain lengths showed a thermal
transition between the two phases.

.\'\
DP,= 70 AN
Yy

\

Figure 6. Effect of the degree of polymerization of poly[2-{3,4-bis(n-
alkyloxy) phenyl}-2-oxazoline]s (alkyloxy =tetradecyloxy, pentadecyloxy)
on the self-assembly into different lyotropic phases; DP,=number
average degree of polymerization. Reprinted from Ref. [96].

4.2. Self-Assembly of End-Functionalized Poly(2-oxazoline)s
including Lipopoly(2-oxazoline)s

The self-assembly of monoalkyl end-functionalized
PMeOx, prepared by initiation of the polymerization with
alkyl iodides, was investigated by Volet et al.””! The hydro-
phobic alkyl end group induces micellation. The resulting
micelles could be dissociated by the addition of 3-cyclodextrin
which encapsulates the alkyl chain, thereby rendering it
hydrophilic. In a very recent study, Winnik and co-workers
reported the effect of temperature on the self-assembly of
telechelic and semitelechelic octadecyl-functionalized PEtOx
and PiPrOx.” Below the cloud points, the polymers self-
assemble into micellar aggregates. Heating through the cloud
point results in aggregation of the micelles, while retaining the
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flexibility of the poly(2-oxazoline) chains. At only 2°C above
the cloud point, rigid objects are formed that preserve their
shape upon further heating. These poly(2-oxazoline)s behave
rather differently from analogous poly(N-isopropylacryla-
mide)s because of the main-chain amide nitrogen atom.

Besides these monoalkyl end-functionalized polymers, a
range of dialkyl-functionalized poly(2-oxazoline)s, that is,
lipopolymers, have been studied. The formation of liposomes
from such lipopolymers was already discussed in Sec-
tion 2.1.1%171 In addition, monolayers of lipopolymers at the
air—water interface are often studied as model systems to
investigate interactions in biological membranes.”” Initial
work by Bakmark et al. on monolayers of lipopoly(2-oxazo-
line)s revealed a plateau in the Langmuir-Blodgett mono-
layer isotherm.'"“1° Infrared reflection absorption spectros-
copy as a function of the molecular area indicated a strong
local ordering of the lipopolymer in the observed plateau
region through van der waals interactions between the alkyl
chains, that is, crystallization occurs. Helm and co-workers
demonstrated unambiguously with grazing incident X-ray
diffraction that the lipopoly(2-methyl-2-oxazoline) (lipoP-
MeOx) forms striped nanostructures with domains of weakly
ordered alkyl chains embedded in the polymer matrix when
the polymer floats on the air-water interface.'” Further
investigations on the conformation of lipoPMeOx monolay-
ers at the air-water surface were reported by Losche and co-
workers, who used neutron and X-ray reflection in combina-
tion with a partially deuterated polymer!®*1%! to show there
was an increased density of the polymer close to the interface.
Furthermore, the polymer did not undergo significant
changes on increasing the lateral pressure of the monolayer,
while the ordering of the alkyl chains increased and the lipid
moieties became partially immersed into the aqueous phase
(Figure 7).

In addition, surface rheological investigations by Nau-
mann and co-workers revealed the formation of physical
networks of dioctadecylglycerol/poly(2-methyl-2-oxazoline),
which could be ascribed to microcondensation of the alkyl
chains and possibly interactions between the adjacent poly-
mer chains through hydrogen bonding.['%! The importance of
alkyl-chain condensation was demonstrated by the absence of
physical gelation when the alkyl chain was replaced by a short
hydrophobic polymer.'””! The absence of physical gelation
with other hydrophilic lipopoly(2-oxazoline)s with more
bulky side chains indicated that hydrogen bonding between
the polymer chains does not play an important role."* More
recently, the two-dimensional diffusion of the center of mass
of a single lipoPMeOx molecule in monolayers at the air—
water interface was investigated by single-molecule fluores-
cence microscopy, which revealed different diffusion mech-
anisms at different surface concentrations of the polymer.['*”)

Besides the self-assembly of pure lipopoly(2-oxazoline)s,
the coassembly of phospholipids and silane-functionalized
lipopoly(2-oxazoline)s at the air—water interface followed by
transfer of the (condensed) monolayer onto a glass slide was
reported by Jordan and co-workers.''" Subsequent coupling
of the silane end group of the lipopolymer to the glass slide
and vesicle fusion enabled the preparation of solid-supported
polymer-tethered membranes (Figure 8). The spontaneous
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Figure 7. Ordering of a lipopoly(2-[{D;} methyl]-2-oxazoline)-block-
poly(2-methyl-2-oxazoline) monolayer at different lateral pressures 7.
Green: alkyl chains, purple: deuterated polymer, and red: hydrogen-
ated polymer. The envelope volume density @' is indicated in gray.
Reprinted from Ref. [105].
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Figure 8. Formation of a solid-supported polymer-tethered lipid mem-
brane by transfer of a mixed lipopolymer/phospholipid monolayer
followed by annealing and vesicle fusion using a solution of phospho-
lipid vesicles.""

formation of a striped pattern parallel to the transfer direction
was observed during the transfer of the mixed phospholipids/
lipopolymer monolayer.''!! The use of fluorescently labeled
polymers revealed separation of the phospholipids and lip-
opolymer during the transfer process, driven by condensation
of the alkyl chains. After covalent attachment of the polymer
stripes to the glass substrate, the phospholipid monolayer was
fused with integrin-containing phospholipid vesicles. This
process resulted in a protein-functionalized polymer-tethered
membrane, in which the proteins were preferably located in
the lipopolymer-rich phase. The lipopolymer tethers were
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found to strongly enhance the adhesion of RGD-functional-
ized vesicles to the integrin-functionalized membrane com-
pared to solid-supported membranes that were prepared by
direct deposition of integrin-containing vesicles.""” Jordan
and co-workers also demonstrated that these polymer-teth-
ered membranes can be used as models to study the diffusion
of the integrin transmembrane protein.'"® Furthermore,
Naumann and co-workers reported the effect of the polymer
tethers on the phospholipid diffusion in the membrane.''*
Obstruction of the phospholipid diffusion was observed,
which is most likely due to lipopolymer-induced membrane
protrusion and/or clustering of the lipopolymer leading to
membrane curvature.

4.3. Self-Assembly of Amphiphilic Copoly(2-oxazoline)s

The living cationic ring-opening polymerization of 2-
oxazolines is ideally suited for the preparation of amphiphilic
block copolymers that self-assemble in aqueous solution,
since both hydrophilic and hydrophobic poly(2-oxazoline)s
are readily accessible by varying the side-chain substituent of
the monomer. The living cationic polymerization mechanism
allows monomer conversions of greater than 99 %, since the
cationic propagation species repel each other and, thus, the
second monomer can be added after full conversion of the
first monomer, thereby resulting in well-defined block
copolymers in a relatively simple one-pot procedure. This
section will cover the self-assembly of nonfluorinated poly(2-
oxazoline) block copolymers in which all the blocks are
poly(2-oxazoline)s. Recent research on the self-assembly of
block copolymers containing PMeOx and/or PEtOx as the
hydrophilic block in combination with other hydrophobic
polymer structures are beyond the scope of this Review.
Nonetheless, the beautiful work by the research groups of
Meier"> "7 as well as Montemagno"*'?! on polymersomes
based on poly(2-oxazoline)-block-poly(dimethylsiloxane)-
block-poly(2-oxazoline) triblock copolymers as biomimetic
membranes should also be mentioned here.

4.3.1. Self-Assembly of Linear Block Copolymers in Solution

Since the initial report by Kobayashi etal. in 1986,
amphiphilic poly(2-oxazoline) block copolymers have been
recognized as non-ionic surfactants.”?'! The properties of
these surfactants, such as critical micelle concentration
(CMC) and surface tension, as well as their use as stabilizers
for emulsion polymerization have been discussed in earlier
reviews.*® Here we will discuss more recent studies on the
self-assembled structures formed by poly(2-oxazoline)s.

Naka etal. reported the synthesis and micellization
behavior of block copolymers having a PMeOx hydrophilic
block and a 2-butyl-, 2-octyl-, or 2-phenyl-2-oxazoline hydro-
phobic block.'?? Tt was found by a combination of dynamic
light scattering and transmission electron microscopy that the
block copolymer with 2-phenyl-2-oxazoline formed spherical
micelles with a diameter of 25 nm, while the other diblock
copolymers formed a combination of spherical and rodlike
micelles. Binder and Gruber similarly reported the synthesis
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of a series of block copolymers with PMeOx as the hydro-
philic block and 2-undecyl-, 2-phenyl-, 2-(4-azidophenyl)-, 2-
cinnamoyl-, and 2-diyne-2-oxazolines as the hydrophobic
block.['*! Most of the block copolymers showed the formation
of large aggregates, which follows the general trends for block
copolymer micelles, that is, the formation of larger aggregates
as the hydrophobic content and molecular weight increases.

Papadakis and co-workers studied the self-assembly of
fluorescently labeled poly(2-methyl-2-oxazoline)-block-
poly(2-nonyl-2-oxazoline) ~ (PMeOx-b-PNonOx)  block
copolymers with fluorescence correlation spectroscopy, and
revealed the presence of individual chains at low concen-
tration (<2 x107°), both individual chains and micelles at
intermediate concentrations, and only micelles at high con-
centrations (>1072m).'* Even though the location of the
tracer (at the hydrophobic or hydrophilic block) did not
influence the results, the addition of a free tracer resulted in a
similar CMC, but smaller hydrodynamic radius.">! This
discrepancy was attributed to partitioning of the free dye
between the water phase and the micelles. Small-angle
neutron scattering revealed that the PMeOx-b-PNonOx
copolymers formed spherical core—shell micelles in which
the PNonOx core block is stretched and the PMeOx corona
block is coiled."*! Nuyken and co-workers reported the use of
amphiphilic poly(2-oxazoline) block copolymers for micellar
catalysis, whereby the hydrophobic part of the block copoly-
mer was functionalized with a catalyst so that the resulting
micelles could be used as catalytic particles in aqueous
solution (Figure 9).17-1%]

Such functionalized poly(2-oxazoline) block copolymers
have been applied by the research groups of Nuyken and later
Weberskirch to catalyze a wide range of chemical trans-
formations. A bipyridine-functionalized polymer was used
with copper(I) bromide to catalyze the atom-transfer radical
polymerization of methyl methacrylate.'*”! Ruthenium-func-
tionalized polymers were used for micellar catalysis of alkyne
polymerizations, thereby resulting in a poly(acetylene)
latex,!™ as well as for ring-closing metathesis.'*” Further-
more, rhodium-functionalized poly(2-oxazoline)s was suc-
cessfully used in a micellar catalysis protocol to catalyze
hydrogenation,*® hydroformylation,'**!*! and hydroamino-
methylation reactions.* The final set of examples for poly(2-
oxazoline)-supported micellar catalysis involves palladium-
catalyzed Heck and Suzuki-Miyaura C—C coupling reactions,
in which the micellar catalysts show high activity.['*7-1%"

The self-assembly of PEtOx-b-PNonOx block copolymers
in water/ethanol mixtures was reported by Hoogenboom and
co-workers.””! The block copolymers were found to form
mostly individual micelles, although a minor second popula-
tion of larger aggregates was observed. The addition of
ethanol resulted in the micelles increasing in size as a result of
the expansion of the PEtOx chains in the corona. Further-
more, the formation of micellar aggregates in water and a
hydrophobic ionic liquid was investigated.*! It was demon-
strated that the micelles could be reversibly shuttled between
water and the ionic liquid in a biphasic system (Figure 10).
The shuttling is based on the better solubility of PEtOx in
water at low temperatures, while its LCST behavior causes a
decreasing solubility in water as the temperature increases.
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Figure 9. Principle of micellar catalysis in which a catalyst is coupled
to the hydrophobic part (yellow circle) of an amphiphilic block
copolymer, and the self-assembled micelles act as catalytic nano-
particles; blue circle: starting compound, green circle: product.
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Figure 10. Pictures of the temperature-induced shuttling of PEtOx-b-
PNonOx micellar aggregates between water (top layer) and a hydro-
phobic ionic liquid (bottom layer). Reprinted from Ref. [140].

These effects lead, eventually, to better solubility in the ionic
liquid, thereby causing a transfer of the micellar aggregates.

Schubert and co-workers reported the synthesis and self-
assembly behavior of block copoly(2-oxazoline)s consisting of
an EtOx hydrophilic block and a 2-“soy-alkyl”-2-oxazoline
hydrophobic block, which bears a soy-bean fatty acid side
chain.!'*"1*?] The unsaturated bonds in the fatty acid side chain
allow oxidative cross-linking with UV light,'*! which was
used for the preparation of core-cross-linked micelles.'!
These core-cross-linked micelles underwent a reversible
transition from spherical micelles in water to short rod
“rice-grain”-like micelles in the nonselective solvent acetone
because of the swelling of the core (Figure 11).

Acetone

Water

Figure 11. TEM images of core-cross-linked poly(2-ethyl-2-oxazoline)-
block-poly(2-“soy-alkyl”-2-oxazoline) diblock copolymer micelles in
water (left) and acetone (right). Reprinted from Ref. [141].
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Besides the self-assembly of linear
diblock copolymers, Schubert and co-
workers reported the synthesis and
micellization of triblock and tetra-
block copoly(2-oxazoline)s based on
2-methyl-, 2-ethyl-, 2-nonyl-, and 2-
phenyl-2-oxazoline."*** It was dem-
onstrated that triblock copolymers
consisting of two hydrophilic blocks
and PhOx or NonOx as the outer |
block formed larger micelles than
similar polymers with the hydropho-
bic polymer as the middle block.
Furthermore, polymers with PhOx as
the outer block formed larger micelles
than polymers with the flexible
NonOx as the outer block.

4.3.2. Self-Assembly of Gradient
Copolymers in Solution

Linear gradient copolymers con-
sist of a gradient in the monomer
composition along the polymer chain
rather than a sharp transition, as observed in block copoly-
mers.'*) The effect of such a gradient in the monomer
distribution on the self-assembly of copoly(2-oxazoline)s was
demonstrated by Jordan and co-workers by using fluores-
cence correlation spectroscopy.'*”! The copolymerization of
NonOx with the more reactive MeOx results in the formation
of a gradient copolymer with a broad shallow monomer
gradient.'*¥! Fluorescence correlation spectroscopy revealed
a distinct CMC for these gradient copolymers, which was
similar to the CMC of the corresponding block copolymer.
Nonetheless, the hydrodynamic radius of the micelles formed
was smaller than those of both diblock and triblock copoly-
mers with similar composition.'*” Hoogenboom et al. studied
the self-assembly of block and gradient copolymers consisting
of MeOx and PhOx in water/ethanol mixtures.'"*) The
statistical copolymerization of these two monomers results
in a sharper and steeper monomer gradient than the statistical
copolymers of MeOx and NonOx.!*") The PMeOx-b-PPhOx
formed cylindrical micelles in water which transformed into
spherical micelles upon addition of ethanol. Up to 20 wt %
ethanol, the micelle size decreased as a result of the better
solvation of the PMeOx block, followed by a plateau in the
micelle diameter.'*! In contrast, the corresponding gradient
copolymer was insoluble in water and only formed stable
micelles with 10 wt % ethanol in water. The micelle diameter
decreased linearly with the addition of ethanol up to 40 wt %
ethanol, which was ascribed to partial dissolution of the
monomer gradient leading to a smaller solvophobic content.

4.3.3. Self-Assembly of Star-Shaped Block Copolymers in Solution

The synthesis of star-shaped block copolymers further
expands the range of accessible structures and the positioning
of the blocks. Jin has developed a synthetic strategy for the

preparation of amphiphilic porphyrin-centered star-shaped
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Scheme 4. Synthesis of porphyrin-centered star-shaped block copolymers.I'*"

block copoly(2-oxazoline)s based on a tetra[meso-(4-chloro-
methylphenyl)]porphyrin initiator (Scheme 4).11!

By controlling the block order, the location of the
porphyrin in the corresponding self-assembled aqueous
micelles could be controlled either in the core or the corona
of the micelles, as demonstrated by the pH responsiveness of
the different architectures: no pH response was observed
when the porphyrin was attached to the hydrophobic PPhOx,
thereby leading to “normal” micelles, while pH-responsive
flowerlike micelles were formed when the porphyrin was
attached to the hydrophilic PMeOx. The self-assembly of the
porphyrin-centered star-block copolymer with PPhOx con-
nected to the porphyrin was also investigated in water/N,N-
dimethylformamide (DMF) mixtures.”? The star-shaped
block copolymer formed spherical micelles in DMF-poor
solutions, while vesicles and hollow tubes were observed in
DMF-rich solvent mixtures. HCI titrations revealed pH-
responsiveness in the DMF-rich solutions, thus indicating that
the PPhOx forms a mobile, swollen vesicular membrane. Jin
also reported that porphyrin-centered PMeOx is preferen-
tially dissolved in water in a water/chloroform mixture, while
PEtOx is preferentially dissolved in chloroform.?*! This
difference in solvation was explored with a porphyrin-
centered star-shaped block copolymer consisting of a PEtOx
inner block and a PMeOx outer block. This star-block
copolymer behaved as an amphiphilic surfactant and could
stabilize water/chloroform emulsions for several weeks. In
addition, the emulsion droplets were used to template the
formation of silica—polymer hybrid spheres.

4.3.4. Fluorinated Copolymers and Multicompartment Micelles
In recent years, interest in triblock copolymers containing
both lyophilic and fluorophilic hydrophobic blocks has

increased tremendously because of the promise of multi-
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compartment micelles from such materials."”**'**! The syn-
thesis and living cationic ring-opening polymerization of
three different classes of fluorinated 2-oxazoline monomers,
namely 2-perfluoroalkyl-2-oxazolines, !> 2-perfluoroalkyl-
ethyl-2-oxazolines,'**'*! and fluorinated 2-phenyl-2-oxazo-
lines,'®1%! have been reported (Scheme 5). In addition, a
number of block copolymers and poly(2-oxazoline)s with
fluorinated end groups were reported without detailed
investigations on their self-assembly behavior.>162-164]
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Scheme 5. Classes of fluorinated monomers that have been used for
living cationic ring-opening polymerization. Left: 2-perfluoroalkyl-2-
oxazolines; middle: 2-perfluoroalkylethyl-2-oxazolines; right: fluori-
nated 2-phenyl-2-oxazolines (Rf= perfluorinated group).

Spiess and co-workers reported the synthesis and self-
assembly of PMeOx with a fluorocarbon chain at one end and
a hydrocarbon chain at the other.'® Detailed investigations
revealed the formation of a pure hydrocarbon micellar core
together with segregated, collapsed fluorocarbon domains at
high concentration, that is, the formation of multicompart-
ment micelles. In addition, Thiinemann and co-workers
reported that these copolymers form cylindrical micelles at
lower concentration (Figure 12).1¢! The core of the micelles is
phase segregated into hydrocarbon and fluorocarbon
domains and could be loaded with a fluorocarbon dopant.
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Figure 12. Structure of PMeOx with a fluorocarbon chain at one end
and a hydrocarbon chain at the other (top) together with its proposed
self-assembly into cylindrical micelles with a segregated core.
Reprinted from Ref. [166].

In addition, Weberskirch and Nuyken reported the syn-
thesis of naphthalene-labeled block copolymers of MeOx
with 2-pentafluoroethyl-2-oxazoline and 2-heptafluoro-
propyl-2-oxazoline.'""”! Steady-state fluorescence spectrosco-
py of the micelles formed revealed formation of the naph-
thalene excimer, thus indicating the presence of a flexible
micellar core because of the relatively short fluorinated
hydrophobic blocks. However, the very low reactivity of 2-
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perfluoroalkyl-2-oxazolines complicates the preparation of
such block copolymers. Jordan and co-workers reported the
synthesis of fluorinated block copolymers based on 2-
fluoroalkylethyl-2-oxazoline in which the strong electron-
withdrawing perfluoroalkyl chain was decoupled from the 2-
oxazoline ring."® Block copolymers of this fluorinated
monomer with MeOx were prepared and small-angle neutron
scattering revealed that aqueous micelles of this block
copolymer have an elongated core—shell structure, presum-
ably as a consequence of the high stiffness of the perfluori-
nated chain and the strong segregation from the water phase.
Mixing the fluorinated block copolymer with a nonfluori-
nated block copolymer resulted in the coexistence of lyophilic
and fluorophilic micelles rather than the formation of mixed
micelles.

The synthesis and micellization of gradient copolymers
based on EtOx and 2-(3,5-difluorophenyl)-2-oxazoline were
reported by Schubert and co-workers."”! This statistical
copolymerization resulted in a steeper monomer gradient
than the copolymerization of EtOx and PhOx because of the
lower reactivity of the fluorinated aromatic monomer. In
addition, larger micelles were obtained from fluorinated
block copolymers, which was ascribed to the stronger demix-
ing of the fluorinated blocks from the aqueous phase
compared to analogues nonfluorinated block copolymers.

4.3.3. Self-Assembly of Amphiphilic Copolymers in Thin Films

In contrast to the large number of studies on the self-
assembly of poly(2-oxazoline)s in solution, only a few reports
have appeared on their organization in thin films. This is most
likely because all the poly(2-oxazoline)s have the same
backbone structure, which results in only weak repulsion
between the different poly(2-oxazoline)s. Nonetheless, Schu-
bert and co-workers reported some surface features for
PNonOx-containing diblock and triblock copoly(2-oxazo-
line)s.'"" The main origin of the formation of a definite
structure seems to be crystallization of the PNonOx chains
rather than phase segregation between the different blocks.

Thomas and co-workers reported the phase separation of
the iron(Il)-centered metallosupramolecular star-shaped
poly(2-ethyl-2-oxazoline)-block-poly(2-undecyl-2-oxazo-
line).'" Transmission electron micrography with staining
revealed the formation of cylindrical PEtOx domains and a
liquid-crystalline ordering of the poly(2-undecyl-2-oxazo-
line). Furthermore, the iron(II) ions diffused out of the core
on annealing and formed iron-rich clusters in the PEtOx
domains.

Another approach towards structured poly(2-oxazoline)
films was developed by Gohy and co-workers.'* During
spin-coating of a solution of amphiphilic poly(2-oxazoline)
copolymers with molecularly dissolved polymer chains in
ethanol, the concentration of the block copolymer increases,
which causes collapse of the hydrophobic block, thereby
resulting in evaporation-induced aggregation of the polymer
chains. As a result, this straightforward spin-coating proce-
dure results in an array of micelles on the surface (Figure 13),
whereby the structure is governed by the hydrophilic/hydro-
phobic ratio in the copolymers.
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Figure 13. Left: Evaporation-induced micellization of amphiphilic
poly(2-oxazoline) copolymers; right: a representative example of the
resulting array of micelles on a surface (0.5x0.5 pm). Reprinted from
Ref. [174].

5. Click Chemistry and
Poly(2-oxazoline)s

In recent years, the combination of
click chemistry and polymers rapidly
evolved into a common synthetic strategy
for the preparation of well-defined func-
tional macromolecular architectures.'¢17%
The simplicity and high efficiency of click 0
reactions!'™ appears to be ideal for the
coupling and postfunctionalization of |
polymers. As such, the combination of
poly(2-oxazoline)s with click chemistry
might be an important stimulus for the
broader application of poly(2-oxazoline)s.

The first report on poly(2-oxazoline)s
and click chemistry was published by
Luxenhofer and Jordan.'"™ A 2-(pent-4-
ynyl)-2-oxazoline) monomer was pre-
pared, homopolymerized, and copolymer-
ized with MeOx and EtOx to give well-defined alkyne-
functionalized polymers; this result indicates that the alkyne
is compatible with the cationic ring-opening polymerization.
Various azides were subsequently coupled quantitatively to
the polymer by copper(I)-catalyzed azide-alkyne cycloaddi-
tion. The same approach was used for the side-chain
conjugation of PEtOx, as discussed in Section2.2
(Scheme 2).% In addition, Binder et al. reported the syn-
thesis of poly(2-oxazoline)s with azide groups in the side
chain by (co)polymerization of 2-(4-azidophenyl)-2-oxazoline
without further click reactions." Poly(2-oxazoline)s end-
functionalized with alkyne™ and azide groups!'®*'® and
subsequent click functionalization was reported by Hoogen-
boom and co-workers, Cortez and Grayson, as well as
Cheradame and co-workers, respectively. These end-func-
tionalized polymers were used for the formation of star-
shaped poly(2-oxazoline)s,"® block copolymers,'$1% and
terpyridine-functionalized metal-coordinating polymers,!'s’!
as well as for surface grafting of PEtOx!"* by click reactions.

Thio-click modification, that is, thiol-ene radical addition,
of  poly[2-(but-3-enyl)-2-oxazoline]  (co)polymers  was
reported by Schlaad and co-workers.™®” The alkene side-
chain-functionalized polymers were functionalized with a
variety of thiol compounds, including hydroxy-functionalized
compounds, fluorinated chains, and sugars (Scheme 6).[%-85.187]
Poly(2-oxazoline)s with thiol functionalities in the side chain
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were also reported by Nuyken and co-workers, although the
thiol-ene click functionalization has not yet been demon-
strated with these polymers.'®! The preparation of alkene
end-functionalized polymers was demonstrated by Chujo
et al., by using allyl tosylate as the initiator, which might be a
promising building block for thiol-ene click chemistry.[!#1%)

Finally, the preparation of anthracene end-functionalized
poly(2-oxazoline)s was performed by Miillen and co-workers,
who used 9-bromomethylanthracene as an initiator.'”!) The
resulting polymers might be suitable candidates for Diels—
Alder click reactions.'”>1

~ . t¥

OH
OH
S/\[
g
CF,_ .CF, .CF
Hs” ™" P-cF, CF, ’-CF, s

e
Fo

Scheme 6. Thiol-ene click functionalization of alkene-functionalized poly(2-oxazoline).
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6. Concluding Remarks

The synthesis and living cationic ring-opening polymeri-
zation of 2-oxazolines was already established several decades
ago. Nonetheless, widespread application of poly(2-oxazo-
line)s has been limited by their relatively high cost. In recent
years, a strongly renewed interest in poly(2-oxazoline)s has
been observed because of their biocompatibility, which in
combination with their “stealth” behavior led to the develop-
ment of POXylation as an alternative to PEGylation. The
main advantage of poly(2-oxazoline)s over poly(ethylene
oxide) is the easy variation of the monomer composition as
well as the introduction of side-chain functionalities. How-
ever, much more knowledge has to be generated on the
stealth behavior, in vivo fate, as well as degradation pathways
of poly(2-oxazoline)s before they might compete with poly-
(ethylene oxide).

A variety of thermoresponsive copoly(2-oxazoline)s were
reported in recent years, which suggests that the tunable
LCST in combination with the absence of hysteresis in the
transition make these polymers superior to the golden
standard, namely poly(N-isopropylacrylamide), for applica-
tions. Nonetheless, the easier availability of poly(N-isopropyl-
acrylamide) by radical polymerization, compared to the living
cationic ring-opening polymerization of 2-oxazolines, repre-
sents a major advantage for poly(N-isopropylacrylamide).

Angew. Chem. Int. Ed. 2009, 48, 7978 -7994
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Nonetheless, it is expected that thermoresponsive poly(2-
oxazoline)s will be further developed for a variety of
applications, especially in the biomedical area.

The easy access to hydrophilic, lyophilic, and fluorophilic
poly(2-oxazoline)s makes this class of polymers ideally suited
for self-assembly studies in aqueous solution. In fact, poly(2-
oxazoline)s were already applied to address a range of
fundamental self-assembly questions, such as the effect of
monomer distribution, fluorination of the hydrophobic block,
as well as the formation of multicompartment micelles.

The development of click chemistry for poly(2-oxazo-
line)s will be important for further expanding the scope and
applicability of this class of polymers, by making them readily
available to a larger community of polymer chemists.

Taken together, these recent developments clearly dem-
onstrate that the field of poly(2-oxazoline)s is flourishing,
which is also indicated by the increasing number of research
groups working on them. I am confident that future inves-
tigations will further stimulate the development of poly(2-
oxazoline)s for these exciting new areas of application, and
will eventually lead to commercial applications.

I am grateful to the Alexander von Humboldt foundation and
the Netherlands Scientific Organisation (NWO) for financial
support.

Received: March 24, 2009
Published online: September 19, 2009

[1] D. A. Tomalia, D. P. Sheetz, J. Polym. Sci. Part A 1966, 4,2253 -
2265.

[2] W. Seeliger, E. Aufderhaar, W. Diepers, R. Feinauer, R.
Nehring, W. Thier, H. Hellmann, Angew. Chem. 1966, 78,
913-927; Angew. Chem. Int. Ed. Engl. 1966, 5, 875 —888.

[3] T. Kagiya, S. Narisawa, T. Maeda, K. Fukui, J. Polym. Sci. Part
B 1966, 4, 441 -445.

[4] A. Levy, M. Litt, J. Polym. Sci. Part B 1967, 5, 871 -879.

[5] S. Kobayashi, Prog. Polym. Sci. 1990, 15, 751 -823.

[6] K. Aoi, M. Okada, Prog. Polym. Sci. 1996, 21, 151 -208.

[7] S. Kobayashi, H. Uyama, J. Polym. Sci. Part A 2002, 40, 192 -
209.

[8] S. Kobayashi, H. Uyama, Polym. News 1991, 16, 70-76.

[9] R. Hoogenboom in Handbook of Ring-Opening Polymeri-
zation (Eds.: P. Dubois, P. Degée, O. Coulembier, J.-M.
Raquez), Wiley-VCH, Weinheim, 2009, chap. 6.

[10] R. Hoogenboom, Macromol. Chem. Phys. 2007, 208, 18-25.

[11] N. Adams, U. S. Schubert, Adv. Drug Delivery Rev. 2007, 59,
1504 -1520.

[12] P. Lin, C. Clash, E. M. Pearce, T. K. Kwei, M. A. Aponte, J.
Polym. Sci. Part B 1988, 26, 603-619.

[13] P. Goddard, L. E. Hutchinson, J. Brown, L. J. Brookman, J.
Controlled Release 1989, 10, 5-16.

[14] F. C. Gaertner, R. Luxenhofer, B. Blechert, R. Jordan, M.
Essler, J. Controlled Release 2007, 119, 291 -300.

[15] C. Maechling-Strasser, P. Dejardin, J. C. Galin, A. Schmitt, V.
House-Ferrari, B. Sebille, J. N. Mulvihill, J. P. Cazenave, J.
Biomed. Mater. Res. 1989, 23, 1395-1410.

[16] M. C. Woodle, C. M. Engbers, S. Zalipsky, Bioconjugate Chem.
1994, 5, 493 -496.

[17] S. Zalipsky, C. B. Hansen, J. M. Oaks, T. M. Allen, J. Pharm.
Sci. 1996, 85, 133-137.

[18] Y. S. Park, Y. S. Kang, D. J. Chung, e-Polym. 2002, no. 016.

Angew. Chem. Int. Ed. 2009, 48, 7978 —7994

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

[19] R. Konradi, B. Pidhatika, A. Miihlebach, M. Textor, Langmuir
2008, 24, 613 -616.

[20] B. Pidhatika, J. Moller, V. Vogel, R. Konradi, Chimia 2008, 62,
264 -269.

[21] G. V. N. Rathna, J. Mater. Sci. Mater. Med. 2008, 19,2351 -2358.

[22] B.-J. Chang, O. Prucker, E. Groh, A. Wallrath, M. Dahm, J.
Riihe, Colloids Surf. A 2002, 198, 519-526.

[23] S. Huber, N. Hutter, R. Jordan, Colloid Polym. Sci. 2008, 286,
1653-1661.

[24] R.-H. Jin, J. Mater. Chem. 2004, 14, 320-327.

[25] C.-H. Wang, K.-R. Fan, G.-H. Hsiue, Biomaterials 2005, 26,
2803 -2811.

[26] J. H. Jeong, S.H. Song, D. W. Lim, H. Lee, T. G. Park, J.
Controlled Release 2001, 73, 391 -399.

[27] G. Pasut, F. M. Veronese, Prog. Polym. Sci. 2007, 32, 933-961.

[28] M. Miyamoto, K. Naka, M. Shiozaki, Y. Chujo, T. Saegusa,
Macromolecules 1990, 23, 3201 -3205.

[29] W. H. Velander, R. D. Maduware, A. Subramanian, G. Kumar,
G. Sinai-Zingde, J. S. Riffle, C. L. Orthner, Biotechnol. Bioeng.
1992, 39, 1024 -1030.

[30] R. Luxenhofer, M. Lopez-Garcia, A. Frank, H. Kessler, R.
Jordan, Polym. Mater. Sci. Eng. 2006, 95, 283 —284.

[31] A. Mero, G. Pasut, L. D. Via, M. W. M. Fijten, U. S. Schubert,
R. Hoogenboom, F. M. Veronese, J. Controlled Release 2008,
125, 87-95.

[32] U. Wattendorf, H. P. Merkle, J. Pharm. Sci. 2008, 97, 4655—
4669.

[33] M.D. Howard, M. Jay, T.D. Dziubla, X. Lu, J. Biomed.
Nanotechnol. 2008, 4, 133 -148.

[34] D. Lasic, D. Needham, Chem. Rev. 1995, 95, 2601 —2628.

[35] A.N. Lukyanov, V. P. Torchilin, Adv. Drug Delivery Rev. 2004,
56, 1273 -1289.

[36] S.C. Lee, C. Kim, I.C. Kwon, H. Chung, S.Y. Jeong, J.
Controlled Release 2003, 89, 437 —446.

[37] C.-H. Wang, G.-H. Hsiue, Biomacromolecules 2003, 4, 1487 -
1490.

[38] C.-H. Wang, C.-H. Wang, G.-H. Hsiue, J. Controlled Release
2005, 108, 140-149.

[39] G. H. Hsiue, C.-H. Wang, C.-L. Lo, C.-H. Wang, J.-P. Li, J.-L.
Yang, J. Controlled Release 2006, 317, 69-75.

[40] G. H. Hsiue, H.-Z. Chiang, C.-H. Wang, T.-M. Juang, Biocon-
jugate Chem. 2006, 17, 781 -786.

[41] S.D. Worley, G. Sun, Trends Polym. Sci. 1996, 4, 364 —370.

[42] T. Tashiro, Macromol. Mater. Eng. 2001, 286, 63 -87.

[43] E.-R. Kenawy, S. D. Worley, R. Broughton Biomacromolecules
2007, 8, 1359-1384.

[44] C.J. Waschinski, J. C. Tiller, Biomacromolecules 2005, 6, 235 -
243.

[45] C.J. Waschinski, V. Herdes, F. Schueler, J. C. Tiller, Macromol.
Biosci. 2005, 5, 149-156.

[46] C.J. Waschinski, S. Barnert, A. Theobald, R. Schubert, F.
Kleinschmidt, A. Hoffmann, K. Saalwachter, J. C. Tiller,
Biomacromolecules 2008, 9, 1764 -1771.

[47] C.J. Waschinski, U. Salz, J. Zimmermann, J. C. Tiller, Polym.
Prepr. Am. Chem. Soc. Div. Polym. Chem. 2005, 46,1213 -1214.

[48] C.J. Waschinksi, U. Salz, J. Zimmermann, J. C. Tiller, Polym.
Prepr. Am. Chem. Soc. Div. Polym. Chem. 2006, 47, 13—14.

[49] C.J. Waschinski, J. Zimmermann, U. Salz, R. Hutzler, G.
Sadowski, J. C. Tiller, Adv. Mater. 2008, 20, 104 -108.

[50] D. Christova, R. Velichkova, W. Loos, E.J. Goethals, F.
Du Prez, Polymer 2003, 44, 2255-2261.

[51] H. Uyama, S. Kobayashi, Chem. Lett. 1992, 1643 —1646.

[52] J.-S. Park, K. Kataoka, Macromolecules 2007, 40, 3599 —3609.

[53] H. G. Schild, Prog. Polym. Sci. 1992, 17, 163 —249.

[54] S. Aoshima, S. Kanaoka, Adv. Polym. Sci. 2008, 210, 169 —208.

[55] Z. M. O. Rzaev, S. Dinger, E. Piskin, Prog. Polym. Sci. 2007, 32,
534.

www.angewandte.org

Chemie

7991


http://dx.doi.org/10.1002/ange.19660782002
http://dx.doi.org/10.1002/ange.19660782002
http://dx.doi.org/10.1002/anie.196608751
http://dx.doi.org/10.1016/0079-6700(90)90011-O
http://dx.doi.org/10.1016/0079-6700(95)00020-8
http://dx.doi.org/10.1002/pola.10090
http://dx.doi.org/10.1002/pola.10090
http://dx.doi.org/10.1002/macp.200600558
http://dx.doi.org/10.1016/j.addr.2007.08.018
http://dx.doi.org/10.1016/j.addr.2007.08.018
http://dx.doi.org/10.1002/polb.1988.090260312
http://dx.doi.org/10.1002/polb.1988.090260312
http://dx.doi.org/10.1016/0168-3659(89)90013-8
http://dx.doi.org/10.1016/0168-3659(89)90013-8
http://dx.doi.org/10.1016/j.jconrel.2007.02.015
http://dx.doi.org/10.1002/jbm.820231203
http://dx.doi.org/10.1002/jbm.820231203
http://dx.doi.org/10.1021/bc00030a001
http://dx.doi.org/10.1021/bc00030a001
http://dx.doi.org/10.1021/js9504043
http://dx.doi.org/10.1021/js9504043
http://dx.doi.org/10.1021/la702917z
http://dx.doi.org/10.1021/la702917z
http://dx.doi.org/10.2533/chimia.2008.264
http://dx.doi.org/10.2533/chimia.2008.264
http://dx.doi.org/10.1007/s10856-007-3334-9
http://dx.doi.org/10.1016/S0927-7757(01)00952-9
http://dx.doi.org/10.1007/s00396-008-1942-7
http://dx.doi.org/10.1007/s00396-008-1942-7
http://dx.doi.org/10.1039/b307439k
http://dx.doi.org/10.1016/j.biomaterials.2004.07.064
http://dx.doi.org/10.1016/j.biomaterials.2004.07.064
http://dx.doi.org/10.1016/S0168-3659(01)00310-8
http://dx.doi.org/10.1016/S0168-3659(01)00310-8
http://dx.doi.org/10.1016/j.progpolymsci.2007.05.008
http://dx.doi.org/10.1021/ma00215a001
http://dx.doi.org/10.1002/bit.260391006
http://dx.doi.org/10.1002/bit.260391006
http://dx.doi.org/10.1016/j.jconrel.2007.10.010
http://dx.doi.org/10.1016/j.jconrel.2007.10.010
http://dx.doi.org/10.1002/jps.21350
http://dx.doi.org/10.1002/jps.21350
http://dx.doi.org/10.1166/jbn.2008.021
http://dx.doi.org/10.1166/jbn.2008.021
http://dx.doi.org/10.1021/cr00040a001
http://dx.doi.org/10.1016/j.addr.2003.12.004
http://dx.doi.org/10.1016/j.addr.2003.12.004
http://dx.doi.org/10.1021/bm034190s
http://dx.doi.org/10.1021/bm034190s
http://dx.doi.org/10.1016/j.jconrel.2005.07.017
http://dx.doi.org/10.1016/j.jconrel.2005.07.017
http://dx.doi.org/10.1021/bc050317u
http://dx.doi.org/10.1021/bc050317u
http://dx.doi.org/10.1002/1439-2054(20010201)286:2%3C63::AID-MAME63%3E3.0.CO;2-H
http://dx.doi.org/10.1021/bm049553i
http://dx.doi.org/10.1021/bm049553i
http://dx.doi.org/10.1002/mabi.200400169
http://dx.doi.org/10.1002/mabi.200400169
http://dx.doi.org/10.1021/bm7013944
http://dx.doi.org/10.1002/adma.200701095
http://dx.doi.org/10.1016/S0032-3861(03)00139-3
http://dx.doi.org/10.1246/cl.1992.1643
http://dx.doi.org/10.1021/ma0701181
http://dx.doi.org/10.1016/0079-6700(92)90023-R
http://dx.doi.org/10.1007/12_2007_120
http://dx.doi.org/10.1016/j.progpolymsci.2007.01.006
http://dx.doi.org/10.1016/j.progpolymsci.2007.01.006
http://www.angewandte.org

Reviews

[56] E.S. Gil, S. M. Hudson, Prog. Polym. Sci. 2004, 29, 1173 -1222.

[57] C. De Las Heras Alarcon, S. Pennadam, C. Alexander, Chem.
Soc. Rev. 2005, 34, 276 -285.

[58] D. Schmaljohann, Adv. Drug Delivery Rev. 2006, 58, 1655—
1670.

[59] C. Diab, Y. Akiyama, K. Kataoka, F. M. Winnik, Macromole-
cules 2004, 37, 2556 -2562.

[60] J.-S. Park, Y. Akiyama, F. M. Winnik, K. Kataoka, Macro-
molecules 2004, 37, 6786 —-6792.

[61] M. Meyer, M. Antonietti, H. Schlaad, Soft Matter 2007, 3, 430—
431.

[62] A.L.Demirel, M. Meyer, H. Schlaad, Angew. Chem. 2007, 119,
8776-8778; Angew. Chem. Int. Ed. 2007, 46, 8622 —8624.

[63] N. Morimoto, R. Obeid, S. Yamane, F. M. Winnik, K. Akiyoshi,
Soft Matter 2009, 5, 1597 - 1600.

[64] J.-S. Park, K. Kataoka, Macromolecules 2006, 39, 6622 —6630.

[65] S. Huber, R. Jordan, Colloid Polym. Sci. 2008, 286, 395—402.

[66] C. Diehl, H. Schlaad, Macromol. Biosci. 2009, 9, 157 -161.

[67] R. Hoogenboom, H. M. L. Thijs, M. J. H. C. Jochems, B. M.
van Lankvelt, M. W. M. Fijten, U. S. Schubert, Chem. Commun.
2008, 5758 -5760.

[68] N. Zhang, S. Huber, A. Schulz, R. Luxenhofer, R. Jordan,
Macromolecules 2009, 42, 2215-2221.

[69] C. Weber, C.R. Becer, R. Hoogenboom, U.S. Schubert,
Macromolecules 2009, 42, 2965 -2971.

[70] C. Weber, C. R. Becer, A. Baemgaertel, R. Hoogenboom, U. S.
Schubert, Design. Monomers Polym. 2009, 12, 149—-165.

[71] R. Hoogenboom, H. M. L. Thijs, D. Wouters, S. Hoeppener,
U. S. Schubert, Soft Matter 2008, 4, 103 —107.

[72] S. Y. Noskov, G. Lamoureux, B. Roux, J. Phys. Chem. B 2005,
109, 6705-6713.

[73] H. M. L. Lambermont-Thijs, R. Hoogenboom, C.-A. Fustin, C.
Bomal-D’Haese, J.-F. Gohy, U. S. Schubert, J. Polym. Sci. Part
A 2009, 47, 515-522.

[74] R. Yoshida, K. Sakai, T. Okano, Y. Sakurai, Adv. Drug Delivery
Rev. 1993, 11, 85-108.

[75] L.Klouda, A. G. Mikos, Eur. J. Pharm. Biopharm. 2008, 68, 34 -
45.

[76] C.Kim,S. C. Lee, S. W. Kang, I. C. Kwon, S. Y. Jeong, J. Polym.
Sci. Part B 2000, 38, 2400-2408.

[77] S.J. Kim, K. J. Lee, S.1. Kim, J. Macromol. Sci. Pure Appl.
Chem. 2004, 41, 267 -274.

[78] S.J. Kim, K.J. lee, I. Y. Kim, D.1. Shin, S.I. Kim, J. Appl.
Polym. Sci. 2006, 99, 1100-1103.

[79] G. David, B. C. Simionescu, A.-C. Albertsson, Biomacromol-
ecules 2008, 9, 1678 —1683.

[80] J. Berg, J. L. Tymocszko, L. Stryer, Biochemistry, 6th ed., W. H.
Freeman and Co., New York, 2006.

[81] M. A. Meyers, P.-Y. Chen, A. Y.-M. Lin, Y. Seki, Prog. Mater.
Sci. 2008, 53, 1-206.

[82] J. A. A. W. Elemans, A. E. Rowan, R.J. M. Nolte, J. Mater.
Chem. 2003, 13, 2661 —2670.

[83] H. M. Keizer, R. P. Sijbesma, Chem. Soc. Rev. 2005, 34, 226 —
234.

[84] S. Forster, T. Plantenberg, Angew. Chem. 2002, 114, 712-739;
Angew. Chem. Int. Ed. 2002, 41, 688—-714.

[85] V. Abetz, P. F. W. Simon, Adv. Polym. Sci. 2005, 189, 125-212.

[86] J.-F. Gohy, Adv. Polym. Sci. 2005, 190, 65—136.

[87] R.-H. Jin, J. Mater. Chem. 2003, 13, 672-675.

[88] A. Gress, B. Smarsly, H. Schlaad, Macromol. Rapid Commun.
2008, 29, 304 -308.

[89] U. Stebani, G. Lattermann, Macromol. Rep. 1995, 32, 385-401.

[90] H. Fischer, S.S. Ghosh, P. A. Heiney, N. C. Maliszewskyj, T.
Plesnivy, H. Ringsdorf, M. Seitz, Angew. Chem. 1995, 107, 879 —
881; Angew. Chem. Int. Ed. Engl. 1995, 34, 795-798.

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. Hoogenboom

[91] M. Seitz, T. Plesnivy, K. Schimossek, M. Edelmann, H. Ring-
sdorf, H. Fischer, H. Uyama, S. Kobayashi, Macromolecules
1996, 29, 6560-6574.

[92] V. Percec, G. Johansson, D. Schlueter, J. C. Ronda, G. Ungar,
Macromol. Symp. 1996, 101, 43 - 60.

[93] D.J.P. Yeardley, G. Ungar, V. Percec, M. N. Holerca, G.
Johansson, J. Am. Chem. Soc. 2000, 122, 1684 —1689.

[94] H. Duan, S. D. Hudson, G. Ungar, M. N. Holerca, V. Percec,
Chem. Eur. J. 2001, 7, 4134-4141.

[95] V. Percec, M. N. Holerca, S. N. Magonov, D. J. P. Yeardley, G.
Ungar, H. Duan, S.D. Hudson, Biomacromolecules 2001, 2,
706-728.

[96] V.Percec, M. N. Holerca, S. Uchida, D. J. P. Yeardley, G. Ungar,
Biomacromolecules 2001, 2, 729 —-740.

[97] G. Volet, V. Chanthavong, V. Wintgens, C. Amiel, Macro-
molecules 2005, 38, 5190-5197.

[98] R. Obeid, E. Matseva, A.F. Thunemann, F. Tanaka, F. M.
Winnik, Macromolecules 2009, 42, 2204 -2214.

[99] H. Mohwald, Rep. Prog. Phys. 1993, 56, 653 —685.

[100] T. R. Bzkmark, T. Wiesenthal, P. Kuhn, T. M. Bayerl, O.
Nuyken, R. Merkel, Langmuir 1997, 13, 5521 -5523.

[101] T. R. Baekmark, T. Wiesenthal, P. Kuhn, A. Albersdorfer, O.
Nuyken, R. Merkel, Langmuir 1999, 15, 3616 —3626.

[102] H. Ahrens, T. R. Bekmark, R. Merkel, J. Schmitt, K. Graf, R.
Raieri, C. A. Helm, ChemPhysChem 2000, 1, 101 -106.

[103] A. Wurlitzer, E. Politsch, T. Gutberlet, K. Kjaer, M. Losche,
Physica B 2000, 276-278, 343 —344.

[104] E. Politsch, G. Cevc, A. Wurlitzer, M. Losche, Macromolecules
2001, 34, 1328 -1333.

[105] A. Wurlitzer, E. Politsch, S. Huebner, P. Kriiger, M. Weygand,
K. Kjaer, P. Hommes, O. Nuyken, G. Cevc, M. Losche,
Macromolecules 2001, 34, 1334 -1342.

[106] C. A. Naumann, C.F. Brooks, G. G. Fuller, T. Lehmann, J.
Riihe, W. Knoll, P. Kuhn, O. Nuyken, C. W. Frank, Langmuir
2001, 77, 2801 —2806.

[107] M. B. Foreman, J.P. Coffman, M. J. Murcia, S. Cesana, R.
Jordan, G. S. Smith, C. A. Naumann, Langmuir 2003, 19, 326 —
332.

[108] K. Liidtke, R. Jordan, P. Hommes, O. Nuyken, C. A. Naumann,
Macromol. Biosci. 2005, 5, 384 —-393.

[109] K. Lidtke, R. Jordan, N. Furr, S. Garg, K. Forsythe, C. A.
Naumann, Langmuir 2008, 24, 5580 —5584.

[110] A. Fortig, R. Jordan, K. Graf, G. Schiavon, O. Purrucker, M.
Tanaka, Macromol. Symp. 2004, 210, 329 —338.

[111] O. Purrucker, A. Fortig, K. Liidtke, R. Jordan, M. Tanaka, J.
Am. Chem. Soc. 2005, 127, 1258 -1264.

[112] O. Purrucker, S. Gonnenwein, A. Fortig, R. Jordan, M. Rusp,
M. Bérmann, L. Moroder, E. Sackmann, M. Tanaka, Soft
Matter 2007, 3, 333 -336.

[113] O. Purrucker, A. Fortig, R. Jordan, E. Sackmann, M. Tanaka,
Phys. Rev. Lett. 2007, 98, 078102.

[114] M. A. Deverall, S. Garg, K. Liidtke, R. Jordan, J. Riihe, C. A.
Naumann, Soft Matter 2008, 4, 1899 -1908.

[115] W. Meier, C. Nardin, M. Winterhalter, Angew. Chem. 2000, 112,
4747-4750; Angew. Chem. Int. Ed. 2000, 39, 4599 —4602.

[116] M. Sauer, T. Haefele, A. Graff, C. Nardin, W. Meier, Chem.
Commun. 2001, 2452 -2453.

[117] A. Graff, M. Sauer, P. van Gelder, W. Meier, Proc. Natl. Acad.
Sci. USA 2002, 99, 5064 —5068.

[118] H.-J. Choi, E. Brooks, C.D. Montemagno, Nanotechnology
2005, 16, S143-S149.

[119] H.-J. Choi, C. D. Montemagno, Nano Lett. 2005, 5, 2538 —2542.

[120] H.-J. Choi, C.D. Montemagno, Nanotechnology 2006, 17,
2198 -2202.

[121] S. Kobayashi, T. Igarashi, Y. Moriuchi, T. Saegusa, Macro-
molecules 1986, 19, 535-541.

Angew. Chem. Int. Ed. 2009, 48, 7978 -7994


http://dx.doi.org/10.1016/j.progpolymsci.2004.08.003
http://dx.doi.org/10.1016/j.addr.2006.09.020
http://dx.doi.org/10.1016/j.addr.2006.09.020
http://dx.doi.org/10.1021/ma0358733
http://dx.doi.org/10.1021/ma0358733
http://dx.doi.org/10.1021/ma049677n
http://dx.doi.org/10.1021/ma049677n
http://dx.doi.org/10.1039/b616678d
http://dx.doi.org/10.1039/b616678d
http://dx.doi.org/10.1002/ange.200703486
http://dx.doi.org/10.1002/ange.200703486
http://dx.doi.org/10.1002/anie.200703486
http://dx.doi.org/10.1039/b817603e
http://dx.doi.org/10.1021/ma0605548
http://dx.doi.org/10.1007/s00396-007-1781-y
http://dx.doi.org/10.1002/mabi.200800213
http://dx.doi.org/10.1039/b813140f
http://dx.doi.org/10.1039/b813140f
http://dx.doi.org/10.1021/ma802627y
http://dx.doi.org/10.1021/ma8028437
http://dx.doi.org/10.1163/156855509X412090
http://dx.doi.org/10.1039/b712771e
http://dx.doi.org/10.1021/jp045438q
http://dx.doi.org/10.1021/jp045438q
http://dx.doi.org/10.1002/pola.23168
http://dx.doi.org/10.1002/pola.23168
http://dx.doi.org/10.1016/0169-409X(93)90028-3
http://dx.doi.org/10.1016/0169-409X(93)90028-3
http://dx.doi.org/10.1016/j.ejpb.2007.02.025
http://dx.doi.org/10.1016/j.ejpb.2007.02.025
http://dx.doi.org/10.1002/1099-0488(20000915)38:18%3C2400::AID-POLB70%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1099-0488(20000915)38:18%3C2400::AID-POLB70%3E3.0.CO;2-7
http://dx.doi.org/10.1002/app.22091
http://dx.doi.org/10.1002/app.22091
http://dx.doi.org/10.1021/bm800215d
http://dx.doi.org/10.1021/bm800215d
http://dx.doi.org/10.1016/j.pmatsci.2007.05.002
http://dx.doi.org/10.1016/j.pmatsci.2007.05.002
http://dx.doi.org/10.1039/b304972h
http://dx.doi.org/10.1039/b304972h
http://dx.doi.org/10.1039/b312177c
http://dx.doi.org/10.1039/b312177c
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C712::AID-ANGE712%3E3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C688::AID-ANIE688%3E3.0.CO;2-3
http://dx.doi.org/10.1007/12_004
http://dx.doi.org/10.1007/12_048
http://dx.doi.org/10.1039/b211674j
http://dx.doi.org/10.1002/marc.200700698
http://dx.doi.org/10.1002/marc.200700698
http://dx.doi.org/10.1002/ange.19951070717
http://dx.doi.org/10.1002/ange.19951070717
http://dx.doi.org/10.1002/anie.199507951
http://dx.doi.org/10.1021/ma960270v
http://dx.doi.org/10.1021/ma960270v
http://dx.doi.org/10.1021/ja993915q
http://dx.doi.org/10.1002/1521-3765(20011001)7:19%3C4134::AID-CHEM4134%3E3.0.CO;2-W
http://dx.doi.org/10.1021/bm015550j
http://dx.doi.org/10.1021/bm015550j
http://dx.doi.org/10.1021/bm015559l
http://dx.doi.org/10.1021/ma050407u
http://dx.doi.org/10.1021/ma050407u
http://dx.doi.org/10.1021/ma802592f
http://dx.doi.org/10.1002/1439-7641(20000915)1:2%3C101::AID-CPHC101%3E3.0.CO;2-O
http://dx.doi.org/10.1016/S0921-4526(99)01548-3
http://dx.doi.org/10.1021/ma000931v
http://dx.doi.org/10.1021/ma000931v
http://dx.doi.org/10.1021/ma000932n
http://dx.doi.org/10.1021/la000778y
http://dx.doi.org/10.1021/la000778y
http://dx.doi.org/10.1021/la0261390
http://dx.doi.org/10.1021/la0261390
http://dx.doi.org/10.1002/mabi.200500004
http://dx.doi.org/10.1021/la8001493
http://dx.doi.org/10.1002/masy.200450637
http://dx.doi.org/10.1021/ja045713m
http://dx.doi.org/10.1021/ja045713m
http://dx.doi.org/10.1039/b612069e
http://dx.doi.org/10.1039/b612069e
http://dx.doi.org/10.1103/PhysRevLett.98.078102
http://dx.doi.org/10.1039/b800801a
http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4747::AID-ANGE4747%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4747::AID-ANGE4747%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3773(20001215)39:24%3C4599::AID-ANIE4599%3E3.0.CO;2-Y
http://dx.doi.org/10.1039/b107833j
http://dx.doi.org/10.1039/b107833j
http://dx.doi.org/10.1073/pnas.062654499
http://dx.doi.org/10.1073/pnas.062654499
http://dx.doi.org/10.1088/0957-4484/16/5/002
http://dx.doi.org/10.1088/0957-4484/16/5/002
http://dx.doi.org/10.1021/nl051896e
http://dx.doi.org/10.1088/0957-4484/17/9/020
http://dx.doi.org/10.1088/0957-4484/17/9/020
http://dx.doi.org/10.1021/ma00157a006
http://dx.doi.org/10.1021/ma00157a006
http://www.angewandte.org

Poly(2-oxazoline)s

[122] K. Naka, T. Nakmura, A. Ohki, S. Maeda, Macromol. Chem.
Phys. 1997, 198, 101 -116.

[123] W. H. Binder, H. Gruber, Macromol. Chem. Phys. 2000, 201,
949 -957.

[124] T.B. Bonné, K. Liitdke, R. Jordan, P. Stepanek, C.M.
Papadakis, Colloid Polym. Sci. 2004, 282, 833 -843; Erratum:
T.B. Bonné, K. Liitdke, R. Jordan, P. Stepanek, C.M.
Papadakis, Colloid Polym. Sci. 2004, 282, 1425.

[125] T. B. Bonné, C. M. Papadakis, K. Liidtke, R. Jordan, Colloid
Polym. Sci. 2007, 285, 491 -497.

[126] C. M. Papadakis, R. Ivanova, K. Liitdke, K. Mortensen, P. K.
Pranzas, R. Jordan, J. Appl. Crystallogr. 2007, 40, s361 —s362.

[127] P. Persigehl, R. Jordan, O. Nuyken, Macromolecules 2000, 33,
6977 -6981.

[128] O. Nuyken, P. Persigehl, R. Weberskirch, Macromol. Symp.
2002, 177,163 -173.

[129] T. Kotre, M. T. Zarka, J. O. Krause, M. R. Buchmeiser, R.
Weberskirch, O. Nuyken, Macromol. Symp. 2004, 217, 203 -
214.

[130] T. Kotre, O. Nuyken, R. Weberskirch, Macromol. Rapid
Commun. 2002, 23, 871 -876.

[131] J. O. Krause, M. T. Zarka, U. Anders, R. Weberskirch, O.
Nuyken, M. R. Buchmeiser, Angew. Chem. 2003, 115, 6147 -
6151; Angew. Chem. Int. Ed. 2003, 42, 5965 —5969.

[132] M. T. Zarka, O. Nuyken, R. Weberskirch, Macromol. Rapid
Commun. 2004, 25, 858 —862.

[133] M. T. Zarka, O. Nuyken, R. Weberskirch, Chem. Eur. J. 2003, 9,
3228 -3234.

[134] M. T. Zarka, M. Bortenschlager, K. Wurst, O. Nuyken, R.
Weberskirch, Organometallics 2004, 23, 4817 - 4820.

[135] M. Bortenschlager, N. Schéllhorn, A. Wittmann, R. Weber-
skirch, Chem. Eur. J. 2007, 13, 520—-528.

[136] B. Gall, M. Bortenschlager, O. Nuyken, R. Weberskirch,
Macromol. Chem. Phys. 2008, 209, 1152 -1159.

[137] D. Schonfelder, K. Fischer, M. Schmidt, O. Nuyken, R.
Weberskirch, Macromolecules 2005, 38, 254 -262.

[138] D. Schonfelder, O. Nuyken, R. Weberskirch, Designed Mono-
mers Polym. 2005, 8, 117-134.

[139] D. Schonfelder, O. Nuyken, R. Weberskirch, J. Organomet.
Chem. 2005, 690, 4648 —4655.

[140] C. Guerrero-Sanchez, J.-F. Gohy, C. D’Haese, H. Thijs, R.
Hoogenboom, U. S. Schubert, Chem. Commun. 2008, 2753 —
2755.

[141] H. Huang, R. Hoogenboom, M. A. M. Leenen, P. Guillet, A. M.
Jonas, U. S. Schubert, J.-F. Gohy, J. Am. Chem. Soc. 2006, 128,
3784 -3788.

[142] R. Hoogenboom, M. A. M. Leenen, H. Huang, C.-A. Fustin, J.-
F. Gohy, U. S. Schubert, Colloid Polym. Sci. 2006, 284, 1313 -
1318.

[143] R. Hoogenboom, U. S. Schubert, Green Chem. 2006, 8, 895—
899.

[144] R. Hoogenboom, F. Wiesbrock, H. Huang, M. A. M. Leenen,
H. M. L. Thijs, S. F. G. M. M. van der Loop, C.-A. Fustin, A. M.
Jonas, F.-F. Gohy, U.S. Schubert, Macromolecules 2006, 39,
4719-4725.

[145] R. Hoogenboom, F. Wiesbrock, M. A. M. Leenen, H. M. L.
Thijs, H. Huang, C.-A. Fustin, P. Guillet, J-F. Gohy, U.S.
Schubert, Macromolecules 2007, 40, 2837 —2843.

[146] U. Beginn, Colloid Polym. Sci. 2008, 286, 1465 —1474.

[147] T. B. Bonné, K. Liidtke, R. Jordan, C. M. Papadakis, Macromol.
Chem. Phys. 2007, 208, 1402 —1408.

[148] R. Hoogenboom, M. W. M. Fijten, S. Wijnans, A. M. J. van den
Berg, H. M. L. Thijs, U. S. Schubert, J. Comb. Chem. 2006, 8,
145-148.

[149] R. Hoogenboom, H. M. L. Thijs, D. Wouters, S. Hoeppener,
U. S. Schubert, Macromolecules 2008, 41, 1581 —1583.

Angew. Chem. Int. Ed. 2009, 48, 7978 —7994

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

[150] R. Hoogenboom, H. M. L. Thijs, B. M. van Lankvelt, U.S.
Schubert, J. Polym. Sci. Part A 2007, 45, 416—422.

[151] R.-H. Jin, Adv. Mater. 2002, 14, 889 —892.

[152] R.-H. Jin, Macromol. Chem. Phys. 2003, 204, 403 —409.

[153] D.J. Pochan, Z. Chen, H. Cui, K. Hales, K. Qi, K. L. Wooley,
Science 2004, 306, 94-97.

[154] Z.Li, E. Kesselman, Y. Talmon, M. Hillmyer, T. Lodge, Science
2004, 306, 98—101.

[155] S. Kubowicz, J.-F. Baussard, J.-F. Lutz, A.F. Thiinemann, H.
von Berlepsch, A. Laschewsky, Angew. Chem. 2005, 117, 5397 —
5400; Angew. Chem. Int. Ed. 2005, 44, 5262 —5265.

[156] M. Miyamoto, K. Aoi, T. Saegusa, Macromolecules 1988, 21,
1880-1885.

[157] M. Miyamoto, K. Aoi, T. Saegusa, Macromolecules 1991, 24,
11-16.

[158] J. M. Rodriguez-Parada, M. Kaku, D. Y. Sogah, Macromole-
cules 1994, 27, 1571 -15717.

[159] M. Kaku, L.C. Grimminger, D.Y. Sogah, S.L. Haynie, J.
Polym. Sci. Part A 1994, 32, 2187 -2192.

[160] M. Lobert, U. Kohn, R. Hoogenboom, U. S. Schubert, Chem.
Commun. 2008, 1458 —1460.

[161] M. Lobert, H. M. L. Thijs, T. Erdmenger, R. Eckardt, C.
Ulbricht, R. Hoogenboom, U. S. Schubert, Chem. Eur. J. 2008,
14, 10396 -10407.

[162] M. Miyamoto, H. Yamanaka, K. Aoi, Y. Sano, T. Saegusa,
Polym. J. 1995, 27, 461 —468.

[163] M. Miyamoto, K. Aoi, T. Saegusa, Macromolecules 1989, 22,
3540-3543.

[164] K. Aoi, M. Miyamoto, Y. Chujo, T. Saegusa, Macromol. Symp.
2002, 183, 53 -64.

[165] R. Weberskirch, J. Preuschen, H.W. Spiess, O. Nuyken,
Macromol. Chem. Phys. 2000, 201, 995-1007.

[166] S. Kubowicz, A. F. Thiinemann, R. Weberskirch, H. Méhwald,
Langmuir 2005, 21, 7214-7219.

[167] R. Weberskirch, O. Nuyken, J. Macromol. Sci. Part A 1999, 36,
843-857.

[168] R. Ivanova, T. Komenda, T. B. Bonné, K. Liidtke, K. Morten-
son, P. K. Pranzas, R. Jordan, C. M. Papdakis, Macromol.
Chem. Phys. 2008, 209, 2248 -2258.

[169] M. Lobert, R. Hoogenboom, C.-A. Fustin, J.-F. Gohy, U.S.
Schubert, J. Polym. Sci. Part A 2008, 46, 5859 —5868.

[170] S. Hoeppener, F. Wiesbrock, R. Hoogenboom, H. M. L. Thijs,
U. S. Schubert, Macromol. Rapid Commun. 2006, 27, 405-411.

[171] J. M. Kranenburg, H. M. L. Thijs, C. A. Tweedie, S. Hoeppener,
F. Wiesbrock, R. Hoogenboom, K. J. van Vliet, U. S. Schubert,
J. Mater. Chem. 2009, 19, 222 -229.

[172] C. Park, J. E. McAlvin, C.L. Fraser, E. L. Thomas, Chem.
Mater. 2002, 14, 1225-1230.

[173] C.-A. Fustin, H. Huang, R. Hoogenboom, F. Wiesbrock, A. M.
Jonas, U. S. Schubert, J.-F. Gohy, Soft Matter 2007, 3, 79-82.

[174] C.-A. Fustin, N. Lefevre, R. Hoogenboom, U. S. Schubert, J.-F.
Gohy, Macromol. Chem. Phys. 2007, 208, 2026 —2031.

[175] C.-A. Fustin, N. Lefevre, R. Hoogenboom, U. S. Schubert, J.-F.
Gohy, J. Colloid Interface Sci. 2009, 332, 91-95.

[176] J.-F. Lutz, Angew. Chem. 2007, 119, 1036 -1043; Angew. Chem.
Int. Ed. 2007, 46, 1018 -1025.

[177] D. Fournier, R. Hoogenboom, U. S. Schubert, Chem. Soc. Rev.
2007, 36, 1369 —-1380.

[178] C. R. Becer, R. Hoogenboom, U. S. Schubert, Angew. Chem.
2009, 121, 4998 -5006; Angew. Chem. Int. Ed. 2009, 48, 4900 —
4908.

[179] H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001,
113, 2056-2075; Angew. Chem. Int. Ed. 2001, 40, 2004 -2021.

[180] R. Luxenhofer, R. Jordan, Macromolecules 2006, 39, 3509 —
3516.

www.angewandte.org

Chemie

7993


http://dx.doi.org/10.1002/macp.1997.021980109
http://dx.doi.org/10.1002/macp.1997.021980109
http://dx.doi.org/10.1002/1521-3935(20000601)201:9%3C949::AID-MACP949%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3935(20000601)201:9%3C949::AID-MACP949%3E3.0.CO;2-0
http://dx.doi.org/10.1107/S0021889806056184
http://dx.doi.org/10.1021/ma0007381
http://dx.doi.org/10.1021/ma0007381
http://dx.doi.org/10.1002/1521-3900(200201)177:1%3C163::AID-MASY163%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3900(200201)177:1%3C163::AID-MASY163%3E3.0.CO;2-W
http://dx.doi.org/10.1002/masy.200451316
http://dx.doi.org/10.1002/masy.200451316
http://dx.doi.org/10.1002/1521-3927(20021001)23:15%3C871::AID-MARC871%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3927(20021001)23:15%3C871::AID-MARC871%3E3.0.CO;2-G
http://dx.doi.org/10.1002/ange.200352637
http://dx.doi.org/10.1002/ange.200352637
http://dx.doi.org/10.1002/anie.200352637
http://dx.doi.org/10.1002/marc.200300297
http://dx.doi.org/10.1002/marc.200300297
http://dx.doi.org/10.1002/chem.200304729
http://dx.doi.org/10.1002/chem.200304729
http://dx.doi.org/10.1021/om049495h
http://dx.doi.org/10.1002/chem.200600718
http://dx.doi.org/10.1002/macp.200700634
http://dx.doi.org/10.1021/ma048142r
http://dx.doi.org/10.1163/1568555053603224
http://dx.doi.org/10.1163/1568555053603224
http://dx.doi.org/10.1016/j.jorganchem.2005.07.053
http://dx.doi.org/10.1016/j.jorganchem.2005.07.053
http://dx.doi.org/10.1039/b804179b
http://dx.doi.org/10.1039/b804179b
http://dx.doi.org/10.1021/ja057762k
http://dx.doi.org/10.1021/ja057762k
http://dx.doi.org/10.1007/s00396-006-1496-5
http://dx.doi.org/10.1007/s00396-006-1496-5
http://dx.doi.org/10.1039/b600616g
http://dx.doi.org/10.1039/b600616g
http://dx.doi.org/10.1021/ma060952a
http://dx.doi.org/10.1021/ma060952a
http://dx.doi.org/10.1021/ma062725e
http://dx.doi.org/10.1007/s00396-008-1922-y
http://dx.doi.org/10.1021/cc050087q
http://dx.doi.org/10.1021/cc050087q
http://dx.doi.org/10.1021/ma702801e
http://dx.doi.org/10.1002/pola.21711
http://dx.doi.org/10.1002/1521-4095(20020618)14:12%3C889::AID-ADMA889%3E3.0.CO;2-6
http://dx.doi.org/10.1002/macp.200390008
http://dx.doi.org/10.1126/science.1102866
http://dx.doi.org/10.1126/science.1103350
http://dx.doi.org/10.1126/science.1103350
http://dx.doi.org/10.1002/ange.200500584
http://dx.doi.org/10.1002/ange.200500584
http://dx.doi.org/10.1002/anie.200500584
http://dx.doi.org/10.1021/ma00184a062
http://dx.doi.org/10.1021/ma00184a062
http://dx.doi.org/10.1021/ma00001a002
http://dx.doi.org/10.1021/ma00001a002
http://dx.doi.org/10.1021/ma00084a044
http://dx.doi.org/10.1021/ma00084a044
http://dx.doi.org/10.1002/pola.1994.080321122
http://dx.doi.org/10.1002/pola.1994.080321122
http://dx.doi.org/10.1039/b717455a
http://dx.doi.org/10.1039/b717455a
http://dx.doi.org/10.1002/chem.200800671
http://dx.doi.org/10.1002/chem.200800671
http://dx.doi.org/10.1295/polymj.27.461
http://dx.doi.org/10.1021/ma00199a007
http://dx.doi.org/10.1021/ma00199a007
http://dx.doi.org/10.1002/1521-3900(200207)183:1%3C53::AID-MASY53%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3900(200207)183:1%3C53::AID-MASY53%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3935(20000601)201:10%3C995::AID-MACP995%3E3.0.CO;2-T
http://dx.doi.org/10.1021/la050987o
http://dx.doi.org/10.1081/MA-100101567
http://dx.doi.org/10.1081/MA-100101567
http://dx.doi.org/10.1002/macp.200800232
http://dx.doi.org/10.1002/macp.200800232
http://dx.doi.org/10.1002/pola.22901
http://dx.doi.org/10.1002/marc.200500863
http://dx.doi.org/10.1039/b814587c
http://dx.doi.org/10.1021/cm010731d
http://dx.doi.org/10.1021/cm010731d
http://dx.doi.org/10.1039/b611962j
http://dx.doi.org/10.1002/macp.200700231
http://dx.doi.org/10.1016/j.jcis.2008.12.026
http://dx.doi.org/10.1002/ange.200604050
http://dx.doi.org/10.1002/anie.200604050
http://dx.doi.org/10.1002/anie.200604050
http://dx.doi.org/10.1039/b700809k
http://dx.doi.org/10.1039/b700809k
http://dx.doi.org/10.1002/ange.200900755
http://dx.doi.org/10.1002/ange.200900755
http://dx.doi.org/10.1002/anie.200900755
http://dx.doi.org/10.1002/anie.200900755
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1021/ma052515m
http://dx.doi.org/10.1021/ma052515m
http://www.angewandte.org

Reviews

7994

[181] M. W. M. Fijten, C. Haensch, B. M. van Lankvelt, R. Hoogen-
boom, U. S. Schubert, Macromol. Chem. Phys. 2008, 209, 1887 —
1895.

[182] C. Guis, H. Cheradame, Eur. Polym. J. 2000, 36, 2581 —2590.

[183] M. A. Cortez, S. M. Grayson, Polym. Mater. Sci. Eng. 2008, 98,
436-437.

[184] M. A. Cortez, S. M. Grayson, Polym. Mater. Sci. Eng. 2008, 98,
438-439.

[185] A. Winter, A. Wild, R. Hoogenboom, M. W. M. Fijten, M. D.
Hager, R.-A. Fallahpour, U. S. Schubert, Synthesis 2009, 1506 —
1512.

[186] C. Haensch, T. Erdmenger, M. W. M. Fijten, S. Hoeppener,
U. S. Schubert, Langmuir 2009, 25, 8019 -8024.

R. Hoogenboom

[187] A. Gress, A. Volkel, H. Schlaad, Macromolecules 2007, 40,
7928 -7933.

[188] S. Cesana, A. Kurek, M. A. Baur, J. Auernheimer, O. Nuyken,
Macromol. Rapid Commun. 2007, 28, 608 —615.

[189] Y. Chujo, E. Ihara, H. Thara, T. Saeguso, Polym. Bull. 1988, 19,
435-440.

[190] Y. Chujo, E. Ihara, H. Ihara, T. Saegusa, Macromolecules 1989,
22,2040-2043.

[191] T. Bartz, M. Klapper, K. Miillen, Macromol. Chem. Phys. 1994,
195, 1097 -1109.

[192] B. Gacal, H. Durmaz, M. A. Tasdelen, G. Hizal, U. Tunca, Y.
Yagci, A. L. Demirel, Macromolecules 2006, 39, 5330—5336.

[193] M. M. Kose, G. Yesilbag, A. Sanyal, Org. Lett. 2008, 10, 2353 -
2356.

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2009, 48, 7978 -7994


http://dx.doi.org/10.1002/macp.200800226
http://dx.doi.org/10.1002/macp.200800226
http://dx.doi.org/10.1016/S0014-3057(00)00071-9
http://dx.doi.org/10.1021/la901140f
http://dx.doi.org/10.1021/ma071357r
http://dx.doi.org/10.1021/ma071357r
http://dx.doi.org/10.1002/marc.200600737
http://dx.doi.org/10.1007/BF00263911
http://dx.doi.org/10.1007/BF00263911
http://dx.doi.org/10.1021/ma00195a003
http://dx.doi.org/10.1021/ma00195a003
http://dx.doi.org/10.1002/macp.1994.021950323
http://dx.doi.org/10.1002/macp.1994.021950323
http://dx.doi.org/10.1021/ma060690c
http://dx.doi.org/10.1021/ol800553t
http://dx.doi.org/10.1021/ol800553t
http://www.angewandte.org

