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1. Introduction

Supramolecular assembly of matter on the nanoscale is one of the key issues to understand
processes in biological systems and to advance the control over novel properties such as
reversibility and responsiveness in modern materials’ science.' Thereon, the preparation of
well-defined adaptive macromolecular architectures is a main challenge in today’s polymer
science with respect to materials with potential self-healing and responsive properties.*™

The immense progress in controlled polymerization techniques over the last 18 years
provides these days straightforward access to advanced macromolecules.” Following the
invention of the living anionic polymerization by Szwarc ef al. in the 1950s,” controlled
radical polymerizations have been widely studied.”®® One of the most significant controlled
radical polymerization (CRP) techniques is the nitroxide-mediated radical polymerization
(NMP). This technique tolerates a wide range of functional groups while providing polymers
for various applications without traces of metal ions.” Moreover, a crucial challenge is to
expand the range of side- and endfunctional groups that can be implemented to the
macromolecules while maintaining the control over the polymerization. Recent attention is
focussed on “click” functionalities as introduced by Sharpless ez al.' that are under certain
precautions compatible with CRPs to gain access to a variety of multifunctional well-defined
polymeric architectures via efficient, high-yield linking reactions under mild conditions.'' "

Although excellent control over the molecular structure is thereby generally assured,
these systems lack intramolecular adaptivity and do not allow to control a more complex 3D
order when compared to natural macromolecules. This ordered self-assembly and adaptivity
to the environment of natural systems is based on non-covalent interactions as reversible
linkages caused by the highly dynamic binding equillibrium." Such non-covalent interactions
are represented by solvophobic and ionic interactions as well as hydrogen bonding and metal-
to-ligand coordination.” The incorporation of such interactions into polymers enable the
responsiveness against external stimuli, e.g. changes in temperature, pH value, redox potential
and concentration.”>* Among the non-covalent interactions, metal-to-ligand coordination and
hydrogen bonding can offer both, reversibility and directionality — essential features for the
formation of complex supramolecular polymers.">"” Prominent examples are 2,2°:6°,2°’-
terpyridine'™"” (tpy) as a tridentate ligand for metal coordination and 2-ureido-4[1H]-
pyrimidinone®® (UPy) as a self-complementary quadruple hydrogen bonding that are
orthogonal to each other. The incorporation of different non-covalent interactions expands
thereby the range of responsiveness of such a system against external stimuli and offers the
opportunity to selectively address the interactions, if they are orthogonal to each other.**'*?

Beyond the self-assembly of polymers by spatial-defined non-covalent binding sites
such as hydrogen bonding or metal complexation entities, supramolecular assembly can be
driven by more general attractive and/or repulsive forces between covalently linked polymer
segments with each other or with selective solvents.”> Thereby the self-assembly is driven by
the unfavorable mixing enthalpy in combination with low mixing entropy, which is classified
by the Flory-Huggins parameters.”** In addition, the morphology is also determined by the
volume fractions of the polymer segments classified by the packing parameters introduced by
Israclachvili.’® Already well-known diblock polymers exhibit multiple morphologies in
solution ranging from multi-shaped micellar, lamellar, and bicontinuous structures.” Due to

11



Introduction

their stability these assemblies represent appealing nanostructures for biomaterials, templating
and catalytic applications.””' The assembly of triblock copolymers in solution introduces
additional assembly parameters and, thus, even more complexity that expands the
morphologies towards multicompartmentalized aggregates (e.g. raspberry-like micelles’** or
tube walled vesicles™) and enables hierarchical super-assembly.”” These advanced
morphologies require incompatibility of the solvophobic blocks to each other and are of
particular interest for multifunctional carriers in drug delivery.*® Promising candidates for
well-defined core domain segregation are fluoro-functionalized triblock terpolymers due to
their intrinsic incompatibility against lipophilic and hydrophilic segments. Different types of
fluoro-functionalized polymers were reported with fluorine e.g. (i) in the side chain (e.g.
perfluorinated alkyl chains’>* or fluorinated phenyl rings™) or in the main chain.** In some
cases the tremendous interfacial tension prevails the entropic penalty leading to “super strong
segregation”**' which enables, e.g., flattening of interfaces” or unusual aggregation®
leading to advanced morphologies including raspberry-like micelles, hamburger-like micelles
or segmented worms *°

For high resolution imaging of such individual nanostructure, transmission electron
micrsoscopy represents a powerful characterization tool, in particularly, for morphologies in
45 However, since solutions of common-used organic solvents have to be vitrified
upon investigation to sustain the high vacuum conditions required for TEM, drawbacks arise
from, e.g., time-consuming preparation, low contrast of organic structures and cryogenic
(cryo) artifacts. Furthermore, the investigation of dynamic processes via cryoTEM only
allows for “snap-shots” leading to tentative models of hierarchical self-assembly and the
evolution of morphology transitions. To overcome this drawbacks a liquid environment
compatible with the high vacuum of TEM would be neccessary. A class of neoteric liquids
that gained popularity in many applications in the last decade are ionic liquids (IL). They
exhibit unique characteristics such as negligible vapor pressure, high electroconductivity and
provide tunable properties (e.g. viscosity, proticity and polarity) by a distinct anion-cation
combination.*** Among the possible applications, IL can be used as matrices for high
vacuum analyses®’ and as potential selective solvents for the assembly of e.g. block
copolymers.””>' The combination is promising for dynamic investigations of individual
polymer assemblies in liquid TEM.

In this thesis, different strategies to implement functional groups into macromolecular
strucures polymerized by NMP in a controlled way are elucidated and the most promising
paths are evaluated in comparison to the reversible addition fragmentation chain transfer
(RAFT) polymerization and the atom transfer radical polymerization (ATRP) (Chapter 2).
Using these concepts, different kinds of supramolecular assemblies of precise functionalized
polymers were investigated including: (i) Responsive linear supramolecular assembly of
spatial-defined homotelechelic or heterotelechelic polymers in non-selective solvents
(Chapter 3.1 and 3.2), (ii)) advanced supramolecular self-assembly of side-chain
functionalized ABC triblock terpolymers in selective solvents (Chapter 4) and (iii) a
combination of both, i.e. supramolecular block copolymers in selective solvents (Chapter 3.3).
Moreover, ionic liquids were introduced as liquid matrices in TEM acting as selective
solvents for various block copolymers (Chapter 5). This combination could be used to
investigate for the first time motional and dynamic processes of individual assemblies on the
nanometer scale.

solution.
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2. Functionalization of polymers via “click” binding sites
polymerized by NMP

Parts of this chapter have been published: A1) U. Mansfeld, C. Pietsch, R. Hoogenboom, C. R. Becer, U. S.
Schubert, Polym. Chem. 2010, 1, 1560-1598.

One of the most prominent controlled radical polymerization (CRP) techniques is the
nitroxide-mediated radical polymerization (NMP) tolerating a wide range of functional groups
while providing metal-free polymers for various applications.” A crucial challenge is to
expand the range of side- and end-functional groups that can be implemented to the
macromolecules while maintaining the control over the polymerization. The vast
developments of diverse click reactions motivated the combination of such reactions and
precursor units with controlled radical polymerization techniques as they are found to be
stable under certain conditions.'? In particularly, metal-free click reactions have attracted
attention in recent years since they are lacking metal-catalysts representing the main
disadvantage of the prominent copper-catalyzed azide-alkyne cycloaddition.’® This opens new
avenues to rapid and efficient reactions that can be employed, e.g., in biological systems.”> An
overview over the click-like reactions that are reported with NMP is given in Scheme 2.1.

Azide-alkyne cycloaddition (CuAAC) para-Fluoro-nucleophile substitution
" (para-fluoro-thiol, para-fluoro-amine)
. Cu(l) 73
R—= + NZN-N - d N R F
R v R A/ NEtg
/ F + HX-R _—
Alkyne-alkyne coupling (AAC) F .
o cul)
R—— + =R — —_——
: 02 R=—"="""|  Diels Alder (DA)
Ring-opening reaction of epoxides (RO) R
R A
e e — a OOO o
of HO Nu
* |l N-R
Nitrile-azide cycloaddition (ZnANC)
n =\, 0 R
Zn(ll) ~ —_—
R——=N + NaN3 L" N>:N\NH
\\N’ R

Scheme 2.1 Schematic representation of the click reactions that have been used in combination with NMP.

The prominent copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) has been
employed in various fields of synthetic chemistry, in particular, in organic chemistry.'® In
addition, Glaser coupling was applied as a copper-catalyzed alkyne-alkyne homocoupling
reaction (AAC).54 Beside alkynes, also nitriles can react with azides in a zinc-catalyzed
cycloaddition (ZnANC) that can be used in combination with NMP.> Furthermore, thiol
compounds are employed for new click reactions due to their high reactivity towards common
functional groups.'> Among those is the efficient nucleophilic substitution of the para-
fluorine of pentafluorophenyl under ambient conditions that is reported for thiols.>
Commonly, the Diels-Alder reaction (DA) has been employed to construct star polymers or to
engineer self-healing polymers.””>® The ring-opening reaction of epoxides as well-known
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Figure 2.1 Schematic overview of the different pathways towards clicked architectures.

spring-loaded reaction' is used in combination with NMP mostly to introduce other clickable
functionalities or for the attachment to surfaces.” Besides, other metal-free click-like
reactions such as cycloalkyne-azide cycloaddition,” thiol-maleimide addition,®" thiol-alkene
radical addition,” thiol-alkyne radical addition,* thiol-isocyanate addition,** cycloaddition of
alkynes with nitrile oxides,”* or O-hydroxylamine-carbonyl addition® are recently reported
with ATRP or RAFT and might be also applicable with NMP in near future.

There are at least four common ways to combine NMP and click chemistry (Figure
2.1). In a postclick strategy (poC), functional initiators or monomers with clickable moieties
are polymerized towards clickable polymers that can be clicked post to the polymerization. As
a limitation, the clickable moiety must not interfere with the polymerization process or has to
be protected. Hereon, this approach has a wide scope by means of construction flexibility in
comparison to the preclick approach. The postclick approach offers high functional group
fidelity compared to the postmodification approach. In the preclick strategy (prC), functional
initiators or monomers with clickable moieties are clicked prior to the polymerization. This
strategy is used if the clickable unit interferes with the polymerization and cannot be
sufficiently protected. However, in contrast to the stable triazole ring, the Diels-Alder product
may undergo a retro Diels-Alder during polymerization.®® This procedure provides the highest
control over the incorporation of the clicked functionality into polymeric architectures, while
having the lowest scope by means of construction flexibility. The simultaneous/one pot
strategy, where the polymerization and click reaction can happen at the same time, is up to
now only relevant for ATRP.®” The main advantage compared to the other strategies is the
small number of purification steps.

By postmodification, prefunctional polymers with latent groups can be modified with
clickable moieties to obtain clickable polymers. The modification reaction must be efficient,
since it correlates to the fidelity of functional groups in the modified polymer. In this case,
modification as well as clicking is carried out at the polymer, which in principle might
complicate the purification and analysis, in particular for side-chain functionalization.

The use of functional initiators in CRP leads to terminal-functionalized polymers in one step,
whereby the click reactions can be performed either after (postclick) or prior to the
polymerization (preclick) (Figure 2.2). By using unimolecular initiators such as phenylethyl-
alkylated (PhEt) 2,2,6,6-tetramethylpiperidinylnitroxide (TEMPO) and 2,2,5-trimethyl-4-
phenyl-3-azahexane-3-nitroxide (TIPNO) functionalization on both the initiating and the
mediating fragment is possible without influencing the control over the polymerization
allowing for w-clickable and a,w-clickable polymers in a one-step procedure.®® Until now,
clickable moieties are only attached to the initiating fragment due to the intrinsic higher end-
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Figure 2.2 Schematic representation of the different pathways using clickable initiators.

group fidelity. In contrast to the clickable monomer route (Figure 2.3), lower concentrations
of the clickable units reduce side reactions upon polymerization, allowing for controlled
polymerizations with high end-group fidelity.

Although for NMP only few examples were described up to now which is related to
the higher reaction temperatures compared to other CRPs, it is the perfect match for the
polymerization of styrene: An a-alkyne-functionalized PhEt-TIPNO was used in the
homopolymerization of styrene (St) resulting in a-clickable PS.” Thereby, the p-phenylic-
attached alkyne was trimethylsilyl-protected to inhibit side reactions during polymerization,
e.g. H-abstraction, polymerization along the triple bond,”" and addition of nitroxide radicals to
the alkyne.”” In addition, a-alkyne-functionalized PhEt-TEMPO initiators were reported for
the controlled homopolymerization of St without protecting the alkyne.” The higher stability
of the alkyne is ascribed to the alkyl-spacer that avoids conjugation with the aromatic ring.
Since NMP does not interfere with the azide-alkyne cycloaddition, either simultaneously
(one-pot/one-step) or subsequently (one-pot/two-step) clicking an azide-functionalized
polymer can be performed.” In contrast, p-(azidomethyl)phenylethyl-TIPNO was used in prC
polymerization or postmodification of St due to the side reactions of the azide at 120 °C with
the vinylic double bond of the monomer.”” However, the preclicked triazole moiety revealed
an influence on the polymerization of NiPAM and n-BA and required a rigid spacer to the
alkoxyamine to suppress electronic and hydrogen bonding interactions.” Besides, also
anthracene or furan-protected maleimide can be attached to TEMPO-initiators for Diels-Alder
reactions, but can be only used in prC polymerization of St due to side reactions (i.e. retro-
Diels Alder reaction) under NMP conditions.”

Clickable monomers can be used to synthesize pendant functionalized polymers (Figure 2.3)
that can be easily modified in a grafting-onto approach via click chemistry. Thereby, the
clickable monomer can be homopolymerized or copolymerized to obtain versatile random-,
block- or comb polymers. In contrast to the initiator approach, side reactions involving the
reactive click functionality are pronounced by the higher concentration of the monomer
compared to the initiator. To circumvent such side reactions, either the clickable unit has to be
protected or the polymerization time has to be reduced. According to this, the alkyne-
functionalized monomers hast to be protected by, e.g., the trimethylsilyl group (TMS),
because the terminal alkyne is known to be thermally instable under NMP conditions causing
radical addition to the triple bond.”” Thereon, TMS-protected alkyne-functionalized styrene
was copolymerized with St using PhEt-TIPNO as initiator in a controlled way with contents
of the alkyne monomer up to 20%.
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Figure 2.3 Schematic representation of the different pathways using clickable monomers.

This post-click approach was used to prepare various random copolymers and amphiphilic
diblock copolymers with acrylates.”””® By increasing the content of the protected alkyne
monomer, control was lost, due to sterical hindrance and/or recombination of the nitroxide
and the TMS group. This can be circumvented by either using an excess of free nitroxide or
(i1) by implementing a methoxy group as a flexible spacer between the styrene and the alkyne
moiety allowing for low molar mass homopolymers and diblock copolymers with pendant
alkyne groups.” Furthermore TMS-protected propargyl acrylate and acrylamide can be
randomly copolymerized with their parent monomers using PhEt-TIPNO as initiator,”® while
acrylonitrile that can be clicked via 1,3-dipolar cycloaddition with azide to the tetrazole ring
can be polymerized with TEMPO/dibenzoylperoxide as a bimolecular initiator.*® Due to the
high temperature in NMP no azide-functionalized monomers were polymerized by NMP.

As a potential styrene derivative, pentafluorostyrene can be polymerized by NMP using the
commercial available p-phosphonylated alkoxyamine (BlocBuilder) or a terpyridine-
functionalized PhEt-TIPNO towards homopolymers and random or diblock copolymers with
styrene. In a post-click approach, the para-fluorine can be substituted by functionalized
amines or thiols under mild conditions.

In addition, commercial available glycidyl methacrylate is thermally stable under
NMP conditions and can be copolymerized with St using PhEt-TIPNO as initiator. Although
subsequent ring opening of epoxides represents an efficient click reaction it is lacking
selectivity and is mostly used as an efficient reaction to introduce more selective click binding
sites.”’

Postmodification reactions are used to transform latent functional groups into clickable
units, whereby the polymer can be modified either at pendant or at terminal positions (Figure
2.4). The a-terminus of the polymer is more preferred for modification in comparison to the
w-terminus due to the intrinsic higher end-group fidelity caused by radical termination
reactions during polymerization for the latter. As a consequence, polymerizations intended for
w-postmodification were kept at low conversions.

Side group

End group

Figure 2.4 Schematic representation of the postmodification of the polymers side-chains or end-groups.
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The most prominent approach for a postmodification on the a-terminus in NMP (Figure 2.4)
uses upon polymerization functionalized PhEt-TIPNO alkoxyamines with a para-benzylic
chloro-group on the initiating fragment (CI-CH,-PhEt-TIPNO) prior the substitution of the
chlorine against azide with sodium azide.™

In contrast, modifications on the w-terminus deal with the exchange of the nitroxide
moiety. In first experiments the propagating radical of polystyrene, polyisoprene and poly(n-
butylacrylate) was trapped by N-functional maleimide at elevated temperatures.*” In related
experiments it was shown that N-pentafluorophenyl maleimide or protected N-propargyl
maleimide could be incorporated into ATRP polymers.* Beside thermal cleavage of the
nitroxide, oxidative cleavage of TIPNO-/TEMPO-terminated PS can be achieved under
ambient conditions by single electron oxidation, where the resulting cation-terminated
polymer can be trapped by nucleophiles such as propargyl alcohol.” Due to specific
interactions neither BlocBuilder-terminated nor acrylates can be postmodified by this
technique. The azide functionality could be introduced by modification of the TIPNO- or
BlocBuilder-terminated PS at the w-terminus in a one-step procedure using an excess of an
activated azide or in a two-step procedure, where the w-terminus is prior azidation activated
by bromination.*® Hereon, the azidation of nitroxide-terminated acrylates is not possible by
the one-step technique.”

In contrast to modify end-groups, modification of pendant groups is more influenced
by steric or electronic effects, in particular for homopolymers. Nonetheless, this method is
applied if the direct polymerization of the desired clickable monomers is not possible.
Thereon, acetyl-protected poly[styrene-r-(4-hydroxystyrene)] could be functionalized after
deprotection with propargyl bromide in a Williamson ether reaction to yield the clickable
styrenic copolymer.®”” Another efficient method is the carbodiimide-mediated condensation
with functional amines. In a two-step reaction, a ¢-butyl protected diblock polymer
poly(acrylic acid-b-styrene) was — after deprotection to the free poly(acrylic acid) — activated
by a carbodiimide and under ambient conditions reacted with propargyl- or azido-
functionalized amines.*

In a one-step reaction, succinimide-functionalized acrylates can be copolymerized
with styrene, t-butylacrylate or acrylamide followed by the condensation with azide- or
alkyne-functionalized amines, where the succinimide acts as a protecting and an activating
group.”® However the most prominent method to introduce azides in the side-chain is the
substitution of benzylic chloride with sodium azide in polar media at room temperature. This
approach was used to postmodify homopolymers as well as random and block copolymers of
4-(chloromethyl)styrene to the pendant azido derivatives.®” Furthermore, the pendant benzylic
chloro-group is also accessible for the etherification at room temperature with 9-
(oxymethyl)anthracene in poly(styrene-r-4-(chloromethyl)styrene) towards the diene-
functionalized polymer acting as the precursor for subsequent Diels Alder reactions.®

Click chemistry and NMP emerge as a potential combination: By utilizing the
approaches of clickable initiator, clickable monomer and postmodification versatile types of
highly functional tailor-made polymers become accessible such as (i) end-functional polymers
on one or on both sites, (ii) mid-chain functional polymers, (iii) side-chain functional
polymers and (iv) combinations of them that can act as selective building blocks for the
preparation of more complex structures for potential applications in material science and
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biology, e.g. cycles, star-shape polymers, dendrimers, networks as well as selective grafting,
surface attachments and bioconjugation.

Although, the most prominent combinations of click chemistry and CRPs are
nowadays (i) ATRP in combination with azide cycloaddition'' and (ii) RAFT with thio-click
chemistry,” NMP can be combined with various click reactions and has its own advantages in
specific cases.” Thereon, NMP provides the most facile approaches for polymerization of
styrene derivatives, while avoiding the sometimes inconvenient sulphur chemistry of the
RAFT technique. Furthermore, it represents an alternative if the monomer interacts with the
metal catalyst in ATRP or the absence of any traces of metal is required in combination with
the upcoming metal-free click reactions, e.g., for biological applications. In addition, with the
use of alkoxyamines as unimolecular initiators in NMP, where functionalization of both the
initiating as well as the mediating fragment do not disturb the polymerization, a versatile
platform is at hand via the clickable/clicked initiator approach for the synthesis of tailor-made
telechelic polymers with click binding sites.
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3. Assembly of telechelics with supramolecular binding
sites polymerized by NMP in a one-step procedure

Parts of this chapter have been published: A2) U. Mansfeld, A. Winter, M. D. Hager, R. Hoogenboom, W.
Giinther, U. S. Schubert, Polym. Chem. 2013, 4, 113-123. A3) U. Mansfeld, A. Winter, M. D. Hager, W.
Giinther, E. Altuntas, U. S. Schubert, J. Polym. Sci., Part A: Polym. Chem. 2013, 51, 2006-2015. A4) U.
Mansfeld, A. Winter, M. D. Hager, G. Festag, S. Hoeppener, U. S. Schubert, Polym. Chem. 2013, 4,3177-3181.

The preparation of precise macromolecular architectures that contain spatial-defined
supramolecular bonding sites is a main challenge in today’s polymer science in particular with
respect to self-healing and stimuli-responsive materials with controlled properties.”
Prominent classes of non-covalent interactions that are orthogonal to each other are metal-to-
ligand coordination, e.g. 2,2°:6’,2¢-terpyridine,"*"” (tpy) and hydrogen bonding, e.g. 2-
ureido-4[1H]-pyrimidinone,”® (UPy) that can offer both, reversibility and directionality
representing crucial features for the formation of well-ordered supramolecular polymers.'>"
The presence of orthogonal non-covalent interactions expands the range of responsiveness
against external stimuli and enables the opportunity to selectively address them.**'

As it was already discussed in Chapter 2 NMP-initiators tolerate a variety of
functional or reactive groups. Functionalized TIPNO derivatives were initially reported by
Hawker et al. as universal initiators in NMP featuring high end-group fidelity and high
tolerance towards a broad range of functional groups.>*® This was proven to be also the case
for tpy and UPy: Lohmeijer et al. expanded the scope of functional TIPNOs by using tpy-
TIPNO, as initiator, for the synthesis of tpy-functionalized block copolymers via NMP.”' The
initial synthetic strategies towards telechelic polymers was based on a monofunctionalized
initiator’> with a postmodification to attach the second moiety. In contrast to ATRP and
RAFT initiators, TIPNO-based alkoxyamines are even potential initiators in NMP if they bear
bulky functional groups on both the initiating as well as the mediating fragment.*®*” Hence,
they can be used as difunctional initiators for the one-step preparation of o, -functionalized
polymers. Hereon, we already reported the synthesis of the heterodifunctional alkoxyamine 3
as initiator for NMP bearing tpy and UPy as end-groups (Scheme 3.1).”

The functional initiator approach provides, compared to a postmodification approach,
a higher versatility by means of construction flexibility, as the chain length and composition
between the supramolecular binding sites can be varied in less reaction steps without
compromising the end-group fidelity and purification can be simply performed by
precipitation. This makes it appealing for studying the influence of the polymer spacer within
supramolecular architectures.
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Scheme 3.1 Schematic representation of the investigated linear supramolecular architectures using the one-step
procedure of difunctional initiators: (a) PhsP, DIAD, 2,2°:6’,2"’-terpyridin-4’(1° H)-one, MeOH, 12 h, r.t.; (b) cat.
Sn", CHCL,, 18 h, 65 °C; (c) styrene, anisole, 2 to 6 h, 125 °C.

In the summarized work, the formation of different types of linear supramolecular
architectures were investigated using the strategy of difunctionlized initiators in NMP to
construct complex structures in a minimum number of steps (Scheme 3.1): Homotelechelic
macroligands polymerized by alkoxyamine 2 bearing two tpy units were used for the
preparation of a linear homoleptic metallo-supramolecular polymers (Chapter 3.1).
Heterotelechelic macroligands that were polymerized by alkoxyamine 3 bearing UPy and tpy
as end-groups were used to engineer either linear orthogonal supramolecular polymers held
together by homoleptic bis-tpy complexes and self-complementary UPy-dimers in an
alternating fashion (Chapter 3.2) or quasi-triblock copolymers held together by heteroleptic
bis-tpy complexes and self-complementary UPy-dimers (Chapter 3.3).
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Assembly of telechelics with supramolecular binding sites polymerized by NMP

3.1 Homotelechelics towards supramolecular polymers

The homodifunctional alkoxyamine tpy-TIPNO-tpy (2, Scheme 3.1) was synthesized via
Mitsunobu coupling”*® of 2,2°:6’,2”*-terpyridin-4’(1’H)-one with the benzylic hydroxyl
group of the nitroxide framework 1 (Scheme 3.1, reaction a) that was prepared in a multi-step
procedure as reported previously.” The structure of tpy-TIPNO-tpy was confirmed by 1D/2D
NMR spectroscopy and by mass spectrometry (MALDI-TOF MS, HR-ESI MS). The
polymerization of styrene was investigated using 2 as initiator (Scheme 3.2, reaction a). The
polymerization process was investigated up to a conversion of 40%, to ensure high end-group
fidelity (Table 3.1).

Table 3.1 Telechelic polystyrenes using alkoxyamine 2 as initiator at 125 °C with a monomer
to initiator ratio of 200:1 and a monomer concentration of 3 mol L™

time conv. M, M, M, PDI

[min] [%](GC) [g/mol] (theo.)* [g/mol] CHNMR) [g/mol] (SEC)*® (SEC)
4a 320 -- -- 9,500 7,200 1.18
4b 380 40 9,300 12,100 10,100 1.17
4¢c 105 15 4,450 -- 4,500 1.15
4d 245 23 6,150 -- 6,000 1.18
4e 335 39 10,100 -- 9,900 1.16

M, (theo.) represents the targeted M, with respect to the conversion (GC);  after precipitation
of the polymer into methanol; ©a linear polystyrene calibration with DMA as eluent was used.

The polymerizations were controlled with M, up to 10,000 g mol™ and PDI values below 1.2
which was confirmed by kinetic investigations, i.e. the semilogarithmic plot of the
polymerization index (In([My]/[M])) as a function of time and the plot for the molar mass vs.
conversion revealed a linear dependency. The M, values calculated from NMR seem to be
overestimated while the values by SEC fit to the theoretical values (Table 3.1). For the end-
group analysis, the structure of homotelechelic 4a was confirmed by ESI-TOF MS revealing
distributions of the fragment tpy-PS-TIPNO with an unusual cleavage of the second tpy at the
benzylic bond that is ascribed to the ESI process rather than to thermal degradation during

- {[Fe(4b)l(PFelaln

Scheme 3.2 Schematic representation of the polymerization with functional initiator 2 (a: styrene, anisole,
125 °C), homoleptic complexation with Fe'' (b: (i) FeCl,, SnCl,, CHCly/MeOH (ii) NH4PF¢) and in-situ
decomplexation (c: Na;(HEEDTA), MeOH).
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polymerization. Moreover, a small distribution can indeed be related to the non-fragmented
species proving the incorporation of both tpy onto the PS. In addition, 2D (‘H-'H) diffusion-
ordered spectroscopy (DOSY) confirmed that the tpy units were covalently attached to the
polystyrene chain (Figure 3.1).

The complexation of divalent transition metal ions with tpy of the telechelic PS is used
as a strong supramolecular driving force to engineer responsive high molar mass
suprapolymers.”® Hereon, Fe(I) is the most favored metal ion, since it forms bis-tpy
complexes characterized by large binding constant with log K, >> log K;.””*® Despite the
high complex stability constants the Fe(I) complexes are considered to be labile.”” These
characteristics ensure the formation of both responsive and high molar mass suprapolymers
with insensitivity against deviating from the metal-to-ligand ratio of 1:1, which is likely by
using macroligands with averaged masses. Metallopolymer {[Fe(4b):](PF¢).}n was
synthesized in the presence of stannous chloride to avoid oxidation of Fe(Il) prior to
coordination (Scheme 3.2, reaction b). An excess of the metal ion was used to ensure
quantitative coordination of the macroligand and to suppress the formation of rings, as a ring-
chain equilibrium is assumed for the flexible polymeric spacer.'” 2D DOSY measurements
revealed that PS and tpy signals arise from one macromolecular species, due to the same
relative diffusion coefficients (Figure 3.1, left). The responsiveness of the metal complex
linkages against an external stimuli was proven by in-situ addition of Na3;(HEEDTA), as
strong competitive ligand (Scheme 3.2, reaction c): A tremendous decrease in molar mass due
to the decomplexation of the metallopolymer {[Fe(4b),](PFe).}, towards 4b could be
concluded from the significant decrease in the relative diffusion coefficients for the tpy and
PS signals pointing to the absence of monomeric or low molar mass metallopolymer (Figure
3.1, right). However, no molar mass estimation could be performed via the Stoke-Einstein
equation since the correlation between hydrodynamic radius and molar mass differ for the
metallopolymer compared to the macroligand due to the partially ionic backbone. Moreover
M, can also not be determined by SEC since the Fe(Il) bis-tpy complex is not stable under the
conditions used for PS.'""" A theoretical M, estimation of the coordination polymer in solution
suggests M, ~ 10° g mol”, which is based on a ring-chain equilibrium model'” and binding
constants in organic solvents.”®'*® The presented model provides the construction of metallo-
polymeric architectures in a minimum number of steps, which makes it appealing for studying
the influence of the polymeric spacer within complex supramolecular architectures with
respect to the development of efficient stimuli-responsive materials.
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Figure 3.1 2D 'H-'H DOSY spectra of {[(4b)Fe(4b)](PFs),} (left) and 6b (right) (400 MHz, CD,Cl,, 298 K).
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3.2 Heterotelechelics towards orthogonal supramolecular polymers

The synthesis of the heterodifunctional alkoxyamine tpy-TIPNO-Upy (3, Scheme 3.1) via
stepwise functionalization has already been published using the isocyanate coupling of UPy
with the key building block 1 in the last step (Scheme 3.1, reaction b).” The alkoxyamine 3 is
proven to be an efficient initiator for the NMP of styrene up to M, = 15,000 g mol” and
conversions up to 45% (Scheme 3.1, reaction c) while retaining both end-groups.'® The focus
of the present work was to built up linear supramolecular polymers using the heterotelechelics
and to prove the orthogonal assembly and addressability (Scheme 3.3).

Table 3.2 Details for nitroxide-mediated polymerizations using alkoxyamine 3 as initiator.

time [min] monomer M/I conv. M, [g/mol] M, [g/mol]  PDI

[%] (GC)  theor.* (SEC)°  (SEC)
5 300 St 200 35 8,700 9,000 1.17
6 300 St 200 41 9,400 9,300 1.17
7 300 PFSt 200 10,500¢ 1.11

* M, (theor.) calc. from GC; ° linear polystyrene calibration with DMAc; © bulk
polymerization; ¢ linear polystyrene calibration with chloroform.

For the present investigations heterotelechlic polystyrene 5 polymerized with tpy-TIPNO-Upy
as initiator was used (Table 3.2). In addition, pentafluorostyrene (PFSt) was applied as
monomer in NMP, yielding tpy-PPFS-UPy (7) (Table 3.2). As for styrene, good control over
the polymerization was observed after 5 h in bulk with a M, value of 10,500 g mol™ and a
PDI value of 1.13. "H NMR spectroscopy confirmed the incorporation of both end-groups
into the polymer in a 1:1 ratio, while in dichloromethane hydrogen-bonding signals point to
the dimeric form (6),. Molar mass calculations from '"H NMR (M, = 21,500 g mol™) confirm
the UV-vis titration value (M, = 18,500 g mol'l) which shows, beside the formation of the

Scheme 3.3 Schematic representation of the orthogonal assembly of {[(5)M(5)](PFs),}, and {[(7)Fe(7)](PF¢):}n:
(a) (i) MCl,, SnCl,, CHCI3/MeOH (ii) NH4PF); (b) TFA and (c) washing with water.
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metallopolymer with a PFSt spacers (Scheme 3.3, reaction a), the underestimation of M, by
SEC due to the unavailability of a suitable calibration standard. PFSt was polymerized to
show that the initiator is suitable to prepare functionalized styrenes, while additional value
arises in particular from the potential of a click-like side-chain modification via the para-
fluoro position within supramolecular architectures.”®'**'%

For the chain-extension via metal-ion coordination Fe(Il) was chosen as the candidate
since it can be characterized by NMR spectroscopy and is believed to form high molar mass
suprapolymers upon complexation due to the characteristics mentioned in Chapter 3.1.
Although such high molar mass polymers are not expected with zinc(Il) compared to Fe(Il), it
was also used, as (1) it does not suffer from oxidation, (ii) can be characterized by NMR and
(ii1) is a candidate for self-healing materials due to its labile character. The metallo-polymers
{[(5)M(5)](PF¢)2}n (M = Fe(Il), Zn(II)) were synthesized in a chloroform/methanol mixture at
a 2:1 stoichiometry of macroligand to metal ions. In case of Fe(II) ions, an equimolar amount
of stannous(Il) chloride was added to the reaction mixture to prevent oxidation of Fe(II) to
paramagnetic Fe(IIl) (Scheme 3.3, reaction a). SEC could not be performed, due to instability
of Fe(Il) or Zn(Il) bis-tpy complexes under the measurement conditions used for PS.'"' 'H
NMR spectra revealed quantitative shifts of the tpy signals while the hydrogen-bonding
signals remained unchanged proving the orthogonal formation in dichloromethane.

More importantly, 2D DOSY measurements confirmed the presence of the two types
of supramolecular bonds within the chain-extended polymer: The same relative diffusion
coefficients was observed for the tpy, PS and UPy signals of {[(5)Fe(5](PF¢).}n (Figure 3.2,
left). In contrast to the metallopolymer {[Fe(4),](PF¢)2}, in Chapter 3.1 the range of diffusion
is broader, which can be related to the incorporation of the hydrogen bond junction within the
backbone that is less stable in nature than the metal complex. Hereon, the molar mass of the
suprapolymer could be neither calculated nor estimated since in the case of {[Fe(5).](PF¢)2}n
an interplay of multiple kinetic and thermodynamic stabilities with respect to H-bonding and
metal complexation has to be taken into account. The orthogonal responsiveness of the
supramolecular entities was tested by in-situ addition of trifluoroacetic acid (TFA) (Scheme
3.3, reaction b): The H-bonding of the UPy dimer was cleaved without affecting the more pH-
robust metal complex or the alkoxyamine as confirmed by "H NMR spectroscopy. In fact, the
disappearance of only the H-bonding signals and a significant change in the diffusion
behavior confirmed the selective responsiveness that results in the disassembly of the
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suprapolymer {[(5)Fe(5)](PF¢).2}n towards the dimer [Fe(5),](PFs), (Figure 3.2). The dimer
[Fe(5)2](PFs), could be further decomplexed in situ towards the monomeric telechelic 5
according to the decomplexation of {[Fe(4),](PF¢)2}n with Nas(HEEDTA) in Chapter 3.1,
where the metal complex was addressed without affecting the alkoxyamine. The dimer
[Fe(5)2](PFs), can be also assembled in reverse towards {[(5)Fe(5)](PFs).}n by washing the
dichloromethane solution with water to remove the TFA (Scheme 3.3, reaction c¢). The self-
assembly of the prepared building blocks towards linear supramolecular polymers with
alternating metal-ion complex and hydrogen-bonding linkage was investigated showing
beside stepwise assembly the selective addressability of the hydrogen bonding against pH
value as an external stimulus since the hydrogen-bonding linkage were switched off without
affecting the metal-ion complex.

3.3 Heterotelechelics towards A(B).A quasi-triblock copolymers

The heterotelechelic macroligand tpy-PS,,-UPy (6) was further used for the orthogonal
assembly via self-complementary hydrogen bonding and heteroleptic metal-ion complexation
with a monofunctional tpy-PEG to built up responsive amphiphilic supramolecular quasi-
triblock copolymers PEG-PS||PS-PEG. While the route of heteroleptic Ru" tpy bis-complexes
via stepwise self-assembly is established, relatively harsh reaction conditions are required.”
Alternatively, a one-pot hetereoleptic complexation with Ni(II) systems can be applied at
room temperature due to an combination of an activated precursor and the characteristic
kinetic stabilities of the Ni(I) mono-complexes in polar organic solvents.””**'%1% The Nj
complexation is, thus, suitable for the present one-pot strategy as it preserves the UPy end-
group that is linked to the PS via the temperature-labile alkoxyamine. For comparison, a
heterotelechelic tpy-PS,-OH (M, = 11,400 g mol™; PDI 1.14) (8) was synthesized with
alkoxyamine 1 as initiator (Scheme 3.1, reaction c). This telechelic was used as a reference
system that avoids the assembly via hydrogen bonding and, thus, maintains the AB diblock
assembly in an aprotic, apolar environment. Scheme 3.4 represents the synthesized
supramolecular block copolymers [(MPEG-tpy)Ni(6),Ni(tpy-MPEG)](PF¢), or [(MPEG-
tpy)Ni(8)](PFy), following the procedure by Mugemana et al. (Scheme 3.4, reaction a).'*®

[((MPEG-tpy)Ni(6)])(PFe)2

N/O
IQA Py

[(MPEG-tpy)Ni(6)]o(PFg)4

H [((MPEG-tpy)Ni(8)](PFe)2
b

Scheme 3.4 Schematic representation of the synthesis and assembly of the supramolecular quasi-triblock
copolymer A(B),A [(MPEG-tpy)Ni(6)],(PF¢); and the reference AB diblock copolymer [(MPEG-
tpy)Ni(8)](PF¢), [a: (i) NiClp, DMF (ii) MPEG-tpy, NH4PF; b: in CH,Cl,].
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The formation of the hetereoleptic Ni(Il) complexes is confirmed by SEC revealing a distinct
shift of the RI traces and characteristic UV-vis absorption bands at 315 and 329 nm.
Hydrogen bonding for the [(MPEG-tpy)Ni(6)](PFs),, however, is suppressed by using
DMAGC/NH4PFs as a polar eluent to maintain the metal complexes. In contrast, 'H NMR
spectroscopy confirmed both: (i) The presence of hydrogen bonding forming dimers of
[(MPEG-tpy)Ni(6)](PFs), and (ii) the quantitative formation of Ni(I) complexes in
dichloromethane (Scheme 3.4, reaction b). While the hydrogen bonding signals are observed
at 10 to 13 ppm, the tpy signals cannot be observed due to the vicinity of the paramagnetic
Ni(II) in the complex. The hydrogen bonding can be cleaved by adding an acid to the solution
neither affecting the alkoxamine'® nor the pH-insensitive Ni' bis-tpy complex.109 The
morphology of thin films of the metallopolymers were investigated by performing atomic
force microscopy (AFM) on spin-coated films without prior annealing.''*''? The films were
spin-coated from a 2 wt% solution of toluene as an unpolar aprotic solvent allowing the self-
complementary hydrogen bonding of the UPy moieties to form the quasi triblock copolymers
(Figure 3.3a,b).

A non-ordered but visible phase separation was present for [(MPEG-tpy)Ni(8)](PFs).
(Figure 3.3a), while for [(MPEG-tpy)Ni(6)](PFe). (Figure 3.3b) only a poor phase separation
with smaller length scale was observed suggesting an influence of the hydrogen bonding on
the solid state morphology and, thus, the formation of dimers towards [(MPEG-
tpy)Ni(6),Ni(tpy-MPEG)](PF¢),. The formation of the amphiphilic polymers via heteroleptic
complexation was also confirmed for both polymers by the formation of micelles in a mixture
of DMAc/water. Since these solvents are strong competitors for hydrogen bondings, both
polymer systems are expected to assemble equally as AB amphiphiles (Figure 3.3c,d).

Attempts to assemble the systems in less polar and less protic solvents allowing for
self-complementary hydrogen bonding via the UPy units are rather complex due to multiple
interlinked parameters: The solubility of the metal complexes, selective solubility for
PEG/PS, proticity, polarity combined with TEM preparation parameters such as freezing
ability for film formation in cryoTEM and vapor pressure for dryTEM investigations.
Therefore, different alternative molecular solvents were tested. While polymer assemblies
were found in some solvents, no significant differences in assembly for the two systems were
observed as it would be expected for AB and A(B);A block copolymers (Figure S1).
However, the system represents a model for the strategy of combining one-step polymerized
telechelic building blocks with one-pot orthogonal assembly of supramolecular binding sites.
This is promising for studying the influence of multiple supramolecular linkages on the self-
assembly behavior of amphiphilic copolymers as the polymeric spacers can be easily varied.

Figure 3.3 Morphology investigations in a spin-coated non-annealed film via AFM (phase images, hard tapping)
of (a) [(MPEG-tpy)Ni(8)](PF¢), and (b) [(MPEG-tpy)Ni(6)],(PF¢)4 as well as in solution via dryTEM of (c)
[(MPEG-tpy)Ni(8)](PF¢), and [( MPEG-tpy)Ni(6)](PF), (scale bars = 200 nm).
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4. Assembly of fluorinated copolymers in solution

Parts of this chapter have been published: AS5) U. Mansfeld, S. Hoeppener, K. Kempe, J.-M. Schumers, J.-F.
Gohy, U. S. Schubert, Soft Matter 2013, 9, 5966-5974.

Beyond the self-assembly of polymers by spatial-defined non-covalent binding sites such as
hydrogen-bonding or metal-complexation entities, supramolecular assembly can be driven by
more general attractive and/or repulsive forces between covalently linked polymer segments
with each other or with selective solvents.> Beside the simplest model of AB diblock
copolymers, ABC triblock copolymers lead to even more complexity of morphologies if the
solvophobic blocks are incompatible to each other. Promising candidates for well-defined
core domain segregation are fluoro-functionalized triblock terpolymers due to their intrinsic
incompatibility against the lipophilic and hydrophilic segments.’***

In this respect, 2-oxazolines represent a well-suited monomer class for cationic ring-
opening polymerization tolerating among a wide variety of functional groups''*'"
fluorinated groups that result in well-defined polymeric architectures.'>''® Recently, a linear
fluorinated ABC terpoly(2-oxazoline) was reported consisting of 2-ethyl-2-oxazoline (EtOx),
a 2-(1-ethylpentyl)-2-oxazoline (EPOx) and a 2-(2,6-difluorophenyl)-2-oxazoline block
(DiFPhOX) (PDiFPhOx-b-PEPOx-b-PEtOX) that results in unique spiral disk-like structures.*’

Based on the unique assembly of the fluorinated ABC terpoly(2-oxazoline) the
influence of the fluorine content within the phenyl-2-oxazoline block on the morphology of
the ABC terpolymer was investigated. For this purpose, a series of poly[2-ethyl-2-oxazoline-
block-2-(1-ethylpentyl)-2-oxazoline-block-2-(Xfluorophenyl)-2-oxazoline] (PEtOx-b-PEPOx-
b-PXFPhOx) structure (X = tri, tetra, penta) was synthesized. Starting from PEtOx-b-PEPOX,
the degree of fluorination of the pXFPhOx block was varied by polymerizing the related 2-
(Xfluorophenyl)-2-oxazoline according to literature procedures (Table 4.1).''>'"7

also

Table 4.1 Series of the investigated fluorinated terpoly(2-oxazoline)s.

Copolymer M, PDI* Molecular composition®  R,*  PDI°
[g mol™] theor. exp. [nm]
PEtOx-b-PEPOx 11,440 1.14  66/33/0 69/31/0 72 0.35

PEtOx-b-PEPOx-b-PTriFPhOx 14,900  1.15  50/25/25 52/34/14 209 0.21
PEtOx-b-PEPOx-b-PTetFPhOx 15,600  1.15  50/25/25 55/24/21 219 0.22
PEtOx-b-PEPOx-b-PPFPhOx 12,900 1.14  50/25/25 57/34/9  69/440  -/-

* SEC results (eluent: N,N-dimethylacetamide with 2.1 g L™ LiCl; PS standards); ® determined
using "H NMR spectroscopy; ¢ from DLS measurements.

A direct comparison of the fluorinated terpolymers with each other has to be critically
evaluated in this case. All investigated systems have slightly different block length ratios,
which is why the difference in assembly can not be exclusively related to the degree of
fluorination, but might also rely on, e.g., the distinct block lengths. The assemblies of the
oxazoline systems in aqueous solution (1 g L) was investigated by cryoTEM. Firstly, the
cryoTEM of the diblock solution reveals spherical and cylindrical assemblies partially densily
packed with dimensions of core and corona suggesting rod-like micelles (Figure 4.1a).
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Figure 4.1 Representative chemical structures and cryoTEM images of assemblies in 1 wt% aqueous solution of
a) PEtOx-b-PEPOX, b) PEtOx-b-PEPOx-b-PTriFPhOx and ¢) PEtOx-b-PEPOx-5-PTetFPhOx.

By introducing the PTriFPhOx block, rod-like but mainly sheet-like features were observed
that tend to stack towards extended aggregates of 200 nm to decrease the surface tension
(Figure 4.1b). The transition from cylindrical assemblies of the diblock to the sheet-like
assemblies of the fluorinated triblock can be promoted by the superstrong segregation
behavior of fluorinated blocks which increases interfacial tension becoming the predominant
assembly force.* The dimensions and the dark contrast of the core suggest a dense packing of
the fluorinated blocks due to the superphobic character and stacking of the fluorinated phenyl
rings caused by dipole interactions of the C-F bonds.'"® By increasing the fluorine content
within PEtOx-b-PEPOx-b-PTetFPhOx, more defined super-aggregates of either entangled
rod-like assemblies or stacked sheet-like features were found with the same dimensions as
observed for PEtOx-b-PEPOx-b-PTriFPhOx (Figure 4.1c).

By further increasing the fluorine content of the PhOx block within PEtOx-b-PEPOx-
b-PPFPhOx (Figure 4.2a), unique round-shaped super-aggregates were found (Figure 4.2c-e).
In addition, a large number of worm-like micelles were observed that are attributed to
kinetically frozen preformed structures''” or a coexistent assembly due to small difference in

Figure 4.2 Assembly studies of PEtOx-b-PEPOx-b-PPFPhOx in aqueous solution (I wt%): a) Schematic
representation of the chemical structure, b) the model of the coexistent lamellar/cubic phases (green/yellow) and
c-e) representative cryoTEM images.
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free energy.'”’ The assembly of side products or educts can be excluded as the formation of
the triblock was characterized by a low PDI value, a monomodal shape and a quantitative
shift of the SEC traces. The spherical aggregates show different structural interiors ranging
from assemblies similar to onion-like multilamellar vesicles, segregated concentric lamellar
features to bicontinuous structures. A full characterization of the interior would require
tomography series for 3D reconstruction, but the structures were not stable enough suffering
from beam damage (see interior in Figure 4.2d). However, analysis of a large number of
aggregates revealed that only spherical structures have been formed excluding cylindrical,
disk-like or elliptical assemblies, since only round-shaped projections were observed. An
explanation can be given by an angle-depended superstructure, described by a “ball of yarn”
model: In contrast to the planar role-up in case of the spiral-assembled PDiFPhOx-b-PEPOx-
b-PEtOx, the rod-like micelles role up spherically along a distinct orientation axis. This leads
to either projections of multilamellar vesicles or to dotted structures by perpendicular
orientation facing the axis of the rod-like vesicles. The thickness of the lamellar core area (12
nm) is in the same range as the dot core area (16 nm) (Figure 4.2d,e), while the corona areas
are of similar thickness (10 nm). In addition, deviation from the ideal model angles are likely
and were often observed by irregular structures showing asymmetric projection features
(Figure 4.3b). Another explanation suggests transitions between lamellar and bicontinuous
structures within the spherical nanostructures. While multilamellar vesicles are well-known,”
the existence of bicontinuous phases in solution is rarely reported'?''* but theoretically
predicted for small surfactant molecules by self-consistent-field simulation.'** Furthermore,
the coexistence of multilamellar vesicles and a cubic phase (Figure 4.2b) for block
copolymers in solution is practically'*'*® rarely reported but theoretically predicted. '*"'*°

In the present case, the interiors of the round-shaped assemblies range from
multilamellar and bicontinuous structures to mixtures were a centered bicontinuous structure
is surrounded by multilamella. The interfacial layer of segregated dotted bands could be
ascribed to a transition between lamellar and bicontinuous morphologies (Figure 4.2d)."**'#
Within all multilamellar structures (Figure 4.2¢) an additional morphology is found in the
very center pointing to either a water content depended morphology'** and/or to a dependency
on the curvature, which increases towards the center. To minimize frustration of the latter,
interfacial tension is decreased by the formation of cubic phases as minimal surfaces, which
generally leads to bicontinuous morphologies."”>"*® This coexistence within a vesicular
assembly was theoretically described for a small amphiphile.”® The avoidance of high
curvature is also observed for aggregates with diameters below 200 nm showing only non-
regular structures (Figure 4.3a). In addition, all aggregates are surrounded by an envelope

Figure 4.3 TEM images of PEtOx-b-PEPOx-b-PPFPhOx in water show a) small spherical assembly with
irregular interiors, b) asymmetric structure and c¢) assemblies after preheating the solution for two days at 70 °C.
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lamella, which is thermodynamically favored as the hydrophilic PEtOx block points
completely out to the solvent reducing interfacial tension of the hydrophobic blocks as it was
predicted by Fraaje and Sevink.'**

According to the spiral-like assembly of PDiFPhOx-b-PEPOx-b-PEtOx the lamellar-
bicontinuous assemblies of PEtOx-b-PEPOx-b-PPFPhOx are suggested to be transient
morphologies. Therefore the solution was heated at 70 °C for 2 days to support the
thermodynamically most favorable morphology: Beside predominantly unilamellar vesicles,
only some multilamellar vesicles were observed proving the transient nature of the segregated
vesicular structures (Figure 4.3c). For all investigated triblock and diblock copolymers, the
formation of rod-like micelles is seen as the preassembly that leads, upon introduction of a
fluorinated block, to additional interactions, e.g. interfacial tension or stacking. This
subsequently causes the self-assembly of the rod-like micelles into transient superstructure
such as spirals, bicontinuous or multilamellar spheres that merge upon heating into vesicles
representing the ultimate equilibrium state of aggregation (Figure 4.4). This rod-to-vesicle
transition is in accordance to classical phase diagrams of surfactants, where this transition is
observed by increasing the concentration of the amphiphile®'**® and is explained via
packing of rods merging into vesicles.''”"*® In this respect, the presented fluorinated
terpolymers introduce the degree of fluorination as a key parameter to tune the complexity of
multi-compartmentalized supramolecular aggregates.
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Figure 4.4 Schematic representation of the structural evolution of the rod-to-vesicle transformation of penta-
fluorophenyl-functionalized triblock terpoly(2-oxazoline)s in aqueous solution: The PEtOx block is shown in
green, the PEPOx block in blue and the PPFPhOXx in red. The transient assembly can be explained by either (I) a
“ball of yarn” assembly of rod-like micelles and/or a (II) coexistence of lamellar and cubic phases (Q) within the
same spherical aggregate.

As a major limitation of cryoTEM, the static nature of the investigation allows only
“snapshots” of the existing morphologies. Thus, hierarchical self-assembly and the direction
of morphology transitions can be only tentatively assumed. For example, it cannot be proven
in the present case if the interior morphology transition starts from the bicontinuous towards
multilamellar vesicles or vice versa. For such dynamic investigations of individual
nanostructures a combined method of the spatial resolution of TEM with a liquid environment
would be necessary, for which initial investigations are the subject of Chapter 5.2.

30



5. Investigation of block copolymer assemblies in ionic
liquids by electron microscopy

Parts of this chapter have been published: A6) U. Mansfeld, S. Hoeppener, C. Guerrero-Sanchez, J.-F. Gohy and
U. S. Schubert, Microsc. Microanal. 2013, submitted. A7) U. Mansfeld, S. Hoeppener and U. S. Schubert, Adv.
Mater. 2013, 25, 761-765.

Transmission Electron micrsoscopy is a powerful tool in polymer science for high resolution
imaging of individual nanostructures, in particularly, in solution.***> However, as solutions of
commonly used organic solvents have to be vitrified upon investigation to sustain the high
vacuum, drawbacks arise including low contrast of organic structure and the lack of studies of
dynamic processes. lonic liquids (IL) represent hereon promising alternative matrices that
benefits from, e.g., negligible vapor pressure and their tunable properties (e.g. viscosity,
proticity and polarity) by a certain combination of anion and cation.**** According to this, IL
can be used as selective solvents for the assembly of block copolymers™' as well as matrices
for high vacuum analyses® which paves the way for the investigation of polymer assembly in
a liquid environment by TEM.

In this chapter, different possibilities to utilize IL for the visualization of self-
assembled polymer structures by TEM will be discussed. The studies focus on polymer
nanostructures in different ionic liquids. Thereby, the influence of the ILs is discussed with
respect to the observed structures. Additionally, alternative staining procedures that can be
applied by utilizing ILs as solvents are discussed in Chapter 5.1. Moreover, a novel approach
is introduced by using ILs as liquid media for TEM that permit the investigation of particle
motion and first observation of dynamic processes which will be discussed in Chapter 5.2.
These studies were performed on different block copolymers by a facile blotting technique of
the IL/polymer solution onto lacey carbon copper grids."*’ The resulting free-standing liquid
films were investigated at room temperature up to 92 °C. Thereby, 16 commercially available
IL were tested considering liquid film formation and electron beam durability (Table S1). The
most suitable ILs forming durable liquid films were imidazolium-based ILs with triflate
(TfO") and bis(trifluoromethylsulfonyl)imide (Tf,N") as counterions, which are known for
their low viscosity and high thermal stability.**

Suitable ILs were first used to screen the assembly of diblock copolymers, e.g. PS-b-
PMMA, PS-b-P2VP, PS-b-PEG and PS-b-PEtOx (Table S2), that were partially investigated
by cryoTEM characterization by several research groups.”®'**"'*" In the present case, different
assemblies could be visualized at room temperature showing micelles, worm-like micelles,
vesicles and stomatocyte-type vesicles (Figure S2). It was shown in literature that the polymer
solubility is mainly governed by the anion.” In addition, different triblock copolymers were
screened in the IL. Among those were the fluorinated triblock terpoly(2-oxazoline)s that are
also investigated in aqueous solution (Chapter 4). Thereby, unique nanostructures of the
polymers were observed in BMIm BF, (Figure 5.1) that are rather different compared to the
nanoaggregates observed in water. As shown for the assembly of the PS-H6-PEtOx polymer
(Figure S2) and PEtOx-b-R-PBuEtOx (Figure S7b), the PEtOx represents a soluble block in
polar ILs. The PEtOx-b-PEPOx-b-PTriFPhOx revealed angular rod-like features that are
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partially dark contrasted depending on the illumination angle, which suggests crystalline
assembly (Figure 5.1a). Also for PEtOx-b-PEPOx-b-PTetFPhOx angular-shaped structures
were observed and were ascribed to crystallisation (Figure 5.1b). In contrast, PEtOx-b-
PEPOx-b-PPFPhOx revealed sheet-like assemblies that tend to stack to each other (Figure
5.1c). The anisotropic angular shapes are ascribed to partial crystallization of the fluorinated
side-chains that influence the shape of the assembly.'*'"'** In fact, crystallization of blocks
within copolymers can drive the shape of assemblies in solution.'** In this vein, fluorinated
blocks are potential candidates for crystallization, due to the high polarity and low
polarizability,'** which results in stacking of the fluorinated phenyl rings due to dipole—dipole
interactions between C—F bonds.''®

200 nm

Figure 5.1 TEM images of polymers in BMIm BF, (1 wt%) of a) PEtOx-b-PEPOx-b-PTriFPhOx shows crystal-
like rods, b) PEtOx-b-PEPOx-b-PTetFPhOx reveals angular structures and c) PEtOx-b-PEPOx-b-PPFPhOx
shows stacked sheet-like assemblies, respectively.

In contrast to the assembly in aqueous solution, the degree of order increases towards the
trifluorinated triblock teroxazoline indicating, beside different block solubility, different
degree of crystrallization of the fluorinated side-chains. By comparing the length of the
fluorinated blocks (Table 4.1) for the three triblock oxazolines, the pentafluorinated block is
rather small and crystallization might not govern the assembly structure like in the case of the
tri- and tetrafluorinated terpolymer. Thus, using IL as selective solvents for polymer assembly
expand the range of diversity towards novel nanostructures while using the same polymer
pool.
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5.1 Ionicliquids as intrinsic staining media

TEM investigations of organic assemblies in commonly used organic solvents generally
suffer from a severe lack of contrast. This is caused by the same density of matter as well as
the same elements (e.g. C, N, O, H) within the object and the medium that are characterized
by low atomic numbers and, thus, low electron scattering abilities.* Therefore, contrast
generation is a crucial issue for characterization of organic nanometric objects.'*® This can be
overcome by adding compounds of high atomic number as staining agents generating contrast
either on the substrate (negative staining) or on compatible assembly areas. However, staining
artifacts and influence on the assembly behavior are common problems.*'**

ILs offer intrinsic staining capabilities that provide high contrast to organic assemblies
by negative staining, since they inherently provide high electron scattering through high atom
number elements of their inorganic anions. By using different methods, selective areas such as
core and corona dimensions of micellar assemblies can be determined without using
additional staining agents. In this context, the core of micelles can be directly visualized by
negative staining. A complementary washing method can be additionally utilized to visualize
selectively the corona of the micelle system as it could be shown for PS-6-PMMA and
PNonOx-b-PEtOx.'*

An unusual selective intrinsic staining was observed for the assembly of polystyrene-
block-poly-2-vinylpyridine (M, [kg mol'] = PS440-b-P2VP3s3) in  l-ethyl-3-methylimid-
azolium ethyl sulfate (EMIm EtOSOs). CryoTEM investigations visualize both core and
corona already in the ionic liquid film (Figure 5.2a,b). PS as an hydrophobic block represents
the core and P2VP as the more hydrophilic block represents the corona area which is soluble
in imidazolium-based IL* although distinct interactions with the IL are reported."*’""*! The
core shows a negative contrast, while the corona shows an unusual darker contrast compared
to the surrounding. Although dichloromethane was used as cosolvent, non-spherical micelles
were found pointing to non-equilibrium assembly conditions. This is caused by an unusual
precipitation of the polymer in the solvent mixture even though P2VP is soluble in
dichloromethane and the IL. The corona thickness of 15 up to 40 nm (Figure 5.2¢) suggests a
high contraction of the corona as the fully stretched P2VP;s3 block is theoretically about 800
nm in length.
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Figure 5.2 Assembly of PS-»-P2VP in EMIm EtOSO;: a) Schematic representation of the chemical structure
and micellar assembly; b) cryoTEM image (scale bar 200 nm) and c) statistical analysis of the corona thickness.
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Figure 5.3 a) RtTEM images of burst free-standing IL film shows contrast of the coronae; b) Schematic
representation of hydrogen bonding of imidazolium cations with the nitrogen atom of P2VP; c) the TEM image
reveals expanded coronae at 92 °C and at a high electron dose (scale bars = 200 nm).

Subsequently, several potential origins for the dark contrast were elucidated. Matter thickness
can be an issue if, e.g., the objects are not completely embedded within the IL films.
This could be excluded as the corona contrast was also visualized in burst films by rtTEM,
were the structure is expected to be completely surrounded by the IL (Figure 5.3a). The dark
contrast is ascribed to an interplay of (i) high atom number of the material’s containing
elements and (ii) the high density of matter. Concentration of high atom number elements (S
of the anion) within the corona can be caused by supramolecular interactions of the IL with
2VP represented by hydrogen bonding where the imidazolium cation acts as hydrogen
donor'**"** with the pyridine nitrogen'*>"*® (Figure 5.3b) or by cation-r interactions with the
pyridine ring."””"** As a consequence, the EtOSO; is attracted to the positively charged
corona causing the contrast.””"">® The unusual precipitiation in the cosolvent/IL mixture is
tentatively ascribed to the formation of a charged corona upon addition of the IL, causing the
incompatibility with the organic solvent. Charged coronae are up to now not reported in ionic
liquids, but the contraction of a polyelectrolyte corona'®'" as well as a phase separation into
a densely packed inner corona with a diluted outer part'®'"'®* were reported upon salt addition
in molecular solvents. In this case, the contrast of the corona in TEM is supported by the high
density of matter. The corona contraction can also be caused by nonionic temperature-
dependent solubility, which was observed for P2VP in BMIm TfO'*"** and BMIm T£,N'*
leading to chain stretching. In the present case, larger corona thickness of 60 to 80 nm in free-
standing IL film at 92 °C and at high electron doses were observed (Figure 5.3c). The
temperature-dependency does not necessarily contradict the term of corona charging upon
hydrogen bonding, because the elevated temperature supports chain flexibility. This increases
the possibility of interactions with the IL-cation resulting in charging, which leads to a higher
solubility in a polar medium. Although this method is restricted to polymer-IL systems with
distinct interactions between corona block and the ionic liquid, the intrinsic staining enables
the visualization of the corona in their liquid environment avoiding drying or staining artifacts
and is applicable for flexible/labile assemblies.

In the course of larger irradiation times it was found that vitrified IL films of EMIm
EtOSO; and 1-butyl-3-methylimidazolium triflate (BMIm TfO) melt in a heterogenic way
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Figure 5.4 CryoTEM images of PS-b-P2VP: The contrasted corona in EMIm EtOSO; (a) was confirmed after
electron irradiation via melting (b); for BMIM TfO the corona is not visible in cryoTEM (c) but shows contrast
after electron irradiation (d) (scale bars =200 nm).

while maintaining the core and coronal areas of PS-»-P2VP (Figure 5.4). Such visualization
upon electron irradiation was recently described by Talmon ez al. for PS-b-P4VP in DMF.'®
For both ILs, no alteration of the PS core diameter was observed upon electron irradiation.
Furthermore, the thickness of the contrasted corona in EMIm EtOSO; could be confirmed
(Figure 5.4a,b) making the melting of ILs in cryo-TEM reliable for the determination of the
corona thickness. Analogue heterogenic melting was observed in 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (Emim Tf,N) and 1-butyl-pyridinium
bis(trifluoromethyl-sulfonyl)imide (Bpy Tf,N) (Figure S3).

Interestingly, no corona contrast was observed for PS-»-P2VP in BMIm TfO (Figure
5.4c). This can be caused by a different solubility and/or by reduced H-bonding interactions
between the cation and the P2VP compared to EMIm EtOSO;. This is ascribed to a
competition between the formation of polymer—cation (inter-solvent) and cation—anion (intra-
solvent) hydrogen bonds, where the latter is promoted by additional hydrogen bonds of the
cation to the fluorine atoms of the triflate anion in the case of BMIm TfO.""*!** The strong
influence of the competition of hydrogen bonds (e.g. inter- vs. intra-solvent/polymer, between
polymer and solvent) is illustrated by comparing the polymer solubility in imidazolium-based
ionic liquids that increases by H-bonding between solvent and polymer: P2VP is soluble due
to weak intra-polymer H-bonding, while P4VP is insoluble due to strong intra-polymer H-
bonding.’*'®> Nonetheless, in both ILs (TfO and EtOSO;) the micelles were separated to
each other suggesting the stabilization of the coronal blocks by charging. In contrast,
assemblies in IL with Tf,N" tend to agglomerate (Figure S3), which indicates less charged
coronae and, thus, even more pronounced intra-solvent hydrogen bonding of EMIm" to Tf;N'".

Upon electron irradiation the corona areas become visible in all cases (Figure 5.4d,
Figure S3) with similar thicknesses suggesting high contraction equal to the coronae in EMIm
EtOSOs;. The non-contrasted corona in BMIm TfO, although similar contracted, supports the
assumption of distinct interactions between EMIm EtOSO; and P2VP, since the physical
density cannot be the only reason in this case. Electron irradiation of the cryogenic IL film
may be used as a method for visualization of distinct polymer areas in its liquid-like state
avoiding drying artifacts as long as the assembly dimensions are not influenced by the
radiation damage.
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5.2 Investigation of motion and dynamics of polymeric assembly

Dynamic processes on the nanometer scale are important phenomena in liquids and fluids
representing key questions in many biological'®*'”® and technological processes.'”' Among
those are self-assembly processes of natural and synthetic molecules into supramolecular
structures.'>'® Most of the investigations of such processes rely nowadays on NMR
spectroscopy' "> and scattering techniques (e.g. static and dynamic light scattering, small-
and wide-angle X-ray scattering and small-angle neutron scattering),'®*'"*'" which provide
only average information over a large number of structures. These techniques lack the
observation of individual processes on the level of nano-objects in liquids. Although TEM
permits a sufficiently high spatial resolution, the incompatiblity of the inherently high vacuum
conditions with commonly used liquid matrices restricts to consecutive cryoTEM
investigations.'””"® This allowes only for vitrified “snapshots” of solution-like states that
may be altered by cryogenic artifacts and lacks the real-time observation of nano-object
dynamics. Recently, TEM-compatible liquid cells were employed to provide a sealed
environment for liquid samples that allows for continuous observation of objects, but contrast
is a critical issue for organic material at film thicknesses at which unperturbed motion is
assured.'®! 1%

By using suitable ILs as liquid matrices most of the restrictions described above can be
omitted due to their negligible vapor pressure,”’ electronconductivity and wide liquid phase
range.”® Thereon, ionic liquids were up to now used in TEM for in-situ observation of
dynamic processes of inorganic materials on the nanometer scale.'®'* Due to the intrinsic
staining ability (Chapter 5.1) and their selective solvation of block copolymers,”®'** IL are
also promising for dynamic investigations of polymer assemblies. However, up to now, the
investigation of motional or dynamic processes of polymeric assemblies in IL has been rarely
reported.lg7'188 The present work describes the assemblies of, e.g., PSsqox-b-P2VP3s3c and
PSi100k-b-PEG34c  in  selective solvents for P2VP and PEG such as 1-ethyl-3-
methylimidazolium ethylsulfate (EMIm EtOSOs) or 1-butyl-3-methyl-imidazolium
tetrafluoroborate (BMIm BFj) by the cosolvent method.'* Tonic liquids can form, stable free-
standing films over different length scales'® due to their characteristic surface tension.*® As
such, sufficiently thin free-standing IL films can be prepared by standard blotting procedures
onto lacey-carbon grids with varying hole diameters ranging from 200 nm up to micrometers
which are stable under electron irradiation (Figure 5.5a). At high electron doses the liquid
character of the films becomes obvious by bursting, while drops remain on the lacey carbon
support (Figure 5.5b,c). In this liquid media, micellar and vesicular assemblies of PS44ox-b-
P2VP;s3 could be resolved by TEM with good contrast, caused by the intrinsic staining of IL
as described in Chapter 5.1 (Figure 5.5d). In addition, the durability of the free-standing films
allow for high electron doses with minor beam damage as compared to common cryoTEM
investigations. However, for the visualization of motion, relatively low electron doses have to
be applied, as high doses result in inhibition of motion after a certain amount of time. An
explanation for the “solidification” of the IL might be the radiation-induced radical generation
and redox reactions of cation and anion,"**'*® which might lead upon recombination to IL
oligomers and, thus, to an increased viscosity.'”' > Alternative explanations for this effect
might be seen in (i) the adhesion of particles to bars by charging effects and (ii) the film
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1 1000 nm

Figure 5.5 RtTEM images of free-standing films of EMIm EtOSO; (a), proving the liquid phase by bursting
(b,c) and assembly of PSy0x-H-P2V P35y

thinning caused by material flowing of the IL due to charge or heat heterogeneity upon
irradiation.**!'%! However, at sufficiently low electron doses, particle movement of PS44o-b-
P2VP;50x in EMIm EtOSO; could be followed continuously over an image sequence of up to
140 measurements with a time resolution down to 450 ms (300 ms acquisition; 150 ms read-
out) until the motions stop. The film thickness seems to play a crucial role. It was observed
for thick films of PEG-b-PS in BMIm BF, that even at high electron doses motion could be
observed up to 500 measurements with a time resolution of 800 ms (Figure S6). However, a
sufficiently thin film is required for high resolution. Although objects in thick films were
observed to move from the top to the bottom surface, the motion in the films is practically
reduced to two dimensions and depends crucially on the viscosity of the IL that can be
influenced by temperature. Thereon, heating the sample increases the velocity of the objects
within a device-limited temperature range of 20 up to 92 °C. In this vein, different pathways
of individual assemblies of PSssox-H-P2VP350c in EMIm EtOSO; were followed at 92 °C
(Figure 5.6a,b) and the motion of the encircled micelles was analyzed by mean-square-
displacement (MSD) calculations'”>"'** represented by related MSD plots (Figure 5.6¢). At the
beginning of imaging all the plots increase linear by time which is a basic criterion for a
random walk model of the particle motion. Thereby, different slopes point to different
velocities within the ionic liquids that are ascribed to heterogeneity in the film. The black- and

Figure 5.6 Analysis of an image sequence of PSy-b-P2VP35¢ vesicles in EMIm EtOSO; showing different
dynamic pathways: a) The initial positions of the encircled vesicles, b) the later position of the encircled vesicles
and the related individual trajectories within 24 s and c) the motion analyzed by mean-square-displacement
(MSD) calculations [recording duration: t = 32 s with 800 ms/frame (300 ms accumulation, 500 ms read-out);
120 kV TEM voltage, 92 °C holder temperature].
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in particularly the red-marked particles perform at some stage a large directed displacement,
represented by a characteristic devolution of the slope. The abrupt directed motion is ascribed
to long range-attraction by, e.g., charging effects. In contrast, the yellow- and blue-tracked
particle resembles more linear relationships suggesting a random walk along the imaging
series. Characteristic for all plots is the change in slope for large time intervals which is
related to the particle deadlock at the rim of the free-standing film due to attraction to the
lacey carbon support. The coexistence of these multidirectional movements in a small sample
area and the characteristic of random walk point to individual motion of the nano-objects
rather than to a passive motion with the IL film (e.g. convective flow). In general, different
kinds of motion where observed: i) Convection (Figure S4), (ii) Brownian motion and
diffusion (Figure 5.7b) as well as iii) oscillation (Figure S5) and rotation (Figure S6).

As the viscosity decreases by increasing temperature a comparison of the averaged
MSD over a number of particles at 25 and 92 °C (Figure 5.7a,b) revealed the temperature
dependency of motion represented by a larger slope at 92 °C (Figure 5.7¢) and, hence, faster
diffusion in the IL. The depletion of the slope of the averaged MSD for 92 °C at large time
intervals is characteristic for a confined random walk that is expected for the confined space
spanned by the IL film and might be influenced by the film dimensions, adhesion of the
particles to the bars of the lacey carbon, additional charging effects, and/or by interactions of

the particles. Furthermore, an increase in diffusion by time is observed by the increased slope

of the plot for tracking at 25 °C, which might be a result of heating of the IL upon beam
44,181

irradiation.
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Figure 5.7 Temperature-dependent analysis of the motion of PSy-b-P2V P35 vesicles in EMIm EtOSO; by
means of the mean-square displacement (MSD): (a) The tracking lines of particle motion at 25 °C, (b) the
tracking lines of particle motion at 92 °C and c) the averaged MSD at the different temperatures (25 °C bottom
curve, 92 °C top curve), revealing a significant increase in diffusion of the particles at the higher temperature.

Additionally, a collective movement of individual vesicles of PEG-b-PS in BMIm BF, was
observed (Figure S6) pointing to an entanglement of the corona of the P2VP blocks. It was
found that the dimer tends to rotate, while neither separation nor fusion of the vesicles was
observed. In general, no deformation of assemblies, i.e. no change in shape as well as no
fission or fusion processes were observed. This suggests stable aggregates related to the rigid
PS block, which is expected to be in a state below the glass transition temperature. In contrast,
deformation and transitions of assemblies as dynamic processes should be observed by
investigating (i) the present systems at higher temperatures, (ii) block copolymer systems that
contain more-flexible unsoluble blocks or (iii) LCST/UCST block copolymers showing
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assembly/disassembly transitions within the available temperature range between 20 and
90 °C.

Several common polymer classes show temperature-dependent transitions in IL, i.e.,
certain polyacrylates (LCST), polyamides (UCST) or ethylen oxides (LCST) that were
characterized in literature by light scattering methods.””'>® Relevant examples for the
available temperature range between 20 and 90 °C represent PEG derivates *'*® and
PNiPAm."”"" According to this, several diblock systems with short block length to ensure
fast transitions were investigated by in-situ TEM experiments. Although temperature-
depended assembly were frequently observed for bulk polymer-IL solutions, no correlation to
the transition temperature in the film, if present, could be found via TEM imaging. This
suggests the influence of the film dimensions and beam effects on the assembly transition,
which are not understood up to now. However, temperature-dependent transitions in the free-
standing films were concluded for (i) PEG-b-PNiPAm and PEtOx-b-R-PBuEtOx that revealed
partially disappearance of assemblies (UCST) and (ii) PEG-b-PFGE-b-PAGE that showed
appearance of assemblies (LCST) by consecutive TEM imaging of the films at 25 and 92 °C,
respectively (Table S3, Figure S7). However, the transitions itself could not be visualized or
followed by TEM, which is related to interlinked multiple factors, i.e. film thickness related
diffusion, chain flexibility, transition velocity, interaction of IL and polymer with the beam
such as heating, charging, degradation, among others. To minimize the electron dose or
irradiation time and, hence the disturbance of the transition by the electron beam, the
temperature of transition has to be exactly kown within the free-standing film. A crucial,
technical problem was the drift of the TEM holder during in-situ heating that handicaps the
object tracking and imaging.

Assembly/disassembly processes of amphiphilic block copolymers can, beside by
temperature changes for LCST/UCST behavior, also be triggered by linking/cleaving of
blocks by non-covalent reversible linkages. In accordance to literature examples of the
assembly of metal-complex linked block copolymers in water,”” the prepared metallopolymer
[(MPEGus-tpy)Ni(tpy-PSeo-UPy)](PFe), (see Chapter 3.3) was assembled in BMIm PF¢ and
Bpy Tf:N via the cosolvent method with dichloromethane. Subsequently the solution was
investigated by rtTEM in free-standing films (Figure 5.8).

The assembly proves the stability of the metal complex in the ILs, where the PEG block
resembles the soluble block and PS the insoluble block. Thereby, the dimerization of UPy via

[(UPy-PSgy-tpy)Ni(tpy-MPEG ,,)](PFg),

Figure 5.8 RtTEM images of a 1 wt% solution of [(MPEGy,-tpy)Ni(6)](PF¢), (b) in liquid films of Bpy Tf;N
showing micellar structure (a) and liquid films of BMIm PF showing large vesicular structures (c).
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hydrogen bonding is expected to be suppressed by the hydrogen bonding competition with the
IL." Large differences in the assembly behavior where observed, since micellar structures
with diameters up to 50 nm were found in Bpy Tf;N, while large vesicles with diameters up to
micrometers were observed in BMIm PFg (Figure 5.8). The difference in the assembly
behavior is ascribed to either differences in selective solubilities of the IL**' and/or to
electrostatic repulsion of complexes in dependence of the surrounding anions.”** Up to now,
neither motional nor dynamic processes of the nanostructures were observed by rtTEM
investigations. However, the diversity in structure by just changing the IL enables
investigations of, e.g., micellar or vesicular structures of metallopolymers by using the same
polymer system. Moreover, the adressability of the metal complex203 in combination with the
liquid environment offers theoretically the in-sifu investigations of diassembly processes that
are induced by the cleavage of the metal-complex linkages between the blocks.

Since up to now no assembly/disassembly process of the structures could be
visualized, the investigations were focussed on the deformation of assemblies as a more basic
dynamic process. The deformation in solution is promoted by the flexibility of the blocks.
Therefore, low T, polymers were chosen as the model system. In the present case,
polybutadiene-block-poly(N,N-dimethylaminoethyl methacrylate) (PBs;-b-PDMAEMA o)
was investigated (Table S2), where PB represents a prominent example for a low T, polymer
insoluble in IL."* The polymer was assembled in BMIm Tf;N (2 wt%) showing vesicles up to
300 nm (Figure 5.9). Motional processes of the objects were already observed at 25 °C in the
free-standing IL films, which is caused by the low viscosity of the IL and the short soluble
polymer block compared to the PS-b-P2VP/EMIm EtOSO; system. Although at 92 °C no
fusion/fission processes of vesicles could be visualized, characteristic deformations of
vesicles were observed upon electron irradiation that could be followed for up to 30 s (Figure
5.9). An explanation for the characteristic deformations can be given by the pronounced
evaporation of the cosolvent upon heating caused by irradiation. This leads either to the burst
of vesicle as a fission process of the bilayer membrane or to the transition of the cosolvent
through the intact membrane causing a suction of the membrane to the inner compartment.”**
In addition, fission of the membranes can be caused by thermal degradation of the polymer
blocks as it is known for PDMAEMA at temperatures above 150 °C in water.”””

Moreover, dynamic processes can be observed by visualization of soluble blocks,
which are highly flexible in its dissolved state. In fact, in the course of investigating the
intrinsic stained corona of PS-H6-P2VP in EMIm EtOSO; (Chapter 5.1), corona expansions

Figure 5.9 TEM image series shows the evolution of motion and deformation of vesicular structures of PBg;-b-
PDMAEMA |y in BMIm TE,N [recording duration: t = 30 s with 450 ms/frame (300 ms acquisition, 150 ms read-
out); 120 kV TEM voltage, 92 °C holder temperature, scale bar = 400 nm].
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Figure 5.10 TEM images of the dynamic expansion of the P2VP corona of PSy4x-b-P2VP350x in EMIm EtOSO3
upon electron beam irradiation. The corona thickness was analyzed showing non-linear expansions with
increased slope by time [recording duration: t = 12 s with 450 ms/frame (300 ms acquisition, 150 ms read-out);
120 kV TEM voltage, 92 °C holder temperature].

were observed upon initial irradiation at 92 °C (Figure 5.10). The expansion is not fully
understood and tentatively ascribed to either coulomb repellence of the charged corona by
interaction with the electron beam or to an increased solubility upon heating by the
irradiation.'**"*° The diagram in Figure 5.10 shows the dependency of the corona expansion
by electron irradiation that increases non-linearly by time. Thereby, sterical repellence of the
structures from the bars and each other was observed, while at the same time the contrast of
the coronae were faded.

Although the presented initial examples of dynamical processes were affected by irradiation,
they allowed for the first time the in-situ visualization of individual polymer dynamics at the
nanometer scale. The examples illustrate the possibilities of using ionic liquids for time-
dependent dynamic investigation of individual supramolecular assemblies or other nano-
objects (e.g. nanoparticles) in free-standing liquid films by rtTEM. Although the freedom of
motion is reduced for particles with dimensions equal to the film thickness, bulk solution-like
environment is assumed for motions and dynamics of particles with small dimensions.
However, to transfer relyable results to a real liquid environment,**® intrinsic dynamics of the
IL in the films as well as irradiation effects (e.g. heating, degradation, charging, solidification;
Figure S8) on polymer and the IL have to be understood. In this vein, the use of new

radiation-resistent IL*"’ offer potentials to minimize beam damage effects.
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Summary

Understanding self-assembly of matter on the nanometer scale is a crucial issue in modern
materials’ science to increase the control over novel and improved properties such as
responsiveness and reversibility for, e.g., sensoric or switchable materials. Such features
became accessible by combining non-covalent interactions (i.e. metal-to-ligand coordination
and hydrogen bonding) with soft matter (i.e. organic polymers). This combination was
promoted by the vast development of controlled radical polymerizations in the last two
decades. Not only the precise control over the polymeric structure is accessible but also the
tolerance against a variety of functional groups or even reactive moieties for “click” reactions.
Moreover, the placement of the functional groups is well-defined, which is crucial to design
the structure of artifical supramolecular assemblies. Thereby, functional groups can be
incorporated as end-groups onto the polymer chain by using functional iniators. For the one-
step functionalization of both chain ends, nitroxide-mediated polymerization represents a
powerful method, since alkoxyamines as initiators can be functionalized on both the initiating
and the mediating fragment without disturbing the polymerization.

As previously reported, a heterodifunctional phenylethyl-alkylated 2,2,5-trimethyl-4-
phenyl-3-azahexane-3-nitroxide (TIPNO) that was functionalized with 2-ureido-4[1H]-
pyrimidinone (UPy) on the nitroxide and 2,2°:6’,2°’-terpyridine (tpy) on the initiating
fragment, can be used to polymerize styrene (St) in a controlled way. In this work the
orthogonal assembly of the heterotelechelics via metal-ion complexation of zinc(Il) and
iron(IT) with alternating non-covalent linkages of hydrogen bonding as well as the in-situ
disassembly of the hydrogen bonding by changing the pH value while the metal complex of
iron(Il) remained intact is described. In addition, it was shown that the initiator is capable for
the bulk polymerization of pentafluorostyrene resulting in telechelic polymers that represents
a potential multifunctional scaffold for para-fluoro-nucleophile substitution while orthogonal
supramolecular bonding via metal coordination and the formation of the hydrogen bonding
was proven. The heterotelechelic PS were in addition employed for the preparation of
metallo-block copolymers. By using a recently introduced protocol for a mild heteroleptic bis-
terpyridine complexation with nickel(I), tpy-functionalized methoxypoly(ethylene glycol)
(MPEG) MPEG-tpy (A) was linked with the heterotelechelic tpy-PS-UPy (B) by
complexation towards an AB amphiphilic diblock metallopolymer leading to micellar
assembly in DMF/water solution. In addition, the system is capable of forming an orthogonal
responsive amphiphilic supramolecular triblock copolymer A(B),A upon dimerization via the
quadruple hydrogen-bonding motif in aprotic media. The influence of the hydrogen bonding
on the phase-separation was also evident in solid films. For comparison, a reference PS-b-
PEG system was synthesized that bears a hydroxy end-group instead of UPy on the PS
starting from the parent hydroxy-functionalized initiator. As a consequence, the reference
system represents only an AB diblock upon complexation that is not capable of forming a
triblock system. In contrast to the pronounced phase separation of the reference system, only
poor phase separation of larger domains was observed for the quasi-triblock polymer that
prove the influence of the hydrogen bonding unit in addition to the metal complex. Analogue
to the heterofunctionalization, the alkylated TIPNO framework was functionalized on both
sites with tpy and used as initiator to control the polymerization of styrene resulting in homo-
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Self-assembly of Self-assembly of In-situ observation of dynamics
telechelic polymers in triblock terpolymers of individual nano-assemblies
non-selective solvents in selective solvents by liquid-film TEM
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Figure 6.1 Overview over the different kinds of supramolecular assembly and methods to study individual nano-
dynamics that were investigated in this thesis.

telechelic tpy-PS-tpy. The homotelechelic PS was self-assembled with iron(II) ions to yield
linear metallo-polymers of high molar masses with a theoretically calculated value of 10°
g mol™. The responsiveness was shown by disassembly towards the monomeric telechelic PS
using a competitive ligand.

Beside linear supramolecular assembly via spatial-defined bonding sites in non-
selective solvents, supramolecular assembly can be driven by more general, i.e., attractive or
repulsive forces between covalently linked block segments with each other or with a selective
solvent. In accordance, the assembly of a series of ABC triblock terpolymers poly[2-ethyl-2-
oxazoline-block-2-(1-ethylpentyl)-2-oxazoline-block-2-(Xfluorophenyl)-2-oxazoline] (PEtOx-
b-PEPOx-b-PXFPhOx) with varying fluorine content (X = tri, tetra, penta) was investigated
by cryoTEM in water. The initial morphology of these systems resembled rod-like micelles,
which tends to aggregate hierarchically towards superstructures depending on the length and
degree of fluorination of the fluorinated block. Thereby, only the penta-fluorinated terpolymer
showed well-defined spherical superstructures representing a unique example of the
coexistence of lamellar and bicontinuous phases. This unique structural feature adds the
degree of fluorination as an additional parameter to tune the complexity of multi-
compartmentalized aggregates in solution. The superstructures were proven to be transient
structures as a rod-to-vesicle transition was observed towards thermodynamically favored
vesicular assemblies upon elevated temperatures.

However, cryoTEM as a static method only allows the development of tentatively
models for dynamic processes, e.g. the direction of morphology transitions. Thereon, ionic
liquids were investigated as observation matrices due to the negligible vapor pressure in the
liquid state that is, in contrast to conventional liquids, compatible with the high vacuum
required for TEM. Suitable imidazolium-based ionic liquids were evaluated with respect to
their ability to form free-standing liquid films and their durability against electron irradiation,
while remaining in the liquid phase. Among those are triflates (TfO") and bis(trifluoromethyl-
sulfonyl)imides (Tf;N"). Different block copolymers were assembled and their behavior in
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liquid films visualized. The motion of PS diblock copolymer assemblies in 1-ethyl-3-
methylimidazolium ethyl sulfate (EMIm EtOSO;) and 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIm BF,), respectively, was investigated by in-situ TEM up to 92 °C
revealing individual motion of particles characterized by single particle tracking and mean-
square displacement calculations. To visualize dynamic processes, different block copolymers
with lower/upper critical solution temperature (LCST/UCST) transitions were tested by pre-
adjusting the temperature of the solution in situ. Unfortunately, no assembly/disassembly
transition could be visualized up to now, although transitions are present within the free-
standing film upon heating in the absence of irradiation for, e.g., poly(ethylene glycol-block-
N-isopropylacrylamide) (PEG-b-PNiPAm). On the other hand, by using insoluble blocks with
low glass transition temperature, e.g. poly(butadiene-block-N,N-dimethylaminoethyl
methacrylate) (PB-b-PDMAEMA), deformations of vesicles were observed in situ at 92 °C
upon irradiation, that is tentatively ascribed to membrane fission.

Ionic liquids were also used as intrinsic staining agents for polymers by negative
staining, due to their high electron scattering ability. In the case of poly(styrene-block-2-
vinylpyridine) (PS-b-P2VP) a characteristic positive stained corona was additionally observed
that was ascribed to hydrogen bonding interactions between P2VP and the imidazolium
cation. As a dynamic feature, upon irradiation an expansion of the flexible stained corona of
PS-b6-P2VP assemblies could be visualized. Furthermore, vitrified IL films revealed a
heterogenic melting upon intense irradiation that can be used for visualization of non-
contrasted areas of polymer assemblies.

The results shown in this thesis discuss the use of difunctional initiators in NMP for
the one-step preparation of telechelic polymers with supramolecular bondings sites and its use
for defined self-assembly towards responsive and amphiphilic linear suprapolymers. Since the
chain length and composition between the end-groups can be varied in a minimum number of
steps, the approach is suitable to adjust the polymeric spacer between the supramolecular
binding sites to optimize features such as reversibility for more efficient architectures with
potential applications as self-healing or stimuli-repsonive materials. Supramolecular assembly
can, on the other site, be driven by self-assembly of covalently bonded block copolymers in
selective solvent. In particular, by varying the fluorine content in the fluorophilic block of
ABC triblock oxazolines unique multicompartment morphology were observed. The fluorine
content represents an important parameter to increase the assembly complexity of artificial
block copolymers in solution. CryoTEM investigations at different temperatures support
furthermore the hierarchical assembly behavior. However, such dynamic processes of
supramolecular systems cannot be sufficiently characterized by cryoTEM as a static method.
The introduction of ionic liquids as liquid media in TEM enables for the first time with low
preparative efforts the possibility to investigate motional and dynamic processes of individual
supramolecular assemblies on the nanometer scale, e.g. membrane fusion and fission.
Moreover, the possibility of adjusting the temperature of the solution in situ offers
possibilities to adjust the diffusion velocity of the objects and to potentially study
temperature-triggered events, e.g. phase transitions of thermoresponsive copolymers.
However, to transfer reliable results to a real liquid environment, the intrinsic dynamics of the
IL in the films as well as irradiation effects on the polymer and the IL have to be understood.
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Zusammenfassung

Die Selbstanordnung von Materie auf der Nanoebene ist heutzutage zu einem nicht mehr
wegzudenkenden Bestandteil der Materialforschung geworden. Nicht zuletzt deshalb, um
neuartige Eigenschaften wie Ansprechfdhigkeit und Reversibilitidt besser zu kontrollieren,
z.B. fiir sensorische und schaltbare Materialien. Solche Eigenschaften konnen durch die
Zusammenfithrung von  nicht-kovalenten =~ Wechselwirkungen (z.B. Metall-Ligand
Koordination oder Wasserstoftbriicken-bindung) mit weicher Materie (z.B. organischen
Polymeren) ermoglicht werden. Diese Zusammenfithrung wurde durch die rasante
Entwicklung der kontrollierten, radikalischen Polymerisation in den letzten 20 Jahren
mafgeblich vorangetrieben. Nicht nur die Kontrolle iiber die Synthese vielfdltiger
Polymerstrukturen konnte erreicht werden, sondern auch die Toleranz gegeniiber einer grof3en
Diversitit an funktionellen, selbst reaktiver Gruppen z.B. der sogenannten ,,Click“-Chemie.
Hierbei lassen sich die Funktionalitidten im Polymer genau platzieren, was unabdingbar fiir die
Kontrolle iiber die Selbstanordnung von supramolekularen Systemen ist, welche auf der
Wechselwirkung jener Funktionalitdten beruhen. Funktionelle Endgruppen konnen hierbei
durch den Einsatz funktionalisierter Initiatoren eingebaut werden. Fiir die Ein-Schritt-
Funktionalisierung beider Kettenenden hat sich hierbei die Nitroxide-vermittelte
Radikalpolymerisation hervorgetan, da die Mdglichkeit besteht, difunktionale Alkoxyamine
als Initiatoren zu verwenden, die sowohl am initiierenden Fragment als auch am Nitroxid
funktionalisierbar sind.

Vor diesem Hintergrund wurde die Selbstanordnung telecheler Polymere mit
orthogonalen supramolekularen Endgruppen in Losung untersucht. Fiir die Synthese wurde
als Initiator flir Styrol (St) ein bereits bekanntes heterodifunktionelles Alkoxyamin auf Basis
eines azyklischen Nitroxids (TIPNO) verwendet, das mit Terpyridin als tridentaten Metal-
Liganden (tpy) und einem Ureidopyrimidin-Derivat als Wasserstoftbriickeneinheit (UPy)
funktionalisiert wurde. In der vorliegenden Arbeit konnte die orthogonale Selbstanordnung
von tpy-PS-UPy zu hochmolekularen alternierenden Suprapolymeren durch die
Komplexierung von Zink(II) oder Eisen(Il) bei gleichzeitiger selbstkomplementirer
Wasserstoftbriickenbindungen bestitigt werden. AnschlieBend konnte die Orthogonalitdt der
nichtkovalenten Verkniipfung im Sinne einer selektiven Schaltbarkeit durch das Aufbrechen
der H-Briicken — ohne dabei die Metallkomplexe zu beeinflussen — gezeigt werden. Die
heterotelechelen Polystyrene konnten dariiber hinaus als Bausteine fiir supramolekulare
Blockcopolymere eingesetzt werden. Durch eine milde heteroleptische Komplexierung mit
Nickel(II)-Ionen wurde homotelecheles Methoxypoly(ethylenglycol) (MPEG-tpy; A) mittels
des bis-tpy Komplexes an tpy-PS-UPy (B) angebunden. Die resultierenden amphiphilen
Metallopolymere AB  zeigten mizellare Anordnungen in selektiven protischen
Losungsmitteln. In aprotischen Losungsmitteln konnen sich dagegen iiber die
selbstkomplementdre H-Briickenbindung quasi-Triblockcopolymere ABJ||BA ausbilden. Der
Einfluss der H-Briickenbindung auf die Selbstanordnung konnte an der Phasenseparation in
diinnen Filmen nachgewiesen werden. Hierflir wurde ein Diblockcopolymer PS-b-PEG (AB)
als Referenz synthetisiert, das anstelle des UPy eine Hydroxy-Gruppe trigt und nicht zur
Ausbildung von Dimeren (AB|BA) féhig ist. Die signifikante Phasenseparation, die fiir das
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Zusammenfassung

Selbstanordnung von Selbstanordnung von In-situ Beobachtung der Dynamik
telechelen Polymeren in Triblockterpolymeren in individueller Nanostrukturen
unselektiven Losungsmitteln selektiven Losungsmitteln durch Flissigkeitsfilm-TEM
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Figure 7.1 Ubersicht iiber unterschiedliche Arten supramolekularer Selbstanordnung sowie Untersuchung ihrer
Struktur und Dynamik, welche in dieser Arbeit diskutiert wurden.

Referenzsystem beobachtet wurde, konnte nicht fiir das ABJ||BA bestitigt werden, was auf den
Einfluss der Wasserstoftbriicken hinweist.

Analog der Ein-Schritt-Synthese heterotelecheler Polymere konnte das TIPNO-
basierte Alkoxyamin auf beiden Seiten mit tpy funktionalisiert und erfolgreich als Initiator in
der Polymerisation fiir homotelecheles tpy-PS-tpy eingesetzt werden. Die anschlieende
Komplexierung mit Eisen(II)-Ionen flihrte zu hochmolekularen Metallopolymeren, die durch
kompetitive Liganden in situ wieder zur monomeren Form disassemblierten.

Neben der linearen supramolekularen Selbstanordnung, die durch Wechselwirkung
rdumlich definierter Gruppen in nicht selektiven Losungsmitteln hervorgerufen wird, kann
Selbstanordnung auch durch attraktive und repulsive Kréifte zwischen kovalenten verbunden
Blocksegmenten und selektiven Losungsmitteln entstehen. Hierzu wurden ABC Triblock
Terpolymere, d.h.  Poly[2-ethyl-2-oxazolin-block-2-(1-ethylpentyl)-2-oxazolin-block-2-
(Xfluorophenyl)-2-oxazolin] (PEtOx-b-PEPOx-b-PXFPhOx) mit variiertem Fluorgehalt (X =
tri, tetra, penta) untersucht. Die Ausgangsmorphologie der untersuchten Polymere in Wasser
stellen wurmartige Mizellen dar, die hierarchisch abhingig vom Fluorgehalt und der Léange
des fluorhaltigen Blocks in komplexere Strukturen iibergehen. Hierbei zeigte besonders das
penta-fluorinierte Terpolymer wohldefinierte Superstrukturen, die eine neuartige Koexistenz
von lamellaren und bikontinuierlichen Phasen aufweisen. Es handelte sich hierbei um
transiente Strukturen, die bei hoheren Temperaturen der Losung zu thermodynamisch
favorisierten Vesikeln iibergehen.

CryoTEM ist wie im genannten Fall zur Aufkldrung komplexer Strukturen eine
unersetzbare Charakterisierungsmethode. Geht es jedoch um dynamische oder hierarchische
Prozesse, wie oft im Falle supramolekularer Systeme, dann ist diese Methode durch den
intrinsisch statischen Charakter der festen Matrix eingeschriankt. Um eine fiir dynamische
Prozesse erforderliche fliissige Matrix zu finden, die kompatibel zu den Hochvakuum-
bedingungen in TEM ist, wurden ionische Fliissigkeiten (IL) als Matrizes getestet, da sie als
Salze einen grofBen Temperaturbereich der fliissigen Phase mit vernachldssigbaren
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Dampfdruck aufweisen. Hierfiir wurden Vertreter der weitverbreiteten Klasse der
Imidazolium-basierenden Salze auf ihre Bestindigkeit gegen den Elektronenstrahl und ihre
Féhigkeit fliissige, freistehende Filme zu bilden untersucht. Als besonders geeignet erwiesen
sich hierbei die Triflate (TfO") und die Bis(trifluoromethylsulfonyl)imide (Tf,N") nicht zuletzt
wegen ihrer geringen Viskositidt. AnschlieBend wurden diese ILs als selektive Losungsmittel
fiir die Selbstanordnung verschiedener Blockcopolymere und deren dynamische Verhalten in
den fliissigen Filmen untersucht. Insbesondere die Bewegungen von Nano-Objekten von PS
Diblockcopolymeren in 1-Ethyl-3-methylimidazoliumethylsulfat (EMIm EtOSOs) und 1-
Butyl-3-methylimidazoliumtetrafluoroborat (BMIm BF4) wurden durch in-situ TEM bei bis
zu 92 °C untersucht. Dabei konnte die Partikelbewegung mit Hilfe entsprechender
Berechnungen der Brownschen Bewegung zugewiesen und damit eine rein passive Bewegung
der Teilchen durch Konvektion der IL ausgeschlossen werden. Um dynamische Prozesse zu
beobachten, wurden Aggregate von Blockcopolymeren mit oberer oder unterer kritische
Losungstemperatur (UCST/LCST) durch in-situ TEM im Temperaturbereich des Ubergangs
untersucht. Es konnte bisher jedoch in den freistehenden Filmen keine dynamischen
Ubergiinge direkt beobachtet werden, obwohl Ubergiinge z.B. fiir Poly(ethylenglycol-block-
N-isopropylacrylamid) (PEG-b-PNiPAm) bei Temperaturverinderung ohne Elektronen-
bestrahlung stattfanden. Demgegeniiber konnte bei Poly(butadien-block-N,N-dimethyl-
aminoethylmethacrylat (PB-b-PDMAEMA) bei dem PB den unldslichen Block mit einer
niedrigen Glasiibergangstemperatur darstellt, Deformationen bzw. Disassemblierungen von
Vesikeln bei 92 °C in situ beobachtet werden. Ionische Fliissigkeiten konnten dariiber hinaus
aufgrund ihrer hohen Elektronenstreuung auch als intrinsische Kontrastmittel verwendet
werden. Im Falle von Poly(styrene-block-2-vinylpyridine) (PS-b-P2VP) wurde zusitzlich in
Losung eine positiv kontrastierte P2VP-Korona beobachtet, die einer Wechselwirkung
zwischen P2VP und dem Imidazolium Kation zugeschrieben werden kann. Zusétzlich konnte
unter Bestrahlung in situ eine Expansion der Korona festgestellt werden.

Die in dieser Arbeit gezeigten Ergebnisse diskutieren difunktionale Initiatoren der
Nitroxid-vermittelte Radikalpolymerisation fiir die Ein-Schritt-Synthese von telechelen
Polymeren mit supramolekularen Funktionalitdten und deren definierten Selbstorganisation zu
responsiven linearen Suprapolymeren. Da die Kettenldnge zwischen den Endgruppen in
einem Minimum an Schritten variiert werden kann, ist diese Priparationsmethode geeignet,
um den Abstand zwischen den supramolekularen Verkniipfungen fiir Eigenschaften wie z.B.
die Reversibilitdt zu optimieren, wodurch sich effizientere Materialien fiir z.B. Selbstheilung
oder Sensoren herstellen lassen. Neben dynamischen Selbstanordnungen, die durch gezielte
supramolekulare Wechselwirkungen in nicht selektiven Losungsmitteln hervorgerufen
werden, lassen sich durch selektive Mischbarkeit von Blockcopolymeren und Losungsmittel
dynamische Selbstanordnungen beobachten. Im vorliegenden Fall wurde die Assemblierung
von ABC Triblock Oxazolinen mit unterschiedlichem Fluorgehaltes des fluorophilen Blocks
untersucht. Dieses Beispiel zeigt, dass der Fluorgehalt des fluorophilen Blocks ein wichtiger
Parameter ist, um die Komplexitit von supramolekularer Anordnung synthetischer
Blockcopolymere in Losung zu erhdhen. Die cryoTEM Analyse der Ldsung bei
unterschiedlicher Temperatur unterstiitzte weiterhin die Annahme der hierarchischen
Assemblierung. Solche dynamischen Prozesse supramolekularer Systeme auf der Nanoebene
lassen sich mit cryoTEM als statische Methode jedoch nicht hinreichend charakterisieren. Die
Einfiihrung von ionischen Fliissigkeiten als fliissiges Medium in Form von freistehenden
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Filmen in TEM =zeigt erstmalig die Mdglichkeit auf, bei minimalem Préparationsaufwand
dynamische Prozesse und Bewegungen von individuellen supramolekularen Aggregaten auf
der Nanoebene, wie z.B. hierarchische Assemblierung oder Membranfusionsprozesse
zeitabhingig zu untersuchen. Zusétzlich ermoglicht die in-situ Verdnderung der
Probentemperatur die Untersuchung temperaturabhingiger Prozesse von individuellen
nanoskaligen Strukturen, wie z.B. der Phaseniiberginge von thermoresponsiven
Copolymeren. Man steht hier aber noch am Anfang der Untersuchungen. Um zuverlédssige
Ergebnisse auf eine konventionelle fliilssige Umgebung {libertragen zu kdnnen, miissen u.a. die
intrinsische Dynamik der ionischen Fliissigkeiten im freistehenden Film sowie die
Strahlungseffekte auf das supramolekulare System und die ionische Fliissigkeit verstanden
werden.
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Supplementary information

Experimental section of Chapter 4

Materials

The Ils depicted in Table S1 were purchased from Iolitec and were used as supplied. Lacey
carbon-coated TEM copper grids (Mesh 400) were purchased from Agar Scientific and were
plasma-cleaned prior to use, for 1 minute.

Instrumentation

For dryTEM the solution was dropped onto a carbon-supported copper grid (Mesh 400), was
dried and subsequently measured at room temperature. For cryoTEM, the solution was
dropped onto lacey carbon-coated grids and for cryoTEM, the blotted specimens were blotted
and were rapidly plunged into a cryogen reservoir containing liquid ethane using an in-
housebuilt controlled environment vitrification system (CEVS). After preparation the sample
were stored and measured using a sample holder (Gatan 626-DH) at a temperature of
approximately —180 °C. The images were recorded with a bottom-mounted lkx1k pixel
charge-coupled-device (CCD) camera from TVIPS. In the case of toluene, liquid nitrogen was
used to vitrify the sample.

Assembly of supramolecular block copolymers in aprotic solvents

For the investigation of orthogonal supramolecular block copolymer [(MPEG)Ni(6)],(PF¢)4
allowing beside metal-ion complexation also for quadruple hydrogen bonding, the assembly
and measurement capability by either cryoTEM or dryTEM was tested in less protic/unpolar
solvents, i.e. toluol, phenyl-decane, decaline, xylol, toluol, diethyl ether. As a reference
system that is not capable of quadruple hydrogen bonding [(MPEG)Ni(8)](PFs), was used.
For this purpose, a 1 g L' solution was prepared using the cosolvent method with
dichlormethane. Only in phenyl-decane, characteristic multicompartment assemblies were
found for both systems that are different from the micellar assembly in DMF/water (Figure
3.3). In the unpolar solvent the PS block is soluble, while the PEG block represents the non-
soluble block. However no significant difference between [(MPEG)Ni(6)],(PF¢)s and
[(MPEG)Ni(8)](PFs), was found suggesting a minor influence of the quadruple hydrogen-
bonding on the assembly in solution in the present case.

100 nm : 100 nm

Figure S 1 DryTEM images of assembly of [(MPEG)Ni(6)],(PF¢), (a,b) and [(MPEG)NIi(8)](PFs), (c,d) in
phenyl-decane.
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Experimental section of Chapter 5

Materials

The Ils depicted in Table S1 were purchased from Iolitec and were used as supplied. Lacey
carbon-coated TEM copper grids (Mesh 400) were purchased from Agar Scientific and were
plasma-cleaned prior to use, for 1 minute.

Instrumentation

The TEM samples were examined using a Phillips CM-120 transmission electron microscope,
operated at 80 and 120 kV. For rtTEM, specimens were investigated using a sample holder
(Gatan 626-DH) at 20 up to 92 °C. For cryoTEM, the blotted specimens were rapidly plunged
into a cryogen reservoir containing liquid ethane using an in-housebuilt controlled
environment vitrification system (CEVS). After preparation the sample were stored and
measured using a sample holder (Gatan 626-DH) at a temperature of approximately —180 °C.
The images were recorded with a bottom-mounted 1kx1k pixel charge-coupled-device (CCD)
camera from TVIPS.

Preparation of the free-standing liquid films

A small droplet of IL solution was dropped onto the lacey carbon grids at ambient conditions
and blotted manually for 5 up to 15 s between filter paper, whereby the blotting times strongly
depends on the viscosity of the IL. The remaining traces of the co-solvent were removed
during the sample-transfer process to the TEM in the prevacuum pumping cycle. The liquid
film formation as well as their durability against the electron beam was tested:

Table S1 Overview of the used IL, their abbreviations and qualitative validation for free-standing liquid film
investigation by TEM.

Ionic liquid Abbreviation | Film formation | Beam durability
1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide EMIm Tf,N + ++
1-Ethyl-3-methylimidazolium dicyanamide EMIm N(CN), + +
1-Ethyl-3-methylimidazolium ethyl sulfate EMIm EtOSO; +
1-Ethyl-3-methylimidazolium diethyl phosphate EMIm DEP + -
1-Ethyl-3-methylimidazolium tetrafluoroborate EMIm BF, + +
1-Ethyl-3-methylimidazolium triflate EMIm TfO + ++
1-Butyl-3-methylimidazolium hexafluorophosphate BMIm PFq +
1-Butyl-3-methylimidazolium tetrafluoroborate BMIm BF, + +
1-Butyl-3-methylimidazolium triflate BMIm TfO + ++
1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide BMIm Tf,N + ++
1-Butyl-3-methylimidazolium iodide BMIm I - -
1-Butylpyridinium bis(trifluoromethylsulfonyl)imide BPy Tf,N + +
1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide | BMpyrol Tf,N + -
Methyl octyl imidazolium tetrafluoroborate MOIm BF, + -
Methyltrioctylammonium bis(trifluoromethylsulfonyl)imide MOsN TH,N - -
Triethylsulfonium bis(trifluoromethylsulfonyl)imide Et;S TEHN - -

" remains liquid after irradiation/ good film formation; “"remains liquid for long irradiation periods; ~bad film
formation, not stable upon irradiation (i.e. bursting, solidification, flowing).
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General preparation of polymeric assemblies in ionic liquids

If not otherwise stated, to prepare a stock solution, the polymer (10 mg) was dissolved in
dichloromethane (400 pL). The ionic liquid (40 pL) was slowly added into the diluted
solution (20 pL of polymer solution and 100 pL dichloromethane) and the dichloromethane
was subsequently evaporated at 60 to 80 °C.

Table S 2 Selection of investigated diblock polymers that show various assemblies in IL.

No. Polymer M, [kg/mol] | PDI
1 PS-b-P2VP? 440-b-350 | 1.19
2 PS-b-PEG" 100-b-34 --
3 PS-b-PMMA® 28-b-10 1.5
4 PS-b-PEtOX" 13-b-2 -
5 | PB-b-PDMAEMA® | 4.5-b-3.5 --
* The polymer was purchased from Polymer Source™; ° the polymers were provided and synthesized by the

group of Prof. U. S. Schubert: 3,2° 4;2%) ¢ the polymer was provided and synthesized by the group of Prof. F.
H. Schacher.*'"

EMIm EtOSO; EMIm EtOSO; BMIm BF,

BMIm TfO BMIm TfO EMIm Tf;N

Figure S 2 Overview of rtTEM images of selected polymers (Table S2) as 1 wt% solution in suitable IL for free-
standing liquid film formation (scale bar = 500 nm).

-

Figure S 3 CryoTEM images of the assembly of PS,40-b-P2V P55 in solution (1 wt%) of EMIm T,N before (a)
and after irradiation (b) as well as of Bpy Tf;N before (c) and after irradation (d).
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Figure S 4 Convection driven movement of micelles by the IL for PS;yx-b-P2VP350¢ in EMIm EtOSO,
[recording duration: t = 51 s with 800 ms/frame (300 ms accumulation, 500 ms read-out); 120 kV TEM voltage,
92 °C specimen temperature].

Figure S 5 Images of a vesicle of PS;qk-b-PEO34¢ in BMIm BF, at 92 °C. a) Analysis of the lateral movement
of an individual vesicle over nine subsequently recorded images within 8 s. A detailed schematic representation
of the particle positions provides the trajectory of the vesicle movement. b-d) Image sequence of an oscillation
cycle of an individual vesicle between two distinct positions. The oscillation was observed over a time scale of
29 s [recording duration: t = 51 s with 800 ms/frame (300 ms accumulation, 500 ms read-out); 80 kV TEM
voltage, 92 °C specimen temperature].

Figure S 6 Image sequence of the collective movement of vesicles (encircled) of PS;gx-b-PEO;4¢ in BMIm BF,
at 92 °C. The vesicle dimer is apparently free to rotate along its axis. The dimer is stable due to the entanglement
of the polymeric coronas [recording duration: t = 51 s with 800 ms/frame (300 ms accumulation, 500 ms read-
out); 80 kV TEM voltage, 92 °C specimen temperature].
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Table S 3 Overview of the block copolymers that show temperature-dependent

standing liquid films.

assembly within the free-

Polymer M, [g mol™] IL ¢ [wt%] | Cloud point

PEG7 s5k-b-PNiPAms 5" 23,000 BMIm BF, 2 ~70 °C (UT)
PEtOx¢7-b-R-PBUEtOx ;" 10,000 EMIm BF, 0.1 ~70 °C (UT)
PEG3;34-b-PFGE,-b-PAGE,," 17,000 EMIm BF, 3 ~80 °C (LT)

* The polymers were kindly provided and synthesized by the group of Prof. U S. Schubert: PEG7s-b-
PNiPAms s, 2" PEtOx¢7-b-R-PBuEtOx5,*'* PEG334-b-PFGE,(-b-PAGE,, according to literature®®'®! with

additional polymerization of PAGE as the third block.

25°C

92°C

Figure S 7 TEM images of the temperature-dependent assembly upon heating of PEG 7 sx-b-PNiPAms s (a, d)

showing dissappearance of structures, PEtOx4;-b-R-PBuEtOx;, (b, ¢) showing partially dissappearance of

vesicles and PEGg334-b-PFGEy-b-PAGEy (c, f) showing appearance of assemblies.

Figure S 8 Room-temperature TEM images of various irradiation effects: a, b) Beam interaction as flowing of
the IL, c, f) polymer film showing negative contrast of the charging and upon radiation contrast inversion caused
by decomposition of polymer and IL as well as d, e) solidification of free-standing films.
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List of abbreviations

AAC
AFM
ATRP
BMIm
CH(Cl,
CHCl;
CRP
cryoTEM
CuAAC
DA
DIAD
DMAc
DMF
DOSY
EMIm
EtOSO;
GC
HEEDTA
HR-ESI MS
IL

K.1.K;
LCST
[M]

[Mo]

alkyne-alkyne homocoupling

atomic force microscopy

atom transfer radical polymerization
1-butyl-3-methylimidazolium
dichloromethane

chloroform

controlled radical polymerization

cryogenic transmission electron microscopy
azide-alkyne 1,3-dipolar cycloaddition
diels-alder

diisopropyl azodicarboxylate
dimethylacetamide

dimethylformamide

difussion-ordered spectroscopy
1-ethyl-3-methylimidazolium

ethyl sulfate

gas chromatography
N-(2-hydroxyethyl)ethylenediaminetriacetic acid
high resolution electrospray ionization mass spectrometry
ionic liquid

stability constants

lower critical solution temperature
monomer concentration

monomer concentration at the beginning

MALDI-TOF MS matrix-assisted laser desorption ionization time-of-flight mass spectrometry

MeOH

M,

MSD
NMP
NMR
P(n-BA)
P2VP
PAGE

PB
PBuEtOx
PDI
PDiFPhOx
PDMAEMA

methanol

molar mass

mean-square displacement
nitroxide-mediated polymerization
proton nuclear magnetic resonsance
poly(n-butyl acrylate)
poly(2-vinylpyridine)

poly(allyl glycidyl ether)
poly(butadiene)

poly(butylethyl oxazoline)
polydispersity index
poly(2-(2,6-difluorophenyl)-2-oxazoline)
poly(N,N-dimethylaminoethyl methacrylate)

65



List of abbreviations

MPEG
PEPOx
PEtOx
PFGE
PFPhOx
PFSt
Ph;P
PMMA
PNiPAm
PNonOx
poC
PPFS
prC

PS
PTetFPhOx
PTriFPhOx
RAFT
RI
rtTEM
SEC

St

TEM
TEMPO
TN
TFA
TfO
TIPNO
TMS
tpy
UCST
UPy
UV-vis
ZnANC
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methoxypoly(ethylene glycol)
poly(2-(1-ethylpentyl)-2-oxazoline)
poly(2-ethyl-2-oxazoline)

poly(furfuryl glycidyl ether)
poly(2-(pentafluorophenyl)-2-oxazoline)
pentafluorostyrene

triphenylphosphane

poly(methyl methacrylate)
poly(N-isopropylacrylamide)
poly(2-nonyl-2-oxazoline)

post-click

poly(pentafluorostyrene)

pre-click

polystyrene
poly(2-(tetrafluorophenyl)-2-oxazoline)
poly(2-(trifluorophenyl)-2-oxazoline)
reversible addition fragmentation chain transfer polymerization
refractive index

room-temperature transmission electron microscopy
size-exclusion chromatography

styrene

transmission electron microscopy
tetramethylpiperidinyloxyl
bis(trifluoromethylsulfonyl)imide
trifluoroacetic acid

triflate
2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide
trimethyl silyl
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upper critical solution temperature
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Preparation of multifunctional and well-defined macromolecules requires a smart selection of the most
suitable controlled polymerization technique in combination with appropriate click reactions. In this
review, we provide an overview on the use of various “clickable” initiators and monomers as well as on
the postpolymerization modifications that have been widely used to construct clickable

macromolecules. As such, this contribution will aid polymer chemists to select a suitable combination

of CRP and click methodologies to design the target structures.

1. Introduction

The synthesis of well-defined polymers has been the ultimate
challenge of polymer chemists in the last decades. The develop-
ment of anionic polymerization by Szwarc et al. opened new
avenues and a new field of materials research.’? Besides, poly-
meric materials have improved the quality of our lives in all areas
from engineering to electronics and medical applications.>>
Following the invention of anionic polymerization, other
possible types of living and/or controlled polymerizations,
cationic and radical, have been widely studied.*® The most
significant controlled radical polymerization (CRP) techniques
to date could be listed as atom transfer radical polymerization
(ATRP),5® nitroxide-mediated radical polymerization (NMP)*!®

“Laboratory — of  Organic  and  Macromolecular ~ Chemistry,
Friedrich-Schiller-University  Jena, Humboldtstr. 10, 07743 Jena,
Germany. E-mail: ulrich.schubert@uni-jena.de; c.r.becer@warwick.ac.uk
"Laboratory of Macromolecular Chemistry and Nanoscience, Eindhoven
University of Technology, P. O. Box 513, 5600 MB Eindhoven, The
Netherlands

“Dutch Polymer Institute (DPI), P. O. Box 902, 5600 AX Eindhoven, The
Netherlands

and reversible addition-fragmentation chain transfer polymeri-
zation (RAFT).""'2 Each of these techniques requires the use of
a dedicated metal/ligand complex, chain transfer agent (CTA) or
nitroxide mediator to gain control over the polymerization of
various monomeric structures. All these parameters have been
extensively investigated in detail and reported by numerous
research groups. Consequently, nowadays well-defined polymers
can be successfully synthesized and characterized by performing
these techniques under specific conditions.

After significant advances in the controlled/“living” radical
polymerization techniques over the last years, functionalization
of the macromolecules has been the following challenge for
polymer chemists. Synthesis of end- or side-functional macro-
molecules has been achieved by using functional initiators,
monomers or end capping techniques. However, these specific
functional groups might have enormous effects on the poly-
merization rate, control over the polydispersity index and the
composition of the polymers. Fortunately, a decade ago, the
click chemistry concept was introduced by Sharpless ez al. that
enables nowadays the preparation of not only telechelic polymers
but also side-group functionalized polymers using clickable
initiators, monomers or polymers.'*' Sharpless and coworkers
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drew attention to several highly efficient organic reactions, such
as the copper-catalyzed [3 + 2] Huisgen cycloaddition reaction
(CuAACQ), which has developed into the most widely employed
click reaction.?** This reaction requires a copper salt and
a ligand as catalysts but proceeds very rapidly and selectively at
room temperature.** Several other efficient organic reactions
have been claimed to be “click” reactions since they fulfilled all or
some of the click chemistry criteria, which can be listed as
modular and wide in scope, high efficiency and high yields, no or
inoffensive byproducts, stereospecific, readily available starting
materials and reagents, no solvent or a benign solvent, and
simple purification techniques.'’

Metal-free click reactions have attracted the greatest attention
in recent years since they eliminate the main disadvantage of
CuAAC click reactions: the use of a copper catalyst.'”*® This
opens new avenues to rapid and efficient reactions that can be

Richard Hoogenboom was born
in 1978 in Rotterdam (Nether-
lands) and studied chemical
engineering at the FEindhoven
University  of  Technology
(TUle; Netherlands). In 2005,
he obtained his PhD under the
supervision of Ulrich S. Schu-
bert (TUle) and continued
working as project leader for the
Dutch Polymer Institute. After
postdoctoral  training  with
Martin Moller at the RWTH
Aachen (Humboldt fellowship)
and Roeland J. M. Nolte at the
Radboud University Nijmegen
(NWO veni-grant), he was appointed as associate professor at
Ghent University from July 2010. His research interests include
stimuli-responsive  polymers, supramolecular polymers, and
poly(2-oxazoline)s.

Richard Hoogenboom

C. Remzi Becer was born in
1980 in Izmir, Turkey. He
received his BSc degree in 2003
at the Chemistry Department of
the Istanbul Technical Univer-
sity (ITU). In 2005, he received
his MSc degree in Polymer
Science and Technology at the
ITU. He completed his PhD
study titled as “Controlling
Polymer Architectures” in 2009
under the supervision of Ulrich
S. Schubert at the Eindhoven
University  of  Technology
(Netherlands) and the Frie-
drich-Schiller- University — Jena
(Germany). Since late 2009, he has been a Marie Curie Research
Fellow in the University of Warwick (United Kingdom). His
research interests include controlled living polymerization tech-
niques, click reactions and glycopolymers.

C. Remzi Becer

employed in, e.g., living organisms.?® Several types of metal-free
click-like reactions have been developed and the most prominent
ones are thiol-ene,'®?”? thiol-yne,?**° thiol-para-fluoro,*=** nitrile
oxide-alkyne cycloaddition,*® pyridyl disulfide exchange,*¢ and
Diels-Alder reactions.’”* These reactions have pros and cons in
comparison to each other. Each of them can be used for certain
monomers, initiators or polymerization techniques. Therefore, one
should carefully design the synthetic route to prepare the desired
functional polymer.

The aim of this review is to provide an insight on the selection
of the most suitable CRP technique and click reaction for the
synthesis of the desired tailor-made macromolecule. The range of
functional initiators and monomers are listed in tables for each
CRP technique. Hereby, click reactions performed before
(“preclick”) and after (“postclick”) the polymerization initiated
by a functional initiator or propagated with a functional
monomer are discussed. The special focus will be on the
combinations of CRP and click chemistry techniques rather than
discussing each of them in details.

2. Overview on click reactions used in combination
with controlled radical polymerization techniques

In the following section the click reactions that have been used in
combination with CRP are briefly summarized while referring to
the original literature (Scheme 1).

The most widely applied click reaction has been the copper-
catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) as
shown in Scheme 1.%° Sharpless et al. defined this type of cyclo-
addition as the ideal click reaction and the reaction principle has
been employed in various fields of synthetic chemistry, i.e.
medicinal chemistry, polymer chemistry, material chemistry,
inorganic chemistry and, in particular, organic chemistry.'* This
reaction proceeds very rapidly in aqueous medium and even
under ambient conditions. The major drawback of this reaction
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is the necessity of using a copper salt, which requires a purifica-
tion step following the click reaction.*!

Nevertheless, this drawback can be overcome by choosing
alkynes with higher reactivity. For instance, cyclooctyne deriv-
atives can undergo strain-promoted azide-alkyne click reactions
in biological environments.** Similarly, electron-deficient
alkynes and activated alkynes also provide highly efficient reac-
tions.** Apparently, alkyne compounds play a crucial role in
many different click-like reactions. As an example, Tunca and
Hizal et al. demonstrated the synthesis of A,-B, 4-miktoarm star
copolymers using the Glaser coupling as an alkyne-alkyne
homocoupling reaction (AAC),** which is a copper-catalyzed
reaction that reaches completion at room temperature in three

Azide-alkyne cycloaddition (CuAAC)

days.** Recently, Lutz and Heaney et al. reported the cycload-
dition of alkynes with nitrile oxides (NOAC)* in combination
with CRP as a potential click reaction.®® This reaction proceeds
at room temperature, in polar medium, in the absence of tran-
sition metal catalyst, in high yields and is highly regiospecific.
Besides alkynes, also nitriles can react with azides in a zinc-
catalyzed cycloaddition*” and can be used in combination with
CRP.*

Alkynes do not only react with azides*® or its own kind but also
react with thiols, known as thiol-yne click reaction.?-° This
represents a very efficient reaction and results in addition of two
thiol compounds per alkyne molecule, which can be either added
by a base-catalyzed Michael addition or by a photo-initiated
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Scheme 1 Schematic representation of the click reactions that have been used in combination with controlled radical polymerization techniques.
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Anti-Markovnikov-addition.?*-** Thiol compounds have been in
the focus of click reactions in the last couple of years due to their
high reactivity towards common functional groups, i.e. alkene,
alkyne, isocyanate and pentafluorophenyl.®® The thiol-ene click
reaction has been utilized by several groups for the synthesis of
dendrimers, the side-chain functionalization of well-defined
backbones and for the synthesis of block copolymers.'®-252
Advantages and disadvantages of this type of click reaction have
been discussed in several review articles.'®** Other thiol-based
click reactions can be counted as thiol-maleimide addition
(MAdd),*® thiol-isocyanate addition®* and pyridyl disulfide
exchange (PySS).*¢ Thiol-terminated polymers can be easily
obtained by RAFT polymerization of a wide range of monomers
and a subsequent cleavage of the chain transfer agent. However,
hetero Diels—Alder (HDA) reaction using a dedicated chain
transfer agent can been employed without a transformation of
the RAFT agent to prepare AB block copolymers.** Commonly,
the Diels—Alder reaction (DA) has been employed to construct
miktoarm star polymers®® or to engineer self-healing polymers by
reversible crosslinking.’

A frequently used reaction for bioconjugation is the oxime
formation (Oxim) that has been applied in the conjunction of
carbonyl-functionalized proteins and aminoxy-functionalized
polymers.*® Furthermore, the ring-opening reaction of epoxides
as a well-known spring-loaded reaction®?® is used in combination
with the CRP of glycidyl methacrylate mostly to introduce other
clickable functionalities®® or for attachment on surfaces.®®

In practice, some combinations of click reactions and CRP
techniques are most commonly applied which will be discussed in
detail in the following sections.

3. Strategies towards clicked polymer architectures

There are at least four common ways to combine controlled
radical polymerization techniques and click chemistry to
construct various clicked polymeric architectures. Thereby, each
approach has its inherent drawbacks and amenities. The strate-
gies are summarized in Scheme 2 and will be discussed in
a general way in the following.

CRP Click

Postclick r_’ _l

Cticka_bie One pot Cllicked Click Modify [ prefunctional
unit architecture polymer

Preclick ; 4

Click CRP

Scheme 2 Schematic representation of the strategies towards clicked
architectures.

3.1 Postclick strategy

By using functional initiators or monomers with clickable
moieties for controlled radical polymerizations, clickable poly-
mers can be achieved to construct various architectures by
clicking post to the polymerization.

As a limitation, the clickable functionality must not interfere
with the polymerization process or has to be protected to gain

control over the polymerization and, thus, yielding well-defined
polymers with high functional group fidelity up to sufficient
monomer conversions. Moreover, most functional monomers or
initiators are not commercially available and have to be
synthesized prior to the polymerization.

The clickable polymer represents a platform for versatile click
functionalization, while retaining the polymer characteristics i.e.
chain length, monomer composition and molar mass dispersity.
Herein, the approach has a wide scope by means of construction
flexibility, in contrast to the preclick approach (see below), since
different functional polymers can be prepared from a single
batch of a clickable macromolecule. Furthermore, the same
molar mass and its distribution allow for a better comparison of
changes related to the functionality.

The postclick approach offers high functional group fidelity
compared to the postmodification approach. In particular, for
the polymerization of clickable monomers each repeating unit of
the resultant polymer bears the clickable unit in contrast to a
prefunctional homopolymer that have to be modified with the
clickable moiety after polymerization. Accordingly, using «o-
functionalized initiators each chain is monoterminal-functional-
ized, while end-group functionalization via the postmodification
are limited by the yield of the final modification step.

3.2 Preclick strategy

Clicked polymeric architectures can be also obtained by using
functional initiators or monomers with clickable moieties that
are clicked prior to the polymerization in a so-called “preclick”
route. This method is predominantly used if the clickable units
interfere with the radical process or the temperature of the
polymerization and can not be sufficiently protected.

As a limitation, the clicked moiety must be stable under the
applied polymerization conditions. It should be mentioned that
Diels—Alder adducts tend to undergo retro Diels—Alder reactions
at elevated temperatures and, hence, are not in principle
amenable for this strategy. However, the stability range of the
Diels—-Alder adducts is strongly system dependent.®* Recently,
some literature examples discussed the polymerizability and
stability of related clicked initiators and monomers. Maleimide
functionalities are often protected by the reversible Diels—Alder
reaction with furan to make it more compatible with radical
polymerization processes, which was demonstrated by Sanyal and
coworkers using a furan-maleimide methacrylate. This monomer
was polymerized by a free radical polymerization procedure at
65 °C and deprotected via retro-DA at 125 °C.%® Syrett et al
reported an ATRP reaction with a clicked initiator linked via the
maleimide-furan adduct, where the polymerization was success-
fully performed at 50-60 °C and the retro Diels—Alder reaction
occurred at 120 °C.%* By using a clicked initiator with the mal-
eimide-anthracene adduct significantly higher thermal stability
was observed upon the retro Diels—Alder reaction. In addition,
Barner-Kowollik et al. investigated a hetero Diels—Alder cyclo-
adduct of a dithioester and cyclopentadiene that was rapidly
formed at room temperature and cleaved above 80 °C.*5 By
contrast, the Huisgen 1,3-dipolar cycloaddition of alkynes with
azides represents a prominent reaction for this strategy, since the
triazole ring is stable under the typically applied polymerization
conditions. Furthermore, the bulkiness of the clicked unit should
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not disturb the polymerization process by causing slow propaga-
tion or deactivating of the catalytic system.

In case the clicked monomers can be successfully polymerized
via CRP, this procedure provides the highest control over the
incorporation of the clicked functionality into polymeric archi-
tectures, while having the lowest scope by means of construction
flexibility:

On the one hand, the click reaction has been performed with
small molecules (monomers or initiators) that can be easily
purified and analyzed. Hereon, subsequent polymerization is
carried out with less reactive material leading to high functional-
group fidelity, whereby no further functionalization is required.
However, in order to obtain clicked architectures with different
clicked functionalities, the click reaction as well as the poly-
merization has to be carried out for each clicked architecture.
This method has been successfully employed for the preparation
of comb-shaped polymers with almost quantitative functionali-
zation of each repeating unit.**¢’

3.3 Simultaneous/one pot strategy

In many cases the catalyst used in the ATRP polymerization, i.e.
CuBr/PMDETA (N,N,N',N',N"” pentamethyldiethylene tri-
amine), is the same as for the click reaction that allows a simul-
taneous/one-pot process of polymerization and click reaction.
The combination of the Cu(I)-catalyzed Huisgen cycloaddition
and a CRP process allows the one-pot synthesis of a wide range
of products, ie a-functional- (clickable initiator), grafted-
(clickable monomer), star-shaped polymers and polymeric
networks, respectively. The simultaneous process means that
CRP and click reaction occur at the same time during the poly-
mer synthesis. In contrast to a one-pot process, whereas at first
the polymerization and then the click reaction are performed or
vice versa (subsequent addition of the second compound). The
advantage of this strategy in contrast to the “preclick” or
“postclick” way is that for clicked polymeric architectures only
one synthesis step and one purification step is required. However,
it should be noted that the click reaction generally proceeds much
faster than the ATRP and, thus, most click coupling reactions
will occur during the initial stages of the polymerization.

The first example of this combined route was demonstrated by
Haddleton et al. in 2005 using an azide-functionalized ATRP
initiator for the polymerization of methyl methacrylate as indi-
cated by a linear relationship of the first order kinetic plot. The
efficiency of the click reaction was investigated in the presence of
alkyne-functional dyes.®® Another example of simultaneous click
and CRP with an unprotected propargyl methacrylate was also
reported by Haddleton er al. It was shown that the copper-cata-
lyzed azide-alkyne click reaction proceeds much faster compared
to the ATRP.* The authors could also show that the ratio of rate
constants for the polymerization and the click process can be
controlled by varying the solvent, the temperature or the concen-
tration of the catalyst. Thus, it was demonstrated that the rate of
CuAAC in DMSO is slower than the polymerization, whereas in
DMF or toluene the click reaction is faster than the polymeriza-
tion. The measured PDI values of the synthesized copolymers were
found to be below 1.3.° As a limitation, the clickable functionality
must be used without a protection group to allow the Huisgen
cycloaddition and, hence, side reactions can occur.

Also the one-pot/tandem process is often used for the prepa-
ration of clicked polymeric architectures by using ATRP poly-
merization and CuAAC. This approach uses the same catalytic
system for both the click reaction as well as ATRP, but
sequentially. Thereby, both ways are possible: At first the click
reaction followed by the polymerization or vice versa (in the
manner that the second compound was added later). In contrast,
if all components are added at once, the click reaction can be
performed at room temperature, while after full conversion, the
temperature was raised to initiate the polymerization.” In all
cases well-defined copolymers were obtained. Dubois et al. dis-
cussed these different routes and showed that both the preclick as
well as the one-pot route give similar results in molar mass and
PDI values, whereby the postclick route leads to an increase of
the polydispersity index from 1.3 to 1.5.7°

3.4 Postmodification strategy

Prefunctional polymers with latent groups prepared by CRP can
be modified with clickable moieties to obtain clickable polymers.
The modification reaction must be efficient, since it correlates to
the fidelity of functional groups in the modified polymer. Mostly,
purification steps are necessary, since even efficient modification
reactions are not quantitative. In this case, modification as well
as clicking are carried out at the polymer, which might compli-
cate in principle the purification and analysis. In particular,
incomplete modification is critical for pendant functional poly-
mers, since the unreacted functionalities are attached to the same
polymer backbone as the converted ones and, thus, can not be
separated as it can be done for endgroup-modified polymers.

As an advantage, the starting materials by means of initiators
and monomers are in most cases commercially available or can
be easily synthesized allowing for large scale experiments. This
approach can be used for terminal and pendant functionalized
polymers, except for comb-shaped polymers, since electronic and
steric effects may hinder full transformation. This method is in
particular suitable for clicked architectures where the clickable as
well as the clicked moiety interfere with the polymerization
process.

It should be noted that in a narrower sense the described
reactions are defined as click reactions for the conjunction of
small molecules, since they feature among other characteristics
a high efficiency and selectivity allowing for the equimolar usage
of the click counterparts. However, the conjunction of polymers
using these reactions leads not always to full conversion probably
due to sterical hindrance or affected diffusion of the polymer
chains.?®* To drive the reaction to completion, an excess of one
clickable polymer can be used. If the click reaction is completed,
the typical problems of purification due to the equal solubility
behavior of both product and educt polymer can be overcome by
adding a click-functionalized resin containing the click counter-
part related to the excess one.””> The subsequent purification of
the desired clicked architecture can be then easily performed by
filtration of the clicked resin.

4. Clickable initiators

The use of functional initiators in controlled radical polymeri-
zation processes lead to terminal-functionalized polymers in one
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Scheme 3 Schematic representation of the strategies using clickable
initiators.

step. Thereby, two possible routes can be employed using clickable
initiators. As illustrated in Scheme 3, click reactions can be per-
formed either after the polymerization (postclick) or prior to the
polymerization (preclick). For ATRP initiators only a-clickable
polymers are inherently possible in one step. With the ability of the
synthesis of initiators/transfer agents for NMP and RAFT with
functional groups on both the initiating as well as on the mediating
fragment the toolbox expands and w-clickable polymers as well as
a,w-clickable polymers are accessible in a one step procedure. The
advantage of the clickable initiator approach compared to the
clickable monomer route is the lower concentration of the click-
able unit. Hence, side reactions are reduced and protection is not
strictly necessary while leading to a controlled polymerization with
a high degree of functionalization of the clickable moiety. In the
following, an overview of potential clickable initiators is given and
is summarized in Tables 1 to 7. Possible combinations and the
restrictions of CRP and click reactions are discussed. Unless
otherwise noted, all selected initiators belong to the postclick
approach.

4.1 Atom transfer radical polymerization (ATRP)

ATRP is the most widely employed CRP technique using the
clickable initiator approach because of the easy preparation of
functional initiators. Different types of initiators are discussed in
the following subsections (Tables 1-3).

Alkyne-functionalized initiators. The first report on the
combination of click chemistry and a controlled radical poly-
merization technique was published by van Hest er al in 2005
showing the facile approach towards block copolymers via the
azide-alkyne cycloaddition.” By using propargyl 2-bromoisobu-
tyrate (Entry 1) as clickable initiator terminal alkyne-functional-
ized polystyrenes and polyacrylates were synthesized. The initiator
is based on a common ATRP initiator group, which is an a—halo
ester. The terminal alkyne was protected with a trimethylsilyl
group (TMS) to prevent possible side reactions under the poly-
merization conditions: (/) Complexation with the copper cata-
lyst,”*7 (ii) subsequent homocoupling of alkynes,** (iii) chain
transfer by hydrogen abstraction from the alkyne’ and interfer-
ence with propagating radicals leading to crosslinking.””

Nevertheless, the TMS group was found to be instable under the
polymerization conditions using CuBr/PMDETA as catalyst that
leads to a loss of protecting group up to 70%.”® The loss was
ascribed to a nucleophilic attack to the TMS group by one of the
nitrogen atoms of PMDETA. As a consequence, the less nucleo-
philic ligand bipyridine (bpy) was chosen to reduce the depro-
tection although it is not the optimum catalyst for ATRP reactions
and does not avoid the decomposition completely.”® Another
strategy uses the more stable triisopropylsilyl group (TIPS) instead
of TMS revealing no loss during the polymerization.” This might
be due to the bulky character of the protecting group that hinders
the nucleophilic attack of the metal/ligand complex. The alkyne-
functionalized initiators bearing either a chlorine or a bromine
atom as an initiating moiety were frequently reported for the
polymerization of styrene, acrylates, methacrylates and N-iso-
propylacrylamide, whereby in some cases the terminal alkyne was
protected with TMS3344767980 o1 not protected.®**¢ Haddleton
and coworkers used the unprotected alkyne initiator depicted in
Entry 1 for the random copolymerization of methyl methacrylate
(MMA) and hostasol methacrylate (HMA) (M,, = 15 000 g mol ™',
PDI = 1.2-1.3).82 The a-functionalized fluorescent copolymer was
clicked onto cotton and both Wang and Merrifield resins using the
Huisgen [2 + 3] cycloaddition. Recently, Tunca and coworkers
used the protected initiator (Entry 1) for the preparation of block
copolymers of styrene and divinylbenzene to form multiarm star
polymers with terminal alkyne groups.®* At first, styrene was
polymerized to obtain linear alkyne-functional PS (up to M, =
6 000 g mol™!, PDI = 1.1). Subsequently, the prepared PS was
used as macroinitiator in the polymerization of divinylbenzene
leading to a crosslinked second block that form the core of the
multiarm star polymer (up to M,, = 250 000 g mol', PDI = 1.2).

Besides the initiator depicted in Entry 1, its analogue prop-
argyl 2-halopropionate (Entry 2) was also used as clickable
initiator for the polymerization of acrylates and NIPAM without
any protection.®**!

In most cases of the unprotected initiators, good control over
the polymerization was achieved yielding alkyne-functional
polymers with low PDI values. In these cases, the undesired chain
transfer and termination reactions are suppressed to a negligible
amount by decreasing the reaction time® and keeping the poly-
merization at low conversions to reduce the termination reac-
tions at the w-end of the chain. The bromine atom is often
substituted in a postmodification reaction with sodium azide to
yield heterotelechelic polymers bearing an alkyne and an azide
end group, respectively. Furthermore, side reactions involving
the alkyne functionality were suppressed by using low alkyne
concentrations according to a high monomer-to-initiator ratio®?
or by using relatively low temperatures,®-°! je. 40 °C for the
polymerization of 1 BMA® or NIPAM.®! In contrast, the poly-
merization of styrene was conducted for 6 h at 90 °C with the
initiator depicted in Entry 1 as nonprotected alkyne initiator
revealing significant termination reactions as indicated by SEC
measurements.® Tt should be noted that direct polymerization
throughout the triple bond is hindered, because radical transfer
reactions from the styrene or methacrylate radical are suppressed
by their low reactivity (Q-values, r-values).

Most of the alkyne-functionalized ATRP initiators are based on
the a-halo isobutyrate group. This class of alkyl halides possesses
high activation rates due to the suitable radical-stabilization
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Table 1 Alkyne-containing initiators for ATRP (poC = postclick, prC = preclick, simult = simultaneous)

Entry Structure Click CRP Monomer Strategy  Ref
(Abbr./Entry)
o CuAAC ATRP St, MA, OEGA BA, poC 73,76,78-81,
i >))j\ R = TIPS, TMS, H NIPAM, tBMA, 83-89,103,104
0 B DEAEMA, HMA
X N X=Br.Cl AAC ATRP St poC 44
NOAC ATRP St poC 33
o
2 Xj)ko/\\\ R=Br.Cl CuAAC  ATRP NIPAM, EEA poC 90,91
o
3 Br CuAAC ATRP NIPAM, 46, 53 prC 95
W
O,N
4 o\;©\ CuAAC ATRP St, tBA, MMA simult 96
Br o/\\\
o}
Br, O
; o —
5 — CuAAC  ATREP  St, VBA, 50 simult 83
\ © —
Br o]
o]
Br%o/\ o J‘
6 o N o CuAAC  ATRP St poC 97
Br\’)LO J/ o\///
[e]
Br f (0] [o]
O
O—\_ \—:
7 N o CuAAC ATRP St poC 98
\_>7 —
{e]
0
o o F
8 Br\HJ\OAE\O/\\\ CuAAC ATRP MMA prC 99
O/\\\
0 0
CuAAC ATRP St, MMA, tBA poC 71,94,100
0 5 5 57T,
Bﬁ)k °A®)J\°/\\\ . ) ROP DMAEMA,
9 T o TN NIPAM
o Q ATRP St prC 101
AT A
Br
m
10 CuAAC ATRP tBA poC 102

effects of the tertiary carbon and the vicinal ester group resulting
in a high initiation efficiency, which is required to control molar
masses and molar mass distributions.”® In most of the present
cases, this type of initiator is used for ATRP regardless of the

polymerized monomer class, e.g. styrenes, acrylates or methacry-
lates. However, normally the initiator structure is carefully chosen
for each given monomer and its reactivity.*** Therefore, special
focus appear not to be on the optimal initiator structure for
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Table 2 Azide-containing initiators for ATRP (poC = postclick, prC = preclick, simult = simultaneous)

Entry Structure Click CRP Monomer Strategy Ref
Q
>(u\o/\/o\/\,\‘3
Br
11 0 CuAAC ATRP DMAEMA, St  poC 92,106,107
o o\/U\N/\/O\/\O/\/O\/\,\13
T
o]
CuAAC ATRP MMA, poC, simult 68,82,94,109-112
DEAEMA,
o HEMA,
KSPMA
12 ,
. O/\H:\Ns n=14 HMA.
NIPAM,
DMAEMA,
DEAM, St
(o]
13 C'%N/\/Ns CuAAC ATRP NIPAM poC 113
H
(o]
14 a NN CuAAC ATRP NIPAM poC 110
k/Nfi
PMMA %Br
15 ONT[~F NéQ S CuAAC ATRP St, nBBMA poC, prC 114
!
N=N ¥ Ny
o
Ao o
m n
16 oo CuAAC ATRP DEGMA poC 104
O

control, but on the accessibility of an alkyne-functionalized one.
Practically, a-bromoisobutyryl bromide is commercial available
and is mostly functionalized via esterificiation reaction with
propargyl alcohol.

The most widely employed catalytic system is CuBr and
PMDETA again regardless of the initiator or monomer type.
Besides, other catalytic systems, e.g. CuCl/tris(2-(dimethyla-
mino)-ethyl)amine (MesTREN) for the polymerization of
NIPAM®***  or 1,1,4,7,10,10-hexamethyltricthylenetetramine
(HMTETA),* could provide better control over the polymeri-
zations. The catalytic activity of the metal complex and, hence,
the ability to control the polymerization can be correlated to the
ability to stabilize the Cu(Il) oxidation state, thus forming
a reducing Cu(I) complex.”® The polymerization can proceed
relatively fast even at low temperatures when a catalyst with
a high activity is used. PMDETA is a good ligand for Cu(I) with
moderate activity between the less active bpy (two magnitudes
lower in activation rate) and the more active MesTREN (two
magnitudes higher in activation rate) and, therefore, can be used
for a wide range of monomers.”®

Besides the attachment of propargyl alcohol, the alkyne
moiety can also be incorporated onto an ATRP initiator by the

reaction of propargyl amine with a-haloisobutyryl halides. An
example is shown in Entry 3.%° Hereby, a combination of the pre-
and the postclick approach was utilized. The initiator was clicked
prior to the polymerization with azide-functionalized dansyl as
a fluorescent label. By using this compound as initiator in ATRP
different random copolymers of alkyne- or azide-functionalized
acrylamides were obtained: Poly(NIPAM-r-propargylacrylamide)
(M,, = 20 000 g mol~', PDI = 1.3) and poly[NIPAM-r-(3-azido-
propylacrylamide)] (M,, = 10 000 g mol™', PDI = 1.2). The
pendant clickable polymers were attached onto an azide-func-
tionalized silica particle in an elegant layer-by-layer click approach
to yield thermoresponsive microcapsules after removal of the silica
template.®

In Entry 4 an initiator is shown where the alkyne is linked to
the mediating bromide via an o-nitrobenzyl ester as a photo-
cleavable group.®® The initiator was used in a one-pot click-CRP
reaction for the polymerization of either St, /BA or MMA in the
presence of azide-functionalized PEO or PS to prepare photo-
cleavable block copolymers as clicked structures with the
labile group between the polymer blocks: PEO-b-PS (M, =
38 000 g mol™!, PDI = 1.2), PEO-b-PtBA (M,, = 63 000 g mol ',
PDI = 1.2), PS-b-PMMA (M,, = 38 000 g mol™', PDI = 1.2-1.3).

This journal is © The Royal Society of Chemistry 2010

Polym. Chem., 2010, 1, 1560-1598 | 1567



Published on 20 September 2010. Downloaded on 11/12/2013 12:46:29.

View Article Online

The initiator can bear more than one alkyne functionality.
Multifunctional initiators can be used to create two or three
dimensional architectures such as star polymers or networks.
The initiator depicted in Entry 5 contains two bromoiso-
butyrate groups as well as two propargyl groups (unprotected
alkynes) and is used in atom transfer radical emulsion poly-
merization in water to synthesize crosslinked nanoparticles of
styrene and vinylbenzyl azide.®® An example that can be
better analyzed by means of molar mass and its poly-
dispersity index is described for the initiator depicted in Entry
6 bearing both two alkyne and two bromoisobutyrate groups.
The polymerization of styrene was carried out for 2 h at
110 °C without the protection of the terminal alkyne groups
(M, = 4 000 g mol™', PDI = 1.1-1.2), while the subsequent
alkyne-azide cycloaddition leads to figure-of-eight-shaped
polymers.®’

Another alkyne-functionalized initiator (Entry 7) is function-
alized with one bromoisobutyrate as well as two propargyl
groups.”® Thereby, one alkyne moiety was clicked with an azide-
functionalized poly(ethyleneglycol) (PEG) and was subsequently
utilized in the polymerization of styrene without protecting the
second alkyne moiety that resulted in a “tadpole-shaped”
architecture after the second click reaction.®®

In addition, a trialkyne-functionalized initiator (Entry 8)
was synthesized by the substitution reaction of propargyl

bromide with pentaerythritol followed by the attachment
of a-bromoisobutyryl bromide on the remaining alcohol
groups.” The initiator was used in a preclick approach: First,
azido-PS prepared by RAFT (M, = 2 500 g mol™!, PDI =
1.1) was clicked onto the initiator. Thereby, the molar mass
distribution increased to 1.2 due to the presence of small
amounts of macroinitiator, where only two PS-chains were
attached. Subsequently, the PS-macroinitiator was used in
the polymerization of MMA to yield 4-arm stars (M, =
34 000 g mol!, PDI = 1.3-1.4). The high polydispersity was
assigned to a lack of control in the initial stages of the
polymerization.

Furthermore, alkyne-functionalized initiators were combined
with other polymerization techniques or methods by incorpo-
rating, e.g., alcohol groups for ring-opening polymerization
(ROP) (Entry 9), whereby the polymerization techniques do not
interfere with each other and can be applied simultaneously'® or
subsequently.'* Besides the incorporation of a-haloisobutanoyl
halides (halide = CI, Br) into small molecules they can also be
incorporated into alcohol-functionalized polymers to form
ATRP macroinitiators as shown in Entry 10.2°2 In this example,
polystyrene was synthesized via anionic polymerization and
functionalized with propargyl bromide and a-bromoisobutanoyl
bromide to provide an alkyne-functionalized ATRP macro-
initiator. Polymerization of fBA yielded mid-chain alkyne-

Table 3 Other click-functionalized initiators for ATRP (poC = postclick, prC = preclick)

Entry Structure Click CRP Monomer (Abbr./Entry) Strategy Ref
Y

o)

17 N DA ATRP tBA, MMA poC 115,117,120,121,125
Br o MAdd ATRP OEGMA, 45, SMA prC 64
© poC 66,122,123
o o)
o
18 B>HL o wb MAdd ATRP NIPAM prC 35,58
St, MMA poC 87,89,121,124,125

[o]
8. Y
QO
19 O DA ATRP
O

Cl
20 0 DA ATRP

o)
21 %OW
Br 9
0
/S N
22 B})J\O’Hn\s | X n=23 PySS ATRP
' =
R (o]
B
23 X%(OMO%O\N/ 0C
o]

4 H

Thiol-ene ATRP

X=Br,Cl

R=H, CHy Oxim ATRP

St - 126

St, MMA poC 127

St, iBBMA, MMA poC 34,128,129
prC 35,58

NIPAM, HEMA, OEGMA  poC 131,132
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functionalized PS-b-PtBA block copolymers (M, = 15000 g
mol~!, PDI = 1.2-1.3).

Azide-functionalized initiators. The cycloaddition counterparts
to the alkyne-functionalized initiators are azide-functionalized
ones. The common procedure for their syntheses is the func-
tionalization of a basic framework with (i) an azide via substi-
tution reaction of an alkyl halide with sodium azide and (ii) with
a-haloisobutyrate as the ATRP initiating fragment via esterifi-
cation of an amine or alcohol function.

One can mistrust the requirement of azide-functionalized
initiators, since the azide functionality can be easily and effi-
ciently introduced by substitution of the mediating halide with
sodium azide. However, the degree of azide functionalization
that can be reached with the initiator approach is higher
compared to the postmodification route. The reason lies in the
nature of controlled radical polymerizations: Termination reac-
tions always occur and, hence, not all polymer chains retain the
halide at the w-terminus which is the bottleneck for the degree of
functionalization that can be reached via postmodification. In
contrast, using functional initiators, every chain that is initiated
by the initiator bears the azide moiety at the a-terminus inde-
pendently from termination reactions.

The azide moiety is used without protection during polymer-
ization, although some side reactions were described: (i) Cycli-
zation reactions between the azide and the propagating radical
that causes low initiator efficiency,®®** (i) 1,3-cycloaddition of
azides with the double bond of the monomer occurs in the
absence of a catalyst at high temperatures and long reaction
times, at which the amount decreases in the order of acrylates >
acrylamides > methacrylates > styrenes.'*®

To reduce the side reactions to a negligible amount, short
reaction times®>'°® and low temperatures®>'*’ are preferably
used. It was shown that the polymerization at room temperature
completely suppressed side reactions involving the azide.'®®
Hence, monomer classes are favored that can be polymerized at
moderate temperatures.

In contrast, it was shown that the azide group does not act as
an initiating species itself as indicated by controlled polymeri-
zations with an azide-containing initiator.*?

The initiator structure depicted in Entry 11 (top) was used
for the polymerization of N,N-dimethylamino-2-ethyl meth-
acrylate (DMAEMA)*>'% in THF with CuBr/HMTETA at
60 °C in a controlled way (PDI = 1.1-1.3). However, the
initiator efficiency was low (f = 0.4) due to intramolecular
cyclization at the early stages of the polymerization involving
the azide and the propagating radical.®® Therefore, the “pre-
click” method was utilized to circumvent these side reactions as
the azide-functionalized initiator was “clicked” onto an alkyne-
functionalized poly(e-caprolactone) (PCL). As expected, an
increase in the initiation efficiency to f'= 0.85 could be observed
when using the “clicked” PCL macroinitiator.”*> This is a good
example where the preclick method is used since the postclick
route failed in parts due to side reactions involving the clickable
unit.

The initiator structure depicted in Entry 11 (bottom) con-
taining a cleavable p-alkoxybenzyl ester was used in bulk poly-
merization of styrene at 90 °C, whereby no termination reactions
were observed (M,, = 4 000 g mol~!, PDI = 1.1-1.2).17

The spacer between the initiating fragment and the azide
function seems to have a significant influence on the initiation
efficiency in terms of intramolecular cyclization: The initiator
depicted in Entry 12 shows, despite a controlled polymerization
of MMA (M,, = 6 000 g mol~!, PDI = 1.2-1.3), a reduced initi-
ation efficiency for the hexyl spacer (70 to 80%) compared to
the propyl spacer (100%).%® Hence, the initiator efficiency can
be optimized by choosing an initiator structure by means of
a spacer that prevents cyclization in the early stages of the
polymerization.

In Table 2, 3-azidopropyl 2-bromoisobutyrate (APBIB) has
been the most widely used azide-functionalized initiator (Entry
12, n = 1). Controlled polymerization of St (M,, =4 500 g mol ™',
PDI = 1.3),' NIPAM (M,, = 10 000 g mol ', PDI = 1.1-1.2),"°
and DMAEMA (M,, = 10 000 g mol~', PDI = 1.1-1.2) have been
reported.!!

Moreover, Haddleton and coworkers used the azide-func-
tionalized initiator depicted in Entry 12 for the random copoly-
merization of MMA and hostasol methacrylate (HMA) (M,, =
8 000 g mol™!, PDI = 1.2).3 The a-functionalized fluorescent
copolymer was clicked onto cotton and both Wang and Merri-
field resins using Huisgen [2 + 3] cycloaddition.

In addition, Topham and coworkers have polymerized a
number of acrylates and methacrylates (MA) in a controlled way
using APBIB as initiator:'** 2-Aminoethyl methacrylate hydro-
chloride (M, = 7000 g mol”!, PDI = 1.1-1.2), 2-(diethyl-
amino)ethyl methacrylate (DEAEMA) (M,, = 21 000 g mol ™',
PDI = 1.3), DMAEMA (M, = 7000 g mol™', PDI = 1.3),
2-hydroxyethyl methacrylate (HEMA) (M, = 7000 g mol',
PDI = 1.3), 2-hydroxypropyl methacrylate (HPMA) (M, =
5000 g mol™!, PDI = 1.2), 2-(methacryloyloxy)ethyl phosphoryl-
choline (M, = 15000 g mol~!, PDI = 1.2), glycerol mono-
methacrylate (M, = 11000 g mol™!, PDI = 1.2), potassium
3-sulfopropyl methacrylate (KSPMA) (M,, = 20000 g mol™',
PDI = 1.2), and methyl chloride-quaternized 2-(dimethylamino)-
ethyl methacrylate (M,, = 5 000 g mol~!, PDI = 1.2).

Furthermore, 2-chloropropionamide linked with an ethyl
spacer to the azide moiety (Entry 13) was utilized in the
controlled polymerization of NIPAM (M,, = 12000 g mol!,
PDI = 1.3)." The N,N-diazido-2-chloropropionamide
(Entry 14) was used in the polymerization of NIPAM to
incorporate two azide functionalities on the same chain end
(M,, = 10000 g mol™!, PDI = 1.1)"*° In this way, 3-arm star
polymers can be prepared.

Besides the initiators discussed above, there are also azide-
functionalized macroinitiators available. An elegant example
of a multi-clickable initiator that is attached to a carbon
nanotube (CNT) is shown in Entry 15.''* Poly(glycidyl
methacrylate) (PGMA) is functionalized in a ring-opening
reaction with sodium azide and subsequently reacted with
2-bromoisobutyryl bromide to yield a multi-clickable poly-
meric macroinitiator. This multiazide-functionalized polymer
was clicked onto a multialkyne-functionalized CNT, whereby
the excess of azide functions over the alkyne ones preserve
free azides on the surface of the carbon nanotube. This coated
CNT was used to click PEG in a grafting-onto approach as
well as to polymerize St or nBMA in a grafting-from
approach to yield amphiphilic polymer brushes on carbon
nanotubes.
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A similar macroinitiator was prepared from a copolymer
(PEG-b-PGMA), whereby the poly(glycidyl methacrylate) was
functionalized in a ring-opening reaction with sodium azide and
subsequently reacted with 2-bromoisobutyryl bromide to yield
a multi-clickable polymeric macroinitiator (Entry 16).'** Poly-
merization of DEGMA yielded azide-functionalized PEO-b-
[PGMA-g-(N3)(PDEGMA)] (M,, = 52 000 g mol ', PDI = 1.2).
In a grafting-onto approach alkyne-functionalized PDEAEMA
was attached via click reaction to obtain coil-rod double
hydrophilic diblock copolymers.

Maleimide-functionalized initiators. Another frequently used
click reaction is the Diels—Alder reaction that becomes more and
more prominent in combination with controlled radical poly-
merizations in the field of material science.>”-!*512!

A widely used example is the [4 + 2] cycloaddition of
maleimide and anthracene, whereby both moieties can be used as
clickable functions attached to common ATRP initiators. The
maleimide function must be protected, since it can act as a
polymerizable monomer leading to crosslinking and a significant
decrease of clickable fidelity after polymerization.'** Therefore,
the maleimide is protected prior to the polymerization via Diels—
Alder reaction with furan that can be easily cleaved after the
polymerization in a retro Diels—Alder reaction by heating the
protected polymer. Besides, the maleimide can also undergo
Michael addition with thiols as a Michael acceptor (Entry 17,
18).35,58,66,122,123

An often used maleimido initiator is depicted in Entry 17. In
general, the maleimide was attached to 2-bromoisobutyrate in
a stepwise fashion. At first, maleic anhydride reacts with furan to
protect the double bond. Subsequently, the imide was formed
with ethanolamine under reflux and as the last step commercially
available 2-bromoisobutyryl bromide was reacted.'?* This pro-
tected initiator was utilized via the postclick approach in
the homopolymerization of MMAMS17120121 (yp to M, =
3000 g mol!, PDI = 1.1-1.2), OEGMA (up to M, =
32000 g mol™', PDI = 1.2),'* (2,2-dimethyl-1,3-dioxolan-4-
yl)methyl methacrylate (up to M, = 35000 g mol™!, PDI =
1.2),2* t-butyl acrylate (rBA)' (up to M, = 3000 g mol,
PDI = 1.2) and the random copolymerization of different
methacrylates®®'?* containing protected alkyne, ketosol and
hostasol or rhodamine B as fluorescent dyes (M,, = 10 000 gmol ',
PDI = 1.2). In none of these cases, side reactions were observed or
discussed. Furthermore, this initiator was used in preclick
approaches by Haddleton and coworkers for the polymerization
of MMA at 50 °C (up to 55 000 gmol~!, PDI < 1.2).%* Thereby, the
alcohol-functionalized maleimide was clicked vie DA reaction
with an alcohol-functionalized furan or anthracene moiety and
was subsequently reacted with 2-bromoisobutyryl bromide to
obtain clicked dual-initiators with ATRP-mediating moieties on
both click counterparts.

The anthracene-functionalized initiator depicted in Entry 19
was synthesized from commercially available 9-anthraceneme-
thanol and 2-bromoisobutyryl bromide'** and was utilized in the
homopolymerization of MMA?"-12* (up to M,, = 30 000 g mol~',
PDI = 1.1) and styrene'*' (M,, = 5000 g mol~!, PDI = 1.1).

Tunca and coworkers used the initiator shown in Entry 19 for
the preparation of block copolymers of styrene and divinylben-
zene to form multiarm star polymers with terminal anthracene

groups.’” At first, styrene was polymerized to obtain linear
anthracene-functional PS (up to M,, = 6 000 g mol™', PDI = 1.1).
Subsequently, the prepared PS was used as macroinitiator in the
polymerization of divinylbenzene leading to a crosslinked second
block that form the core of the multiarm star polymer (up to M,, =
75000 g mol~!, PDI = 1.5). Furthermore, anthracene functional
PS (prepared with the initiator shown in Entry 19) as well as
alkyne functional PS (prepared with the initiator shown in Entry
1) were used as macroinitiators for the ATRP of divinylbenzene
yielding multiarm star polymers with terminal alkyne and
anthracene groups (M,, = 250 000 g mol').*? The orthogonality
of the two clickable groups were utilized in a sequential double
click reaction to selectively attach azide-functionalized P/BA and
maleimide-functionalized PMMA.

In addition, commercially available 9-chloromethylan-
thracene was applied as initiator in the polymerization of
styrene (M,, = 4 500 g mol™!, PDI = 1.2) using CuCl/bpy as
catalytic system in THF (Entry 20).'?¢ Although the prepared
polymers were not yet applied in a Diels—Alder reaction, the
terminal anthracene moiety represents a potential group for
this click reaction.

Ene-functionalized initiators. Since the thiol-ene reaction is
arather new type of click reaction, only one example of an ATRP
initiator was published so far to the best of our knowledge (Entry
21).'*” Hawker and coworkers reported an alkene-containing
a-bromoisobutyrate type of initiator. The polymerization of St
and MMA was carried out yielding terminal alkene-functional-
ized polymers. In a postmodification reaction with sodium azide,
the w-bromide could be easily exchanged with an azide moiety to
form a heterotelechelic clickable polymer. The orthogonality of
the subsequent thiol-ene and CuAAC click reaction was proven
by stepwise “clicking”, whereby the thermal thiol-ene reaction
was preferred due to possible side reactions of the alkyne during
UV-light exposure.

Pyridyl-disulfide-functionalized initiators. Another click-like
reaction that is used in combination with ATRP is the pyridyl
disulfide exchange which is important in particular in bio-
conjugation.'?1? It is a metal-free reaction and can be
considered as a click reaction in a broader sense. The reaction
is not an oxidative radical coupling reaction of thiols but
a nucleophilic exchange reaction, whereby the formed thiolate
must be a good leaving group. It is reported that pyridyl
disulfides are known to undergo direct coupling with free
thiols under ambient conditions in bioconjugation, whereby
2-pyridinethione is released as a good leaving group.** The
pyridyl disulfide moiety can be considered as a protected thiol
and can be used in radical polymerizations. However, side
reactions in terms of chain coupling and transfer involving the
disulfide were observed at high conversions and at high
amounts of catalyst (catalyst to initiator ratio of 1:1). Side
reactions could be reduced by using less catalyst'*® (catalyst to
initiator ratio of 1:0.2) or by changing the catalytic system
from CuBr/bpy to CuCl/bpy** which decreases the amount of
free radicals.

An ATRP initiator with a pyridyl disulfide moiety is depicted
in Entry 22 and was introduced by Maynard and coworkers.3*
It was used for the homopolymerization of MMA (M, =
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10 000 g mol~!, PDI = 1.2), N-acetyl-D-glucosamine-function-
alized methacrylate® (M, = 13000 g mol™', PDI = 1.1),
N-hydroxysuccinimidyl methacrylate’® (M,, = 10 000 g mol ',
PDI = 1.3), 2-THP-protected HEMA!* (M,, = 10 000 g mol ™',
PDI = 1.3), t-butyl methacrylate ({fBMA)'* (M,,= 5 000 g mol ',
PDI = 1.5), HEMA** (M,, = 16 000 g mol', PDI = 1.2-1.3), and
St?* (M,, = 13 000 g mol ', PDI = 1.2).

In contrast to these postclick approaches for bioconjugation
also the preclick approaches are conducted with retention of the
bioactivity.>® As advantages of the grafting-from approach
the following issues can be pointed out: (i) The purification of the
bioconjugate from catalyst and monomer is simplified compared
to the purification from the polymer in the grafting-onto
approach and (i) the placement of the polymer is predetermined
facilitating the synthesis and characterization.® Herein, 2-bro-
moisobutyrate as an ATRP initiator functionalized with either
pyridyl disulfide (Entry 22) or maleimide (Entry 18) was clicked
prior to the polymerization onto the free cystein of a protein
(Bovine Serum Albumin or T4 lysozyme). Using these protein
macroinitiators NIPAM could be polymerized in situ (PDI =
1.3).3558

Initiators for oxime formation. A well-known reaction in bio-
conjugation is the oxime formation of aminooxy-functionalized
compounds with carbonyl-containing proteins. Due to the
tolerance of functional groups in controlled radical polymeri-
zations, a-functionalized polymers could be synthesized using
t-butoxycarbonyl-protected (Boc) aminooxy-initiators for ATRP
as shown by Maynard and coworkers.’***** Thereby, no termi-
nation reactions occurred during the polymerization induced by
the protected aminooxy functionalization. After polymerization
the aminooxy group can be easily deprotected with trifluoroacetic
acid. As depicted in Entry 23, the aminooxy moiety was linked via
a tetra(ethylene glycol) spacer to either 2-bromoisobutyrate for the
polymerization of methacrylates or 2-chloropropionate for the
polymerization of acrylamides. In this way, «-functionalized
polymers were obtained with NIPAM (M,,= 16 000 gmol~!, PDI =
1.1), HEMA (M,, = 40 000 g mol ', PDI = 1.2), and oligo(ethylene

glycol) methacrylate (OEGMA) (M,, = 23 000 gmol ', PDI = 1.2
1.3).131,132

4.2 Reversible addition fragmentation chain transfer (RAFT)

In principle, all types of monomers which can be polymerized
by free radical polymerization can also be polymerized by
RAFT using the appropriate type of RAFT agents, ie.
dithiobenzoates, trithiocarbonates and xanthates.!™'? AIBN
has been the most widely used initiator for RAFT polymeri-
zation. In general, clickable moieties are attached to the
initiating fragment (R group) of the chain transfer agents. The
advantage of the R group compared to the mediating group
(Z group) is the high end-group fidelity of the resulting
polymer. The related clickable CTAs are depicted in Tables 4
to 6.

Alkyne-functionalized CTAs. Alkyne-containing CTAs are
mostly prepared by an esterification of propargyl alcohol with an
activated acid on the RAFT agent. The alternative route is using
a halogen alkyne compound and the potassium salt of the
dithioester or trithiocarbonate via a nucleophilic substitution.

The first report on click chemistry and the RAFT process for
the preparation of diblock copolymers of styrene and vinyl
acetate via polymer-polymer conjugation was provided by
Barner-Kowollik and coworkers (M,, = 12 100 g mol~!, PDI =
1.1-1.2).1%

Another combination of click chemistry and the RAFT process
was published by Hawker et al in 2006 showing the facile
formation of clickable micelles from block copolymers of protected
acrylic acid and styrene polymerized with an alkyne-functionalized
RAFT agent (Entry 24). Azide-alkyne cycloaddition is possible
with the terminal alkyne-functionalized block copolymers.
Protection of the terminal alkyne with the trimethylsilyl group was
not necessary in this case.'**

Furthermore, a similar approach to well-defined block
copolymers was reported using a TMS-protected alkyne dithio-
benzoate as shown in Entry 24. Terminal alkyne-functionalized

Table 4 Alkyne-containing chain transfer agents for RAFT (poC = postclick, prC = preclick)

EntryStructure Click

CRP Monomer Strategy Ref

2

=
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o]
25 C12H25/S\[S]/S\~)k0/\\\

CuAAC RAFT MA, THPA, St, NIPAM poC
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26 WSYS% Ny W)Lo/\\\ CuAAC RAFT St, nBA prC 142
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S
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Table 5 Azide-containing chain transfer agents for RAFT (poC = postclick, prC = preclick)

Entry Structure

Click CRP

Monomer Strategy  Ref

N N
Il Q [l 2
28 O 5\‘/\)1\0/\/”3 ©YS\‘/\)J\O/\/\N3 CuAAC RAFT
s s
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CuAAC RAFT
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CuAAC RAFT

St, VAc, DMA poC 99,133,148

St, DMA, NIPAM,  poC 148-152,156
nBA, OEGA

NIPAM, DMA poC 105,157,158
VAc poC, prC  135,144,153-155

poly(styrene) was synthesized at 60 °C in a controlled way (M,, =
8200 g mol™', PDI = 1.1) and it was shown that the molar mass
linearly increased with monomer conversion.'** The same RAFT
agent was used for the polymerization of an O-methacryloyl

mannose monomer resulting in an alkyne-functionalized glyco-
polymer (M,
alkyne-functionalized RAFT agent bearing an unprotected
alkyne group was used for the polymerization of styrene and

=4300 gmol 'and PDI = 1.1-1.2)."* Similarly, an

Table 6 Other click-functionalized chain transfer agents for RAFT (poC = postclick, prC = preclick)

Entry  Structure Click CRP Monomer Strategy Ref
(o]
N S\S/\/O ENGP o N
32 ] Y s CuAAC RAFT HPMAM, MMA, St, poC 159
Z ° S OEGA, NIPAM
©\(s\[(s\/YOV\S/ N
R S o] NS
33 o PySS  RAFT  nBA, OEGA poC 162,36,163
s s . NIPAM prC 160,161
~ \n/ O/\/\S/ -z
s x
| ~ 0 0
34 NN S\H/S\{)J\O/\/S\S PySS  RAFT  OEGA, St poC 164
S
N7~
,/I =
G
S
35 j]/z z= o™ HDA  RAFT St iBoA poC 38,39,55,165-170
S O~
o]
Il
.S
[e]
[0}
f N
36 CQHZS/S\H/S\{)L(O D MAdd RAFT  NIPAM prC 171
s 2 0
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NIPAM at 70 to 80 °C. Different homopolymers were synthe-
sized in a molar mass range between 2 700 to 3 700 g mol' for
poly(styrene) and 4 900 to 11 000 g mol~! for poly(NIPAM).3¢

Also a terminal alkyne-functionalized trithiocarbonate (Entry
25) has been used for the RAFT polymerization of different
monomers by Brittain.’3”!3® For example, surface-mediated
RAFT polymerization of styrene and methyl acrylate resulted in
poly(St-b-MA) with a molar mass of M,, = 34 000 g mol'.**"
Furthermore, the same group reported on the modification of
silica nanoparticles using the tandem approach of RAFT poly-
merization of styrene and click chemistry.!3®

The chain transfer agent as shown in Entry 25 was clicked to
azido end-functionalized poly(isobutylene) and was subse-
quently used as a clicked macro-RAFT agent for the polymeri-
zation of NIPAM (M,, = 24 80053 200 g mol~', PDI < 1.1). First
order kinetic plots for the polymerization of NIPAM were
obtained and revealed that this monomer polymerizes in
a controlled way.'*

The alkyne-functionalized chain transfer agent depicted in
Entry 25 was reported by another research group for the poly-
merization of 4-vinylpyridine (NVP) initiated with AIBN at
80 °C resulting in a polymer with a molar mass of 13 600 g mol~!
with a PDI value of 1.4.14°

Hyperbranched polymers were prepared by thiol-yne click
chemistry by Perrier et al. using the alkyne-terminated transfer
agent shown in Entry 26. After a postmodification step to cleave
the RAFT agent into a thiol it was clicked (by UV light at room
temperature with yields over 95%) to form a styrene hyper-
branched polymer.*** Furthermore, a xanthate type of RAFT
agent (Entry 27) containing an alkyne group has been used for
the polymerization of VAc and NVP by Klumperman.'* In all
cases, xanthates were first clicked and then used as functionalized
RAFT agents in the polymerization of VAc (M,, = 3 900 g mol ™!,
PDI = 1.2-1.3), NVP (M,, = 5 400 g mol™!, PDI = 1.1-1.2),
St (M, = 7 500 g mol™!, PDI = 1.1-1.2) and nBA (M, =
10 000 g mol™', PDI = 1.1)."** Semi-logarithmic kinetic plots
indicated controlled polymerizations using these RAFT agents.

It seems that the protection of the alkyne group is not strictly
necessary. As shown above, there are examples for both pro-
tected and unprotected CTAs demonstrating that polymers with
high end-group fidelity (> 90%) can be prepared. The tempera-
ture and the ratio between the alkyne terminated RAFT agent
and the monomer play an import role to achieve a sufficient
control over the polymerization.

Azide-functionalized CTAs. The common procedure for the
synthesis of azide-containing CTAs is the esterification of 2-
azidoethanol and an activated acid of the RAFT agent. The two
largest classes of RAFT agents (dithiobenzoates and trithiocar-
bonates) have been mostly used as azido-functionalized chain
transfer agents.

The azide moiety is used without protection during the poly-
merization, although some side reactions were described. To
decrease the amount of side reactions, low temperatures and/or
low conversions are favored that will be discussed in the following.

The dithiobenzoate RAFT agents depicted in Entry 28 were
used for the bulk polymerization of styrene at 60 °C and provide
a good control over the polymerization (M, = 1900 to
5300 g mol™!, PDI = 1.1 and M,, = 3 200 to 11 000 g mol ',

PDI = 1.1'*%). Moreover, Sumerlin et al. using the initiator listed
in Entry 28 for the polymerization of St and DMA resulting in
azido functional PS (M,, = 5 500 to 12 000 g mol~', PDI = 1.1-
1.3) and poly(DMA) (M,, = 10 800 to 21 800 g mol™!, PDI =
1.30)."*® A thionaphthoyl RAFT agent containing the azide
functionality (Entry 28) was also used for the polymerization of
styrene in bulk at 80 °C (M,, = 2400 gmol ', PDI = 1.1). A linear
relationship in the semi-logarithmic kinetic plot was reported
indicating that the concentration of propagating chains are
almost constant throughout the reaction.*®

Among the azide-functionalized RAFT agents belonging to the
class of the trithiocarbonates, the CTA with a C,,-side chain is
frequently used for the RAFT polymerization of acrylamides
(Entry 29): First order kinetic plots for this CTA indicate a
constant concentration of propagating chains.**®!* In addition,
Gondi et al. used the initiator depicted in Entry 29 with AIBN
for the controlled polymerization of styrene (M, = 5100-
8600 g mol!, PDI = 1.1-1.2) and DMA (M, = 5000-
10 000 g mol~!, PDI = 1.1-1.2)."® Furthermore, the same group
reported on the synthesis of poly(DMA-h-NIPAM) using this
azido-RAFT agent. In this way, telechelic polymers were synthe-
sized: PNIPAM (M,, = 2700 g mol !, PDI = 1.1-1.2), PDMA
(M,, = 4200 g mol™!, PDI = 1.1) and poly(DMA-H-NIPAM)
(M,, = 6000 g mol™', PDI = 1.15)." In addition, NIPAM was
polymerized with the initiator shown in Entry 29 at 60 °C in
a controlled way resulting in azido end-functionalized polymers
(M,, = 16 300 g mol~!, PDI = 1.1), which were further used for
protein coupling by the copper-catalyzed azide-alkyne cycloaddi-
tion.” The RAFT agent depicted in Entry 29 was also applied for
the preparation of 3-miktoarm star polymers by using a combina-
tion of RAFT, ring-opening polymerization and click chemistry.
After the polymerization at 70 °C of nBA (M,, = 3 500 g mol ™,
PDI = 1.1), OEGA (M,, = 4 800 g mol™, PDI = 1.1) or NIPAM
(M,, =4 600 g mol~!, PDI = 1.1) propargyl diol was clicked to the
azide.”! Furthermore, an azide-functionalized CTA (Entry 29)
was used for the preparation of hyperbranched polymers. For this
purpose, a propagyl acrylate was clicked onto the CTA and
subsequently copolymerized with St or NIPAM.'S? Perrier et al.
used a trithiocarbonate (Entry 30) for the RAFT polymerization of
NIPAM (M,, = 2 600-10 600 g mol~!, PDI = 1.1), but side reac-
tions involving the azido moiety occurred such as 1,3-dipolar
cycloaddition with electron-deficient olefins, i.e. NIPAM.!* The
cycloadditions to the triazoline or to the pyrazoline (by a second
addition of NIPAM) were confirmed by high resolution mass
spectrometry.'*®

As depicted in Entry 31, an azide-functionalized xanthate has
been used for the polymerization of VAc (M,, = 6 800 g mol™!,
PDI = 1.15)"%° as well as for grafting to an alkyne side-chain
functional copolymer.’® A xanthate-terminated dextran was
prepared by using click chemistry of an azido RAFT agent shown
in Entry 31. The resulting macro-CTA was used for the bulk
polymerization of VAc resulting in a block copolymer. The molar
mass linearly increased by conversion, although the polydispersity
index was increasing.’** A similar xanthate was used for the bulk
polymerization of VAc at 80 °C resulting in a broader molar mass
distribution at higher monomer conversion (PDI > 1.4).'%

Heterodifunctional CTAs for orthogonal click chemistry. A
difunctional CTA with clickable moieties on both the initiating
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as well as on the mediating side was described by Stenzel and
Barner-Kowollik ef al. using a RAFT agent that combines click-
able units for dipolar cycloaddition and pyridyl disulfide exchange
as two orthogonal click reactions (Entry 32). The reported RAFT
agent bears an azide and a dithiopyridine group at the R and Z
fragments, respectively. St, NIPAM, and OEGA were polymerized
in a controlled way as indicated by kinetic investigations. In
contrast, the polymerizations of HPMAM and MMA could not be
performed in a controlled manner, since the trithiocarbonate CTA
is less suitable for methacrylates. Well-defined heterotelechelic
polymers were observed for St (M,, = 5 000-14 000 g mol~!, PDI =
1.1), NIPAM (M,, = 3 200-16 200 g mol™', PDI = 1.12 to 1.14)
and OEGA (M,, = 7 500-12 500 g mol~!, PDI = 1.1)."**°

Pyridyl-disulfide-containing CTAs. The chain transfer agent
depicted in Entry 33 (top) was used by Davis and coworkers for
the homopolymerization of OEGA.?** The PDI values of the
OEGA homopolymers (M, = 12000-34 000 g mol™") were
smaller than 1.20 for all samples and for one sample of the block
copolymerization with nBA (by increasing the conversion the
molar mass distribution broadened). The high end-group fidelity
of the pyridyl disulfide groups was indicated by "H NMR spec-
troscopy. Furthermore, the same RAFT agent (Entry 33) was
used by Davis et al. for the polymerization of NIPAM and OEGA
resulting in different molar masses and polydispersity
indices:'**'** POEGA (M,, = 15 500-23 000 g mol~', PDI = 1.2—
1.3) and PNIPAM (M,, = 5100-18 000 g mol', PDI = 1.2—
1.5).1% The PySS end group is often used for the preparation of
polymer bioconjugates, e.g. with BSA via the free thiol group.
Semilogarithmic kinetic plots are reported for the RAFT poly-
merization of OEGA and NIPAM with the CTA pictured in Entry
33 (top) by Bulmus and Davis showing a linear relationship between
In[[M]¢/[M]{] and reaction time, which indicates a constant level of
radical concentration during the polymerization.'®* The symmetric
trithiocarbonate RAFT agents depicted in Entry 34 were used for
the polymerization of OEGA at 70 °C and provide a good control
over the polymerization (M, = 4 600-23 400 g mol~!, PDI = 1.2
1.3). With these homopolymers a chain extension using styrene was
performed resulting in block copolymers of type ABA (M, =
19 100-37 900 g mol™!, PDI = 1.2-1.3).16¢

Functional CTAs for hetero Diels—Alder reactions. Besides an
alkyne or an azide moiety on the RAFT agent, the C=S double
bond (dienophile) was directly used as a clickable group for hetero
Diels—Alder reactions with dienes (Scheme 1, HDA). This
approach represents a straightforward pathway to block copoly-
mers without an additional synthesis step for a postmodification or
any other preparation step. The first study on this approach was
reported by Barner-Kowollik, Stenzel and coworkers in 2008. The
authors prepared polymer conjugates of PS polymerized by RAFT
and a diene-terminated poly(e-caprolactone). The use of these
electron-deficient dithioesters (Entry 35) allow the polymerization
of styrene in a controlled manner (M, = 2 200-2 800 g mol,
PDI = 1.1).3® This class of RAFT agents was also used for the
polymerizations of St and isobornyl acrylate (iBoA) with different
molar masses (stopped at low monomer conversion to ensure high
end-group fidelity). All obtained polymers were well-defined and
have low polydispersity indices. The prepared polymers were
clicked via the HDA with cyclopentadienyl- or 2,4-hexadiene-
endcapped polymers,3839:55:165-170

Functional CTAs for Michael addition. A functional CTA for
Michael addition was described by Sumerlin ez al. using a RAFT
agent with a maleimide end group (Entry 36). After the modifi-
cation with BSA the RAFT polymerization of NIPAM was
performed resulting in polymer-protein conjugation with a molar
mass of 240 000 g mol '™

4.3 Nitroxide-mediated radical polymerization (NMP)

For nitroxide-mediated polymerizations very few examples of
clickable initiators were described up to now. In comparison to
ATRP and RAFT polymerizations, usually higher reaction
temperatures are necessary for NMP. This decreases the number
of suitable click functionalities that can be used during the
polymerization without exceeding acceptable amounts of side
reactions.

It was shown that unimolecular initiators such as phenylethyl-
alkylated 2,2,6,6-tetramethylpiperidinylnitroxide (TEMPO) and
2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO) can
be functionalized without influencing the control over the poly-
merization.'”>'"* Thereby, the functionalization can be per-
formed in principle at the initiating as well as at the mediating
fragment of the alkoxyamine. Until now, clickable moieties are
only attached to the initiating fragment. The advantage of this
side compared to the mediating side is the high end-group fidelity
of the resulting polymer. This is caused by the nature of the NMP
process: The incorporation of a functional group at the initiating
chain end is done in one step, whereas the incorporation of
a certain functionality at the mediating chain end contains many
reaction steps until the final polymer is formed, which increases
the probability of side reactions.

The general synthetic strategy towards a functional unim-
olecular initiator is the radical coupling reaction of TIPNO or of
the commercially available TEMPO with a functionalized vinyl
compound activated by a manganese(Ill) salen complex
(Jacobsen’s reagent).'” The related clickable initiators for NMP
are shown in Table 7.

Alkyne-functionalized initiators. In Entry 37 an alkyne-func-
tionalized alkoxyamine based on PhEt-TIPNO is shown that was
synthesized according to the general radical coupling of TIPNO
and 4-(trimethylsilylethynyl)styrene that was obtained by
Sonogashira reaction of 2-bromostyrene and trimethylsilyl
acetylene.!’®

The alkyne was protected with the TMS group to reduce the
possible side reactions under polymerization conditions: (i) chain
transfer by hydrogen abstraction from the alkyne as well as
polymerization along the triple bond leading to cross-
linking®77176:177 and (i) addition of nitroxide radicals to the triple
bond.'” It can be noted that even a small loss of nitroxide during
polymerization has a large impact on the controlled character of
the polymerization, since it shifts the equilibrium towards the free
propagating radical resulting in a significant increase in termina-
tion and transfer reactions in particular at higher conversions.

The protected initiator (Entry 37) was used in the homo-
polymerization of styrene resulting in a-functionalized clickable
PS (M,, = 24 000 g mol™!, PDI = 1.1) after deprotection with
tetrabutylammonium fluoride (TBAF). In contrast to ATRP, no
uncontrolled deprotection of the TMS-alkyne was noticed
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Table 7 Clickable initiators for NMP (poC = postclick, prC = preclick)

Entry Structure Click CRP Monomer (Abbr./Entry) Strategy Ref
\'/ SiMe;
37 ©I j/©/ CuAAC NMP St poC 176
BI’ \\r\///
o
o]
O\
38 CuAAC NMP St poC 179-181
ATRP MMA
M AAC NMP St poC 45
ATRP MMA
OH
o$v o)k/\\\
39 0 CuAAC NMP St poC 182-184
(— ROP ¢-CL
N—g AAC NMP St poC 45
ROP &e-CL
SiMes
\(/ O\/
40 N p CuAAC NMP - - 185
/O/
R R R = PiBoA
N.
4 N\OWQ/\ i CuAAC  NMP - - 175
\’/ 3
42 CuAAC NMP St, tBA poC 174
NMP St, NIPAM, nBA prC 176,188
Pt
43 \ﬂ/\)L R k- O DA NMP St poC 118
° . ATRP  BA
d NMP St prC 119,190
N ATRP 1BA

during the polymerization. Furthermore, a combination of
ATRP and NMP with the same initiator is possible as demon-
strated by Tunca and Hizal et al*>'7°7'¥' Although both tech-
niques are radical polymerizations and, hence, might interfere
with each other, they can be applied subsequently: (i) NMP of
styrene can be conducted without affecting the ATRP initiator in
the absence of any metal catalyst*>'**!8! and (ii)) ATRP of
methacrylate can be conducted at lower temperature (60 °C) at
which the nitroxide is still inactive and not able to mediate
radical propagation.'” Entry 38 shows such an alkyne-func-
tionalized multifunctional initiator for ATRP and NMP.#517-181
The structure contains (i) 2-bromoisobutyrate as mediator for
the ATRP polymerization of MMA, (i/) TEMPO as mediator for

NMP polymerization of styrene and an unprotected alkyne,
whereas the fragments are linked via ester groups.

The unprotected alkyne is thermally stable up to 125 °C and
the TEMPO-mediated polymerization of styrene seems not to
interfere with the unprotected alkyne. Apparently, even after
17 h at 125 °C the polymerization was controlled and no
significant loss of alkyne was observed for the resulting PS-
macroinitiator (M,, = 10 000 g mol~', PDI = 1.2) as judged by 'H
NMR spectroscopy and SEC measurements of the subsequent
clicked structure.'® By contrast, the ATRP of MMA was kept
short in every case (30 min at 60 °C) to prevent significant
amounts of side reaction with the catalytic system resulting in
PMMA macroinitiator (M, = 6 000 g mol~!, PDI = 1.2)."
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However, the amount of side reactions is negligible in most cases
due to the low concentration of alkyne-containing initiator.

Furthermore, alkyne-functionalized NMP initiators are
combined with other controlled polymerization techniques by the
incorporation of, e.g., alcohol groups for the ring-opening poly-
merization of e-caprolactone (Entry 39). These polymerization
techniques do not interfere with each other and can be applied
simultaneously™®*'®* or subsequently.*>'®* For the consecutive
procedure, first the ROP of ¢-CL with the initiator depicted in
Entry 39 was conducted at 110 °C for 2 h using Sn(Oct), as catalyst
(M,, = 4000 g mol~!, PDI = 1.1) followed by NMP of styrene at
125 °C for 15 h (M,, = 19 000 g mol™', PDI = 1.3).*>!% On the
other hand, in a simultaneous one-pot approach St and -CL were
heated with Sn(Oct), for 22 h at 120 °C (M,, = 12 000 g mol™!,
PDI = 1.1)."8 For all examples, copolymers of PCL-b-PS with an
alkyne as clickable function at the junction point were achieved,
whereby the alkyne was not protected even in the polymerization
at 120 °C for 22 h. Hence, the alkyne must be stable under the
applied polymerization conditions of NMP and ROP.

In addition, since both polymerization techniques do not
interfere with the azide-alkyne cycloaddition, 3-miktoarm star
terpolymers can be constructed by conducting ROP of e-CL
(with Sn(Oct),), NMP of St (with initiator shown in Entry 39)
and either simultaneously (one-pot/one-step) or subsequently
(one-pot/two-step) clicking an azide-functionalized polymer with
CuBr/PMDETA as catalyst.'®® Thereby, 3-arm stars of PEG-
PCL-PS (M,, = 14 000 g mol ', PDI = 1.3) and PMMA-PCL-PS
(M,, = 14 500 g mol™!, PDI = 1.2) with the one-pot/one-step
technique and stars of PrBA-PCL-PS (M, = 16 000 g mol™',
PDI = 1.1) and PEG-PCL-PS (M,, = 15 000 g mol', PDI = 1.1)
in the one pot/two step approach could be synthesized, respec-
tively.'#?

Another type of an alkyne-functionalized macroinitiator
(M,, = 7700 g mol™!, PDI = 1.1-1.2) is depicted in Entry 40,
whereas PiBoA is attached on both the initiating and the medi-
ating fragment of the alkoxyamine.'® The macroinitiator was
obtained by a nitrone-mediated radical coupling reaction of
activated ATRP-made PiBoA (M,, = 4 300 g mol', PDI = 1.2)
in the presence of an alkyne-functionalized nitrone. To the best
of our knowledge, this macroalkoxyamine had not yet been used
as initiator in NMP. Nevertheless, it scems to be a potential
candidate, since in a similar approach polystyrene midchain-
functionalized with a parent alkoxyamine (not including the
alkyne moiety) was used as initiator in NMP of St, n-BA
and NIPAM for the chain extension towards ABA triblock
copolymers.!86:187

Azide-functionalized initiators. One of the first azide-func-
tionalized structures that is capable for a controlled radical
polymerization was published in 1998 by Hawker and
coworkers.’” In the common procedure (manganese-catalyzed
radical coupling of nitroxides with styrenics for the synthesis of
alkoxyamines) p-chloromethyl styrene was trapped with the
commercial available TEMPO radical after radical activation
and was subsequently reacted with sodium azide to yield an
azide-functionalized initiator (Entry 41). However, this initiator
was up to now to the best of our knowledge neither used in
polymerizations nor used in combination with alkyne-azide
cycloadditions. In this particular case, the azide was used to gain

an amino-functionalization by reduction with lithium aluminium
hydride.

In a similar approach the p-(azidomethyl)phenylethyl-TIPNO
was synthesized, whereby the p-chloromethyl styrene was func-
tionalized with the azide prior to the radical coupling with
TIPNO (Entry 42). The initiator was used in the polymerization
of styrene (M,, = 9 000 g mol~!, PDI = 1.1 after 3 h, 120 °C) and
n-butylacrylate (M,, = 6 500 g mol~', PDI = 1.2-1.3 after 13 h at
120 °C), whereby the polymerization was controlled and no side
reactions of the azide were discussed.'”

In contrast, Voit et al. discussed that the polymerization of
styrene with the azido-functionalized initiator depicted in Entry
42 failed due to the side reactions that were assigned to the
cyclization of the azide with the vinylic double bond of the
monomer.'”® Since the azide group is not thermally stable,*
either postmodification or preclick approaches could be
successfully utilized to prepare the a-functionalized polymers. In
the postmodification, p-(chloromethyl)phenylethyl-TIPNO was
used in the polymerization of styrene and the chloro group was
subsequently converted with sodium azide into azide (Ns-PS:
M, = 8000 g mol™!, PDI = 1.2). Following the preclick
approach, an alkyne-functionalized moiety (Cbz-protected
adenine derivative) was clicked onto the azide prior to the
polymerization of styrene resulting in a-functionalized PS (M,, =
52000 g mol™!, PDI = 1.2).17¢

To study the steric and electronic influence of the triazole
moiety for the initiation quality of the alkoxyamine shown in
Entry 42, two different alkoxyamines were synthesized starting
from 4-(chloromethyl)phenylethyl-TIPNO, whereby the chloro
group was substituted either by azide or by 4-azidobenzoate
to vary the distance of the azide to the alkoxyamine skel-
eton.’®® Polymerization of NIPAM using these azido-func-
tionalized alkoxyamines as initiators failed in both cases.
Therefore, the azido group was functionalized via 1,3 dipolar
cycloaddition with either a 1,2-dihydroxyalkyl moiety, a bar-
bituric acid moiety or a phenyl moiety. The initiators where
the triazole was directly bound to the alkoxyamine group
showed poor initiation. In contrast, the alkoxyamine with
a rigid spacer revealed good control over the polymerization
of NIPAM (M, = 5000 g mol™', PDI = 1.2) and n-BA
(M,, = 6000 g mol™', PDI = 1.2). The poor initiation effi-
ciency in the first case was partly ascribed to an electronic
influence but mostly to intramolecular hydrogen bonding
between the propagating radical and the barbituric acid that
hindered propagation. This was sterically prevented with the
rigid spacer in the second case. In these preclick cases the
azide moiety of the initiator described in Entry 42 opens
the field towards versatile functionalized initiators via the
facile incorporation of functional groups.

Functional initiators for Diels—Alder reactions. Besides an
alkyne moiety also anthracene or furan-protected maleimide
were attached to ATRP-NMP initiators as clickable groups for
Diels—Alder reactions (Entry 43). The synthesis of these mikto-
functional initiator starts from 2,2-bis(hydroxymethyl)propionic
acid as the basic framework,” where the ATRP-initiating
fragment (2-bromoisobutyrate), the NMP fragment (TEMPO)
and the clickable moiety (protected maleimide or anthracene)
were incorporated by esterification reactions,!'#119:1%0
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The anthracene-functionalized mikto-initiator depicted in
Entry 43 was only used in the preclick approach, whereby the
Diels—Alder reaction was conducted prior to the NMP of styrene
followed by ATRP of rBA. With this strategy, different block
copolymers were obtained: (i) H-shaped terpolymers'®
(PS)(PtBA)-PEO-(PtBA)(PS) (M,, = 18 000 g mol™', PDI = 1.3)
and (PS)(PrBA)-PPO-(PtBA)(PS) (M,, = 31 000 g mol ', PDI =
1.3) and (if) 3-miktoarm star polymer'® PEG-PS-P:BA (M,, =
18 000 g mol~!, PDI = 1.3). The protected maleimide-function-
alized miktoinitiator described in Entry 43 was initially used in
the ATRP of tBA (M,, = 4 000 g mol™!, PDI = 1.3) and subse-
quently “clicked” with anthracene-functionalized PCL prior to
the NMP of styrene to obtain a 3-miktoarm terpolymer (PCL-
PBA-PS) (M,, = 40 000 g mol~', PDI = 1.7).!*® The high poly-
dispersity index was ascribed to a loss of TEMPO during the
Diels—Alder reaction at 100 °C, indicated by a shoulder in the
SEC trace at lower molar masses.

The preclick approach for the anthracene or maleimide moiety
in combination with NMP should be used, since the maleimide
and anthracene moieties cause side reactions under the poly-
merization conditions of NMP. Hence, to the best of our
knowledge no example for the postclick approach is yet reported.

5. Clickable monomers

Clickable monomers can be used to synthesize pendant func-
tionalized polymers (Scheme 4) that can be easily modified in
a grafting-onto approach via click chemistry. Thereby, the
clickable monomer can be homopolymerized or copolymerized
to obtain versatile random-, block- or comb polymers. Most
widely used in controlled radical polymerization processes are
MMA and St derivates.

The polymerization of these click-functionalized monomers
represents often a synthetic challenge, because the clickable unit
as a reactive group is frequently in conflict with the radical
polymerization conditions. In contrast to the initiator approach
a higher amount of side reactions involving the clickable func-
tionality is expected, which is caused by the higher concentration
of the monomer used during the polymerization process
compared to the initiator. This fact is in particularly pronounced
for bulk polymerizations or for side reactions involving besides

o
Postclick f_' m
Simultaneous '
) !

Preclick | g . M
' ou

@0 Initiator ’ Clickable monomer “ Polymer

& Clicked linkage

' Entity with clickable counterpart

Scheme 4 Schematic representation of the strategies via clickable
monomers.

the clickable unit other parts of the monomer, e.g. the vinyl
group of azide-containing monomers, where cycloaddition
between the double bond and the azide can occur. To circumvent
such side reactions, either the clickable unit has to be protected,
or polymerization time or temperature have to be reduced.
However, the degree of functionalization is much higher in this
approach compared to the initiator one. Clickable initiators
would provide polymers only with terminal functionalities,
which would be one or two for linear polymers and equal the
number of arms for star-shaped polymers. In contrast, homo-
polymerization of a clickable monomer would yield a polymer
with functionalities as many as the number of repeating units.
The degree of functionality can be decreased by copolymeriza-
tion, which also decreases possible side reactions that are caused
by the clickable monomers. In this section we discuss clickable
monomers according to the functional groups, i.e. alkyne, azide,
diene, thiol, para-fluoro and others. An overview over the
clickable and clicked monomers is given in Tables 8-10.

5.1 Alkyne-containing monomers

The synthesis of alkyne-functionalized monomers is straight-
forward, whereby most synthetic routes involve the esterification
of (meth)acryloyl chloride with propargyl alcohol or propargyl
amine for (meth)acrylates®66-153191192 gand acrylamides,®'??
respectively. The propargyl derivatives can be protected by the
reaction  with  trimethylsilyl ~ chloride and  1,8-dia-
zabicyclo[5.4.0]lundec-7-ene catalyzed by silver chloride. The
synthesis of alkyne-functionalized styrene is often accomplished
via the Sonogashira reaction of 4-bromostyrene with (trime-
thylsilyl)acetylene, 50193195

The protection of acetylene-functionalized monomers by the
alkylsilyl group is of prime importance, because the terminal
alkyne is known to be chemically®® and thermally'®” not stable
under the polymerization conditions required for the CRP
techniques.’** However, some researchers have used unprotected
alkynes and indeed demonstrated that the terminal alkyne
undergoes side reactions such as (i) radical addition to the triple
bond,'* (ii) chain transfer,'® (iii) complexation of the terminal
triple bond to copper-based ATRP catalysts and insertion reac-
tions leading to insoluble crosslinked networks.””-19%19929 In one
of these reports, Matyjaszewski and coworkers reported that the
ATRP of unprotected propargyl methacrylate was hardly
controllable (PDI values > 3), due to the involvement of the
acetylene moiety during the catalyzed radical process.””

Styrenes. The first report on alkyne-functionalized styrene was
reported in 2005 by Hawker and coworkers using protected 4-
(trimethylsilylethynyl)styrene (St-C=C-TMS) (Entry 44) in
nitroxide-mediated polymerizations for the preparation of co-
and terpolymers.'”® By utilizing the PhEt-TIPNO alkoxyamine
as unimolecular initiator, poly(St-co-St-C=CH) (M, =
47 000 g mol~!, PDI = 1.2), poly(St-C=CH-co-DMAM) (M,, =
40 000 g mol~!, PDI = 1.2) and poly(St-r-St-C=CH-r-HEMA)
(M,, = 32000 g mol!, PDI = 1.2) could be prepared in
a controlled manner, whereby the alkyne monomer was incor-
porated into the polymers up to 10%. Without TMS-protection,
significant amounts of crosslinked polymers at a higher content
of alkyne-functionalized monomer or at high conversion were

This journal is © The Royal Society of Chemistry 2010

Polym. Chem., 2010, 1, 1560-1598 | 1577



View Article Online

91C 1S qdd ALY Dod oVVID \\z _ IS
V/a
L9 1S VLLOddIN 1AV Did
€Ie VINA q1g4 dALV Dod VYD SWLH= H— / 0s
01¢ 1S OdINAL ‘0dd dIAN
4 1S gdd ‘Ndd ALY Dod ONVUZ zmol\\ (14
SIt INVJIN adavdo 1AV Did
€61 WVINA ‘VINGH ONdIL-¥dud dAN SALH = y—— o
S6 INVJIN € ALY Dod oVVID - I,zl\A! 14
99 - L1 ALY
1414 VINIA addd 1AV Did
69 - 4dvVdINg JIALV s
ddNdOI ‘Lvad
80T°L0T 00T 661°161°€ST VIAD ‘VININ ‘'VINDHO ‘4ado‘ddad'davdo'dadd 14vd 4= 0
60T°T61°€TI‘E DIdW ‘VIAS ‘VININ “1D-3 dING ‘1OsOL ‘ST ALY Dod oVVRD SWL'H=¥ ol\wﬂ Ly
961 NVJIN 8T 1AV o
9027°S0¢T vV Lidgd 1AV SWL'H=y p— °
€61 vl ONdIL-¥dud dIAN Dod VYD /ol\A! 9%
10T 1S lvaa 1AV /
10261 1ISOdV 15049’ 1S ONJIL-dUd dINN Dod VYD | \o©|\ (84
—IS——
_
VdHL V! 1s04!
S61-€61°09 ‘VIAD ‘'VINHH ‘WVIAA IS ONdIL-d4d dAN \/ /
€0T Y61 IS ‘'VdHL dANdON LAV Dod oVVRD \_mm©|\ 44
REN| sIamwouowo)) (Anug/1qqy) V.I1D/Ioreniuy 4D A391e1g YOI aInjonng Anug

"6T9%:T1 €10T/T1/11 UO papeo[umo(] "(10¢ 10quaidog (g uo paysiqng

(snosueynurs = jnuwis yo1pard = Hid yorpysod = Hod) srowouow FuIUTLIUOI-JUAY[Y 8 d[qe ],

This journal is © The Royal Society of Chemistry 2010

1578 | Polym. Chem., 2010, 1, 1560-1598



Published on 20 September 2010. Downloaded on 11/12/2013 12:46:29.

View Article Online

observed. The efficiency and the orthogonality of the alkyne-
azide click reaction were proven by one-pot functionalization
either in a cascade or in a simultaneous approach. In related
work, Voit et al. synthesized poly(St-r-St-C=CH-r-GMA) (M,
= 30000 g mol™', PDI = 1.3) random terpolymers via NMP
using the TMS-protected alkyne monomer. The deprotection
with TBAF was performed without affecting the glycidyl moiety
resulting in a pendant functionalized terpolymer bearing two
orthogonal clickable moieties.®

Furthermore, St-C=CH was used for the preparation of
poly(tBOSt-h-[St-co-St-C=CH)]) (M,, = 60 000 g mol~!, PDI =
1.3-1.4) and poly(pHSt-b-[St-co-St-C=CH]) (M,, = 26 000 g
mol~!, PDI = 1.2) diblock terpolymers which were applied in
block copolymer lithography.'*52%!

In addition, St-C=C-TMS was used in the synthesis of
amphiphilic diblock terpolymers consisting of a hydrophilic
poly(acrylic acid) block and a hydrophobic copolymer poly(St-co-
St-C=CH)."* Since acrylic acid can not be directly polymerized in
a sufficiently controlled way with NMP22 — due to decomposition
of the nitroxide under acidic condition — one can use the protec-
tion/deprotection strategy. First, a PsBA-macroinitiator was
applied in the nitroxide-mediated polymerization of St and St-
C=C-TMS leading to poly(tBA-b-[St-co-StC=CTMS])) (M,, =
32000 g mol™', PDI = 1.2-1.3). However, deprotection of the
P/BA block to PAA leads to a significant loss of alkyne func-
tionality even of the protected one. Therefore, tetrahydropyran
acrylate (THPA) was used which can be deprotected under milder
conditions, but this compound was not stable under the temper-
ature required for NMP. The P(THPA) macroinitiator could be
polymerized via RAFT at 70 °C and was used in the copolymer-
ization of styrene and 4-(trimethylsilylethynyl)styrene. Following
the deprotection amphiphilic block copolymers PAA-b-[PS-co-
PSC=CH] (M,, = 16 000 g mol~!, PDI = 1.2) were obtained that
are capable to form micelles with a clickable hydrophobic
Core.194'203

In the discussed cases protected St-C=CH was incorporated
up to 20% in a statistical copolymerization with styrene. This
might be sufficient for the specific attachment of functional
groups by clicking, but for the tailoring of macroscopic proper-
ties homopolymers with pendant alkyne groups seem to be more
promising. Voit and coworkers showed that by increasing the
amount of protected 4-ethynylstyrene the control of nitroxide-
mediated polymerization with PhEt-TIPNO as unimolecular
initiator is lost indicated by polydispersity indices around 1.9 and
large differences of the calculated molar masses to the observed
ones for the homopolymer of poly(St-C=C-TMS).** The authors
assigned the loss of control to a shift of the active-dormant species
equilibrium towards the active side caused by sterical hindrance
and also to the recombination of the nitroxide and the TMS group
of the propagating 4-(trimethylsilylethynyl) styrene radical. This
assumption is supported by the fact that a controlled polymeri-
zation is obtained if an excess of free nitroxide is added to the
polymerization medium. This shifts the equilibrium back to the
dormant side and results in the synthesis of well-defined poly(St-
C=C-TMS) (M,, = 3 500 g mol~!, PDI = 1.2).*

To circumvent the sterical hindrance during the polymerization
as well as to provide enhanced accessibility to the alkyne for the
postmodification, 4-(3'-trimethylsilyl-ethynylmethoxy)styrene (St-
OMe-C=CTMS) containing a methoxy group as a flexible spacer

was investigated (Entry 45). The synthesis of the monomer was
performed by a substitution reaction of 4-hydroxystyrene with
propargyl bromide and subsequent protection with TMS. The
homopolymerization proceeded in a controlled manner without
the necessity of any free nitroxide (poly(St-OMe-C=CTMS):
M, = 6000 g mol™!, PDI = 1.2-1.3). Besides, the TMS group is
labile under basic and acidic conditions prohibiting the use of
acetic acid as a polymerization enhancer. Moreover, the TMS
group is thermally labile and a partial loss of the protecting group
was observed for the reaction at 120 °C. Unfortunately, the more
stable z-butyldimethyl-silyl (TBDMS) or triisopropylsilyl (TIPS)
protected monomers could not be synthesized. With St-OMe-
C=CTMS as monomer in hand the following diblock
copolymers were synthesized: poly(BOSt-b-St-OMe-C=CH)
(M, = 52000 g mol™', PDI = 1.2), poly(AcOSt-b-St-OMe-
C=CH) (M,,= 21 000 gmol~!, PDI = 1.4) as well as poly(pHSt-b-
St-OMe-C=CH) (M,, = 16 000 g mol !, PDI = 1.2).1952%"

Not only nitroxide-mediated polymerization but also the
RAFT polymerization technique was used for the preparation of
diblock copolymers poly(St-b-St-OMe-C=CH) with a trithio-
carbonate RAFT agent.?! Although alkyne-functionalized
ATRP initiators are widely used for the polymerization of styrene,
no alkyne-functionalized styrene derivative was polymerized via
ATRP so far. A reason for that might be the higher polymeriza-
tion temperature for the ATRP of styrene compared to other
monomer classes promoting side reactions. It can be noted that the
partial loss of the trimethylsilyl-protecting group at elevated
temperatures leads to a higher amount of terminal acetylene
compared to the initiator approach, which might cause a signifi-
cant loss of control due to interference with the copper catalyst.

Acrylates. There are only a few examples using propargyl
acrylates in CRP. A possible reason for that is the less control-
lable polymerization of acrylate monomers which can undergo
some side reactions due to the formation of mid-chain radicals in
poly(acrylates) (intermolecular transfer of radicals) resulting in
branching and scission.?** The triple bond at the monomer makes
it even more difficult to gain contol over the molecular structure.

The unprotected propargyl acrylate depicted in Entry 46 was
copolymerized with acrylic acid at 60 °C by Caruso ef al. using
the RAFT method with a trithiocarbonate CTA resulting in
a broad molar mass distribution (M,, = 86 000 g mol ' and a PDI
value of 2.2).2%5 In addition, a similar copolymer was prepared
using a trithiocarbonate CTA yielding a copolymer with a molar
mass of M,, = 53 000 g mol~' and a polydispersity index of 1.9.
The broad mass distribution is attributed to branching of the
unprotected alkyne-functionalized monomer.?°¢

Furthermore, TMS-protected propargyl acrylate was
randomly copolymerized with /BA using PhEt-TIPNO as initi-
ator for NMP by Malkoch and coworkers, but no detailed
discussion was provided regarding the obtained molar masses
and polydispersity of the isolated polymers.'*

Methacrylates. The TMS-protected propargyl methacrylate
(Entry 47) can be polymerized under usual polymerization
conditions for CRP (60-85 °C).»!5319L192:207.208 This type of
monomer was mostly polymerized by ATRP or RAFT. In the
case of RAFT polymerization a dithiobenzoate as chain transfer
agent and AIBN as radical source was used. It is reported that for
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the homopolymers molar masses up to 10000 g mol™! are
achievable.'® The polymerizations were carried out for 3 to 16 h
with protection of the terminal alkyne group resulting in well-
defined polymers (PDI < 1.3). Also some block and random
copolymers were prepared with different comonomers (MMA,
OEGMA).2*® A kinetic study for propargyl methacrylate (Entry
47), including semilogarithmic kinetic plots of the RAFT poly-
merization of the propargyl methacrylate and the silyl-protected
monomer was reported by Barner-Kowollik and coworkers. The
authors demonstrated that the protected monomer polymerizes
at a much lower rate than the nonprotected monomer.'**!*!
Another RAFT copolymerization of the unprotected methacry-
late (Entry 47) and MMA or GMA showed that the PDI values
increase (PDI = 1.6-2.0, M,, = 15 000-25 000 g mol~') and that
under these polymerization conditions side reactions such as
transfer and insertion reactions occur.'®

TMS-protected propargyl methacrylate was also polymerized
by ATRP. The first contribution was reported by Haddleton and
coworkers using CuBr/N-ethyl-2-pyridylmethanimine as cata-
lytic system. Kinetic studies indicated a living process and SEC
measurements of the resulting polymers revealed a good control
over the polymerization (PDI < 1.3).2 This monomer is also used
for the synthesis of block copolymers with poly(e-caprolactone)
as macroinitiator. A block copolymer (M, = 14 100 g mol™',
PDI = 1.2) was obtained after the deprotection with TBAF and
followed by the alkyne-azide cycloaddition leading to a func-
tional graft copolymer.'?

Drockenmuller et al. reported an in situ approach of ATRP
polymerization and copper-catalyzed azide-alkyne click reaction
using propagyl methacrylate as clickable monomer. The resulting
functionalized copolymers revealed a broader molar mass
distribution (PDI = 1.3-2.1) due to the use of unprotected
alkyne.?*®

Acrylamides. The protected alkyne-functionalized acryla-
mide shown in Entry 48 is polymerized by ATRP using
CuBr/MesTREN as catalytic system and dansyl-bromide as
initiator at 0 °C with NIPAM as comonomer (M, = 13 900-
19 600 g mol~', PDI = 1.2-1.3).”®

Additionally, the protected acrylamide was copolymerized
with (V,N-dimethyl)acrylamide and TMS-protected 2-(hydroxy-
ethyl)methacrylate via NMP using PhEt-TIPNO as initiator to
prepare water-soluble random terpolymers.'*?

Acrylonitrile. The acrylonitrile monomer (AN) can be used
without further functionalization for click reactions (Entry 49)
since it contains nitrile groups which can be used for 1,3 dipolar
cycloadditions with azides. Since this cycloaddition belongs to
the list of reactions defined as click reaction by Sharpless and
coworkers,'* acrylonitrile can be in principle considered as
a clickable monomer.

Acrylonitrile was polymerized via ATRP using 2-bromopro-
pionitrile as initiator and CuBr/bpy as catalytic system by Du
Prez and Matyjaszewski. The initiator contains the monomer
group as initiating fragment that posses equal radical reactivity
as the monomer itself providing fast initiation.*®* Thereby,
poly(acrylonitrile) PAN (M,, = 40 000 gmol ', PDI = 1.1) as well

as poly(AN-b-St) (PDI = 1.1) and poly(AN-r-St) (M, =
8500 g mol', PDI = 1.1) were prepared. For the block
copolymer, first a PAN-macroinitiator was prepared followed by
the polymerization of styrene as the second block to ensure high
initiating rates and, hence, a narrow molar mass distribution.*®
In addition, acrylonitrile was polymerized vie NMP using
TEMPO/dibenzoylperoxide (BPO) as bimolecular initiator for
the polymerization of the random copolymer poly(St-r-AN)
(M,, = 10 000 g mol~', PDI = 1.3-1.4) and the diblock polymer
poly(St-b-[St-r-AN]) (M,, = 87 000 g mol', PDI = 1.2) that was
initiated with a PS-macroinitiator.?’® Thereby the control
increases with the content of acrylonitrile in the acrylonitrile/
styrene feed.

Regarding possible postmodifications, it should be noted that
the pendant nitrile group in polymeric materials is up to now
efficiently modified only to the corresponding tetrazole ring using
the reaction with sodium azide and zinc chloride as catalyst in
DMF 120 °C for 40-50 h.*®2'° Herewith, the nitrile-azide
cycloaddition is used to modify macroscopic properties rather
than to place functional groups or to attach polymeric side
chains.

The reason for this limitation lies within the nature of the ring
formation of the tetrazoles: To allow an efficient ring formation
under mild conditions, the azide should not be sterically hindered
(which limits the use of polymeric azides), while the nitrile group
has to be electron-poor (e.g. tosylnitrile), which is not sufficiently
fulfilled for the nitrile group along the backbone of (poly)-
acrylonitrile.**1212

However, with the efficient modification to the corresponding
tetrazole ring the macroscopic properties of the prepared diblock
copolymers changes: (i) solubility and swellability in protic
solvents increase, (if) the morphology changes, since the tetrazole
formation increases the incompatibility between the blocks*'
and (iii) the temperature stability for the tetrazole-modified
material significantly decreases (by 60-120 °C) compared to the
nitrile-based polymer.*®

Vinylacetylene. The TMS-protected vinylacetylene (Entry 50)
was polymerized using the ATRP process by Matyjaszewski.?*?
This monomer was copolymerized with MMA using CuBr/2,2’-
bipyridine catalyst and ethyl 2-bromoisobutyrate as initiator in
anisole. Different environmental parameters such as temperature,
time or ratio of copper to ligand to initiator were varied resulting
in different polymers (M, = 5000-12 000 g mol~!, PDI =
1.1-1.5).213

Alkyne-functionalized maleimide (Entry 51) will be discussed
in Section 6.1.2.7.

5.2 Azide-containing monomers

Azide-containing monomers based on (meth)acrylates or
(meth)acrylamides are prepared by an esterification of 2-azi-
doethanol or 3-azidopropylamine with a (meth)acryloyl chloride
or an activated acid of (meth)acrylic acid.””9*-18:217-220 Ty addition,
the route starting from the 2-hydroxyethyl methacrylate to the
corresponding azide via the Mitsunobu reaction is described.?* In
the case of azide-functionalized styrene, the alkyne functionality is
incorporated via substitution reaction of 4-vinylbenzyl chloride
with sodium azide.®*

1580 | Polym. Chem., 2010, 1, 1560-1598

This journal is © The Royal Society of Chemistry 2010



Published on 20 September 2010. Downloaded on 11/12/2013 12:46:29.

View Article Online

The used temperature represents an important criterion for the
controlled polymerization of these monomers. The instability of
the azide group at elevated temperatures is described, resulting in
(/) the decomposition with evolution of nitrogen to form reactive

nitrenes that undergo insertion reactions**'7-*22%5 or (iii) cyclo-
addition with the monomer to form triazolines. *-105-108.226.227
Both side reactions result in the formation of a crosslinked
polymer. The higher concentration of azide groups in the

Table 9 Azide-containing clickable monomers (poC = postclick, simult = simultaneous)

Entry Structure Click Strategy CRP Initiator/CTA (Abbr./Entry) Comonomers Ref
52 //—Q—\ CuAAC simult  ATREP 5 St 83
N3
53 jg/*o Ny CuAAC poC ATRP  EBIiB, TosCl, MMA, DMAEMA, rBMA  77,90,209,220,221
o \—M/n n=125 RAFT  CDB, CBDN, CPADB MMA 108,207,219,221
:&O
54 o Q CuAAC poC RAFT  BICDT, CPDB MMA, MA, St 217
N3
55 _>/'—NUN3 CuAAC poC ATRP 3 NIPAM 95
Y RAFT  CPADB NIPAM, DMA 218
Table 10 Other click-functionalized monomers (poC = postclick)
Entry  Structure Click Strategy CRP Initiator/CTA Comonomers  Ref
= /
56 Q DA poC RAFT BDAT St 228
o)
57 :g/ko \_@ DA poC ATRP EBIiB, BBiBE MMA, EHA  57,229-232
g
\
0
58 //_Q—/ 4\—\\ Thiol ene poC RAFT MCPMDB St 127
59 :og/*o 0—\\ Thiol ene poC RAFT CPADB - 234
60 :g/*o — Thiol ene poC ATRP EBiB MMA 127
g S
F, F
61 Y F Thiol para-fluoro, Amine para- poC NMP  Blocbuilder®, PhEt-TIPNO St 31,32
fluoro
F F
o F F
62 [ﬁN‘Q*F Thiol para-fluoro poC ATRP PEB St 216
o F F
S—§
~ \
63 s 7\ PySS poC RAFT CPADB HPMAM 235,236
4 _
TIPNO
64 :g,o RO poC NMP St, MA 9,60
I \_<Cf RO poC ATRP EBiB (BMA, MMA 59,114,244
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polymerization solution (1-2 M or bulk) compared to the initi-
ator approach constrains the polymerization conditions of CRP
to lower temperatures to gain sufficient control over the poly-
merization,”7:90:95:108.217.219.220 Nonetheless, there are also two
reports published using normal ATRP conditions (65-70 °C)
claiming that the polymerization proceeded in a controlled
manner.?°”?"® Regarding the orthogonality of ATRP and azide-
containing monomers, it is known for azides to undergo the
Staudinger reaction, ie. reduction to amines, in the presence of
phosphines that are typically used as ligand for iron complexes as
the “new generation” catalytic systems in ATRP.%!54

Styrenes. One example for the simultaneous click chemistry
and atom transfer radical emulsion polymerization (ATREP) is
known for 4-vinylbenzyl azide (Entry 52).** This method allows
the preparation of crosslinked PS nanoparticles by copolymeri-
zation of 4-vinylbenzyl azide and styrene and an alkyne-con-
taining ATRP initiator with CuBr/PMDETA as the catalytic
system.

Methacrylates. A kinetic study, including semi-logarithmic
kinetic plots of the RAFT polymerization of an azide methac-
rylate derivative (Entry 53) is reported by Benicewicz at different
temperatures and at different monomer conversions. The pseudo-
first-order kinetic plots are reported for 40 °C as well as 30 °C
showing a linear relationship between In[([M]o/[M];)] and time,
which indicates a constant level of radical concentration during
the polymerization. At higher temperature (50 °C) a shoulder at
higher molar masses could be observed which was caused by
coupling or branching of the polymer chains. At 30 °C it was
shown that the azide monomer can be polymerized by RAFT with
a dithionaphthalate RAFT agent (M,, = 21 500 g mol~!, PDI =
1.1).1® Benicewicz and coworkers also reported that the RAFT
polymerization of 6-azidohexyl methacrylate showed a linear
pseudo-first-order kinetic plot at 30 °C. It was noted that with
higher monomer conversion (25%) a high molar mass shoulder
was observed by SEC measurements.?'® 2-Azidoethyl methacryl-
ate (Entry 53) was used for the copolymerization with MMA via
ATRP or RAFT. The copolymer prepared by ATRP had a molar
mass of M, = 5400 g mol' and a PDI value of 1.2, whereas the
copolymer prepared by RAFT had a molar mass of M, =
7 100 g mol~"' and a PDI value of 1.4. These copolymers were used
for further functionalization with cyclooctyne derivatives (copper-
free clicking).?*! The 4-azidophenyl methacrylate (Entry 54) can be
copolymerized with different monomers in a controlled manner at
room temperature by using a carbodithioate or a dithiobenzoate
as initiator. Methyl acrylate, methyl methacrylate and styrene
have been used as comonomers. The resulting copolymers were
well-defined (PDI < 1.3) and in a molar mass (M,,) range between
3 000 and 16 000 g mol~'.2"7

With the azide-functionalized monomer depicted in Entry 53
also a tandem click chemistry/ATRP procedure was applied by
Drockenmuller et al. using CuBr/bpy as the catalytic system and
TosCl as the initiator. Different copolymers with MMA were
prepared (M, < 22 400 g mol~', PDI = 1.5).2%

Acrylamides. There have been two reports published on the
controlled radical polymerization of azido acrylamides (Entry 55).
The first one is reported by Chang et al. for ATRP with a dansyl-

labeled initiator and CuBr/MesTREN as catalyst. The polymeri-
zation was performed with NIPAM as comonomer at 0 °C to
avoid side reactions (M,, = 9 500-13 300 g mol~!, PDI = 1.2).>> In
another study, the authors polymerized 3-azidopropylacrylamide
by RAFT with DMAM and NIPAM, where 4-cyanopentanoic
acid dithiobenzoate was used as CTA and 4,4'-azobis(4-cyano-
pentanoic acid) as initiator to yield random copolymers (M, =
14 700 g mol™!, PDI = 1.2).2'®

5.3 Monomers for Diels—Alder reactions

There are only a few examples for clickable monomers (dien-
ophile or diene containing ones) that are suitable for Diels-Alder
reactions. The furfuryl methacrylate is commercially available
and therefore accessible for the controlled polymerization
without further functionalization.

Acrylates. One report was published by Barner-Kowollik and
Stenzel et al. using a hexa-2,4-dienyl acrylate (Entry 56), which
was polymerized by RAFT using a trithiocarbonate chain
transfer agent and styrene as comonomer (M, = 5000-
6 000 g mol~!, PDI = 1.2-1.4).28

Methacrylates. Singha et al. polymerized furfuryl methacrylate
(FMA) (Entry 57) by ATRP (catalyst: CuCl/HMTETA, initi-
ator: EBiB) at 90 °C. Moderate levels of monomer conversions
(~60%) could be achieved during the homopolymerization of
this type of monomer. Surprisingly, the polymers did not gel and
preserved their low PDI values, which indicated no or negligible
amounts of side reactions involving the addition of radicals to the
furfuryl functionality. Semi-logarithmic kinetic plots revealed that
the polydispersity decreased by increasing conversion.?? None-
theless, well-defined homopolymers (M,, = 6 500 g mol~', PDI =
1.3) and copolymers with MMA (M,, = 10 000 g mol~!, PDI = 1.3)
were obtained.’”****! Furthermore, FMA was successfully used
in the preparation of block copolymers with 2-ethylhexyl acrylate
(EHA) and 1,2-bis(bromoisobutyryloxy)ethane (BBiBE) as initi-
ator.®> The ATRP reaction was conducted at 90 °C using CuCl/
HMTETA as catalytic system. The obtained PFMA-b-PEHA-b-
PFMA (up to M,, = 51 000 g mol™!, PDI = 1.3) was crosslinked
with a bismaleimide to yield materials with self-healing properties.

5.4 Monomers for thiol-ene clicking

In the last years, the thiol-ene click reaction has attracted
significant attention in the field of polymer science. These robust
and efficient reactions have enormous advantages for the
construction of polymeric structures. Recently, several reviews
summarized the power of thiol-ene chemistry, 92853233

Since thiol groups readily undergo side reactions under radical
polymerization conditions, preferably ene-functionalized mono-
mers were synthesized and used as clickable monomers. (Meth)-
acrylates containing a terminal double bond are prepared by an
esterification of an alcohol (e.g. ethylene glycol vinyl ether or 3-
butene-1-ol) with an acid chloride or an anhydride of (meth)ac-
rylate acid.'*”*** Styrenes containing a terminal double bond are
synthesized by substitution of a chloride group (e.g. from 4-
vinylbenzyl chloride, using 3-butene-1-0l)."*” The controlled
polymerization of this class of monomers is easily possible due to
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the rather low reactivity of the unconjugated alkene group. Thus,
no or less crosslinking occurs during the polymerization.'*

Styrenes. There is only one report published for the polymer-
ization of the ene-functionalized styrene derivative depicted in
Entry 58. Hawker et al. reported a RAFT copolymerization to
obtain alkene backbone-functionalized copolymers. The poly-
merization was performed with a dithiobenzoate as CTA at 75 °C
resulting in a copolymer with St of a molar mass of M, =
14 000 g mol ' and a PDI value of 1.1.'*"

Methacrylates. Vinyloxyethyl methacrylate (Entry 59) was
polymerized by the RAFT process using a photoinitiator and a
dithiobenzoate RAFT agent reported by Bulmus and
coworkers.?** Monomodal molar mass distributions were
obtained at low monomer conversions (~25%) that broadened by
increasing the polymerization time resulting in a hyperbranched
polymer due to the incorporation of the vinyl ether group (PDI =
1.3-2.0).2%* Controlled polymerization of another alkene methac-
rylate (Entry 60) was described by Hawker and coworkers. The
authors reported on the ATRP of but-3-enyl methacrylate. The
copolymerization with MMA was initiated by ethyl 2-bromoiso-
butyrate and catalyzed by CuBr/PMDETA (M,, = 17 000 g mol ™!,
PDI = 1.2)."7

5.5 Monomers for para-fluoro substitution

Styrenes. The commercially available pentafluorostyrene
(Entry 61) can be used as a clickable monomer as recently shown
by Schubert and coworkers. Thereby, the para-fluoro atom can be
substituted in a postmodification by functionalized amines or thiols
under mild conditions (see Section 2).3!3? Pentafluorostyrene (PFS)
was polymerized using the commercial available 8-phosphonylated
alkoxyamine (MMA-SG1: “BlocBuilder”) as unimolecular initiator
for NMP polymerization at 110 °C. Thereby, homopolymer
poly(PES) (M,, = 3 500 g mol™', PDI = 1.1), random copolymer
poly(PFS-r-PS) (M,, = 9000 g mol™', PDI = 1.1) and diblock
copolymers poly(PFS-b-PS) (M,, = 17 000 g mol™', PDI = 1.2)
could be prepared, where either a PFS- or a PS-macroinitiator was
used.** Terpyridine-functionalized PhEt-TIPNO alkoxyamine as
unimolecular initiator was also used for the NMP of PFS at 120 °C
to yield poly(PFS) (M,, = 4 500 g mol ', PDI = 1.1) and poly(PFS-
b-PS) (M,, = 10 000 g mol™', PDI = 1.2).3

The pentafluorophenyl-functionalized maleimide (Entry 62)
will be discussed in Section 6.1.2.7.

5.6 Monomers for pyridyl disulfide exchange

In entry 63 a monomer is shown, where the pyridyl disulfide
moiety is linked to methacrylate. The PySS group can be
exchanged in a postmodification or premodification step by thiol
functional compounds under mild reaction conditions, because
of the facile leaving character of the 2-pyridinethione. The release
of 2-pyridinethione allows the monitoring of the PySS exchange
by UV/vis spectroscopy. This procedure is often used for the
preparation of polymer bioconjugates (e.g. with oligopeptide) or
for anticancer drugs, such as doxorubicin linked via the free thiol
group.235:236

The monomer was used in RAFT polymerization with
CPADB as CTA. These polymers were used as macro CTAs for
the preparation of block copolymer of HPMAM resulting in
different block segments with different molar mass (M, =
13 400-49 000 g mol~', PDI = 1.2-1.3). These block copolymers
were further crosslinked as micelles.?*s

Moreover, homopolymers of the PySS monomer were
prepared by using the RAFT method by Bulmus et al. Different
semilogarithmic plots are examined for this monomer indicating
the controlled character of the polymerization. Numerous
homopolymers were synthesized as basis for further bio-
functionalization (M,, = 8 000-12 600 g mol~!, PDI = 1.1-1.4).2%¢

5.7 Monomers for ring-opening reactions

Ring-opening reaction of strained heterocycles are considered as
a click reaction based on the spring-loaded character towards
nucleophiles by Sharpless and coworkers.'®* For this purpose,
glycidyl methacrylate (GMA) is a commercially available
monomer, and thus can be used as a clickable monomer without
further modification (Entry 64). CRP of GMA has been well
studied by NMP,” RAFT**” and ATRP.?**2* For ATRP of
GMA it is important to note that the epoxide might react with
free ligand, which leads to unwanted branching. Thus, the
catalyst has to be preformed before the addition of the mono-
mer.”® Moreover, any strong nucleophile should be avoided
during polymerization. Apart from that, the epoxide is stable
under the polymerization conditions even at elevated tempera-
tures typically required for NMP.

With the “boom™ of click chemistry in polymer science, the
ring opening of epoxides with nucleophiles as a click-type reac-
tion experienced also a revival in the last few years, but rather to
introduce azides or alkynes than as a click reaction itself (Scheme
1, Entry 89). Why modifying towards another clickable func-
tionality although the ring-opening reaction is an efficient click
reaction itself? This is caused by the poor selectivity of epoxides.
In contrast, the orthogonality is strongly increased for, e.g., the
azide-alkyne click reaction allowing the orthogonal functionali-
zation in one-pot, simultaneous or cascade reactions.'®?

Various polymers containing glycidyl methacrylate were
synthesized as basis for further click reactions: Poly(St-r-(C=C-
CH,-St)-r-GMA) was prepared via NMP with TIPNO as medi-
ating nitroxide (M,, = 30 000 g mol~!, PDI = 1.3).%° By ATRP the
homopolymer as well as the random copolymers were synthesized
(Entry 64): poly(GMA) with M,, = 27 000 g mol~' and PDI =
1.3, poly(GMA-r-tBMA) with M,, = 8 000 g mol ' and PDI =
1.2%* as well as poly(GMA-r-MMA) with M,, = 20 000 g mol™’
and PDI = 1.2 to 1.5,%° whereby the polydispersity index for the
latter increases by increasing the fraction of GMA used in the feed.

5.8 Clicked monomers

Clicked monomers are formed by the azide—alkyne 1,3-dipolar
cycloaddition and contain the triazole ring which is linked to the
polymerizable vinyl group. There are only few examples of
clicked monomers. Hawker et al. have described the RAFT
polymerization of a series of 4-vinyl-1,2,3-triazoles (Entry 50).
Different (co)polymers were prepared in a controlled manner
using a dithioester.®” Sumerlin er al. used propargyl acrylate
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(Entry 46) that was clicked onto an azide-containing trithiocar-
bonate (Entry 29) for the RAFT polymerization of branched
poly(N-isopropylacrylamide) (PDI = 1.5-2.1).2%¢ Also the chain
extension of this macro-CTA with DMA was performed. 1-(3'-
Aminopropyl)-4-acrylamido-1,2,3-triazole hydrochloride (Entry
48) was polymerized by the RAFT using a poly(NIPAM) macro-
RAFT agent resulting in block copolymers (M,, = 19 600 g mol ™!,
PDI = 1.2).2's Propargyl methacrylate (Entry 47) was clicked by
a Cu-catalyzed 1,3-dipolar cycloaddition with 3-azido-7-dieth-
ylaminochromen-2-one and subsequently copolymerized with
MMA by RAFT using 2-cyanoprop-2-yl dithiobenzoate (CPDB)
as chain transfer agent (M,, = 10 200 g mol~!, PDI = 1.2).2"*

6. Postmodification

Postmodification reactions are used to transform latent func-
tional groups into clickable units, whereby the polymer can be
modified either at pendant or at terminal positions (Scheme 5).
For the terminal modification the initiating side, the mediating
side or both can be modified. An overview of the end-group
modification approaches are depicted in Tables 11 and 12 and the
side-group modifications are shown in Table 13, which will be
discussed in the following.

6.1 End-group modification

Linear polymers prepared by controlled radical processes
contain two functional end groups, one on the initiating end and
the other one on the mediating end. Therefore, a polymer can be
further functionalized on the «- and/or the w-terminus. In
particularly for the w-terminus, unavoidable radical termination
reactions during the polymerization such as recombination as
well as disproportionation occur and, thus, parts of its func-
tionality are lost to a certain amount. Assuming an efficient
postmodification reaction, these side reactions for the prefunc-
tional polymer can be considered as the bottleneck for the degree
of functionalization that can be reached for w-functionalized
polymers via the postmodification strategy.

6.1.1 Modification on the a—terminus. The a-terminus of the
polymer is more preferred for modification in comparison to the
w-terminus due to a higher end-group fidelity.

Side group

|
9990009 — SP0POPP
End group

Om./ CRP-made polymer

@ Clickable group

A Prefunctional group

EL Postmodification

Scheme 5 Schematic representation of the postmodification strategies.

6.1.1.1 RAFT — Modification towards alkyne functionality.
An a-endgroup modification of the initiating group was reported
by Bertozzi et al., where a pentafluorophenyl ester as a labile
ester group (Entry 75) was attached to the initiating fragment.
After polymerization the labile ester was cleaved with diisopro-
pylethylamine in the presence of propargyl amine resulting in an
a-terminated alkyne polymer. Apparently, the trithiocarbonate
was not attacked by the amine and, therefore, a defined polymer
could be obtained.***

6.1.1.2 NMP — Modification towards azide functionality.
Despite the versatility of functional groups that can be intro-
duced as an initiating fragment on the a-functionalized polymers
prepared by NMP with functional alkoxyamines,'” there is only
one synthetic route reported for the transformation into a click-
able moiety: The modification of the benzylic chloro group into
an azide via a nucleophilic substitution with sodium azide (Entry
78, 79).

Initially, Hawker ez al. described the postmodification from
chloride into azide a-functionalized polystyrene in 2004.24¢
Thereby, the sodium azide was activated by the addition of
catalytic amounts of 18-crown-6 ether while an excess of sodium
azide was used. This postmodification was also utilized by Voit
et al. using acetone as solvent and three equivalence of sodium
azide at room temperature to achieve full conversion after several
hours.'™ In 2008, Braslau et al. obtained azide-functionalized
polystyrene by the reaction of the chloride counterpart in DMF
with sodium azide (3 eq.) at 50 °C in the absence of crown ethers to
almost full conversion.?*” Furthermore, the transformation was
applied by O’Reilly et al. for the preparation of azido-function-
alized poly(acrylic acid-b-styrene) (N3CH,-PhEt-PAA-H-PS) as
clickable amphiphilic diblock copolymers. The postmodification
of the benzylic chloro group attached to the PAA block was
conducted in water at room temperature using a 5-fold excess of
sodium azide to yield clickable micelles in water with azide groups
on the outer shell.’**

6.1.2 Modification on the w-terminus. The efficiency of the
w-terminal modification depends on the stability of the medi-
ating fragment of the polymer chain that is affected through side
reactions inherent for controlled radical polymerization
processes. In general, polymerizations intended for w-post-
modification were kept at low conversions in order to avoid
a significant loss of functionality.

6.1.2.1 ATRP — Modification towards azide functionality.
The most prominent postmodification reaction towards a click-
able functionality of ATRP-prepared polymers is the substitution
of halides such as bromide against azide, since the halide is
inherently present at the w-chain end after the ATRP process
(Entry 65). The reaction is very efficient with sodium azide in
DMF at room temperature, allowing for a specific transformation
in the presence of distinct labile groups. In this context, it is
important to note that Matyjaszewski and coworkers developed
the method for this nucleophilic substitution in 1997/1998 for
polystyrenes and polyacrylates to allow an easy access to amines
over the azide via a reduction®*® or via the Staudinger process.**
The authors also studied the rate constant for the substitution of
selected model halogen compounds with sodium azide.>°
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Table 12 Postmodification — end group (continued)

Entry Modification Click CRP Type Monomer Ref
S N7
74 )J\ ~ | PySS RAFT Aminolysis, Substitution NIPAM 267
55
o}
75 _— ; CuAAC RAFT Ester cleavage OPA 245
\F /
76 o-N 6 CuAAC NMP Oxidative cleavage St 284
—_ = .
77 ?i/ CuAAC NMP Radical exchange St 247
L E— 7 Na
78 CuAAC NMP i) Substitution St 247
i) Oxidative cleavage
79 - @ CuAAC NMP Substitution St, 1BA 134,176,247
nzo0
R
80 5 /l< CuAAC NMP Substitution St 71,72
ROP &-CL
ATRP BA
R=
B e N
OH p
J "
\{/ o -
CuAAC NMP Radical exchange, Substitution 285

81 FEALEEN
PO

Up to now a lot of different polymers were postmodified via
this azidation method. Poly(styrenes), poly(acrylates),
poly(methacrylates) and their copolymers at different molar
masses have been reported,-78-80.90:97.98.102.114.251-261 Tt should be
noted that the azidation of poly(methacrylates) is significantly
slower compared to poly(acrylates) and poly(styrenes) due to the
tertiary bromine.?®> The modification can be used, e.g., in
combination with multifunctional initiators bearing functional
termini for NMP or ROP (Entry 80). The multifunctional initi-
ator was used in NMP of styrene, ROP of e-caprolactone as well
as ATRP of tBA followed by the quantitative substitution of the

bromine against azide, while the molar masses and the poly-
dispersity indices retained.””*

6.1.2.2 ATRP — Modification towards alkyne functionality.
Only a few examples are described for polymers prepared by
ATRP dealing with the exchange of the bromine end group
against alkyne-functionalized groups.’®5?%* Low molar masses
and conversions are targeted by preparing the polymers to assure
a high end-group fidelity of the w-terminating bromide.

Monteiro and coworkers used the high reactivity of PS
towards cleavage of the bromine end group in the presence of
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Table 13 Postmodification — side group

Entry Modification Click CRP Type Comonomers Initiator Ref
82 or | oﬁ:: | CuAAC ATRP  Quaternization DMAEMA, EBiB 288
DEGMA,
bN ~ K/g<\\\ DEAEMA
83 oﬂ/f: > oﬁ\/(j CuAAC ATRP  Esterification — EBiB 289
K/OH bo\ﬂ/\///
0
84 —_— CuAAC NMP i) Hydrolysis St PhEt-TIPNO 291
> ii) Substitution
o\fo o F
o=
R=
85 o~ o o ITIH CuAAC NMP i) Acidolysis St PhEt-TIPNO 292,295
)< R N ii) Amidation
R=
86 o R oM A CuAAC NMP  Amidation St, 1BA, AM  PhEt-TIPNO 193
o= N0 R \
r oLy
3
3
87 % - CuAAC NMP Substitution St, tBA PhEt-TEMPO 117,292-294
cl Ns
88 Oyo 7 or CuAAC RAFT  Substitution AA BPIT, PEDT 205,206
K/\CI 1\/\N3
oy
89 o g 0 g CuAAC ATRP  Ring opening MMA, tBMA EBiB 59,104,114,244,290
o -
Nz
90 i = i DA NMP Etherification St PhEt-TEMPO 117,120

Cu(I)Br, Me,TREN and DMSO promoting a single electron
transfer (SET) via the formation of nascent Cu(0).2%* The emerging
carbon-centered radical was trapped by an alkyne-functionalized
nitroxide (2,2,6,6-tetramethyl-4-(prop-2-ynyloxy)piperidin-1-
yloxyl)*** to result in alkyne-terminated PS with near quantitative
yields within 10 min at room temperature (Entry 66). A unique

feature of the nitroxide radical coupling (NRC) as a selective and
highly efficient reaction is the reversible formation of the C-O
bond of the alkoxyamine that undergoes homolytical cleavage
upon heating. In this fashion, the coupled nitroxide can be
substituted by an excess of other functional nitroxides (10-fold
excess) at elevated temperatures.

This journal is © The Royal Society of Chemistry 2010
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Recently, Barner-Kowollik and coworkers established a new
approach towards midchain-functionalized polymers by using
nitrones in a dual radical capturing process.'®**%* Nitrones can
rapidly react with carbon-centered radicals to form nitroxides
that further trap radicals to form alkoxyamines. As such,
nitrones can be used for efficient polymer conjugation by medi-
ating the radical coupling reactions of macroradicals. The
authors activated ATRP-made PiBoA with Cu(0)/PMDETA in
toluene at 60 °C in the presence of an alkyne-functionalized
nitrone (2-fold excess), while the alkyne was protected with
TMS. ' In this vein, midchain alkyne-functionalized polymers as
depicted in Entry 67 can be prepared in high yields as indicated
by '"H NMR spectroscopy (~90%). The midchain functional
PiBoA was clicked after deprotection with either PS-N3 or
PiBoA-Nj; to form 3-arm star polymers.

As an additional feature, the prepared polymers bear an
alkoxyamine functionality in the backbone that could in prin-
ciple be used as a macroinitiator in a nitroxide-mediated poly-
merization for the insertion of another polymer block towards
triblock copolymers. Hence, the present approach can also be
considered as a preparation of clickable or clicked macro-
initiators for NMP (Entry 40; Section 4.3).

6.1.2.3 ATRP — Modification toward diene functionality for
Diels—Alder reactions. In Entry 68 a nucleophilic substitution of
a bromo-terminated polymer with cyclopentadienyl as reported
by Barner-Kowollik is described. This strategy allows the direct
access to dienes which can be used for catalyst-free click reac-
tions, i.e. Diels—Alder reaction. The reaction was performed with
sodium cyclopentadienide (NaCp) or nickelocene (NiCp,) as the
substituting agent at ambient temperature. It should be
mentioned that side reactions can occur during the substitution
with the more reactive NaCp, in particular for PMMA-Br,
PiBoA-Br and PMA-Br, but not for PS-Br. It could be shown
that the use of NiCp, using tributylphosphine and sodium iodide
as promoters eliminates these side reactions. In this manner,
cyclopentadienyl-functionalized polymers of PMMA, PiBoA,
PMA and PS are reported (PDI < 1.3).3926¢

6.1.2.4 RAFT — Modification towards thiol functionality. In
recent years, an alternative click strategy has been established in
polymer research for the design of complex macromolecular
architectures. This strategy is based on the special chemical
nature of thiol compounds that can be used for radical coupling
processes in thiol-ene and thiol-yne reactions, as well as for
nucleophilic addition reactions such as thiol-isocyanate addition
or Michael addition. The radical-mediated addition of a thiol to
an yne is a “sister” reaction to the radical thiol-ene reaction,
whereby two thiols can be added (two-step process). All these
reactions can be performed under mild conditions.

The w-end of the polymer chains prepared by the RAFT
polymerization can be easily modified to generate a reactive thiol
group. In most of the reports a trithiocarbonate (Entry 69) or
a dithiobenzoate (Entry 70) have been used as chain transfer
agents for RAFT. These group can be easily modified into thiol
groups. There are two synthetic pathways towards thiols: (i)
Aminolysis with a primary amine®*-3+141:245:267275 an( (jf) reduc-
tion with NaBH,4.2’2"® Care should be taken in this post-
modification to prevent the coupling of two chains to form

a disulfide bridge, which are often visible by a shoulder at lower
elution volumes in the SEC measurements. However, coupling of
thiols can be easily reversed by addition of a reducing agent, e.g.
phosphine derivatives,’*-34116:268:271.273.276 T imjtations of the thiol-
ene reaction for polymer-polymer conjugation were recently
described by Du Prez et al. >

In some cases, further purification of the w-thiol functional
polymers is necessary and dialysis or precipitation are the
preferred techniques. A calorimetric method for the determination
of the free thiol concentration was developed by Ellman.*” Ell-
man’s reagent converts a thiol into a 5,5 -dithiobis(2-nitrobenzoic
acid) derivative, which has a strong absorption and therefore the
degree of functionalization can be determined.?67-269-270:273.275
Alternatively, this can be indirectly estimated by clicking a fluo-
rescence dye (e.g. pyrene).?’*?" The degree of functionalization
can be varied from 60% up to 99.5%. Often short polymer chains
are used for the modification to provide high end-group fidelity on
the mediating side (M,, < 10 000 g mol"). Different polymers were
used for the modification towards thiols, i.e. acrylate-, methacry-
late- and acrylamide derivatives.

An elegant example for the orthogonality of the Michael
addition as nucleophilic thiol-ene reaction to the radical thiol-ene
was recently described by Lowe et al*>® By using the fact that the
nucleophilic reaction of the thiols is selective for double bonds
conjugated with electron-withdrawing groups (e.g. «,f-unsatu-
rated carbonyl compounds), a consecutive reaction of a hetero-
functional polymer with different thiols, first reacted via Michael
addition and followed by the radical thiol-ene or thiol-yne reaction
could be shown. The reverse case leads to the loss of orthogonality
due to the unselective nature of the radical coupling.

6.1.2.5 RAFT — Modification towards alkyne functionality.
An elegant approach to generate w-end group functionalized
triple bonds, which can be used for the Cu(I)-catalyzed cyclo-
addition, was reported by Theato and coworkers using butynyl
methane thiosulfonate (Entry 71). Five different acetylene-
terminated polymers (MMA, DEGMA, LMA, St, NIPAM)
could be clicked to an azide.® Another approach towards
alkyne-terminated polymer chains is the cleavage of the RAFT
agent by a radical process (Entry 72).'** Thereby, an excess of
alkyne-modified initiator is used, which decomposes while
generating radicals that react with the C = S of the thio-
carbonylthio moiety in the polymer chain. Higher temperatures
(80 °C) and a large excess of the initiator are necessary and it
should be taken into account that side reactions during end-
group modification can occur by means of recombination during
insertion.’** ABCD 4-miktoarm star polymers could be prepared
by RAFT polymerization of styrene followed by an insertion
reaction applying a large excess of 2-hydroxyethyl-3-(4-(prop-2-
ynyloxy)phenyl) acrylate to stop the polymerization at 110 °C.
Hence, a unprotected triple bond attached at the end of the
polymer chain could be obtained (Entry 73). The reaction is not
very efficient, because a large amount of unreacted macro-
initiator is present after the diblock copolymerization.?®!

6.1.2.6 RAFT — Modification towards pyridyl disulfide func-
tionality. Chemical modification of the w-endgroup by
aminolysis in the presence of 2,2’-dithiodipyridine was reported
to generate a pyridyl-disulfide-terminated polymer chain (Entry
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74). The pyridyl disulfide end groups allowed straightforward
conjugation with oligonucleotides and peptides.?*’

6.1.2.7 NMP — Conventional modification and possibilities.
Only a few examples are described dealing with the exchange of
the nitroxide moiety on the polymer. The first study was con-
ducted by Rizzardo, reducing the TEMPO to a hydroxy group
with a mixture of zinc/acetic acid.?®* A radical-cleavage approach
towards more versatile functional end groups was presented by
Hawker and coworkers. Thereby, the propagating radical was
trapped at the polymerization temperature by N-functionalized
maleimides as non-self-polymerizing monomers, while the
TIPNO nitroxide decomposed at elevated temperatures resulting
in the maleimide-functionalized polymer.?®* The transformation
yield for polystyrene, polyisoprene and poly(n-butylacrylate) was
typically 90 to 95%, while no changes in molar masses and the
polydispersity indices were observed.

This approach offers the possibility to introduce clickable
units at the w-terminus by using functionalized maleimides.
Following this strategy, Lutz and coworkers synthesized
a library of functional maleimides and used them in the
copolymerization with styrene via ATRP, while the maleimide
was incorporated at a specific place in the polymer chain.?'®
Among those, N-pentafluorophenyl maleimide or N-propargyl
maleimide could be incorporated into the polymer, while the
latter one had to be protected due to pronounced side reactions
(Entry 51, 62). In principle, clickable w-functionalized polymers
should be accessible using these monomers in the radical-
cleavage procedure by Hawker as well.

6.1.2.8 NMP — Modification towards alkyne functionality. In
contrast to the thermal cleavage of the alkoxyamine-terminated
polymer, oxidative cleavage under much milder thermal condi-
tions can be achieved by single electron oxidation with ceric
ammonium nitrate (CAN).2*7-2* After the oxidation the alkox-
amine cleaves heterolytically into a nitroxide and the cation-
terminated polymer that can be trapped by nucleophiles. Braslau
and coworkers treated TIPNO-terminated polystyrene with
CAN and propargyl alcohol as nucleophile at room temperature
under anhydrous conditions to obtain alkyne-functionalized PS
(Entry 76) with an end-group fidelity of 65% as determined by
UV-vis experiments.”*” Investigating PhEt-TEMPO as a model
compound for TEMPO-terminated polymers, a heterolytic
cleavage similar to the TIPNO counterpart was obtained. It
could be shown that this method can also be used for TEMPO-
terminated polymers. In contrast, polyacrylates terminated with
TIPNO or TEMPO also undergo oxidative cleavage, but the
cation-terminated polymer interferes with CAN by forming
nitrate ester and prohibit further attachment of functional
groups via the addition of nucleophiles.?**

The modification of polystyrene that was prepared by NMP
with commercially available B-phosphonylated alkoxyamine
BlocBuilder® cannot be performed via the described oxidative
cleavage with CAN due to the electronic and steric nature of
SG1.%#s

6.1.2.9 NMP — Modification towards azide functionality.
Terminal azide-functionalized polystyrene could be obtained
starting from the nitroxide-terminated polymer through the

reaction with ethanesulfonyl azide (EtSO,N3) that was introduced
by Renaud and Ollivier?®® as an azidation method for carbon
radicals. Braslau and coworkers showed that polystyrene
prepared by NMP reacts in the presence of an excess of EtSO,N3
in N-methyl-2-pyrrolidinone at 120 °C to the azido-functionalized
PS (Entry 77), although the azidation was incomplete as judged by
labelling experiments with an alkyne-functionalized dye analyzed
via UV-vis experiments.?*’ Using PhEt-TIPNO as a model
compound, the treatment with EtSO,N3 led to less than 30% of the
desired transformation.?*” This was explained by the weak elec-
trophilic character of the styryl radical, since only electron-rich
radicals can efficiently add onto EtSO,N3.2” This also explains
why polyacrylates could not be modified with this method.

The azidation reaction of nitroxide-terminated polystyrene
was further studied by Bertin and coworkers for polystyrenes
prepared with the commercial available BlocBuilder®.?
Thereby, a one-step as well as a two-step approach towards the
terminal azido-functionalized polymer were performed (Entry 81).
In the one-step approach EtSO,N; was used under optimized
reaction conditions using a large excess (50 eq.) at 90 °C. In the
two-step approach the alkoxyamine was reacted at 75 °C in
a radical exchange reaction with 2-bromoisobutyrate as solvent as
well as the bromination agent to obtain the exchange of the
nitroxide by bromine. Furthermore, this bromo-functionalized
polymer was reacted with sodium azide following the well-known
ATRP postmodification procedure at room temperature in DMF.
For both approaches the azide-functionalization degree was
around 70%.

6.1.3 Heteromodification on both termini

6.1.3.1 NMP. Since the azide group is stable against the mild
conditions of the oxidative exchange of the nitroxide against
propargyl alcohol by ceric ammonium nitrate (Section 4.1.1),
alkyne-azide-functionalized heterotelechelic polystyrene could
be efficiently synthesized in a two step synthesis as demonstrated
by Braslau et al. (Entry 78).2*” At first the chloro group of the
a-functionalized polystyrene prepared by NMP was transformed
into the azide followed by the oxidative cleavage reaction with
CAN at room temperature and the in situ nucleophilic addition
of propargyl alcohol.

6.2 Side-group modification

In contrast to the terminal functionalization, the modification of
pendant groups is more influenced by steric or electronic effects,
in particular for homopolymers, where every repeating unit has
to be modified. Nonetheless, this method represents a convenient
alternative route to multiple click-functionalized polymers, if the
direct polymerization of these monomers is relatively more
difficult and/or side reactions occur during the polymerization.

6.2.1 ATRP

Modification towards alkyne functionality. In Entry 82 the
alkyne moiety could be selectively introduced by quaternization of
the amine of 2-(dimethylamino)ethyl methacrylate (DMAEMA)
with propargyl bromide at room temperature (Menschutkin
reaction).?®® Due to sterical hindrance, the DMAEMA is more
reactive towards quaternization than DEAEMA allowing for the
selective modification of a terpolymer containing DEGMA,
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DMAEMA and DEAEMA .**® The purification of the quaternized
copolymer was achieved simply by precipitation. The extent of
quaternization of the DMAEMA units was evaluated by 'H NMR
spectroscopy to be 35%.

Alkynyl side groups were introduced into polymeric back-
bones of a linear poly(2-hydroxyethyl methacrylate) by an
esterification reaction between the hydroxyl groups and 4-pen-
tynoic acid that was activated by N,N'-dicyclohexylcarbodiimide
(Entry 83). The degree of functionalization was estimated by 'H
NMR spectroscopy to be close to 100%. No change of the
apparent molar masses and PDI values occurred.?®®

Modification towards azide functionality. An efficient and
convenient synthesis route to azides is the ring-opening reaction
of epoxides as shown in Entry 89. The oxirane ring is often
opened with sodium azide in the presence of ammonium chloride
to yield the corresponding 1-hydroxy-2-azido compounds. The
reactions can be followed by IR spectroscopy of the character-
istic vibration bands of the azide (2104 cm™") and the epoxide
ring (909 cm™'). This click reaction was applied for the prepa-
ration of copolymers with multiple azide groups, whereby
different methacrylates are used, resulting in defined copoly-

mers. 59,104,114,244,290

6.2.2 RAFT

Modification towards azide functionality. In Entry 88, a nucle-
ophilic substitution of a pendant chloro group against azide was
performed for a poly(3-chloropropyl acrylate-co-acrylic acid).
The reaction was conducted with sodium azide at 80 °C and the
final product was subsequently dialyzed. High molar mass
copolymers were obtained: M, = 86 000 and 135 000 g mol™!
with polydispersity indices of 2.2 and 1.4, respectively.205-20¢

6.2.3 NMP

Modification towards either alkyne or azide functionality. A
substitution reaction was carried out as pendant postmodification

\E Clickable monomer

I—Q Clickable initiator

for the random copolymer poly[styrene-r-(4-acetoxystyrene)]
(Entry 84).%' The acetyl group was used as a protection for the
phenolic hydroxy group that cannot be polymerized directly, since
it acts as an radical scavenger. Deprotection was accomplished by
using hydrazine monohydrate as a base for hydrolysis at room
temperature to yield poly[styrene-r-(4-hydroxystyrene)]. The
hydroxy group was further reacted with propargyl bromide under
basic conditions in a Williamson ether synthesis to yield the
clickable styrenic copolymer while retaining molar mass and
polydispersity indices of the protected copolymer.?*!

Another postmodification strategy towards clickable side
groups is the carbodiimide-mediated condensation which was
demonstrated for the block copolymer poly(rBA-b-St) by Woo-
ley and Hawker (Entry 85).2°% First, the z-butyl group, acting as
a protecting group, was cleaved using trifluoroacetic acid at
room temperature. The resulting amphiphilic diblock polymer
poly(acrylic acid-b-styrene] was assembled into micelles in water
and partly functionalized with either 3-azidopropylamine or
propargyl amine in a condensation reaction at room temperature
using 1-[3'-(dimethylamino)propyl]-3-ethylcarbodiimide methio-
dide to activate the acid. The residual acid groups were crosslinked
to obtain nanoparticles with azides or alkyne moieties on the outer
shell.

Another postmodification strategy uses succinimide-function-
alized acrylates as active ester for the condensation with amines
under mild conditions.'”® The active ester is stable under the
applied polymerization conditions and can be polymerized in
a controlled way, while in contrast to alkyl acrylates no depro-
tection for further modification is required. Hereon, Malkoch
et al. showed the preparation of random copolymers of
N-(acryloyloxy)succinimide with either styrene, z-butylacrylate or
acrylamide followed by a successful condensation reaction with
propargyl amine or l-amino-11-azido-3,6,9-trioxoundecane at
50 °C (Entry 86). In addition, the amidation reaction does not
interfere with the click reaction and can be used in a one-pot
cascade reaction or simultaneously.'*

@ Postmodification

E

‘ o ” —

U

Clickable polymers as building blocks
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Scheme 6 Schematic representation of clickable polymers: ww = polymer chain; @, @ = orthogonal click functionalities, =1 = block segments.
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Clicked architectures
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Scheme 7 Schematic representation of selected clicked architectures: (wv = polymer chain; —mu...==an = block segments; & = crosslinked polymer, +r,
#%, & = different clicked functions, © = multifunctional core.

This journal is © The Royal Society of Chemistry 2010 Polym. Chem., 2010, 1, 1560-1598 | 1591



Published on 20 September 2010. Downloaded on 11/12/2013 12:46:29.

View Article Online

A facile approach towards pendant azide-functionalized
polymers via postmodification is the reaction of benzylic chloride
with sodium azide in a nucleophilic substitution reaction (Entry
87). The reaction is efficient at room temperature in DMF.
Following this procedure, a random copolymer consisting of
4-(chloromethyl)styrene and styrene was transformed with
sodium azide.**® Furthermore, a random terpolymer consisting
of 4-(chloromethyl)styrene, styrene as well as 4’-(anthracene-
methyloxymethyl)styrene was efficiently modified to the pendant
azido- and anthracene-containing derivative.''” O’Reilly ez al.
modified the amphiphilic diblock copolymer poly[(acrylic acid)-
b-styrene-r-4-chloromethylstyrene] via the described procedure
to obtain, after crosslinking, nanoparticles with azide-function-
alized cores.?? In 2009, Ting et al. transformed homopolymers of
4-(chloromethyl)styrene as well as random and block copolymers
with styrene at 60 °C in a mixture of DMSO/THF to the pendant
azide-functionalized polymers.>*

Modification towards diene functionality for Diels—Alder reac-
tion. The pendant benzylic chloro group in 4-(chloromethyl)styr-
ene containing polymers were also modified by the etherification
reaction with 9-(oxymethyl)anthracene (Entry 90). Thereby, an
excess of 9-(oxymethyl)anthracene was activated with sodium
hydride to react with poly(styrene-r-4-chloromethylstyrene) to the
anthracene-functionalized polymer at room temperature,'"’
although the conversion only went to completion by using higher
temperatures.'*

7. Applications of clickable polymers

The concept of click chemistry combined with the concept of
controlled radical polymerizations represent an ideal pair for the
preparation of tailor-made macromolecular architectures.

The striking advantage of this combination can be clearly seen
by the variety of clicked architectures that become possible by
using clickable polymers as building blocks (Schemes 6 and 7).
The schemes should provide an overview over the clickable and
clicked architectures, while assigning assorted references. The
origin for the large variety of architectures is the overcoming of
limitations inherent for other techniques, which allows the design
of new architectures prepared in high yields and with a wide
range of accessible molar masses and constitutions. In this way,
some block combinations become possible, which were not
directly polymerizable due to disparate reactivities. An example
for such an architecture is the block copolymer of styrene and
ethylene glycol (EG) using the 1,3-dipolar cycloaddition of azides
and acetylene of the respective end groups.

Utilizing the different approaches (clickable initiator, clickable
monomer and postmodification) different types of highly func-
tional polymers are accessible and can act as building blocks for
the preparation of more complex structures. Several clickable
polymers can be prepared: (i) End functional polymers on one or
on both sites, (/) mid-chain functional polymers, (i) side-chain
functional polymers and (iv) combinations of them (Scheme 6).
These clickable polymers act as basic modules for further func-
tionalization reactions to engineer more complex architectures
(Scheme 7). Hereon, different linear block copolymers such as
di-, ter- or quarterpolymers were prepared. The synthesis of
different cyclic polymers such as eight-shaped or tadpole

polymers, which are limited for other non-click methods, has
been realized using the click concept. These building blocks were
also often used for the preparation of star-shaped polymers with
3 up to 12 arms as well as H-shaped or miktoarm star polymers.
In this respect, two strategies arise for the synthesis of star-like
polymers by clicking: (7) Using mid-chain functional polymers or
(i) end functional polymers onto a multifunctional core.
Furthermore, several dendrimers and hyperbranched architec-
tures were also realized by combining CRP and click chemistry.
An elegant example represents the thiol-yne reaction for the
preparation of hyperbranched polymers.

Another focus of polymer research is the grafting approach of
side-chain functional polymers, which can be prepared by using
the clickable monomer approach or the postmodification
approach of pendant groups. The main advantage for this
strategy is the facile tuning of polymer properties for a specific
application. One clickable polymer backbone can act as building
block for a variety of functionalization reactions (Scheme 6).
Moreover, surface patterning is also of interest in material
science. Polymers were clicked via CuAAC to different surfaces
such as carbon nanotubes or nanoparticles (Si, Au). Also the
construction of multilayer systems (layer-by-layer approach) are
possible by using the 1,3-dipolar cycloaddition and CRP.

The interest in polymer-functionalized biomaterials strongly
increased in the last years due to the facile access by using click
chemistry for efficient conjugation and CRPs for tailoring the
polymeric architectures. In this vein, different functional poly-
mers were coupled with several proteins and siRNA.

8. Conclusion and outlook

In summary, it is clearly demonstrated in recent years that the
combination of controlled/“living” radical polymerization
(CRP) techniques and click reactions has become an inevitable
route for preparing highly functional tailor-made macromole-
cules. This combination has been tremendously advanced since
the introduction of the concept of click chemistry in 2001 by the
cumulative efforts of a large number of research groups all over
the globe. These developments on the preparation of new well-
defined clickable polymers enabled straightforward access to
demanding polymer structures such as cyclic and miktoarm star
polymers.

Two combinations of CRP with click chemistry seem to be the
perfect match: ATRP in combination with azide cycloaddition
and RAFT with thio-click chemistry. Halogen-terminated
polymers are directly obtained by ATRP and can be transformed
to azide-terminated polymers using a simple azidation proce-
dure. As a limitation, this combination may not be suitable for
the preparation of clickable polymers of high molar masses, since
a high end-group fidelity of the halogen-terminated polymers is
only assured for low molar masses and low conversions. Even the
most efficient postmodification reaction will not overcome this
inherent problem. Nevertheless, ATRP and azide-alkyne click
reactions are one of the most prominent combinations to prepare
functional materials. Alternatively, thiol-terminated polymers
are easily accessible from polymers prepared using the RAFT
technique by reduction of the CTA end group. It has been
demonstrated that these thiol-terminated polymers can be
clicked not only to unsaturated double bonds but also to alkynes,
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bromo, and para-fluoro groups making the combination of
RAFT polymerizations with thio-click chemistry a powerful
method. It should be noted that certain kinds of radical thiol-ene
reactions do not fulfill the click criterion of a high reaction effi-
ciency if they are applied for polymer-polymer conjugation.

We are confident that the combination of CRP and click
chemistry methods will continue flourishing in the near future
leading to new functional polymeric materials. Eventually, this
will lead to a further establishment of CRP in combination with
click chemistry as a scientific tool rather than being a separate
research topic. Furthermore, it is evident that new trends in click
chemistry, e.g. the development of advanced metal-free click
reactions employing more reactive clickable units such as
cyclooctynes as click counterparts to nitrones or nitrile oxides,
will be combined with CRP methods in the near future, which
will further expand the potential field of applications.

Abbreviations

AcOSt 4-acetoxystyrene

AA acrylic acid

AIBN azoisobutyronitrile

AM acrylamide

AN acrylonitrile

APBIB 3-azidopropyl 2-bromoisobutyrate

ATRP atom transfer radical polymerization

ATREP atom transfer radical emulsion polymerization

BBiBE 1,2-bis(bromoisobutyryloxy)ethane

BDAT S.,S"-bis(a, o/ -dimethyl-o/’-acetic acid)
trithiocarbonate

BDB benzyl dithiobenzoate

BETP benzyl 2-(ethylthiocarbonothioylthio)
propanoate

BICDT benzyl 1H-imidazole-1-carbodithioate

bpy 2,2'-bipyridine

BlocBuilder® N-(2-methylpropyl)-N-(1-diethylphosphono-
2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl)
hydroxylamine

BMP 2-bromo-2-methyl-propionate

BMPA 2-bromo-2-methyl-propionamide

BMPABE 2-bromo-2-methyl-propionic acid benzyl ester

BPIT butyl phthalimidomethyl trithiocarbonate

BPN 2-brompropionnitrile

BPO dibenzoylperoxide

BSPA 3-benzylsulfanyl-thiocarbonylsulfanyl
propionic acid

CAN ceric ammonium nitrate

CBDB 2-cyano-2-butyl dithiobenzoate

CBDN a-cyanobenzyl dithionaphthalate

CDB 2-phenylpropan-2-yl dithiobenzoate (cumyl
dithiobenzoate)

CNT carbon nanotube

&CL e—caprolactone

CPADB (4-cyanopentanoic acid) dithiobenzoate

CPDB (2-(2-cyano-propyl)) dithiobenzoate

CTA chain transfer agent

CRP controlled radical polymerization

DDAT
DDET

DEGMA
DIPEA

DMAM
DEAM
DEAEMA
DMAEMA
EBiB

EA

EEA

EHA
EtSO,N;3
FMA
GMA
HEA
HEMA
HMA
HMTETA
HPMA
HPMAM
iBoA
pHSt
KSPMA
LMA

MA

MAA
MCPMDB

Me,TREN
MMA
mPEG
MPPCTTA

NaCp
nBA
nBMA
NIPAM
NMP
NP

NVP
OEGA
OEGMA

OPA
PBP
PDB
PEB
PEDT
PFPPCV

PFS
PMDETA

S-1-dodecyl-S’-(a, o/ -dimethyl-a’-acetic acid)
trithiocarbonate

S-1-dodecyl-S'-(a, o -dimethyl-o/’-ethyl
acetate) trithiocarbonate

di(ethylene glycol) methylether methacrylate
S-dodecyl-S'-(a,a-dimethylpentafluorophenyl
acetate) trithiocarbonate
N,N-dimethylacrylamide
N,N-diethylacrylamide

2-(diethylamino) ethyl methacrylate
2-(dimethylamino) ethyl methacrylate

ethyl 2-bromoisobutyrate

ethyl acrylate

1-ethoxyethyl acrylate

2-ethylhexyl acrylate

ethanesulfonyl azide

furfuryl methacrylate

glycidyl methacrylate

2-hydroxyethyl acrylate

2-hydroxyethyl methacrylate

hostasol methacrylate
1,1,4,7,10,10-hexamethyl triethylenetetramine
2-hydroxypropyl methacrylate
2-hydroxypropyl methacrylamide

i-bornyl acrylate

4-hydroxystyrene

potassium 3-sulfopropyl methacrylate

lauryl methacrylate

methyl acrylate

methacrylic acid
(S)-methoxycarbonylphenylmethyl
dithiobenzoate

tris(2-(dimethylamino)-ethyl) amine

methyl methacrylate

linear methoxy poly(ethylene glycol)

methyl 2-phenyl-2-(phenylcarbonothioylthio)
acetate

cyclopentadienide

n-butyl acrylate

n-butyl methacrylate

N-isopropylacrylamide

nickelocene

nitroxide-mediated radical polymerization
nanoparticle

N-vinylpyrrolidone

oligo(ethylene glycol) methylether acrylate
oligo(ethylene glycol) methylether
methacrylate

(2-oxopropyl)acrylate

propargyl 2-bromopropionate

1-phenylethyl dithiobenzoate
1-phenylethylbromide
S-1-phenylethyl-S’-dodecyl-trithiocarbonate
pentafluorophenyl-(4-phenylthiocarbonylthio-
4-cyanovalerate)

pentafluorostyrene
N,N,N',N",N"-pentamethyldiethylene-
triamine
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poC postclick

prC preclick

RAFT reversible addition-fragmentation chain
transfer polymerization

ROP ring-opening polymerization

SGl1 N-(2-methylpropyl)-N-(1-diethylphosphono-
2,2-dimethylpropyl)-N-oxyl

SMA solketal methacrylate

St styrene

tBA t-butyl acrylate

tBMA t-butyl methacrylate

TBAF tetrabutylammonium fluoride

tBOSt 4-t-butyloxystyrene

TBDMS t-butyldimethyl-silyl

TEMPO 2,2,6,6-tetramethylpiperidinylnitroxide

THPA tetrahydropyran acrylate

TIPNO 2,2,5-trimethyl-4-phenyl-3-azahexane-3-
nitroxide

TIPS triisopropylsilyl

T™MS trimethylsilyl

TosCl p-toluenesulfonyl chloride

VAc vinylacetate

VBA vinylbenzyl azide

4VP 4-vinylpyridine.

Polymer abbreviations are formed by adding the suffix ‘P’ or
‘poly’ to the corresponding monomer abbreviation. The only
exception is styrene, where the monomer is represented by St and
the polymer by PS.
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Orthogonal self-assembly of stimuli-responsive
supramolecular polymers using one-step prepared
heterotelechelic building blockst

Ulrich Mansfeld,®*¢ Andreas Winter,2°¢ Martin D. Hager,?* Richard Hoogenboom,?
Wolfgang Glinther® and Ulrich S. Schubert*ab©

The one-step preparation of heterodifunctional telechelic polymers containing 2,2":6',2”-terpyridine (tpy)
and 2-ureido-4[1H]-pyrimidinone (UPy) end-groups, as orthogonal supramolecular moieties, is reported.
The utilization of an appropriately functionalized alkoxyamine, as an initiator for the nitroxide-mediated
radical polymerization (NMP), directly constitutes the end-groups of the resultant polymers. The
targeted alkoxyamines are based on the nitroxide structure of 2,2,5-trimethyl-3-(1-phenylethoxy)-4-
phenyl-3-azahexane (TIPNO) and were obtained via stepwise functionalization of a heterodifunctional
alkoxyamine skeleton. Controlled radical polymerization of styrenics using the alkoxyamine tpy-TIPNO-
UPy, as an initiator, is demonstrated to generate well-defined telechelic polymers in one step. These
telechelics represent promising building blocks for supramolecular architectures via self-assembly
processes, yielding linear chain-extended polymers of high molar masses. Due to the orthogonality of
the metal ion complexation and hydrogen bonding, the system can be addressed selectively by external
stimuli. Besides for various applications, e.g. as self-healing materials, the strategy is highly attractive for
tailoring the material’s properties of supramolecular polymers, since the nature and the length of the

www.rsc.org/polymers

Introduction

The preparation of well-defined adaptive macromolecular
architectures is one of the main challenges in today’s polymer
science. Nowadays, the fast progress in living and controlled
polymerization techniques provides straightforward access to
advanced macromolecules, for instance, (multi)block copoly-
mers, star-shaped (co)polymers as well as graft and comb-like
(co)polymers.* Although excellent control over the molecular
structure is generally assured, these systems suffer from poor
control over the structures of higher order and adaptivity when
compared to natural macromolecules. In particular, the spon-
taneous assembly/disassembly of natural systems driven by the
surrounding environmental conditions has to be named in
this context. Nature utilizes a combination of tailor-made
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polymer chain between the terminal supramolecular motifs can be controlled in a facile way.

macromolecular structures and non-covalent interactions to
create responsive systems that adapt to changes in the envi-
ronment. Thereby, solvophobic and ionic interactions as well as
hydrogen bonding and metal-to-ligand coordination serve as
non-covalent, ie. supramolecular, interactions. Inspired by
these natural systems, polymer chemists have investigated the
usage of non-covalent interactions for the design of supramo-
lecular polymers featuring responsive behavior, i.e. their prop-
erties can be changed by varying the environmental
conditions.*™ If reversibility of the change in properties is
guaranteed, the material can be switched between a self-
assembled and a disassembled state by simply applying an
external stimuli: e.g. a change in temperature, pH value, redox
potential and concentration. Any change between the two
different states will also be accomplished by changes in the
polymer’s macroscopic properties, thus enabling the applica-
tion in property changing, e.g. for self-healing materials.'® From
the range of non-covalent interactions, in particular metal-to-
ligand coordination and hydrogen bonding can offer both
complementarity and directionality - essential features for the
formation of complex supramolecular polymers, including
block and graft copolymers.®*¢*#

The combination of different non-covalent interactions in
one supramacromolecular ensemble provides the opportunity
to selectively address one of them via an external stimulus, if
they are orthogonal to each other, thus expanding the range of

Polym. Chem., 2013, 4, 113-123 | 113
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Scheme 1 Schematic representation of the chemical structure of the 2-ureido-
4H-pyrimidinone quadruple hydrogen bonding array (left) and the terpyridine
metal ion complexes (right).

responsiveness of the system. The concept of orthogonal
supramolecular interactions in the field of polymer science has
been evaluated in several review articles."®* As a key example,
Weck and co-workers were able to synthesize supramolecular
ABC triblock copolymers utilizing orthogonal binding units,
namely a hydrogen bonding unit (Hamilton wedge) and pyri-
dine, which can coordinate to a Pd pincer.** Recently, the
authors showed the versatility of the combination of metal-
ligand interactions with hydrogen bonding units: a multi-
responsive reversible polymer network was synthesized using
the same binding units.*®

Moreover, we have shown that the incorporation of a ter-
pyridine (tpy)**?** and a 2-ureido-4H-pyrimidone (UPy) moiety,
as a metal-binding site and quadruple hydrogen bonding
entity (Scheme 1), into polymers gives rise to the formation of
chain-extended supramolecular polymers in the presence of
divalent transition metal ions.**?* In these materials, the
polymeric building blocks were held together by bis-terpyridine
complexes and UPy dimers in an alternating fashion. The
initial synthetic strategies towards the heterotelechelic
building blocks were based on a monofunctionalized initi-
ator®>*® with a postmodification to attach the second moiety.
More recently, we reported a heterodifunctional alkoxyamine
initiator®>?° for the nitroxide-mediated radical polymerization
(NMP) bearing already both end-groups of the resultant poly-
mer. This latter approach provides a significantly higher
versatility since the chain length and composition between the
supramolecular binding sites can be varied without compro-
mising the end-group fidelity and simple purification by
precipitation, which is less straightforward for the post-
modification procedure.

In a continuation of this previous work,* the ability of the
heterodifunctional initiator tpy-TIPNO-UPy (TIPNO: 2,2,5-tri-
methyl-4-phenyl-3-azahexane-3-nitroxide), bearing both UPy
and tpy supramolecular binding sites, in NMP is further
explored in the current work. The orthogonality of the two non-
covalent interactions within the supramolecular polymer is
also evaluated by addressing the selective responsivity to
external stimuli. Functionalized TIPNO derivatives were
initially reported by Hawker and co-workers as universal initi-
ators in NMP featuring a high end-group fidelity and a high
tolerance towards a broad range of functional groups.** Loh-
meijer and Schubert expanded the scope of functional TIPNOs
to the field of terpyridine chemistry by using tpy-TIPNO, as an
initiator, for the synthesis of terpyridine-functionalized block
copolymers via NMP.**
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Results and discussion
Synthesis and characterization of the TIPNO-based initiator

The synthesis of the heterodifunctional initiator tpy-TIPNO-UPy
(5) via stepwise functionalization of the nitroxide building block
1 has already been published elsewhere.*® As outlined in
Scheme 2, the terpyridine-containing initiator 3, as a key
building block, was obtained by a nucleophilic substitution
reaction of 1 with 2,2":6',2"-terpyridin-4'(1’H)-one* and subse-
quent cleavage of the tetrahydropyran (THP) protecting group of
the intermediate 2. The heterodifunctional alkoxyamine system
5 was then prepared in good yields from 3 by isocyanate-
coupling with the UPy derivative 4. Due to the presence of two
stereogenic centers within the central TIPNO unit, 5 was
obtained as a mixture of two diastereomers. Consequently, two
main sets of signals (in an almost 1 : 1 ratio) could be observed
in the "H and (partially) also the "*C NMR spectra.*® Full
unambiguous assignment of the spectra was achieved by 2D
NMR experiments. It should be noted that additional signals
were observed in the "H NMR spectra arising from the presence
of the analogous meta-substituted isomer of 5 since commercial
4-chloromethylstyrene was used for the synthesis of 1, which
consists of a mixture of para- and meta-isomers in a ca. 9:1
ratio. The presence of this second isomer is not expected to
interfere or moderate the polymerization behavior of this
alkoxyamine initiator. The MALDI-TOF mass spectrometric
analysis of 5 showed the expected [M + H]" adduct at m/z =
910.64; also the experimental isotopic pattern was in good
agreement with the one for calculated m/z = 910.49.%°

Polymerization of styrenes using the TIPNO-based initiator

SYNTHESIS OF THE POLYMERS. For the successful utilization of
alkoxyamine 5 as an initiator for NMP to obtain telechelic
polymers some criteria have to be met: in particular, the poly-
merization has to be highly controlled leading to a high end-
group fidelity, i.e. the functional groups at both chain ends
must not be lost in the course of the polymerization due to
extensive chain transfer or termination reactions. To evaluate
the control over the polymerization, the NMP of styrene initi-
ated by alkoxyamine 5 was investigated (Fig. 1a). Polymeriza-
tions with different monomer-to-initiator (M/I) ratios and
different polymerization times were performed; the results are
summarized in Table 1. With increasing polymerization time,
the SEC traces of tpy-PS,,~UPy (6c-g) were shifted to shorter
elution times corresponding to an increase of the molar mass;
all polymers revealed symmetrical curves with a minor tailing to
lower molar masses, indicating good control over the poly-
merization (Fig. 1b). However, low polydispersity index (PDI)
values do not provide unambiguous evidence for a controlled
polymerization and, thus, a kinetic study was also performed.
For this purpose, a stock solution with the telechelic initiator
and styrene (solvent: anisole) was divided over different reaction
vessels; after the removal of oxygen, the vessels were heated in
an oil bath and the reactions were stopped after different
polymerization times. The resulting tpy-PS-UPy (6c-g) M,
values (PDI < 1.2) were in good agreement with the theoretical

This journal is © The Royal Society of Chemistry 2013
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Scheme 2 Schematic representation of the synthesis of the hetero- and homodifunctional initiators via sequential functionalization of the heterodifunctional

alkoxyamine 1.

values (Table 1). However, the first order kinetic plot of In([M,]/
[M]) as a function of time revealed a non-linear time depen-
dency, indicating a variation in radical concentration during the
polymerization (Fig. 2). The obtained data could be satisfacto-
rily fitted to a time dependency of ¢*3, which evidences the
persistent radical effect (PRE):***” the radical initiation rate of
another species, e.g. the monomer itself, is much lower than the
dissociation rate of the alkoxyamine.*® This is pronounced,
since the autoinitiation of the monomer was tremendously
reduced due to the dilution with an inert solvent and provided
the excess of persistent radicals within the non-steady-state
polymerization. Under these conditions, the rate of self-termi-
nation of the propagating radical is much lower than the cross-
reaction to the dormant species. The decomposition rate of the
nitroxide is negligible, since this would hinder the certain
build-up of the persistent radical with respect to the #**-
dependency. Finally, the controlled character of the polymeri-
zation is evident from the linear increase of the number average
molar mass plotted against the conversion (Fig. 3).

Similarly, pentafluorostyrene (PFS) was utilized as a mono-
mer in the NMP, yielding tpy-PPFS-UPy (7) (Fig. 1a, 1c and
Table 1). As for the non-fluorinated styrene monomer good

control over the polymerization, in bulk, was observed after 5 h
with a M,, value of 10 500 g mol~" and a PDI value of 1.13. Since
PPFS 7 was not soluble in DMA, a linear polystyrene calibration
with chloroform as an eluent was used. Pentafluorostyrene was
polymerized to show that the use of this initiator is not limited
to styrene. An additional value relies on the potential of a click-
like side-chain modification via the para-fluoro position.***°
NMR SPECTROSCOPIC ANALYSIS. Polystyrenes 6 and 7 were
investigated by 'H NMR spectroscopy in order to confirm the
incorporation of the telechelic functional groups into the
polymeric material. The 'H NMR spectra of 6 and 7 revealed
signals for both end-groups where the characteristic terpyridine
signals (7.2 to 8.8 ppm) as well as the hydrogen bonding signals
for the UPy unit (10 to 13 ppm) were clearly present (Fig. Sland
S21). According to 'H NMR spectroscopy, the alkoxyamine
initiator 5 as well as the polymers appeared exclusively as the
dimeric species (5),, (6),, and (7),, respectively, in non-polar
solvents, ie. dichloromethane and chloroform. Temperature-
dependent NMR experiments (in d4-ortho-dichlorobenzene)
revealed that these dimers were stable up to at least 75 °C.
According to diffusion-ordered-spectroscopy (DOSY) measure-
ments, a second signal at 6 = 1.7 ppm, with almost the same

Table 1 Details for nitroxide-mediated polymerizations using alkoxyamine 5 as the initiator

Time [min)] Monomer M/I Conv. [%)] (GC) M, [g mol '] theor.” M, [g mol '] (SEC)"* PDI (SEC)
6a 400 St 35 50 2700 6800 1.07
6b 360 St 200 35 8000 11 400 1.16
6¢c 130 St 200 21 5700 5900 1.18
6d 210 St 200 29 7400 7600 1.18
6e 300 St 200 35 8700 9000 1.17
6f 380 St 200 39 9800 10 400 1.18
6g 460 St 200 44 10 800 11 500 1.19
7 300 PFS 200 — —1 10 500° 1.11

“ M, (theor.) represents the targeted M, with respect to the conversion (GC). ? After precipitation of the polymer into methanol. ° A linear
polystyrene calibration with DMA as eluent was used. ¢ Bulk polymerization lacks a reference signal for GC measurements. ¢ A linear

polystyrene calibration with chloroform as eluent was used.

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Schematic representation of the polymerization of styrenic monomers
using 5 as an initiator (a) and SEC traces of polystyrenes 6c-g with increasing
polymerization time (b) and of poly(pentafluorostyrene) 7 (c). Eluent: N,N-
dimethyl acetamide for polystyrene and chloroform for poly(pentafluorostyrene).

diffusion behavior as for dichloromethane, was present in (5),
(Fig. 4, left). Moreover, an exchange between one of the
hydrogen bonding protons and this signal could be observed.
Most likely this second signal can thus be ascribed to residual
water: apparently, the proton-exchange process hindered the
removal of water from the product by drying. In addition, the 2D
DOSY spectrum confirmed that all signals (apart from the
solvents) belonged to the same compound due to the same
range of the relative diffusion coefficient, thereby proving that
both UPy and tpy are attached to the TIPNO.

In this vein, the 2D DOSY spectrum of the resultant telechelic
polystyrene (6,) also shows the same relative diffusion coeffi-
cient for the signals of both end-groups and the polymer
backbone proving that UPy and tpy are attached to the poly-
styrene (Fig. 4, right). The addition of trifluoroacetic acid (TFA),
as a strong competitor for hydrogen bonding, led to significant
changes in the NMR spectrum.
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Fig.2 Kinetic plot for the polymerization of styrene 6¢c-g as an initiator with the
semilogarithmic monomer conversion plotted against the polymerization time.
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Fig. 3 Kinetic plot for the polymerization of styrene 6¢—g with the molar mass
plotted against the conversion showing a linear increase of the number average
molar mass with the conversion.

As expected, the quantitative disappearance of the signals
arising from hydrogen bonding as well as a high-field shift of
the terpyridine signals, due to protonation, could be observed
in the "H NMR spectrum (Fig. S31). It was concluded that
predominantly the monomeric form of 6 was present under
these conditions. Subsequent DOSY measurements revealed a
significant shift for the diffusion coefficients of all signals of
the tpy and UPy moieties as well as the polystyrene with
respect to the diffusion coefficient in dichloromethane (Fig. 4,
right). Thus, the change in molar mass related to the mono-
meric and dimeric forms of 6 can be probed by the relative
diffusion coefficients. It can be concluded within the sensi-
tivity limits of NMR spectroscopy that both end-groups are
attached to the polymer chain and the presence of auto-poly-
merized non-functionalized polystyrene or monofunctional
tpy-PS could be excluded, as they would reveal a different
diffusion coefficient range for the terpyridine and polystyrene
signals.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Left: 2D DOSY spectrum of (5), revealing the exchange of water with a hydrogen bonding proton of the UPy moiety (400 MHz, CD,Cl,, 298 K). Right:
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Fig. 5 MALDI-TOF mass spectrum of polystyrene 6a. The inset shows the three
observed modes of fragmentation (A-C). The proposed corresponding structures
are shown on the bottom.

MASS SPECTROMETRIC ANALYSIS. The polymers were also
investigated by mass spectrometry. The MALDI-TOF MS of 6
revealed three distributions that could all be correlated to poly-
styrenes (i.e. in all cases m/z-differences of 104 amu between two
signals, Fig. 5). No distribution could be directly related to the
heterodifunctional telechelic polymer 6, thus fragmentation by
abstraction of the nitroxide residue has to be assumed (the
proposed fragmentation products are shown in Fig. 5). Nitroxide-
functionalized polymers are well-known to be prone to frag-
mentation during the MALDI process;** however, the character-
istic fragmentation due to loss of the tert-butyl group of the
TIPNO moiety could not be observed. The observed fragmenta-
tions for series B and C could also be characteristic products of
termination reactions during the polymerization. On this note, it
is not fully clear if these fragments were formed during the
MALDI process or during the polymerization—the latter possi-
bility can only be neglected within the limits of "H NMR

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Schematic representation of the proposed mechanism for the chain-end
degradation of the polymer (formation of series C).

spectroscopy and SEC. The proposed mechanism for the
chain-end degradation for 6a during the MALDI process
according to Schulte et al. is shown in Fig. 6.** The distribution at
higher molar mass up to m/z = 10 000 could be assigned to the
recombination product of two polystyrene chains (B). Taking the
slight tailing of the SEC traces of 6a to higher molar masses into
account, a small degree of recombination during the NMP
appears to be plausible, which, however, will not strongly inter-
fere with the formation of supramolecular polymer.

CHAIN EXTENSION VviA NMP. The control and end-group
fidelity of the telechelic polymers was further confirmed by
using them as macroinitiators for a chain-extension experi-
ment. More specifically, the heterodifunctional polystyrene 6¢
was applied as a macroinitiator for chain extension with
styrene. The polymerization was conducted in anisole, as a
solvent, in order to allow a correlation to the NMP performance
of the heterodifunctional alkoxyamine initiator 5. As shown in
Fig. 7, a complete shift of the M, value from 6000 g mol " to
14 600 g mol " was observed while retaining the narrow poly-
dispersity index (PDI < 1.2), demonstrating the controlled
character of the NMP initiated by 6¢ and, thus, proving that

Polym. Chem., 2013, 4, 113-123 | 117
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Fig. 7 SEC traces of macroinitiator tpy—PS,,~UPy (6¢) and the chain-extended
polymer tpy-PS-b-PS-Upy (8). Eluent: N,N-dimethyl acetamide (DMA) with
Lcl 21 gL,

almost all of the polymer chains of 6c still bear the UPy-func-
tionalized nitroxide as an end-group. Thus, the telechelic
polymers represent suitable building blocks for the preparation
of block copolymers containing two orthogonal supramolecular
end-groups via CRP.

Chain extension via metal ion complexation

The combination of hydrogen bonding and metal-to-ligand
coordination was applied by Hofmeier et al. for the preparation
of supramolecular chain-extended poly(e-caprolactone) of high
molar masses.>** In particular, the divalent cations of the first
row transition metals are suited for this purpose, since the
formation of octahedral bis-complexes with terpyridine ligands
is highly preferred.** However, the low kinetic stability of some
bis-terpyridine complexes (according to the Irving-Williams
series) on the one hand and the paramagnetic nature of some

?IE‘%)\”*”N“TOA@;EK

ii) 10 eq. NH4PFg ]

M =Zn, Fe*, Ni

View Article Online

metal ions on the other hand limit the range of potential
candidates with respect to the preparation and characterization
of these materials. Chiper et al. showed that metallo-supramo-
lecular polymers based on [Ni(tpy),]*" linkages are stable
enough to be investigated by size exclusion chromatography.***
However, NMR spectroscopy cannot be applied for such poly-
mers due to the paramagnetic nature of the Ni" ions. In this
respect, Fe'" or Zn" ions might be used; however, in particular
the latter ions lead to rather weak metal complexes. In the
present study, these three metal ions were utilized for the
preparation of supramolecular chain-extended polymers {[(6)
M(6)](PFe)s}, (Scheme 3, M = Zn", Fe or Ni"). The metallo-
polymerization reactions were performed in a chloroform-
methanol mixture at a 2 : 1 stoichiometry of macroligand 6d or
6e and the corresponding metal M" ions. In the case of Fe"" ions,
an equimolar amount of stannous chloride was added to the
reaction mixture to prevent oxidation of Fe'" to the para-
magnetic Fe'™. Subsequent to the anion exchange with PF, ", the
polymers {[(6e)M(6€)](PF;),}, were characterized by SEC or 'H
NMR spectroscopy (when applicable). The expected significant
increase of the molar mass due to the metallo-polymerization of
6 and 7 could not be observed by SEC since the applied polar
and protic conditions suppress the formation of UPy dimers.
Consequently, only dimers of the type [Ni(6),](PFs), could be
detected - as pointed out above, the kinetic stability of Ni"" bis-
terpyridine complexes allows the SEC measurements, while for
all other metal ions investigated, dissociation occurs.**** The
SEC trace of [Ni(6d),](PFs), was shifted to a higher molar mass
compared to the one obtained for the precursor polymer 6
under the same conditions (Fig. S4f; eluent: DMF containing
0.005 M NH,PFs). A shoulder at higher molar masses was
observed that cannot be explained but has also been reported
for other Ni'-based systems in the literature.*® Thus, this
shoulder is most likely not caused by any impurity, but rather
originates from different solvation, interactions with the
column or higher aggregates. The SEC traces recorded with a
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Scheme 3 Schematic representation of the synthesis of supramolecular chain-extended polymers {[(6)M(6)](PF¢)o}, and {[(7)M(7)](PFe)2}, by metal-to-ligand
coordination (SnCl, was added to the reaction mixture in order to prevent oxidation of the Fe' ion).
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Fig. 8 UV-vis absorption spectrum in DMF (left) and SEC trace (right) of [Ni(6d),](PFs), recorded with a PDA detector (eluent: DMF containing 0.005 M NH4PFe).
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Fig. 9 UV-vis titration curves for the complexation of 6b (left) and 7 (right) with Fe" ions (solvent: methanol). The insets show the evolution of the LC and MLCT
absorption bands as a function of added Fe" ions (the left figure was created from data published in ref. 30).

photodiode array (PDA) detector confirmed the complete shift
to lower retention times, i.e. higher molar masses (Fig. 8). The
corresponding UV-vis absorption spectrum proved the forma-
tion of the Ni" bis-terpyridine complex by the appearance of the
characteristic ligand-centered (LC) bands at 315 and 329 nm.*

The formation of the M" bis-terpyridine complexes of 6b and
7 was also monitored by UV-vis titration experiments with Fe"
ions (Fig. 9). Since methanol was used as a solvent, the forma-
tion of hydrogen bonds between the UPy moieties and, thereby,
of the chain-extended polymers does not occur. The evolution of

Table 2 Number average molar masses as determined by SEC measurements,
"H NMR spectroscopy and UV-vis titration experiments

M, [g mol™]
Polymer SEC” NMR? UV-vis®
6b 11 400 13 700 9000
7 10 500 21 500 18 500

“A linear polystyrene calibration was used. ” Determined by
comparison of the integrals of the tpy and polystyrene signals.
¢ Calculated from the point-of-equivalence in the UV-vis titration
experiments.

This journal is © The Royal Society of Chemistry 2013

the LC and the metal-to-ligand charge-transfer (MLCT)
absorptions at ca. 320 and ca. 560 nm, respectively, were plotted
as a function of added Fe" ions. The point-of-equivalence
indicates the consumption of free tpy sites by complexation at a
2:1 ratio of macroligand and Fe" ions (i.e. formation of
[Fe(tpy),]”" complexes). From this equivalence point the
number average molar mass of the polymers can also be
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Fig. 10 Zoom into the low-field region of the "H NMR spectra of (6e), (top) and
{[(6e)Fe(6e)](PF¢),}, (bottom). For both spectra: 400 MHz, CD,Cl,, 298 K.
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Fig. 11 Left: 2D DOSY spectrum of {[(6e)Fe(6e)](PFs)2}, (400 MHz, CD,Cl,, 298 K) demonstrating the same diffusion coefficients for signals of tpy complex, UPy and
polystyrene. Right: 2D DOSY spectrum of [(6e)Fe(6e)](PFe), (400 MHz, CD,Cl,, 298 K) after addition of trifluoroacetic acid demonstrates the cleavage of the hydrogen

bonding units (diffusion coefficient of dichloromethane was taken as a reference).

calculated (Table 2). For both 6b and 7, similar M, values as
determined by 'H NMR spectroscopy were obtained. Appar-
ently, the SEC measurements underestimated the M,, value for 7
due to the unavailability of a suitable calibration.

Due to the diamagnetic character of the Fe'" and Zn" ions, the
respective metallopolymers {[(6e)M(6€)](PFs),},, could also be
investigated by NMR spectroscopy. In the 'H NMR spectra, the
signals of the terpyridine protons were shifted upon complexa-
tion, whereas the signals assigned to hydrogen bonding
remained unchanged (Fig. 10 and S57). Thus, the formation of a
supramolecular polymer based on two different non-covalent
interactions in CD,Cl, was demonstrated. The 2D DOSY
measurement further confirmed the presence of the two types of
supramolecular bonds within the chain-extended polymer: the
same relative diffusion coefficients were observed for all tpy,
polystyrene and UPy signals of {[(6e)Fe(6€)](PFs),}, (Fig. 11, left).

In order to study the orthogonal responsiveness of the
supramolecular entities, TFA was added to the chain-extended
Fe" polymer. As expected, the quadruple hydrogen bonding of
the UPy-dimer was disrupted without affecting the more pH
robust metal-ligand binding (Fig. S61). The disappearance of
the signals arising from hydrogen bonding in the 'H NMR
spectrum in concert with a significant change in the diffusion
behavior confirmed the selective responsiveness (Fig. 11). The
comparison of the 2D DOSYs of the polymer {[(6e)Fe(6€)](PFs)}»
and the dimer [Fe(6e),](PFs), clearly shows the influence of the
pH value on the molecular structure.

Conclusion

The one-step preparation of heterotelechelic polymers via NMP
using an alkoxyamine as inhibitor bearing the desired hetero-
telechelic end-groups of the resultant polymer was accomplished.
The polymerization of styrene was proven to be a controlled

120 | Polym. Chem., 2013, 4, 113-123

process, while the bulky end-groups, namely tpy and UPy, did not
disturb the performance of the initiator. Therefore, the polymeric
spacer between the supramolecular binding sites can be easily
varied in length by NMP. This approach has a wider scope by
means of construction flexibility compared to a postmodification
approach for telechelic polymers, as the chain length and
composition between the supramolecular binding sites can be
varied in less reaction steps and purification can be simply done
by precipitation. Therefore, the strategy of functional initiators
represents a powerful method for investigating the influence of
the polymer spacer between functional groups within supramo-
lecular architectures.

The self-assembly of the prepared building blocks towards
linear supramolecular polymers with alternating metal ion
complex and hydrogen bonding linkage was investigated in
apolar solvents with complexes of zinc(u), iron(un) and nickel(u)
metal ions. The selective responsiveness of the system against
pH value as an external stimulus was proven where the
hydrogen bonding linkage could be switched off while the metal
ion complex remained intact.

The presented strategy of functionalized initiators provides a
promising strategy for the preparation of various tailor-made
supramolecular architectures using polymeric building blocks,
with respect to future progress in the field of stimuli-responsive
and self-healing materials.

Experimental section
Methods and instrumentation

All chemicals were received from Aldrich, Fluka and Acros;
solvents were purchased from Biosolve. Unless otherwise stated,
the chemicals and solvents were used without further purifica-
tions. DMF was dried over molecular sieves (pore size of 4 A). THF
and toluene were dried using a PureSolv-EN™ solvent

This journal is © The Royal Society of Chemistry 2013
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purification system. Column chromatography was carried out on
silica gel 60 and standardized aluminium oxide 90 (Merck).
Styrene was freshly purified prior to use by filtration over neutral
aluminium oxide 90 (Merck). 1D (*H, *C) and 2D ("H-"H-COSY)
nuclear magnetic resonance (NMR) spectra were recorded on a
Varian Mercury 400 MHz spectrometer at 298 K, 348 K or 368 K.
Chemical shifts are reported in parts per million (ppm) downfield
from tetramethylsilane (TMS) and were calibrated to the residual
solvent peaks. 2D DOSY experiments were conducted on a Bruker
400 MHz spectrometer at 298 K. Deuterated solvents for NMR
spectroscopy were obtained from Cambridge Isotope Laborato-
ries. Two different set-ups for size-exclusion chromatography
(SEC) were used: a Shimadzu system equipped with a SCL-10A
system controller, a LC-10AD pump, a RID-10A refractive index
(RI) detector, an UV-vis absorption detector (250 and 290 nm) and
a PSS SDV column utilizing (i) N,N-dimethyl acetamide with 2.1 g
L' LiCl or (ii) chloroform/iso-propanol/triethylamine (94/2/4), as
eluent. Linear polystyrene was used as the calibration standard.
Additionally, SEC was measured on a Waters SEC system con-
sisting of an isocratic pump, solvent degasser, column oven,
photodiode array (PDA) detector, RI detector and a Styragel HT-4
SEC column with a precolumn installed. The eluent was DMF
containing 0.005 M NH,PF, at a flow speed of 0.5 mL. min_'. The
column temperature was 323 K. Gas chromatographic (GC)
measurements were performed on an Interscience Trace GC with
a Trace Column RTX-5 connected to a PAL autosampler. UV-vis
absorption spectra were recorded in diluted chloroform solutions
on a Perkin-Elmer Lambda-45 UV-vis spectrophotometer at room
temperature (1 cm cuvettes). Elemental analyses were carried out
on a EuroVector EuroEA300 elemental analyzer. GC mass spec-
trometry was conducted on a Shimadzu GC17A connected to a
mass spectrometer. Infrared spectra were recorded on a Bruker
IFS55 FT-IR spectrometer. Matrix-assisted laser desorption/ioni-
zation time-of-flight mass spectrometry (MALDI-TOF MS) was
performed on a Voyager-DE™ PRO Biospectrometry™ Worksta-
tion (Applied Biosystems) time-of-flight mass spectrometer
using linear and reflector mode for operation. Dithranol or 2-
[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylideneJmalononi-
trile (DCTB) were used as matrices and Nal as an additive. The
spectrawere recorded in the positive ion mode and ionization was
performed with a 337 nm pulsed nitrogen laser. The MALDI-TOF
mass spectra of polymers were also measured on a Bruker
Ultraflex™ III TOF/TOF spectrometer.

The following compounds were prepared according to
literature procedures: 2,2':6/,2"-terpyridin-4'(1'H)-one,*® N-(tert-
butyl)-O-(1-(4-(chloromethyl)phenyl)ethyl)-N-(2-methyl-1-(4-(((tetra-
hydro-2H-pyran-2-yl)oxy)methyl)phenyl)-propyl)hy-droxylamine
(1), O-(1-(4-((2,2":6',2"-terpyridin-4"-yloxy)-methyl)phenyl)ethyl)-
N-(tert-butyl)-N-(2-methyl-1-(4-(((tetra-hydro-2 H-pyran-2-yl)-oxy)
methyl)phenyl)propyl)-hydroxylamine (2),** (4-(1-((1-(4-((2,2":6’,
2""-terpyridin-4’-yloxy)methyl)-phenyl)ethoxy)(tert-butyl)amino)-
2-methylpropyl)phenyl)metha-nol (3),** 1-(6-isocyanato-hexyl)-3-
(6-methyl-4-oxo0-1,4-dihydro-pyrimidin-2-yl)urea (4)** and 4-(1-
((1-(4-((2,2':6,2""-terpyridin-4’-yloxy)methyl)phenyl)ethoxy)(tert-
butyl)amino)-2-methyl-propyl)benzyl  (6-(3-(6-methyl-4-oxo-1,
4-dihydropyrimidin-2-yljureido)hexyl)carbamate (tpy-TIPNO-
UPy, 5).%

This journal is © The Royal Society of Chemistry 2013
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General polymerization procedure

Styrene monomers were freshly purified by filtration over Al,0;
prior to use in order to remove the inhibitor. The freshly puri-
fied styrene was added to a clear anisole solution of the TIPNO-
based initiator in a polymerization vessel. After applying three
freeze-pump-thaw-cycles to remove the oxygen, the vessel was
purged with argon and immersed in an oil bath at 123 °C for a
certain period of time. To remove residual monomer the reac-
tion mixture was precipitated from CHCI; into cold methanol.
The monomer conversion was determined by GC measure-
ments (before precipitation), the molar masses (i.e. M,, and M,,)
and the polydispersity index (PDI) values were determined by
SEC, whereas '"H NMR spectroscopy was applied for the deter-
mination of the end-group functionality (by integration and
comparison of the corresponding end-group signals) and M,
values (by integration of the polymer backbone to the terpyr-
idine signals).

TPY-PS5,-UPY (6C). '"H NMR (400 MHz, CD,Cl,): 6 = 0.05-
2.71 (set of multiplets), 3.11-3.38 (m, 4H), 3.85-4.37 (m, 1H),
4.97-5.22 (m, 2H), 5.26-5.34 (m, 3H), 5.83 (s, 1H), 6.25-7.54 (m,
200H), 7.91 (dt, J* = 7.8 Hz, J* = 1.6 Hz, 2H), 8.15-8.24 (m, 2H),
8.64-8.76 (m, 4H), 10.14 (s, 1H), 11.88 (s, 1H), 13.12 (s, 1H) ppm.
SEC (CHCl,, RI): M,, = 6800 g mol ", PDI = 1.07.

TPY-PPFS;0o-UPY (7). 'H NMR (400 MHz, CD,Cl,): 6 = 0.05-
2.96 (set of multiplets), 3.13-3.32 (m, 4H), 4.7-4.9 (m, 1H),
5.01-5.16 (m, 2H), 5.18-5.32 (m, 3H), 5.83 (s, 1H), 6.97-7.47
(m, 10H), 7.91 (dt, J° = 7.8 Hz, J* = 1.6 Hz, 2H), 8.11-8.18 (m,
2H), 8.63-8.76 (m, 4H), 10.14 (s, 1H), 11.86 (s, 1H), 13.13 (s,
1H) ppm. SEC (CHCI;, RI): M,, = 10 500 g mol ", PDI = 1.13.

General procedure for the chain-extension polymerization

The macroinitiator tpy-PSs5,-UPy (6, 70 mg, 0.012 mmol) was
dissolved in anisole (200 pL) and freshly purified styrene. After
following the general polymerization procedure (vide supra) the
reaction was stopped after 6 h.

TPY-PS,;,-UPy (8). The chain-extension polymerization was
conducted with a monomer-to-initiator ratio of M/I = 145 : 1.
"H NMR (400 MHz, CD,Cl,): 6 = 0.05-2.71 (set of multiplets),
3.11-3.38 (m, 4H), 3.85-4.37 (m, 1H), 4.97-5.22 (m, 2H), 5.26-
5.34 (m, 3H), 5.83 (s, 1H), 6.25-7.54 (m, 850H), 7.91 (dt, J* = 7.8
Hz,J' = 1.6 Hz, 2H), 8.15-8.24 (m, 2H), 8.64-8.76 (m, 4H), 10.14
(s, 1H), 11.88 (s, 1H), 13.12 (s, 1H) ppm. SEC (RI): M,, = 14 600 g
mol ™!, PDI = 1.18.

UV-vis titration experiments

The macroligand (6b or 7, 0.852 mg) was dissolved in chloro-
form (20 mL) and FeCl, (0.913 mg, 0.0072 mmol) was dissolved
in methanol (10 mL). The methanol solution was subsequently
added to the polymer solution in steps of 10 pL while the
formation of Fe" bis-complex 16 was monitored by UV-vis
spectroscopy after each addition. The point-of-equivalence and
the M, value of the macroligand were obtained by plotting
the UV-vis absorption intensity at the LC and the MLCT as a
function of added Fe" ions.
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Metallo-polymerization of the macroligands

To a solution of macroligand 6 or 7 (0.003 mmol) in chloroform
(200 uL) was added a solution of MCl, (M" = Ni", Fe'' or zn";
0.002 mmol) in methanol (100 uL). For Fe"' complexation SnCl,
was used stoichiometric to avoid partial oxidation. The resul-
tant clear solution was stirred under an argon atmosphere at
40 °C for 24 h. The chain-extended polymer was precipitated by
adding an excess of NH,PF¢ (ca. 10 eq.).

{[((6D)NI1(6D)](PF¢),}x. The material was analyzed without
further purification by SEC coupled with a PDA detector to prove
the formation of the Ni" bis-terpyridine complex; SEC (PDA/RI).

{[(6E)FE(6E)](PFq),}y. "H NMR (400 MHz, CD,CL,): 6 = 0.39-
2.58 (set of multiplets), 3.13-3.37 (m, 4H), 4.05-4.25 (m, 1H),
4.97-5.29 (m, 3H), 5.59-5.66 (m, 2H), 5.79-5.92 (s, 1H), 6.28-
7.50 (m, 500 H), 7.51-7.67 (m, 2H), 7.80-7.93 (m, 2H), 8.29-8.40
(m, 2H), 8.41-8.50 (m, 2H), 10.16 (s, 1H), 11.88 (s, 1H), 13.12
(s, 1H) ppm.

{[(6E)ZN(6E)](PF¢)}x. "H NMR (400 MHz, CD,Cl,): 6 = 0.38-
2.62 (set of multiplets), 3.12-3.38 (m, 4H), 4.04-4.31 (m, 1H),
4.99-5.21 (m, 3H), 5.52-5.62 (m, 2H), 5.82 (s, 1H), 6.28-7.63 (m,
760H), 7.73-7.8 (m, 2H), 8.06-8.25 (m, 4H), 8.38-8.48 (m, 2H),
10.13 (s, 1H), 11.86 (s, 1H), 13.11 (s, 1H) ppm.
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ABSTRACT: A homotelechelic macroligand bearing two
2,2":6',2"-terpyridin-4’-yl units, as chain ends, is used as build-
ing block for the preparation of a linear metallo-supramolecular
chain-extended polymer. The macroligand has been prepared
by nitroxide-mediated polymerization (NMP) of styrene using a
bis-terpyridine-functionalized NMP initiator. The controlled
character of the NMP process has been confirmed by detailed
characterization of the polymer by size-exclusion chromatogra-
phy, nuclear magnetic resonance spectroscopy as well as mass
spectrometry. Subsequently, the self-assembly with Fe' ions

INTRODUCTION The design of functional materials with
tailor-made chemical and physical properties meeting the
needs of various technology areas is one of the key chal-
lenges in today’s polymer and material science. In particular,
polymers precisely functionalized at their chain ends play an
important role in view of potential applications, for example,
in the synthesis of block copolymers, thermoplastic elasto-
mers, polymer networks, surfactants, or as macromonomers."
Telechelic polymers are defined as polymeric molecules fea-
turing reactive end-groups that have the capacity to enter
into further polymerizations or other reactions.? Telechelics
can be classified as mono-/semi-, di-, tri-, and multifunc-
tional telechelics (i.e., polytelechelics).®> In polymer science,
the term “telechelic” typically refers to a linear polymer hav-
ing the same functionality at both chain ends (“homotele-
chelic”); when the polymer chain possesses two different
functional groups at its ends, it is called “heterotelechelic”*
Thereby, the end-groups originate either from the initiator or
the terminating agent (or the chain-transfer agents) in the
case of polymers prepared by chain-growth reactions. In con-
trast, the functional groups could originate from monomer(s)

into the chain-extended metallopolymer and the disassembly
thereof, in the presence of a strong competitive ligand, has
been studied by UV-vis absorption spectroscopy and diffusion-
ordered NMR spectroscopy. The reversibility of the formation
of the metallo-supramolecular material, when addressed by
external stimuli, could be proven. © 2013 Wiley Periodicals,
Inc. J. Polym. Sci., Part A: Polym. Chem. 2013, 57, 2006-2015

KEYWORDS: metal-polymer complexes; nitroxide-mediated po-
lymerization; supramolecular structures; telechelic

in typical polycondensation and polyaddition reactions,
respectively.” The end-group modification may also take
place in appropriate post-polymerization reactions. Starting
from Bayer’s and Uraneck’s pioneering work®’ this class of
polymeric materials has attracted considerable interest in
current research.*

The precise control of the polymerization process is crucial
for the preparation of well-defined telechelics and other end-
functionalized macromolecules.®? Traditionally, control over
the degree-of-functionality, the molar mass as well as the
uniformity (i.e, polydispersity) was accomplished using liv-
ing ionic polymerization techniques.’ As a drawback, the
ionic processes suffer from stringent synthetic requirements
and, in some cases, are sensitive to the functional groups to
be incorporated. In contrast, free radical polymerization is
flexible and less sensitive to the polymerization conditions
and tolerates a large variety of functional groups. However,
free radical polymerization reactions suffer from poor con-
trol over the molar mass and degree-of-functionalization
(due to competing coupling, disproportionation reactions

Additional Supporting Information may be found in the online version of this article.

© 2013 Wiley Periodicals, Inc.
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and uncontrolled chain transfer). The vast developments in
controlled radical polymerization (CRP) nowadays provide
access to well-defined telechelic polymers with controlled
functionality.!® In this respect, the atom-transfer radical poly-
merization,"'?  the nitroxide-mediated  polymerization
(NMP),*® the reversible addition-fragmentation chain-transfer
polymerization™® and others'®'® have been used for the
preparation of telechelic polymers.**° For the most common
CRP methods, two main strategies for synthesizing telechelic
polymers can be pointed out:?>?! functionalities can be
incorporated onto the initiating and/or the terminating frag-
ment of initiators providing o,w-difunctionalized, «-function-
alized and w-functionalized telechelic polymers, respectively.
Moreover, one type or two different types of functionalities
can be attached to yield homotelechelic and heterotelechelic
polymers, respectively. Alternatively, the functionalization of
the chain ends can be achieved by appropriate post-polymer-
ization reactions. However, the former approach has a wider
scope by means of construction flexibility compared to a
postmodification approach for telechelic polymers, as the
chain length and composition between the functionalities can
be varied in less reaction steps and purification can be sim-
ply performed by precipitation.

In this study, a homodifunctional alkoxyamine based on the
TIPNO nitroxide was utilized for the synthesis of a homotele-
chelic polymer via NMP. Functionalized TIPNO derivatives
were initially reported by Hawker and coworkers®??3 as uni-
versal initiators for NMP featuring a high end-group fidelity
and a high tolerance toward a broad range of functional
groups  (TIPNO:  2,2,5-trimethyl-4-phenyl-3-azahexane-3-
nitroxide). Schubert and co-workers expanded the scope of
functional TIPNOs to the field of terpyridine chemistry by
using tpy-TIPNO, as initiator, for the synthesis of terpyridine-
functionalized  semi-telechelic  block  copolymers via
NMP**"27 Later, the utilization of a heterodifunctional TIPNO
initiator featuring one terpyridine (tpy) and one 2-ureido-
4H-pyrimidone (UPy) moiety, as orthogonal supramolecular
binding sites, for the NMP of styrenes was reported.?®?° The
heterotelechelic polymers were self-assembled into supramo-
lecular chain-extended polymers exhibiting stimuli-respon-
sive behavior based on the orthogonality of the non-covalent
interactions. The homodifunctional initiator bearing two tpy
moieties would be a versatile building block for the prepara-
tion of metallo-supramolecular chain-extended polymers
based on in-chain metal-to-ligand coordinative bonds.?**°=33
Herein, the synthesis of the initiator, its application in the
NMP of styrene and the subsequent reversible formation of a
chain-extended polymer via metal-ion complexes is reported.

EXPERIMENTAL

All chemicals were received from Aldrich, Fluka and Acros;
solvents were purchased from Biosolve. Unless otherwise
stated, the chemicals and solvents were used without further
purifications. DMF was dried over molsieves (pore size of
4 R). THF and toluene were dried using a PureSolv-EN™ sol-
vent purification system. Column chromatography was carried
out on silica gel 60 and standardized aluminum oxide 90

‘a.\
M"h\)iié

WWW.MATERIALSVIEWS.COM

WWW.POLYMERCHEMISTRY.ORG

ARTICLE

(Merck). Styrene was freshly purified prior to use by filtration
over neutral aluminum oxide 90 (Merck). 1D (*H, *3C) and 2D
(*H—'H COSY, DOSY) nuclear magnetic resonance (NMR)
experiments were conducted on a Bruker 400 MHz spectrom-
eter at 298 K. Chemical shifts are reported in parts per million
(ppm) downfield from tetramethylsilane and were calibrated
to the residual solvent peaks. Deuterated solvents for NMR
spectroscopy were obtained from Cambridge Isotope Labora-
tories as well as Eurisotop. For size-exclusion chromatography
(SEC) an Agilent system equipped with a PSS Degasser, a
G1310A Pump, a G1329A AS, a G1362A RID detector and a
PSS GRAM guard/1000/30 column was used. Dimethylaceta-
mide (DMA) containing 0.21% LiCl was used as eluent with a
flow rate of 1 mL/min at 40 °C. Linear polystyrene was used
as the calibration standard. Gas chromatographic (GC) meas-
urements were performed on an Interscience Trace GC with a
Trace Column RTX-5 connected to a PAL autosampler. UV-vis
absorption spectra were recorded in diluted chloroform solu-
tions on a Perkin-Elmer Lamda-45 UV-vis spectrophotometer
at room temperature (1-cm cuvettes). GC mass spectrometry
was conducted on a Shimadzu GC17A connected to a mass
spectrometer. Infrared spectra were recorded on a Bruker
IFS55 FT-IR spectrometer. Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
was performed on a Voyager-DE™ PRO Biospectrometry™
Workstation (Applied Biosystems) time-of-flight mass spec-
trometer using linear and reflector mode for operation. Dithra-
nol or 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylide-
neJmalononitrile (DCTB) were used as matrices and Nal as
additive. The spectra were recorded in the positive ion mode
and ionization was performed with a 337 nm pulsed nitrogen
laser. The MALDI-TOF mass spectra of polymers were also
measured on a Bruker Ultraflex™ III TOF/TOF spectrometer.
Electrospray ionization time-of-flight (ESI-TOF) mass spectro-
metric measurements were performed in the positive ion
mode with a micrOTOF (Bruker Daltonics) mass spectrometer
equipped with an automatic syringe pump which is supplied
from KD Scientific for sample injection. The standard ESI
source was used to generate the ions. For polymer samples, a
concentration of 10 ug mL™" was used (solvent: chloroform/
acetonitrile mixtures) and injected at a constant flow of the
sample solution (3 uL min~1). No salt or acid addition prior
to analysis was required, ionization occurred readily from the
sodium content that is naturally present in the glass or in the
polymer sample. The ESI-Q-TOF MS instrument was calibrated
in the m/z range of 50 to 3000 using a calibration standard
which is supplied from Agilent (Tunemix solution). All data
were processed via Bruker’s data analysis software version 4.0.
The ESI mass spectra were deconvoluted to obtain singly charged
species, from the deconvoluted spectrum the M, value of the
polymer was calculated. The following compounds were
prepared according to literature procedures: N-(Tert-butyl)-0-(1-
(4-(chloromethyl)phenyl)ethyl)-N-(2-methyl-1-(4-(((tetrahydro-
2H-pyran-2-yl)oxy)methyl)phenyl)propyl)hydroxylamine (1),%
2,2":6/,2"-terpyridin-4' (1’H)-one (2),** 0-(1-(4-((2,2':6',2"-ter-
pyridin-4'-yloxy)methyl)phenyl)ethyl)-N-(tert-butyl)-N-(2-methyl-
1-(4-(((tetrahydro-2H-pyran-2-yl)-oxy)methyl)phenyl) propyl) hy-
droxylamine (3)*® and (4-(1-((1-(4-((2,2":6',2"-terpyridin-4'-
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yloxy)methyl)phenyl)ethoxy)(tert-butyl)amino)-2-methylpropyl)-
phenyl)methanol (4).28

N-(1-(4-((2,2":6',2"-Terpyridin-4’-yloxy)methyl)phenyl)-2-methyl
propyl)-0-(1-(4-((2,2":6',2"-terpyridin-4’-yloxy)methyl)pheny-
)ethyl)-N-(tert-butyl)hydroxylamine (tpy-TIPNO-tpy, 5). Tri-
phenylphosphine (100 mg, 0.38 mmol), 3 (70 mg, 0.11
mmol) and 2,2:6',2"-terpyridin-4’ (1'H)-one (35 mg, 0.14
mmol) were dissolved in dry THF (1.5 mL). Diisopropyl azo-
dicarboxylate (DIAD, 77 mg, 0.38 mmol) was added drop-
wise to the solution. Subsequently, the reaction mixture was
stirred overnight at room temperature. The solution was
concentrated and subjected to a precolumn (Al;03, eluent:
heptane-to-chloroform gradient) to remove instable, gas-gen-
erating byproducts. The concentrated oil was subsequently
purified by column chromatography (Al,Os; eluent: diethyl
ether/pentane, 4:1 ratio) and preparative SEC (BioRad beads
S-X8; eluent: dichloromethane) to yield 5 as a colorless
amorphous solid (69 mg, 70%, mixture of diastereomers).

'H NMR (400 MHz, CD,Cl,, 9, diastereomers a+b): 0.20 (d, J
= 6.5 Hz, 3H, a), 0.58 (d, ] = 6.4 Hz, 3H, b), 0.83 (s, 9H, b),
0.95 (d, ] = 6.2 Hz, 3H, a), 1.09 (s, 9H, a), 1.35 (d, J = 6.3 Hz,
3H, b), 1.38-1.51 (m, 1H, a), 1.59 (d, ] = 6.5 Hz, 3H, a), 1.68
(d, ] = 5.3 Hz, 3H, b), 2.28-2.49 (m, 1H, b), 3.39 (d, J = 10.8
Hz, 1H, a), 3.52 (d, / = 10.6 Hz, 1H, b), 499 (q, ] = 6.5 Hz,
2H, a+b), 5.27 (s, 2H, a/b), 5.32 (s, 2H, b), 5.34 (s, 2H, a/b),
5.37 (s, 2H, a), 7.27-7.66 (m, 16H, a-+b), 7.27-7.40 (m, 8H,
a+b), 7.82-7.94 (m, 8H, a+b), 8.11-8.20 (m, 8H, a+b), 8.58-
8.77 (m, 16H, a+b); 13C NMR (100 MHz, CD,Cl, J, diaster-
eomers a-+b): 20.6, 20.8, 21.7, 21.8, 22.7, 24.4, 28.0, 28.2,
31.7, 32.0, 53.4, 60.4, 60.5, 69.9, 70.0, 70.1, 70.1, 71.7, 71.8,
82.5, 83.3, 107.4, 107.5, 121.1, 123.9, 126.5, 126.7, 127.4,
127.4, 127.6, 131.2, 131.3, 134.0, 134.3, 134.6, 135.4, 136.7,
142.3, 142.6, 144.9, 145.8, 149.1, 155.9, 156.0, 157.2, 167.0,
167.0, and 167.1; MALDI-TOF MS (m/z, matrix: DCTB):
870.46 [(M+Na)*]; High resolution ESI-MS: anal. calcd. for
[Cs4Hs3N,05Na]" m/z = 870.4102, found: m/z = 870.4103.

General Procedure for the Polymerization of Styrene
Styrene was freshly purified by filtration over Al,03 prior to
use to remove the inhibitor. Solvents were used as supplied.
To a clear solution of the initiator 5 in anisole, freshly puri-
fied styrene was added to the polymerization vessel. After
applying three freeze-pump-thaw-cycles to remove the oxy-
gen, argon was added and the vessel was immersed in an oil
bath at 123 °C for a certain period of time. To remove resid-
ual monomer the reaction mixture was precipitated from
chloroform into cold methanol. The conversion was deter-
mined by GC measurements, the molar masses (M, M,,) and
the polydispersity index (PDI) were determined by SEC,
whereas 'H NMR spectroscopy was used for the calculation
of the end-group functionality (by integration and compari-
son of the corresponding end-group signals) and M, values
(by the integration of the polymer backbone to the terpyri-
dine signals).

tpy-PS-TIPNO-tpy (6b)

'H NMR (400 MHz, CD,Cl): & = 0.05-2.64 (set of multip-
lets), 3.15-3.41 (m, 1H), 4.03-4.25 (m, 1H), 5.22-5.41 (m,
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4H), 6.34-7.54 (m, 550H), 7.90 (m, 4H), 8.11-8.26 (m, 4H),
8.62-8.76 (m, 8H) ppm. SEC (CHCl;, RI}: M, =
10,000 g mol ™%, PDI = 1.17.

UV-Vis Titration Experiments

The macroligand (6b 0.85 mg) was dissolved in chloroform
(20 mL) and FeCl, (0.913 mg, 0.0072 mmol) was dissolved
in methanol (10 mL). The methanol solution was subse-
quently added to the polymer solution in steps of 10 uL
while the formation of the Fe" bis-complex was monitored
by UV-vis absorption spectroscopy after each addition. The
point-of-equivalence and the M, value of the macroligand
were obtained by plotting the UV-vis absorption intensity at
the LC (319 nm) and the absorption band at 559 nm [mainly
ascribed to the metal-to-ligand charge-transfer (MLCT)] as a
function of added Fe' ions.

Metallo-Polymerization of 6b

A solution of FeCl, - 4H,0 (0.015 mmol) and SnCl, - 2H,0
(0.015 mmol) in methanol (300 uL) was added to a solution
of 6b (0.010 mmol) in chloroform (1.2 mL). The resultant
clear solution was stirred under an argon atmosphere at 40 °C
for 24 h. After cooling to room temperature and adding an
excess of NH4PFg (ca, 15 eq.) the reaction mixture was parti-
tioned between water and dichloromethane. The organic phase
was washed three times with water, dried over Na,SO, and
concentrated in vacuo to result the chain-extended polymer.

{[Fe(6b),](PF¢)2},. "H NMR (400 MHz, CD,Cl,): & = 0.46-
2.67 (set of multiplets), 3.24-3.51 (m, 1H), 4.12-4.30 (m,
1H), 5.61-5.81 (m, 4H), 6.35-7.48 (m, 570H), 7.50-7.71 (m,
4H) 7.80-7.94 (m, 4H), 8.28-8.54 (m, 8H) ppm.

DOSY NMR Experiments of {[Fe(6b),](PFs)2}n

For the DOSY experiment 30 mg of the supra-polymer
{[Fe(6b),](PFg)2}, were dissolved in 1 mL dichloromethane-
d,/methanol-d, (4:1) and measured at 298 K. For the inves-
tigation of the responsiveness, 50 uL of an aqueous solution
(35%) of HEEDTA was added into the NMR tube and after
10 min the DOSY was measured again.

RESULTS AND DISCUSSION

The synthesis of the homodifunctional initiator tpy-TIPNO-
tpy (5) was carried out via stepwise functionalization of the
nitroxide derivative 1 (Scheme 1). As reported previ-
ously,*®?? the terpyridine-containing initiator 4, as key build-
ing block, was obtained by nucleophilic substitution reaction
of the heterodifunctional alkoxyamine 1 with 2,2":6’,2"-ter-
pyridin-4'(1'H)-one (2) and subsequent cleavage of the THP-
protecting group from the intermediate 3 (THP: tetrahydro-
pyrane). Finally, the homodifunctional system 5 could be
prepared in high yield via Mitsunobu coupling of 4
with 2,336

The telechelic initiator was characterized by NMR spectros-
copy and mass spectrometry. The central TIPNO moiety has
two stereogenic centers. Thus, 5 was obtained as a mixture
of two diastereomers. Consequently, two main sets of signals
(in a ca. 1:1 ratio) could be observed in the 'H and (partially)
also in the *C NMR spectrum (see Fig. 1 and Supporting
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SCHEME 1 Schematic representation of the synthesis of telechelic 5 via stepwise functionalization.

Information Fig. S1). The attachment of the second terpyri-
dine entity was characterized in the 'H NMR spectrum by a
quantitative shift of the signals for the benzyl group com-
pared to alkoxyamine 4, that is, for the methylene group 9
(4.5 ppm to 5.4 ppm) and the aromatic protons b (7.2-7.5
ppm; Fig. 1). The full assignment of these signals could be
carried out unambiguously by 2D NMR experiments. Admit-
tedly, additional signals could be observed in the 'H NMR
spectra, which are still present after repeated column chro-
matography as well as preparative SEC purifications of the
product. After careful analysis of these signals in the 2D NMR
spectra, they show a similar cross peak pattern as the desired
structure 5 and, thus, the presence of the analogous meta-
substituted isomer can be concluded (commercially available
4-chloromethylstyrene, used for the synthesis of 1, consists
of a mixture of para- and meta-isomers in a about 9:1 ratio,
see Supporting Information Fig. S2). In this vein, MALDI-TOF
mass spectrometric analysis of 5 showed only the expected
[M+H]" adduct at m/z = 870.46, the experimental isotopic
pattern was in good agreement with the calculated value of
m/z = 870.41 (Fig. 2). All additional peaks at lower m/z val-
ues could be assigned to fragments of 5, as supported by the
parent ion peaks from the spectrum in the LIFT mode. The
main peaks at m/z = 389 and 504 are ascribed to the Na*-
adducts of fragments pointing to a fragmentation at the ther-
mally labile NO—C bond of the alkoxyamine entity under the
measurement conditions. Alkoxyamine 5 was further con-
firmed by high resolution ESI-TOF MS measurements, where
also the Nat adduct could be experimentally found (m/z =
870.4103), deviated by only m/z = 0.0001 from the calcu-
lated value (m/z = 870.4102; see the isotopic pattern in the
Supporting Information Fig. S3).
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In view of homotelechelic polymers featuring terpyridine
moieties at both chain ends, the NMP initiated by 5 has to
meet several criteria: the polymerization has to be of con-
trolled nature (a) and exhibit a high end-group fidelity (b),
that is, the functional groups at both chain ends must not be
cleaved in course of the polymerization.*3”

As a model reaction, the NMP of styrene, initiated by 5, was
investigated (Scheme 2, Table 1): The polymerization process
is controlled and oligomers and polymers (up to M, =
10,000 g mol™") with PDI values below 1.2 were obtained
(6a,b). In the 'H NMR spectrum of 6b (Supporting Informa-
tion Fig. S4) a high field shift for the protons next to the
nitroxide at the position 12 (5.0 ppm to 4.2 ppm) and 1 (3.5
ppm to 3.3 ppm; Fig. 1) could be observed pointing to the
insertion of the styrene between the initiating and the medi-
ating fragment. The M, values calculated from NMR seem to
overestimate the molar mass that was theoretical expected,
while the M, values obtained from the SEC are in the same
range (Tablel). Since low polydispersity index values (PDI)
alone are not a stringent evidence for a controlled progress
of a polymerization reaction, kinetics investigations were
also performed. For this purpose, different reaction vessels
were equipped with 5 and styrene (solvent: anisole); after
the removal of oxygen, the vessels were subjected to an oil
bath (temperature: 123 °C) and the reactions were stopped
after certain periods of time (up to 5 h).

With increasing polymerization time, the SEC traces of tpy-
PS-TIPNO-tpy (6c-e) were shifted to shorter elution times
corresponding to an increase of the molar mass. For all sam-
ples taken narrow, unimodal curves could be observed indi-
cating control over the polymerization (Fig. 3). The kinetic
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FIGURE 1 "H NMR spectrum of 5 (400 MHz, CD,Cl,, 298 K). The signals arising from the meta-substituted regioisomer are marked
with asterisks (see 2D "H-"H COSY evaluation in Supporting Information Fig. S2).

plots, that is, the semilogarithmic plot for the polymerization
index as a function of time (In([M,]/[M]) vs. t) and the plot
for the molar mass vs. conversion revealed a linear depend-
ency [Fig. 4(a,)b)].

The observed M, values were in good agreement with the
theoretical ones showing narrow polydispersity index values
(PDI < 1.2) (Table 1, Fig. 4). Thus, the homodifunctional ini-
tiator 5 enables the polymerization of styrene under the
used conditions in a controlled fashion at least up to a con-

1.2+
found: 870.46
389 e cale:  870.41
1.0 1
2
2 0.8
(9]
2 0.6- S
N 504 872 874
©
E 04
2 +
[M+Na]
0.2 L
00 ‘Ill T T T T T 1
300 400 500 600 700 800 900 1000
m/z

FIGURE 2 MALDI-TOF mass spectrum of 5; the inset shows the
comparison of the experimental and the calculated isotopic
pattern for the [Cs4Hs3N;Os+Na]™ peak. A fragmentation of 5
due to the labile alkoxyamine N—O bond give rise to the addi-
tional signals m/z = 389 and 504 (matrix: DCTB).
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version of 40%. In contrast to the heterotelechelic initiator
bearing one tpy as well as one UPy moiety no persistent rad-
ical effect was observed under the same conditions for the
polymerization of styrene.?’

The purified polymer 6a was characterized by mass spec-
trometry, in particular with respect to end-group analysis.
However, MALDI-TOF MS was found to be ineligible in this
case due to a distinct fragmentation behavior (Supporting In-
formation Fig. S5). As known from literature, the characteri-
zation of nitroxide-functionalized polymers by mass spec-
trometry is often difficult due to the complex fragmentation
during the MALDI-process.®*° One major distribution, show-
ing peak-to-peak distances of m/z = 104 as it is typical for
polystyrene, could be observed; however, the peaks could
neither be correlated to the expected telechelic materials nor
to reasonable fragmentations, that were found for parent
heterotelechelic polystyrenes*’—independent from the na-
ture of the applied matrix (dithranol, DCTB) or the ionic
additive (e.g, Na', Agl). In contrast, the ESI-TOF MS using a
milder ionization method exhibited in the mass spectrum
two main distributions for 6a corresponding to doubly and
triply charged polystyrene species, respectively (Fig. 5). After
careful analysis, the main distribution could be assigned to a
PS series, where one of the terpyridine units was cleaved off
during the ESI-TOF measurement leaving the central TIPNO
moiety still intact. The predetermined breaking point is
ascribed to the benzylic bond of the terpyridine entity. Due
to the assigned fragmentation, only one terpyridine can here
directly be proven as end-group. Nonetheless, the main frag-
mentation promotes the assumption that also the second tpy
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SCHEME 2 Schematic representation of the polymerization of styrene using 5 as initiator.

is incorporated into the polymer, since this unusual degrada-
tion is most likely caused by the ESI-process and not by
thermal degradation during polymerization.

However, the intact telechelic PS bearing both tpy units
could be assigned to a sub distribution (Supporting Informa-
tion Fig. S6). The isotopic pattern as obtained from high-re-
solution ESI measurements was in good agreement with the
calculated one: The calculated pattern for the triply charged
species [C54H53N703(C8H8)63+3H]3+ deviated by only m/z =
0.0004 from the experimental found value (Supporting Infor-
mation Fig. S6) which confirms the incorporation of both tpy
units into the polystyrene. The M, value of 8500 g mol~* for
6a was derived from the deconvoluted mass spectrum of the
singly charged species. The number-averaged molar mass
obtained from ESI measurements is in agreement with the
one derived from SEC (M, = 7200 g mol ).

More important, 2D (*H—'H) DOSY experiments were carried
out to confirm that the terpyridine units (representing small
molecules) were attached to polystyrene chains (representing
in comparison rather large molecules), which could be recog-
nized by similar relative diffusion coefficients (similar to Fig. 9
right). However, the presence of small amounts of mono- or
non-functionalized polystyrene, for example, formed by auto-
polymerization of styrene, could not be excluded by this
method (this point will be addressed below).

The complexation of the terpyridine sites, in particular by
divalent transition metal ions, is of importance—from an

analytic as well as a synthetic point of view. From an analyti-
cal point of view, UV-vis titration experiments with Fe'" ions
were carried out to determine the number-averaged molar
mass of 6b via one further independent method. For this
purpose, the evolution of the ligand-centered and the MLCT
at related absorptions at 318 and 559 nm, respectively, were
plotted as a function of added Fe" ions (Fig. 6). The point-of-
equivalence indicates the full consumption of free tpy sites
by complexation at a 1:1 ratio of the macroligands and Fe!'
ions (i.e, formation of [Fe(tpy),]>" complexes). The M, value
of 7500 g mol !, as calculated from this experiment, was
roughly in the same range as the values derived from the
other analytical methods (Table 1) while showing an under-
estimation as it is reported for the heterotelechelic tpy func-
tionalized PS bearing the 2-ureido-4H-pyrimidone (UPy) moi-
ety on the other end.?”

From a synthetic point of view, the complexation of divalent
metal ions is in the present case important, since the com-
plexation with the telechelic polystyrene is the strongest
supramolecular driving force that can be used to engineer
defined suprapolymeric structures.

The incorporation of 6, as ditopic macroligand, into a
metallo-supramolecular chain-extended polymer can be
achieved by complexation with divalent transition metal ions
via formation of bis-terpyridine complexes of (distorted)
octahedral geometry.?* According to the theory of polyaddi-
tion reactions, polymers of maximum molar masses are

TABLE 1 Overview of the Synthesized Telechelic Polystyrenes using Alkoxyamine 5 as Initiator at 125 °C with a
Monomer to Initiator Ratio of 200:1 and a Monomer Concentration of 3 mol L™’

Time [min] Conv. [%] (GC) M, [g mol~"] (theo.)?

6a 320 = =

6b 380 40 9,300
6¢ 105 15 4,450
6d 245 23 6,150
6e 335 B9 10,100

M, [g mol~'] ("H NMR) M, [g mol~"] (SEC)®>° PDI (SEC)

9,600 7,200 1.18
12,100 10,100 1.17
= 4,500 .19
- 6,000 1.18
= 9,900 1.16

2 M, (theo.) represents the targeted M, with respect to the conversion (GC).

b After precipitation of the polymer into methanol.
¢ A linear polystyrene calibration with DMA as eluent was used.
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FIGURE 3 SEC traces of 6c-e after different polymerization

times for the NMP of styrene using alkoxyamine 5 as initiator
(eluent: DMA).

formed at an ideal 1:1 ratio of ditopic macroligand and the
corresponding metal ions.*® Among the common used metal
ions for bis-terpyridine complexes, the iron(II) was chosen
as the model ion for the formation of a responsive coordina-
tion polymer, since the iron(II) ion shows the tendency of
forming bis-terpyridine complexes characterized by a high
binding constant (logK, = 13.8 in water), while the mono-
terpyridine complex shows a relative low binding constant
(logk; = 7.1 in water).*! Despite the high complex stability
constants the Fe(l) complexes are considered as labile.*?
These two facts ensure the formation of high molar mass
coordination polymers and the insensitivity against exceed-
ing the metal-to-ligand ratio of 1:1, which can happen by
using macroligands with averaged masses.**** In this vein,
the corresponding nickel(II) or cobalt(Il) bis-complexes are
in fact also very stable in water (logk, ~ 10 in water),*! but
since the mono-complexes show proximate binding con-
stants, the formation of high molar mass polymers is sensi-
tive against metal-to-ligand ratios exceeding 1:1.**

a) b)

0.5 = 125°C .
linear fit: R?= 0.91

0 100 200 300

t [min]
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Another disadvantage of using nickel(II) ions for the prepa-
ration of responsive polymers is the inert character of the
complex against external stimuli as it can be also seen for
ruthenium(Il) and cobalt(Ill) bis-terpyridine complexes. In
contrast the zinc(II) and cadmium(II) bis-complexes are suffi-
ciently labile but the formation is weak and for zinc weaker
than the formation of the mono-complexes,*’ which would
hinder the formation of linear high molar mass coordination
polymers.

Following optimized reaction conditions described by Schu-
bert and coworkers,*>"*” the metallopolymer {[Fe(6b),]
(PFg)2}, (Fig. 7) was obtained as a purple powder (the color
was arising from the MLCT absorption of the Fe"' bis-terpyri-
dine complex related to the absorption at 559 nm, see Sup-
porting Information Fig. S7). An excess of the metal ion was
used to ensure the quantitative coordination of the macroli-
gand 6b as the bis-complex is believed to be insensitive
against exceeding the metal-to-ligand ratio of 1:1 also in an
organic solvent. Moreover, the excess of metal ions suppress
the formation of rings, as a ring-chain equilibrium has to be
assumed for the flexible polymeric spacer.*® To prevent oxi-
dation of the Fe" ions prior to coordination, stannous chlo-
ride was added as reducing agent in stoichiometric amounts.
Utilizing PFg as counterions, the solubility of the supramo-
lecular polymer in organic solvents could be enhanced. The
formation of the chain-extended polymer was also confirmed
by *H NMR spectroscopy: upon complexation by the Fe'
ions, the signals of the terpyridine protons were significantly
shifted as it was reported for Fe' bis-terpyridine com-
plexes—in small molecules as well as in macromolecular
species [Fig. 8(a,b)].?**® In addition, the methylene protons
in the benzylic positions of the end-groups are quantitatively
low-field shifted upon complexation pointing also to a com-
plete complexation within the sensitivity limits of NMR
spectroscopy.

Moreover, 2D DOSY measurements of {[Fe(6b),](PF¢)2}n
were carried out. These measurements revealed that all sig-

nals (i.e., terpyridine, polystyrene and TIPNO protons)
14
= 125°C
124...... theoretical
104— linear fit: R®=0.999
= 8—
E
2 o
s 41
2
PDI
O T T T T T T T T T -14
° ° ° 1.2
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FIGURE 4 Kinetic plots for the NMP of styrene using alkoxyamine 5: (a) semilogarithmic plot of monomer conversion vs. polymer-

ization time and (b) molar mass vs. conversion.
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arising from one macromolecular species, due to the same
relative diffusion coefficients of all moieties (Fig. 9, left). It
can be concluded within the sensitivity limits of *"H NMR
spectroscopy that both endgroups are attached to the poly-
mer chain and the presence of nonfunctionalized polystyrene
or monofunctional tpy-PS can be excluded, as such com-
pounds would reveal a different diffusion coefficient range
for the terpyridine and polystyrene signals. To prove the re-
versibility of the metal-to-ligand coordination, the metallo-
polymer was treated in situ with Na3(HEEDTA), as strong
competitive ligand (HEEDTA: hydroxy-2-ethylenediaminetri-
acetic acid). The disassembly of the metallopolymer was
monitored by 2D DOSY measurements (Fig. 9, right).

The tremendous decrease in molar mass due to the decom-
plexation of {[Fe(6b).](PFs).}, toward 6b could be con-
cluded from the significant differences in the relative diffu-
sion behavior for the tpy and the PS signals of both
materials (Fig. 9). This points within the sensitivity of 'H
NMR spectroscopy to the absence of monomeric or low
molar mass coordination polymers of 6b and, thus, to the
predominant formation of the iron(Il) bis-complex within
{[Fe(6b);](PFs)2}, before the decomplexation. However, no
reasonable  estimation for the molar mass of
{[Fe(6b);](PFs)2}, could be concluded via the Stokes-Ein-
stein equation. A correlation between diffusion coefficient
and molar mass that is valid for the polymeric monomer and
for the supramolecular polymer is unknown, since the back-
bone of the supramolecular polymer is different in nature
(as partially ionic) due to the metal complexes giving a dif-
ferent correlation between molar mass and hydrodynamic
radius. To the best of our knowledge no example is
reported up to now where an estimation of the molar mass
for a metallopolymer via DOSY NMR is given. In addition,
since the iron(Il) bis-terpyridine complex is not stable
under the SEC conditions used for polystyrenes, the molar

CHCl3/ MeOH

FIGURE 7 Schematic representation of the synthesis of supramolecular chain-extended polymers {[(6b)M(6b)](PFs),}, by metal-to-
ligand coordination (SnCl, was added to the reaction mixture to prevent oxidation of the Fe' ion).

Mah\‘)ﬁli’)> WWW.MATERIALSVIEWS.COM
[}

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2013, 57, 2006-2015

2013



2014

ARTICLE
]
@ | LN
T S A
‘ [l \ iy
o Ju A w [ S -
K
iy i
-9 IRant
m I A / |
( \u(“ \”\“\_/\ \/"/ ‘J . ‘1 ‘\\ _1\/ U
]
| | ‘
¥ [
>k I \ A\M’ \/ ‘\ 1
Y AN v | ‘\'
N A o J
[ppm] 9 8 7 6 5

FIGURE 8 Zoom into the low-field region of the '"H NMR spec-
tra of (a) telechelic polystyrene 6b, (b) the suprapolymer
{[(6b)Fe(6b)](PFs),}, and the telechelic polystyrene 6b (c) after
the addition of HEEDTA as competing ligand. For all spectra:
400 MHz, 298 K with CD,CI, for (a), (b), and CD,Cl,/MeOD for
(c) as solvents (see the whole spectrum of {[(6b)Fe(6b)](PFg).},
in the Supporting Information Fig. S8).

mass can also not be determined by this method.*® A theo-
retical estimation of the average molar mass of the coordi-
nation polymer in solution suggests M, ~ 10° g mol™?,
which is based on a ring-chain equilibrium model and bind-
ing constants in organic solvents with distinct assumptions
(a critical consideration is provided in the supporting infor-
mation).*8-5°

The related "H NMR spectrum shows quantitative backshifts
of the tpy signals as well as for the benzylic methylene
groups of both end-groups which are similar with that of the
initial macroligand 6b [Fig. 8(a,c)]. The slight difference in
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chemical shift for the tpy signals can be explained by the
change of the NMR solvent from pure dichloromethane to a
mixture of methanol and dichloromethane. Thus, metal-free
6b could be regenerated quantitatively by addressing the
metallopolymer with an external stimulus, that is, a strong
competitor for the Fe'' ions—a similar behavior is expected
for significant changes in the pH value or when applying re-
dox chemistry, that is, oxidizing the metal ions to a +III state
which will be investigated in future work.

CONCLUSIONS

In the present contribution a bis-terpyridine functionalized
initiator for NMP was synthesized to access «,w-difunctional-
ized polymers in one-step retaining the terpyridines as end-
groups. The polymerization of styrene was proven to be a
controlled process, while tpy as substituent of the initiating
as well as of the mediating fragment of the alkoxyamine did
not disturb the performance of the initiator. This approach
has a wider scope by means of construction flexibility com-
pared to a postmodification approach, as the chain length
and composition between the supramolecular binding sites
can be varied in less reaction steps and purification can be
simply done by precipitation. The self-assembly of the pre-
pared building blocks via iron-ion complexation toward lin-
ear supramolecular polymers was investigated by UV-vis
spectroscopy and DOSY. The reassembly and responsiveness
of the system against a competing ligand to the tpy was pro-
ven by NMR techniques.

The presented work provides a promising strategy for the
construction of metallo-supramolecular architectures in a
minimum of steps, which makes it appealing for studying
the influence of the polymeric spacer within more reversible
architectures (using, for example, zinc complexes) or more
complex structure (using, for example, heteroleptic com-
plexes) with respect to the progress of efficient stimuli-re-
sponsive and self-healing materials.

T
F1 [log(m2/s)]

1
-13.0

T T
125
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FIGURE 9 Left: 2D 'H—"H DOSY spectrum of {[(6b)Fe(6b)](PFs),},, demonstrating the same diffusion coefficients for signals of tpy
complex and polystyrene. Right: 2D "H—"H DOSY spectrum of 6b after the addition of HEEDTA demonstrating the decomplexation

(diffusion coefficient of dichloromethane was taken as reference).
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Estimation for the average molar mass of {[Fe(6b),](PF¢):}n

A valuable theoretical estimation of the molar mass is complicated: The available binding constants
are determined in water." The binding constants and kinetic aspects of a metal complex depends
essentially on the solvent and on the counterion of the coordination polymer in solution.” No specific
binding constants are available for the present complex in a mixture of chloroform/methanol or
dichloromethane with PF¢™ as counterion. Wiirthner et al. reported on lower limits binding constants
for Fe(ll) bisterpyridine complexes in acetonitrile with ClO,", which are more suitable for an organic
solvent and are used as a rough estimation neglecting the influence of the counterion. Furthermore,
since no rigid spacer between the tpy end groups is present, the simplified isodesmic model® cannot
be used without the following assumptions as the ring-chain equilibrium has to be taken into
account. With the assumption of a high monomer concentrations and a monomer-to-metal ratio
larger than 1, the formation of rings will be neglected, although this depends on the ratio of the
binding constants.” This binding constants ratio is unknown for organic solvents as Wiirthner et al.
comment only on the lower limits were K; and K, are larger than 10® M*.* In addition, the average
degree of polymerization (DP) also depends on the ratio of the binding constants if the monomer-to-
metal ratio exceeds 1, which shows the maximum average DP. As we assume K,>>K; for the Fe(ll)
biscomplex also in organic solvents, the deviation from the maximum average DP at the metal-to-
ligand ratio of 1:1 is also neglected in our case. With these assumptions the average number of
monomers per chain can be roughly estimated according to Vermonden et al.:*

<n> = (K,c)/? (1)

DP is the degree of polymerization, K, is the binding constant for the bisterpyridine complex and c is
the overall concentration of the telechelic polystyrene 6b. Taken the labile character of the Fe(ll)
bistpy complex into account, the DP of reaction mixture and the DOSY investigation can be
estimated:

With K, = 10*M™?, " = 7. 10® mol-L?, ¢®* = 4 - 10 mol-L" and M, (6b) = 7,200 g mol™ (1)
revealed:

For the assembly reaction solution:
<n;> =800 and M,"*"" = 6 - 10°g mol™

For the DOSY investigation solution:
<n,> = 650 with M,"%*' = 4 - 10° g mol™
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Figure S2. 2D 'H-"H COSY of 5 revealed the meta-substituted isomer with different cross-peak signals
(asterisks, marked in grey) compared to the para-substituted isomer (400 MHz, CD,Cl,, 298 K).
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The efficient synthesis of a responsive amphiphilic supramolecular
triblock copolymer A(B),A is described, where the blocks are held
together by self-complementary hydrogen bonding at the homo-
junction (B-B) and by heteroleptic metal complexes at the hetero-
junction (A-B). The supramolecular copolymer was prepared in a
minimum of steps by using heterotelechelic building blocks with
orthogonal binding sites polymerized in one step.

Conventional organic polymers have been introduced in a wide
range of today's technologies due to their mechanical, thermal
and/or electronic properties. Whilst the exclusively covalent
nature of some of these polymers results in an intrinsic non-
reversible or non-responsive character when addressed by
external stimuli, all supramolecular polymer-based materials
are inherently stimuli-responsive due to their reversible and/or
dynamic non-covalent bonds. The properties of both are
merged in supramolecular polymers.' This approach enables
the construction of a new class of stimuli-responsive polymers
with tailor-made functions that have a strong impact on mate-
rials science.>” Various types of non-covalent interactions have
been utilized for the preparation of supramolecular polymers:
m-1 stacking,®*** hydrophobic’** and other non-covalent
interactions"” including metal-to-ligand coordination®>* and
(multiple) hydrogen bonding.>** In particular, the latter two
are of interest for the construction of advanced architectures via
self-assembly processes due to their binding strength, comple-
mentarity and directionality.”” Terpyridine (tpy) bis-complexes
are among the most common motifs in metallo-supramolecular
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chemistry and have been applied for the synthesis of a wide
range of supramolecular polymers: chain-extended polymers,
block copolymers, graft copolymer macrocycles and den-
drimers.”®* The self-complementary 2-ureido-4H-pyrimidone
(UPy) moiety was introduced by the Meijer group for preparing
various types of supramolecular polymers based on quadruple
hydrogen bonding.”® These two systems with orthogonality of
the non-covalent interactions were combined by Schubert and
coworkers for the preparation of supramolecular polymers
based on both interactions.****

In this contribution, the utilization of a heterotelechelic
macroligand tpy-PS-UPy (1a) for the orthogonal assembly of
amphiphilic supramolecular quasi-triblock copolymers is
shown via self-complementary hydrogen bonding and hetero-
leptic metal-ion complexation with a monofunctional tpy-PEG.

It is an established concept in terpyridine chemistry that
highly stable heteroleptic Ru" tpy bis-complexes can be obtained
via stepwise self-assembly.” Recently, an alternative stepwise
one-pot assembly was shown for Ni"" systems due to the charac-
teristic kinetic stabilities of the mono-complexes.***? Details on
the characteristic stability of the complexes are discussed in the
ESI (Fig. S11).>** If polymer chains are attached in the 4’-position
to the terpyridine units, the formation of block copolymers with
metallo-supramolecular linkers at the block junction is
enabled.* In this respect, by far the most intensively studied
system is the AB diblock copolymer [(MPEG-typ)Ru(tpy-PS)*"
(MPEG (A): poly(ethylene glycol) monomethyl ether, PS (B):
polystyrene).” If the PS block in such an array bears additionally
a terminal self-complementary UPy moiety (1a), dimerization
into an A(B),A quasi-triblock system via quadruple hydrogen
bonding is expected in apolar aprotic solvents. As a reference, a
heterotelechelic tpy-PS-OH (1b) bearing a hydroxy group was
synthesized that does not assemble via hydrogen bonding
leading to an AB diblock copolymer in the same environment (for
the "H NMR spectrum, see Fig. S2f). Compared to a related
postmodification example,* both heterotelechelic PS blocks were
readily polymerized in one step using the strategy of difunctional
initiators for the nitroxide-mediated polymerization process

Polym. Chem., 2013, 4, 3177-3181 | 3177
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(for details see the ESIT).*"* In this vein, the UPy or OH moiety is
attached to the PS via a temperature-responsive alkoxyamine;
thus the coordination chemistry of Ru" requiring relatively harsh
reaction conditions cannot be applied. Therefore, mild
complexation of Ni" was used to yield [(MPEG-tpy)Ni(1a),-
Ni(tpy-MPEG)](PFs),, or [(MPEG-tpy)Ni(1b)](PFs),. As outlined in
Scheme 1, the one-pot, two-step procedure as described by
Mugemana et al. was utilized.*** Starting from the precursor
complex nickel(n) chloride hexa(dimethylformamide), the nick-
el(r) mono-complex was formed instantaneously upon addition
of the heterotelechelic PS (1a or 1b)*® as block B. Subsequently,
MPEG,,-tpy (block A)*** was added and coordinated to the metal
center yielding the respective heteroleptic bis-complexes. Anion
exchange to PFs was carried out to guarantee the solubility of
the supramolecular assemblies in organic solvents. The crude
products were washed with diethyl ether and water to purify the
copolymers from non-coordinated PS and PEG, respectively.**
The copolymers were investigated by size exclusion chro-
matography (SEC). Since N,N-dimethylacetamide (DMAc) con-
taining NH,PF; has to be utilized for metallo-supramolecular
polymers as an eluent, the hydrogen bonding via the UPy moiety
was suppressed under the measurement conditions. Accord-
ingly, only the AB diblock copolymers could be observed in both
cases: the monomodal distributions show a distinct shift of the
SEC trace (refractive index (RI) detector) to a shorter elution
volume when compared to the traces of the metal-free building
blocks (Fig. 1 and S37). SEC coupled to a photodiode array (PDA)
detector allows monitoring of the UV-vis absorption spectrum
as a function of the elution volume for [(MPEG-tpy)Ni(1a)]**
(Fig. 2). In contrast to the RI traces, besides a main distribution
(retention time: 17.5 min) also a low molar mass side distri-
bution becomes visible (18.4 min). Both distributions show the
characteristic UV-vis absorption for Ni" terpyridine complexes
represented by the ligand-centered (LC) bands at 315 and
329 nm (Fig. S47). Nevertheless, the distributions show differ-
ences by comparison of the UV-vis spectra. The main distribu-
tion can be related to the desired heteroleptic complex due to an
absorption maximum at A, < 270 nm according to the non-
complexed PS educt 1a. The low molar mass distribution is
tentatively ascribed to small amounts of the homoleptic
complex [Ni(MPEG),]*" showing, besides a larger retention time

"R NiCl,-6DMF,
room temp.,
10 min

DMF

N
NN
. H H | H
DME i) MPEGy4-tpy, room temp., 24 h ; H |;1
ii) 10 eq. NH4PFg O NN N
Y PS100INI-PEG
o x-NH O

Scheme 1
diblock copolymer [(MPEG)Ni(tpy-PS-OH)](PFe)s.
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Fig. 1 SEC traces (Rl detector) of the diblock copolymer [(MPEG-tpy)Ni(1a)]**
(solid line) in comparison to those of the building blocks MPEG-tpy (dotted line)
and 1a (dashed line). For all measurements DMAc containing 0.005 M NH4PFg
was used as an eluent.
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Fig. 2 3D-SEC trace of [(MPEG-tpy)Ni(1a)]** as recorded with a PDA detector
(eluent: DMAc containing 0.005 M NH4PF).

as the PS educt 1a (retention time: 18.0 min), an absorption
maximum at Ay, = 275 nm according to the tpy-MPEG educt.
In this respect, analogous observations were made for
[(MPEG,4-tpy)Ni(1b)]** (Fig. S57).

In addition, "H NMR spectroscopic investigations were
carried out to investigate if (a) both polymeric blocks were linked

1a Dimerization via quadruple hydrogen bonding
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Schematic representation of the synthesis of the supramolecular quasi-triblock copolymer A(B),A {[(MPEG-tpy)Ni(tpy-PS-UPy)]>}(PFg)4 and the reference
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Fig. 3 'H NMR spectrum (400 MHz, CD,Cl,, 298 K) of {{(MPEG-tpy)Ni(tpy-PS-
UPy)]5}(PFg)a. The inset shows the formation of the related hydrogen bonds.

via terpyridine bis-complexes and (b) in the case of {{(MPEG-tpy)-
Ni(tpy-PS-UPy)],}(PFs)s, dimerization of the AB diblock
copolymer via hydrogen bonding towards A(B),A occurred in
dichloromethane as a non-coordinating solvent (Fig. 3). Both
blocks are represented by the characteristic signals for PS and
PEG, although (a) the signals corresponding to the terpyridine
units could not be observed due to the paramagnetic nature of
the Ni(i1) complex, whereas (b) the signals arising from hydrogen
bonding could unambiguously be identified. The hydrogen
bonding signal around 13 ppm overlaps with the signals ascribed
to a low-field shift of the terpyridine protons caused by the
paramagnetic environment (this signal can also be observed for
the nonhydrogen-bonded [(MPEG)Ni(tpy-PS-OH)](PF¢), (see
Fig. S6T). The hydrogen bonding can be cleaved by adding an acid
to the solution neither affecting the alkoxyamine®' nor the pH
insensitive Ni" bis-terpyridine complex.*® Within the accuracy of
NMR integration, the estimated ratio of the degree-of-polymer-
ization (DP) of the PS and PEG blocks was in good agreement
with the expected ratio (see ESIT). Thus, the formation of the
heteroleptic complex as well as the formation of the A(B),A quasi-
triblock copolymer could be confirmed. The metallopolymers of
the quasi-triblock {[(MPEG-tpy)Ni(tpy-PS-UPy)],}PF¢), (A(B),A)
as well as the diblock [(MPEG)Ni(tpy-PS-OH)](PF), (AB) were
also processed into the solid state by spin-coating from a 2 wt%
solution of toluene as a nonpolar aprotic solvent allowing self-
complementary hydrogen bonding of the UPy moieties.

The morphology of the thin film was investigated by atomic
force microscopy (AFM) in the hard tapping mode without prior
annealing (see ESIT for preparation details). Due to the
immiscibility of the incorporated polymer blocks, phase sepa-
ration occurred in the solid state for the AB diblock copolymer;
the same behavior was observed for A(B),A, though less well
expressed. The AFM images showed areas of hard and soft
materials that could be assigned to the PS and PEG blocks,
respectively (Fig. 4). Hereon, a phase separation was present,
but non-ordered, for the AB copolymer, while for the A(B),A only
a poorly and non-ordered phase separation with a significantly
smaller length scale was observed. In contrast to this, the
previously studied non-annealed films of metallo-supramolec-
ular AB diblock copolymers of the general type [(MPEG-tpy)-

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 AFM phase image (hard-tapping mode) of Ni'-containing copolymer
films spin-coated from toluene: (a) [(MPEG)Ni(1b)I(PFs); and (b) [(MPEG)
Ni(1a)](PFs)> (scale bar: 200 nm).

Fig. 5 TEM images of a DMAc/water solution (2: 1, 0.6 g L") of the AB block
copolymers without staining: (a) [(MPEG44)Ni(tpy-PS-OH)](PFe), and (b) [(MPEG44)
Ni(tpy-PS-UPy)](PFs), (scale bar: 200 nm).

Ru(tpy-PS)](PF,), with different lengths of the PEG and PS
blocks showed ordered phase separation and revealed that a
change of the counterion has a large impact on the phase
separation behavior.” It might be speculated that the block
lengths of the synthesized block copolymers are too short to
achieve an ordered phase separation. However, the difference in
the phase separation for the two systems indicated the presence
of the multiple hydrogen bonding within [(MPEG)Ni(1a)](PFs),
and its influence on the phase separation in the solid state.

As the micellization of amphiphilic block copolymers in a
selective solvent has, in the present case of a metal complex at
the heterojunction, a stringent evidence for the formation of the
heteroleptic Ni(r) complex, DMAc solutions (1 g L") were used
for micellization by a cosolvent method with water as the
selective solvent for the PEG block. Since this solvent mixture is
a strong competitor for hydrogen bonding, only the AB diblock
copolymers could be observed in both cases by transmission
electron microscopy (TEM) (Fig. 5, left: [(MPEG)Ni(1b)](PFs)s,
right: [(MPEG,4)Ni(1a)](PFs),). In both cases, spherical micellar
assemblies were observed, while the block length cannot be
related to the size of the micellar aggregation as for covalent-
bonded PEG-b-PS due to the ionic interactions of the
complexes.** This indicates the formation of heteroleptic Ni(i)
complexes for both heterotelechelic PS blocks.

Conclusions

The efficient one-pot synthesis of an amphiphilic A(B),A
supramolecular block copolymer is shown where two

Polym. Chem., 2013, 4, 3177-3181 | 3179
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orthogonal non-covalent types of interaction - metal-to-ligand
coordination and hydrogen bonding — have been utilized at the
heterojunction (A-B) and homojunction (B-B) between the
blocks, respectively. The polymeric materials have been char-
acterized by size exclusion chromatography, UV-vis spectros-
copy and '"H NMR spectroscopy. Furthermore, the assembly of
the amphiphilic block copolymers was investigated in solution
(TEM) and in the solid state (AFM) proving the heteroleptic
complexation and the influence of the hydrogen bonding
moiety on the morphology of the films, respectively. In solution,
self-complementary hydrogen bonding of the AB diblock
metallopolymer [(MPEG-tpy)Ni(tpy-PS-UPy)](PF¢), towards the
A(B),A quasi-triblock copolymer {[(MPEG-tpy)Ni(tpy-PS-UPy)],}-
(PFg), was proven in an aprotic solvent by 'H NMR studies.
Since the stimuli-responsive behavior of the Ni' metallo-
supramolecular entities has already been shown elsewhere for
amphiphilic metallo-supramolecular AB diblock copolymers,***
we conclude that the supramolecular materials can be
addressed via the nickel complex, but in the present case
additionally via the hydrogen bonding connection. This
expands the range of responsiveness and, thus, the control over
the assembly of such supramolecular block copolymers as not
only the constitution can be controlled over the metal complex
at the heterojunction (PEG-PS), but also the block length by
reversible hydrogen bonding representing the homojunction
(PS-PS). Thereby, the block junctions can be independently
addressed due to the orthogonality of the supramolecular
binding sites. The presented approach of combining one-step
polymerized telechelic building blocks with one-pot orthogonal
assembly of supramolecular binding sites is promising for
studying the influence of multiple supramolecular linkages on
the self-assembly behavior of amphiphilic copolymers as the
polymeric spacers can be varied within a minimum number of
steps.
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Experimental Details

Methods and Instrumentation. All chemicals were received from Aldrich, Fluka and Acros;
solvents were purchased from Biosolve. Unless otherwise stated, the chemicals and solvents
were used without further purifications. DMF was dried over molsieves (pore size of 4 A). THF
and toluene were dried using a PureSolv-EN™ solvent purification system. Styrene was freshly
purified prior to use by filtration over neutral aluminium oxide 90 (Merck). 1D (‘H, "*C) nuclear
magnetic resonance (NMR) spectra were recorded on a Varian Mercury 400 MHz spectrometer
at 298 K, 348 K or 368 K. Chemical shifts are reported in parts per million (ppm) downfield
from tetramethylsilane (TMS) and were calibrated to the residual solvent peaks. Deuterated
solvents for NMR spectroscopy were obtained from Cambridge Isotope Laboratories as well as
Eurisotop. Two different set-ups for size-exclusion chromatography (SEC) were used: A
Shimadzu system equipped with a SCL-10A system controller, a LC-10AD pump, a RID-10A
refractive index (RI) detector, an UV-vis absorption detector (250 and 290 nm) and a PSS SDV
column utilizing chloroform/isopropanol/triethylamine [94/2/4] as eluent. The column
temperature was 40 °C at a flow rate of 1 mL min™'. Linear polystyrene was used as the
calibration standard. Additionally, SECs were measured on a Waters SEC system consisting of
an isocratic pump (HPLC 1515), a solvent degasser (DG-980-50), a column oven (Column
Heater 1500), a photodiode array detector (Detector 2996), a RI detector (2414) and a
Phenomenex Phenogel column with a precolumn installed. The eluent was DMAc containing
0.08 % NH4PFq at a flow rate of 1 mL min". The column temperature was 50 °C. AFM
measurements were performed on a Nanoscope I1la Multimode.

Synthesis
tpy-MPEGy4 was synthesized as described elsewhere.'
SEC (RI, eluent: CHCl3): M, =2 050 g mol'l, PDI=1.13. UV-vis (CHCl3): Apax = 277 nm.

General styrene polymerization procedure’

Styrene monomers were freshly purified by filtration over Al,Os prior to use in order to remove
the inhibitor. The freshly purified styrene was added to a clear anisole solution of the TIPNO-
based initiator in a polymerization vessel. After applying three freeze-pump-thaw-cycles to
remove the oxygen, the vessel was purged with argon and immersed in an oilbath at 123 °C for a
certain period of time. To remove residual monomer the reaction mixture was precipitated from
CHCI; into cold methanol. The monomer conversion was determined by GC measurements
(before precipitation), the molar masses (i.e. M, and M,,) and the polydispersity index (PDI)
values were determined by SEC, whereas 'HNMR spectroscopy was applied for the
determination of the endgroup functionality (by integration and comparison of the corresponding
endgroup signals) and M, values (by integration of the polymer backbone to the terpyridine
signals).
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tpy-PS-UPy, 1a

The heterotelechelic macroligand 1a (tpy-PS-UPy) was synthesized by using the initiator tpy-
TIPNO-UPy that was synthesized according to literature.”

m(tpy-TIPNO-UPy) = 15 mg; m(Styrene) = 350 mg; V(anisole) =800 uL; monomer to initiator
ratio: M/I = 200; concentration: ¢ = 3 mol L™'; polymerization time: t = 300 min.

'H NMR (400 MHz, CD,Cl,): & = 0.06-2.63 (set of multiplets), 3.05-3.37 (m, 4H), 3.39-3.66
(m, 1H), 3.99-4.24 (m, 1H), 4.95-5.35 (m, 5H), 5.83 (s, 1H), 6.30-7.50 (m, 560H), 7.81 (m,
2H), 8.12-8.22 (m, 2H), 8.61-8.74 (m, 4H), 10.13 (s, 1H), 11.83 (s, 1H), 13.09 (s, 1H) ppm.
SEC (CHCl, RI): M, = 9,300 g'mol™, PDI =1.17.

conversion M, [g/mol] M, [g/mol] PDI M, [g/mol]
[%] (GC) theoret.  (SEC) (SEC) ('HNMR)

41 9400 9300 1.17 12 300

tpy-PS-OH, 1b

The heterotelechelic macroligand 1b (tpy-PS-OH) was synthesized using the initiator tpy-
TIPNO-OH that was prepared according to literature.”

m(tpy-TIPNO-OH) = 10 mg; m(Styrene) = 350 mg; V(anisole) = 800 puL; monomer to initiator
ratio: M/I = 200; concentration: ¢ = 3 mol L™'; polymerization time: t = 300 min.

'H NMR (400 MHz, CD,Cl,): & = 0.06-2.60 (set of multiplets), 3.07-3.35 (m, 1H), 4.00-4.22
(m, 1H), 4.50-4.72 (m, 2H), 5.20-5.38 (m, 2H), 6.26-7.50 (m, 530H), 7.38-7.94 (m, 2H), 8.10-
8.22 (m, 2H), 8.62-8.75 (m, 4H) ppm. SEC (CHCIs, RI): M, = 9,000 g-mol™', PDI = 1.14.

conversion M, [g/mol] M, [g/mol] PDI M, [g/mol]
[%] (GC) theoret. (SEC) (SEC) (‘"HNMR)

38 8900 9000 1.14 11400

{{(MPEGu4)Ni(1a)]2} (PFe)4

The precursor complex of NiCl, 6DMF was prepared by stirring of NiCl, x 6H,0 (0.83 mg, 3.5
pmol) in 1.7 mL of dry DMF for 1 h at room temperature under argon. The polymeric mono-
complex was synthesized by addition of tpy-PS;o-UPy (31 mg, 3.3 umol) in 1.7 mL of DMF.
After stirring the solution for 10 min the macroligand tpy-PEGu4 (7.4 mg, 3.3 umol) in 1.7 mL of
DMF was added and the solution was stirred under argon overnight at room temperature. An
exchange of the counterion was made by addition of an excess of NH4PF¢ (10 mg) to the reaction
mixture and stirring for 3 h. Subsequently the reaction mixture was concentrated under vacuum
and the residue was washed under stirring with diethyl ether (2 days) and with water (1 day). The
reaction yield was estimated at 50%.
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'"H NMR (400 MHz, CD,CL): & = 0.06-2.65 (set of multiplets), 3.09-3.29 (m, 4H), 3.45-3.89
(m, 140H), 4.02-4.21 (m), 4.52-4.72 (m), 4.95-5.21 (m, 3H), 5.74-5.92 (m), 6.30-7.45 (m,
570H), 7.72-7.97 (m), 10.13 (s, 1H), 11.83 (s, 1H), 12.73-13.42 (m) ppm.

{{(MPEGu4)Ni(1b)]} (PF),

The precursor complex of NiCl, 6DMF was prepared in situ by stirring of NiCl, x 6 H,O (0.83
mg, 3.5 umol) in 1.7 mL of dry DMF for 1 h at room temperature under argon. The polymeric
mono-complex was synthesized by addition of tpy-PS;00-OH (30 mg, 3.3 umol) in 1.7 mL of
DMEF. After stirring the solution for 10 min, the macroligand tpy-PEGu4 (7.4 mg, 3.3 pumol) in 1.7
mL of DMF was added and the solution was stirred under argon overnight at room temperature.
An exchange of the counterion was made by addition of an excess of NH4PFs (10 mg) to the
reaction mixture and stirring for 3 h. Subsequently the reaction mixture was concentrated under
vacuum and the residue was washed under stirring with diethyl ether (2 days) and with water
(1 day). The reaction yield was estimated at 35%.

'H NMR (400 MHz, CD,Cl,): & = 0.06-2.36 (set of multiplets), 3.07-3.65 (m, 1H), 3.33-4.01
(m, 160), 4.04—4.20 (m), 4.50-4.80 (m), 5.20-5.38 (m, 2H), 6.23-7.41 (m, 530H), 7.70-7.94 (m),
12.81-13.44 (m) ppm.

AFM investigations of the polymer films

100 pL of a solution of {[(MPEGu4)Ni(1b)]}(PFe), in toluene (2 wt%) was spin-coated on a
silicon wafer (500 rpm, 30 s) and the resulting polymeric films were allowed to dry for 24 h and
were subsequently investigated by AFM without further temperature annealing. The samples
were investigated by light and hard tapping mode.

Theoretical aspects on the selective formation of heteroleptic nickel(II) bis-terpyridine
complexes in a one-pot reaction.

Considering only the thermodynamic stability of the Ni(ll) complex the selectivity for the
heteroleptic complex formation cannot be explained for the present one-pot strategy:

Both the mono- as well as the bis-terpyridine complex of Ni(ll) have high stability constants
compared to other transition metal ions: Igk; =10.7 and IgK, = 11.1 (in water at 25 °C) as
determined by Wilkins and coworkers.? In contrast to iron(ll), the stability of the mono-complex
is only slightly lower compared to the stability of the bis-complex: This results in the formation
of comparable equilibrium concentrations of both complexes at the metal-to-ligand ratio of 1:1
that is visualized in Figure S1. But as this ratio has to be ensured for the stoichiometric
formation of the mono-complex within the stepwise one-pot complexation, kinetic
considerations have to be taken into account to understand the A-B selectivity: The mono-
terpyridine complex of Ni(ll) is of unique inertness indicated by a high stability against

4



Electronic Supplementary Material (ESI) for Polymer Chemistry
This journal is © The Royal Society of Chemistry 2013

disproportionation® and due to the fact that the bis-complex formation is not enhanced as it
was observed for other transition metals.” Furthermore, by using DMF as solvent the kinetic
stability of the mono-complex is tentatively enhanced as the formation rates of the bis- as well
as the mono-complex are significantly decreased changing the solvent from water® to DMSO®
due to the higher coordination rate of the solvent.

The addition of the second ligand after a short period of time guarantees the kinetic control for
the first step with non-equilibrium concentrations pronouncing the formation of the mono-
complex as precursor at a metal-to-ligand ratio of 1:1 before the addition. The metal-to-ligand
ratio of 1:2 after addition of the second ligand ensures the formation of the heteroleptic bis-
complex under thermodynamic control with equilibrium concentrations (visualized in Figure S1)
as the reaction mixture was allowed to stir overnight. The inert character of the bis-terpyridine
Ni(ll) complex maintains the heteroleptic complex and thus allows the integrity of the A-B
formation.*’

_ _ ML g
M+L ﬁ ML with K, _[M][f.] ‘_g
[ML,] E
—_— . | e 07

ML+L == ML, with > =ML <
¢y = (M) +[ML)+[ML,] g
5
¢, =[L]+[ML]+2e[ML,] 0%

Figure S1. Modeling of the equilibrium concentrations of ligand [L], metal ion [M], mono-
complex [ML] and bis-complex [ML2] as a function of the initial ratio of metal to ligand cy:cp
using the equilibrium constants 1gK;=10.7 and 1gK, = 11.1 for Ni! in water at 25 °C as
determined by Wilkins and coworkers® (image was reprinted from literature®).
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Figure S2. '"H NMR spectrum of tpy-PS-OH, 1b (400 MHz, CD,Cl,, 298 K).
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Figure S3. SEC traces (RI detector) of the diblock copolymer [(MPEG-tpy)Ni(1b)]*" (solid line)
in comparison to those of the building blocks MPEG-tpy (dotted line) and 1b (dashed line). For
all measurements: DMAc containing 0.005 M NH4PFg as eluent.
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Figure S4. UV-vis absorption spectra of [(MPEG-tpy)Ni(1a)]*" as recorded with a PDA detector
at 17.5 min and 18.4 min (solvent: DMAc containing 0.005 M NH4PFg).
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Figure S5. 3D-SEC trace of [(MPEG)Ni(1b)]*" as recorded with a PDA detector showing the
formation of the Ni(Il) bis-terpyridine complex with the characteristic ligand-centered bands at
329 nm and 315 nm. A small shoulder at low molar masses represents the formation of
[(MPEG),Ni]*" (eluent: DMAc containing 0.005 M NH4PFy).
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Tuning the morphology of triblock terpoly(2-oxazoline)s
containing a 2-phenyl-2-oxazoline block with varying

fluorine contentf
Ulrich Mansfeld,?? Stephanie Hoeppener,*2© Kristian Kempe,?® Jean-Marc Schumers,®
Jean-Francois Gohy® and Ulrich S. Schubert®®

The formation of nanostructures in triblock terpolymers consisting of poly[2-ethyl-2-oxazoline-block-
2-(1-ethylpentyl)-2-oxazoline-block-2-(Xfluorophenyl)-2-oxazoline] (X = di, tri, tetra and penta) was
investigated in water. For this purpose a gradually increasing degree of fluorination was introduced in
the molecular structures and its influence on the self-assembly was studied. It can be demonstrated that
the basic form of aggregation of these systems resembles rod-like micelles, which tend, upon
introduction of fluorinated blocks, to aggregate first into 2-dimensional and later into 3-dimensional
super-aggregates. In the case of di- and pentafluorinated terpolymers well-defined structures were
observed, which represent likely intermediate, stable transient structures formed during an assumed
rod-to-vesicle transition. DLS and cryo-TEM were utilized to analyze the structural features of these

www.rsc.org/softmatter

Introduction

Recently, increasing research interest has been focused on the
utilization of block copolymers as building blocks for the
formation of functional nanostructures in solution. Potential
applications for these structures are found, e.g., in biology, drug
delivery, templating and catalysis."™* A major advantage of the
utilization of block copolymers is the virtually unlimited
possibility to combine a large diversity of different functional-
ities within a single macromolecule. While most of the studies
have been devoted to the control of morphologies formed by
diblock copolymers, the utilization of triblock terpolymers
promises a larger variability of the formed nanostructures.® In
this context, several previous studies have demonstrated that,
besides the conventionally observed micellar and vesicular
structures, more complex structures can also be obtained due to
the facile interplay of different inter- and intramolecular
forces exerted between the individual blocks of the terpoly-
mers and between these blocks and the solvent. These
additional driving forces can lead to the formation of, e.g,
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nanostructures and a model for their further assembly into super-structures was developed.

multicompartmentalized features,*® which are superimposed
on the basic structure of the formed aggregates, i.e., raspberry-
like micelles,®'® bicontinuous micelles,"** lamellar*® or tube-
walled vesicles.'* Moreover, those structures can further
self-assemble to more complex super-aggregates due to
secondary interactions, e.g. hexagonally packed hollow hoops
(HHHS), as reported by Eisenberg and coworkers."” Miiller et al.
recently introduced comprehensive guidelines for the
controlled hierarchical self-assembly of multicompartment
micelles.’® The authors discussed different considerations for
the design of triblock terpolymers (e.g. poly[styrene-b-buta-
diene-b-(methyl methacrylate)s]) and controlled the self-
assembly by a stepwise formation of intermediate, pre-assem-
bled structures. This process leads to a gradual reduction of the
degree of freedom during the self-assembly process and enables
the precisely controlled formation of complex multicompart-
ment micellar systems, in particular, regarding their size,
geometry, patchiness and number of sub-units.

In general, molecular building blocks for copolymer nano-
structures can consist of side-chain functionalized blocks with
lipophilic, hydrophilic, fluorophilic, hard or soft properties.
Fluorinated polymers are of increasing interest due to their oil
and water repellence, low refractive index, low dielectric
constant, low permittivity and low surface energy.'”'® A general
strategy to improve the poor processability of fluoropolymers is
their integration into copolymer structures. Structural investi-
gations by means of transmission electron microscopy (TEM)
and cryo-TEM of such systems in solution have been performed*
and frequently complex organized nanostructures with a multi-
compartment segmentation were found. Examples for the large

This journal is © The Royal Society of Chemistry 2013
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diversity of structures, which can be obtained, include the work
of Tong et al. The authors described the self-assembly of per-
fluorocyclobutyl aryl ether-based amphiphilic ABA triblock
copolymers containing a hydrophilic poly(ethylene glycol)
segment as the middle block and reported a transition from
spherical to cylindrical micelles with increasing content of
the hydrophobic block.? Von Berlepsch et al. studied the self-
assembly of poly[2-ethylhexyl acrylate-b-(oligoethylene glycol
monomethyl ether) acrylate-b-1H,1H,2H,2H-perfluorodecyl
acrylate],* which formed raspberry-like micelles. Kubowicz et al.
investigated the self-assembly of poly[4-methyl-4-(4-vinylbenzyl)
morpholin-4-ium chloride-b-styrene-b-pentafluorophenyl-4-
vinylbenzyl ether] and found a core which is segregated into
nanometer-sized compartments in which fluorocarbon-rich
domains coexist with a continuous hydrocarbon region.** Lodge
et al. studied the structural morphologies of miktoarm star
terpolymers with varying composition of the copolymers.'*>*-
The authors observed ‘hamburger’-like micelles, segmented
worms, bilayers and vesicles, among others, by varying the length
of the hydrophilic block. Segmented ribbons and bilayers were
observed at low fluoropolymer contents. Large fluorine contents
on the other hand, where the length of the fluorinated block
exceeds the length of the hydrocarbon block, induced a ‘double
frustration’ and further increased the structural variability,
including well-defined segmented worms, raspberry-like
micelles, and multicompartmentalized worms."’

In general also poly(2-oxazoline)s represent a well-suited
class of functional polymers that can merge different (comple-
mentary) properties. The living character of the cationic ring-
opening polymerization of 2-oxazolines allows, under opti-
mized reaction conditions, to prepare well-defined polymers
with tailored polymer architectures.””** In particular fluori-
nated sub-units can be introduced.*® Komenda and Jordan
demonstrated the synthesis of a triblock terpolymer consisting
of a fluorinated 2-oxazoline, a 2-methyl-2-oxazoline, and 2-
nonyl-2-oxazoline.*> An example of a fluorinated poly(2-oxazo-
line) block copolymer recently reported by our group demon-
strated the formation of spiral disk-like structures which were
formed by a linear ABC terpoly(2-oxazoline) containing 2-ethyl-
2-oxazoline (EtOx), 2-(1-ethylpentyl)-2-oxazoline (EPOx) and 2-
(2,6-difluorophenyl)-2-oxazoline (DiFPhOx) blocks (PDiFPhOx-
b-PEPOx-b-PEtOx) (Fig. 1a and Scheme 1, R,).*?

The formation of these structures was attributed to the
presence of not only one water soluble and an insoluble block
but also to the integration of an additional fluorinated block,
which is not miscible with the hydrophobic hydrocarbon
block. The formation of distinct compartmentalized structures
within the polymer aggregates resulted in the formation of
unique spiral structures. Those spiral structures were evidenced
as transient structures that can be seen as intermediates
between rod-like micelles and vesicles. In the classical phase
diagram of surfactants the increase in the concentration of
amphiphiles results in a phase transition from spherical
micelles to rod-like micelles and finally to unilamellar (vesicles)
or multilamellar structures (“onions”). This sequence of
morphological transitions can be additionally triggered by
changing the hydrophilic-hydrophobic composition of the

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (a) Cryo-TEM image of a spiral-like structure formed by PDiFPhOx-b-
PEPOXx-b-PEtOx. (b) Back-projected tomogram of a tilt series of individual spirals.

PDiFPhOX PTriFPhOX PTetFPhOx PPFPhOX

Scheme 1 Schematic representation of the chemical structures of the investi-
gated triblock terpoly(2-oxazoline)s.

surfactants; this can be parameterized by the so-called packing
parameter, as introduced by Israelachvili et al** The rod-to-
vesicle transition is generally assumed to happen via a lateral
packing of rod-like micelles that further merge into a lamella. In
the case of spiral-like aggregates, we found that a single rod-like
micelle rolled-up instead of overlapping laterally with other rod-
like micelles. This could be attributed to the fact that spiral-like
aggregates were prepared in a rather dilute solution and have
only a few opportunities to gather with other rod-like micelles.
The predominating two-dimensional character of the nano-
structures can further be demonstrated by TEM tomography
data as represented in Fig. 1b. Besides the spiral-like aggre-
gates, classical vesicular structures were also observed as a
coexisting structure, confirming the hypothesis that the utilized
triblock terpolymer had the correct characteristic features to
ultimately lead to vesicles.

Based on the promising structural features of the assembly in
solution which can be introduced by the presence of the fluori-
nated blocks in such triblock terpolymers, further investigations
were performed. In the present study the influence of the fluo-
rophilic character on the formation of triblock terpolymer aggre-
gates was investigated. For this purpose, a series of block
copolymers was synthesized which consist of a poly[2-ethyl-2-oxa-
zoline-block-2-(1-ethylpentyl)-2-oxazoline-block-2-(Xfluorophenyl)-
2-oxazoline] (PEtOx-b-PEPOx-b-PXFPhOX) structure (X = tri,
tetra, penta). The increasing number of F substituents is
expected to gradually increase the fluorophilic character of the
terpolymer and, moreover, can potentially affect the steric

Soft Matter, 2013, 9, 5966-5974 | 5967
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conformation inside the polymer chain. Additionally, the
increasing fluorine content will influence the interaction
parameters between the different blocks and between the fluo-
rinated block and the solvent. The chemical structures of the
synthesized triblock terpolymers are summarized in Scheme 1.

Experimental section
Materials

Chemicals were purchased from Sigma-Aldrich and were used as
received if not otherwise mentioned. Methyl tosylate and 2-ethyl-
2-oxazoline (EtOx) were obtained from Acros and were distilled
prior to use and stored under argon. 2-(2,4,6-Trifluorophenyl)-2-
oxazoline (TriFPhOXx), 2-(2,3,4,6-tetrafluorophenyl)-2-oxazoline
(TetFPhOx) and 2-(2,3,4,5,6-pentafluorophenyl)-2-oxazoline
(PFPhOx) were prepared as described in the literature.* 2-(1-
Ethylpentyl)-2-oxazoline (EPOx) was synthesized according to a
literature procedure.* The synthesis of the difluorinated block
copolymers was performed according to literature procedures.*

General methods and instrumentation

The Initiator Sixty single-mode microwave synthesizer from
Biotage, equipped with a noninvasive IR sensor (accuracy:
+2%), was chosen for the polymerizations under microwave
irradiation. Microwave vials were heated to 110 °C overnight,
allowed to cool to room temperature and filled with argon
before use. All polymerization reactions were carried out with
temperature control. Gas chromatography (GC) was conducted
on an Interscience Trace gas chromatograph with a Trace
Column RTX-5 connected to a PAL autosampler. Size exclusion
chromatography (SEC) measurements were performed on an
Agilent system equipped with a diode array detector and a
refractive index detector. Two PSS SDV (5 um pore size)
columns were placed in series. DMA with 5 mmol of LiCl was
used as an eluent at 1 mL min ' flow rate, and the column
oven was set to 50 °C. Molar masses were calculated against
polystyrene standards. For preparative SEC, Bio-Beads SX1
(crosslinked polystyrene polymers) from Bio-Rad were used. 'H
NMR spectra were recorded on a Bruker AC 250 MHz spec-
trometer at room temperature, with CDCl; as a solvent. The
chemical shifts are given in ppm relative to the signal from
the residual non-deuterated solvent. All samples have been

View Article Online

characterized by means of size exclusion chromatography
(SEC), "H NMR spectroscopy, DLS (Table 1), and cryo-TEM.
DLS measurements were performed on a Malvern CGS-3
apparatus equipped with a He-Ne laser with a wavelength of
emission at 632.8 nm. The DLS data were analyzed using
either the cumulants or CONTIN method, which is based on
an inverse-Laplace transformation of the data and gives access
to a size distribution histogram for the analyzed micellar
solutions. The polydispersity index (PDI) of the micelles was
estimated from the I',-T'y, ratio in which I'; and T, represent
the first and second cumulants, respectively.

Cryo-TEM investigations were conducted on a Philips CM-
120. Samples were vitrified in a home-built blotting device in
liquid ethane. Samples were transferred in a liquid nitrogen
environment into the Gatan 626 holder at temperatures lower
than —180 °C and were imaged at low electron doses.

Microwave-assisted polymerizations: triblock terpolymer
synthesis

In order to synthesize triblock terpolymers a stock solution of
the first monomer (EtOx), initiator (MeOTs) and solvent
(nitromethane) was prepared and divided over five polymeri-
zation vials. All five vials were exposed to microwave radiation
for a pre-calculated time to obtain near-quantitative conversion
(In[M]o/[M], = 4). For control purposes, in one vial the poly-
merization was stopped by addition of 50 pL water. Subse-
quently, the second monomer (EPOx) was transferred via a
syringe to the other vials. Analogous to the first step, all four
samples were subjected to microwave irradiation. 50 pL of water
were added to one of the vials in order to terminate the poly-
merization and to obtain the precursor diblock copolymer. The
three different fluorinated monomers were added to the three
remaining polymerization vials which again were subjected to
microwave irradiation in order to obtain the respective triblock
terpolymers. "H NMR spectroscopy was used to confirm the
absence of residual monomer as well as to investigate the
polymer composition. Full conversion of each monomer as well
as the molar mass distribution after each polymerization step
was investigated using GC and SEC, respectively. The obtained
diblock copolymer and triblock terpolymers were purified either
by selective precipitation or preparative size exclusion chro-
matography, respectively.

Table 1 Molecular characteristic features of the different block copolymers synthesized in this study (SEC traces and "H NMR spectra can be seen in the ESI)

Molecular composition”
(EtOx/EPOX/F1Ox) [mol%]

Copolymer M,* [g mol '] PDI¢ Theor. Exp. Ry’ [nm] PDI’
PetOx-b-PEPOx 11 440 1.14 66/33/0 69/31/0 72 0.35
PDiFPhOx-b-PEPOX-b-PEtOX 7 990 1.12 25/25/50 23/28/49 — —
PEtOx-h-PEPOx-b-PTriFPhOx 14 930 1.15 50/25/25 52/34/14 209 0.21
PEtOXx-b-PEPOXx-b-PTetFPhOx 15 620 1.15 50/25/25 55/24/21 219 0.22
PEtOx-b-PEPOx-b-PPFPhOx 12 930 1.14 50/25/25 57/34/9 69/440 -/-

“ SEC results (eluent: N,N-dimethylacetamide with 2.1 g L' LiCl; PS standards). ” Determined using 'H NMR spectroscopy. ¢ From DLS

measurements.
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Results and discussion

The aim of this study was to investigate systems with different
degrees of fluorination in the pFOx block. The characteristic
length and compositions of the different samples are listed in
Table 1. In order to study the aggregation behavior of the PEtOx-
b-PEPOX subunit, the corresponding diblock copolymer was
also investigated as a reference indicating that the changes in
assembly in the solution rely on the subsequently introduced
fluorinated block.

It has to be mentioned here that a direct comparison of the
non-fluorinated diblock structures as well as the fluorinated
terpolymers has to be critically evaluated: all investigated
systems have different overall lengths and slightly different
lengths of the fluorinated block. Therefore, the observed
differences in assembly behavior cannot be exclusively related
to the degree of fluorination. Moreover, the influence of the
different fluorinated block on the solubility of the system is
completely neglected.

PEtOx-b-PEPOX diblock copolymer

In a first investigation the characteristic structure of the
precursor diblock PEtOx-b-PEPOx was determined. The
synthesized diblock copolymer was efficiently purified by
precipitation and a diblock copolymer with a molar mass (M)
of 11 400 ¢ mol ' and a PDI value of 1.14 was obtained. The
composition was estimated by "H NMR analysis and showed a
mol% ratio of 66:33. These polymers were used to form
nanostructures by direct dissolution of the copolymers in water.
The respective DLS measurements provided a hydrodynamic
radius of 72 nm with a PDI value of 0.35. These solutions were
subsequently investigated by cryo-TEM to reveal the structure of
the polymer aggregates (Fig. 2).

Cryo-TEM showed the presence of spherical and cylindrical
micelles as the predominating structures in solution. In some of
the investigated areas the cylindrical micelles tend to arrange in
a lamellar fashion, which allowed estimation of the overall
dimensions of the individual fibers, assuming that in the
organized areas a close packing of the cylindrical micelles is
reached. The typical fiber periodicity in these areas is 32 +
2 nm. These dimensions fit well with the expected length of the
individual polymer chain. The typical thickness of the dark core
area, which is supposed to be composed of the hydrophobic
PEPOx blocks, is 19 nm + 1 nm and is separated by bright areas

100 150 200
Distance /nm

Fig.2 (aand b) Cryo-TEM images of the PEtOx-b-PEPOXx system: rod-like micelles
are identified as the major form of aggregation. (c) The densely packed area of
rod-like micelles allows the determination of typical core and corona dimensions.

This journal is © The Royal Society of Chemistry 2013
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of a thickness of 13 nm + 1 nm. These dimensions suggest that
the diblock copolymers are forming classical rod-like micelle
architectures; however, the corona of the aggregates seems to be
not completely stretched. This could be caused by a collapse of
the corona or by partial entanglements of the coronal chains of
neighboring cylindrical micelles.

PEtOx-b-PEPOX-b-PXFPhOX triblock terpolymers

The influence of the fluorinated block is the subject of the
investigations performed on the terpolymer systems. In this
case the variation of the degree of fluorination of the phenyl-
oxazoline is studied.

The structural analysis of PEtOx-b-PEPOx-b-PTriFPhOx with a
trifluorophenyl oxazoline block was performed by means of
cryo-TEM investigation and the aggregation behavior was
further analyzed by DLS (Table 1). Fig. 3 depicts the typical
aggregates which are formed by the trifluorophenyl-2-oxazoline
(TriFPhOX) terpolymers. It can be observed that the extended
aggregates are apparently formed by parallel rod- or sheet-like
(Fig. 3c) features. Their assembly might be caused by a strong
segregation introduced by the fluorinated block which causes
the interfacial tension to be the predominant driving force for
the self-assembly.**

To further decrease the surface tension, the assemblies
tend to stack, resulting in aggregates with sizes in the range of
200 nm, which correlates well with the obtained DLS values of
209 nm.

Careful analysis of the features reveals a dark core region,
most likely consisting of the densely packed fluorinated block,
with a typical thickness of 6 nm, surrounded by a corona which
is presumably formed by the PEPOx blocks. The typical
distances of parallel-aligned sheets are 20 = 2 nm. These
dimensions indicate that a different model for the structure
formation has to be applied compared to the previously inves-
tigated diblock nanostructures. Since the length of the fluori-
nated block is assumed to be 5 nm, the dark part of the core area
can be formed only by a single fluorinated molecule or by
strongly entangled fluorinated units/blocks. A possible forma-
tion mechanism might be an assembly of molecules, which is
induced due to the strong hydrophobic character of the PTriOx
block and the stacking of the fluorinated phenyl rings due to
dipole-dipole interactions between C-F bonds*” resulting in the
formation of the rod- and sheet-like structures. In analogy to
the observations for the spiral-like assemblies formed by
the PDiFPhOx-b-PEPOx-b-PEtOx terpolymer the PEtOx block is

Fig. 3 Typical nanostructures formed by the PEtOx-b-PEPOX-b-PTriFOx triblock
terpolymer in water as observed by cryo-TEM.
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Fig. 4 TEM images of nanostructures formed by the PEtOx-b-PEPOx-b-PTetFPhOx triblock terpolymer in water as observed by cryo-TEM.

apparently squeezed out of the water insoluble domains - both
the hydrophobic and fluorophilic parts - and is utilized to
stabilize the structures in water.

Increasing the degree of fluorine substitution of the 2-oxa-
zoline block from PTriOx to PTetFPhOx does result in more
defined overall shapes (Fig. 4) revealing for PEtOx-b-PEPOx-b-
PTetFPhOX, besides the presence of few separated sheet-like
features (Fig. 4a), an assembly of either parallel aligned or
entangled rod-like features. A transition between sheet-like and
rod-like features might be seen in Fig. 4b on the bottom left of
the structure as indicated by the arrow. The average size of the
super-aggregates formed by the PEtOx-b-PEPOXx-b-PTetFPhOx
sample (Fig. 4c) is in roughly the same range as noted before for
the PEtOx-b-PEPOXx-b-PTriFPhOX system, and can be confirmed
by means of DLS, where an average hydrodynamic volume of
219 nm with a PDI value of 0.22 was determined. An analysis of
the structural features of the aggregates shows the tendency to
form more organized and defined structures compared to the
PTriPhOx block containing terpolymer. The internal structure
of the objects resembles a complex folding and entanglement of
the individual rod-like structures (Fig. 4d). The dark areas have
a typical diameter of 16 + 1 nm. This corresponds well with the

typical length of the PEPOx-b-PTetFPhOx blocks. In contrast to
the structures obtained from the TriFPhOx terpolymer, the
structures formed by the TetFPhOx terpolymer show the pres-
ence of distinct PEtOx-areas within the structure. These are
represented by brighter areas in between the darker structures
with a typical distance of 12 + 1 nm. They are assigned to a
collapsed and/or entangled PEtOx-corona since, theoretically,
for a completely stretched chain a length of ~20 nm is
predicted.

In a next step the fluorine content of the third block was
further increased by the synthesis of a pentafluorophenyl-2-
oxazoline containing terpolymer (PEtOx-b-PEPOx-b-PPFPhOX)
(see Table 1). In this case, well-defined nanostructures were
obtained in the form of perfectly round-shaped ‘super-aggre-
gates’. Fig. 5a depicts a cryo-TEM image of a densely populated
area, where a large number of these round-shaped aggregates
can be observed. Next to these structures a large amount of rod-
like micelles are also found. This is again supported by the
corresponding DLS investigations, which postulate the pres-
ence of two populations of nanostructures with hydrodynamic
radii of 69 and 440 nm, respectively. The large spherical
structures were not present in the corresponding diblock

Fig. 5 Representative nanostructures formed by the PEtOx-b-PEPOx-b-PPFPhOX triblock terpolymer in water as observed by cryo-TEM.
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PEtOx-b-PEPOx copolymer, which shows a comparable molar
mass to the PPhOx terpolymer. The presence of these spherical
structures clearly points out the influence of the fluorinated
block during the assembly process. The successful fluorination
was confirmed by the monomodal shape of the SEC traces (see
ESIT), the low PDI index as well as the quantitative shift of the
traces towards larger elution volumes.

A closer investigation of the structure of the round-shaped
aggregates reveals characteristic features inside the super-
aggregates. These features resemble either “onion-like” multi-
lamellar vesicle structures (Fig. 5b-d) or perfectly segregated
concentric lamellar features, which consist themselves of an
arrangement of round dots (Fig. 5e). Also other structures can
be observed, which show a reduced degree of symmetry but still
suggest a highly ordered segregation of the polymer assemblies
inside the super-structure (Fig. 5f). A full characterization via
the 3D structure of the super-aggregates would require the
acquisition of a tomography series and subsequent recon-
struction of the volume structure by back-projection algo-
rithms. However, it was observed that the stability of the
features was rather limited due to strong beam damage effects
(see, e.g., the interior of the structure depicted in Fig. 5e), which
did not permit the acquisition of a respective tilt series. Thus, a
careful analysis of a large number of individual structures was
performed to extract the characteristic features of the formed
aggregates. Since practically, only round-shaped structures are
observed, it can be assumed that only spherical aggregates are
formed (Fig. 5a). Therefore, the formation of cylindrical, disk-
like or elliptical super-structures is unlikely and can be
excluded. The characteristic diameter of the observed dots
within the spherical structures is 16 nm + 1 nm and the indi-
vidual layers are separated by 11 nm. The dot diameter is
slightly larger than the expected length of the hydrophobic
blocks of the investigated terpolymer.

A simple explanation for the observation of the two distinct
super-aggregate structures can be found taking into account the
projection-determined image formation during TEM imaging.
Here, contrast is mainly generated by electron-opaque struc-
tures, which provide the contrast of the resulting images. Thus,
imaging of a structure which consists of rods, which are e.g.
assembled according to a ‘ball of yarn’ with a preferential
winding direction, will result in a concentric dot pattern if the
roll-up direction of the rods is parallel to the electron beam. On
the other hand, a perpendicular orientation would result in
images which look similar to multi-lamellar vesicle structures.
Such an explanation would suggest also a strong influence of the
orientation of the nanostructures in the ice film, which is in fact
frequently observed. This is supported also by the analysis of the
structural features of the multilamellar vesicles, which show a
periodicity of 22 nm =+ 2 nm and consist of a dark stripe with a
thickness of 12 nm separated by a bright lamella with a diameter
of 10 nm. In particular the thickness of the bright stripe is in
agreement with the dimension of the bright separation layer
which was found inside the dotted band structure. Another
possible explanation targets the assembly of super-aggregates by
the formation of micellar bicontinuous structures or a coexis-
tence of lamellar and bicontinuous phases within the confined
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nanostructures. A bicontinuous assembly of the rod-like
micelles can be potentially caused by the formation of a network
of the rods which are separated by regions which are enriched by
the hydrophilic, hydrated PEtOx blocks. Examples of such
bicontinuous micelles have only rarely been reported until
recently in the literature, despite the fact that their existence was
theoretically predicted by Fraaije and Sevink®® by self-consistent-
field simulation of dispersed droplets of surfactant molecules.
Wooley et al. observed bicontinuous micelle structure formation
for a poly(acrylic acid-b-methyl acrylate-b-styrene) (PAAqq-b-
PMA,;-b-PS,(3) block terpolymer, which was complexed with
2,2'-(ethylenedioxy)diethylamine in THF-water mixtures."
Despite the fact that PAA-b-PMA-D-PS is a widely studied system
and a large variety of weight fractions of the individual blocks
and THF-water mixtures were investigated (which led to the
formation of spherical, disk-like or segmented cylindrical stacks
of disk-like micelles,* toroidal,**** etc.) the presence of bicon-
tinuous structures was only found for PAAgy-b-PMA;3-b-PS,0;3.
This suggests that the formation of bicontinuous phases
requires a facile interplay of the packing parameters.** Recently,
Sommerdijk et al. succeeded in the detailed structural analysis of
quasi-triblock amphiphilic polynorbornene-based copolymers
with comb-like structures of oligo(ethylene glycol)methyl ether
(OEG) and a tripeptide sequence forming bicontinuous nano-
structures by cryo-electron tomography, and a strong influence
on the chosen tripeptide units was found." The authors also
studied the aggregation behavior of a semicrystalline comb-like
quasi triblock system consisting of a poly(ethylene oxide-b-
octadecyl methacrylate) (PEO;o-b-PODMA,;) copolymer at
different temperatures.”® The semicrystalline character of this
block copolymer suggests that the formed structures are poly-
meric analogues of cubosomes, which are normally formed by
low molar mass compounds, often in the presence of additional
surfactants.*

The nanostructures found for PEtOx-h-PEPOx-b-PPFPhOx
could resemble an analogue of such bicontinuous structures.
Next to concentric multilamellar vesicles (Fig. 5¢ and d) many of
the super-aggregates show a perfectly symmetric and organized
segregation pattern (Fig. 5e) of nano-phase separated bands
which consist of round-shaped dots. The two distinct kinds of
super-aggregates formed might be the result of the coexistence
of different states of aggregation within the sample. Similar to
the spiral structures found for PDiFPhOx-b-PEPOX-b-PEtOXx
these nanostructures are considered as intermediate ‘transient’
structures towards the formation of vesicles, which are
supposed to be the thermodynamically ultimate morphology as
expected from the triblock composition. A comparable tendency
to form such transient structures was also observed by Eisen-
berg et al. The authors reported the formation of tube-walled
vesicles and hexagonally packed hollow hoops' which were
formed by poly[styrene-b-ethylene oxide] (PS;oo-b-PEO,3) and
poly[styrene-b-acrylic acid] (PS,10-b-PAA;3) diblock copolymers,
respectively. In this case different stages of structure formation
are observed indicating the presence of intermediate transient
structures, which are involved in the formation of the final
aggregates. Evolution steps involve the formation of individual
vesicles, which fuse into large compound vesicles upon addition

Soft Matter, 2013, 9, 5966-5974 | 5971



Published on 22 May 2013. Downloaded by Thueringer Universitats Landesbibliothek Jena on 11/12/2013 13:49:38.

Soft Matter

of sodium chloride. The following intermediate structures are
triggered by slow diffusion and show first a short range order.
The aggregates gradually grow due to coalescence of smaller
aggregates and at a later stage an increase in order moving
towards the interior is observed.

In the present case we suggest the coexistence of multi-
lamellar vesicles and a cubic phase (Fig. 5b), which is practi-
cally*®** rarely reported but theoretically*** predicted in the
literature for block copolymers in solution. Considering a large
number of TEM images, there are different spherical states
observed for the assembly of PEtOX-b-PEPOx-b-PPFPhOx ranging
from complete multilamellar vesicles to bicontinuous phases
surrounded by vesicles (Fig. 5d—f). The morphology between the
interior bicontinuous phase and the surrounding shell is often
represented by segregated dotted bands, which could be attrib-
uted to a transition between lamellar and bicontinuous
morphologies.**~** In many multilamellar vesicles (Fig. 5c and d)
a different morphology is found in the very center area, which
points either to a water content dependent morphology** and/or
to a dependence of the morphology on curvature. In the latter
case the curvature for a bilayer increases towards the center. To
minimize the frustration of the high curvature, the system
decreases the interfacial tension by minimizing its surfaces. The
transition can result e.g. in the formation of cubic phases, which
generally lead to bicontinuous morphologies.**** This was
theoretically described for a small amphiphile by Conn et al.
showing that this cubic phase transition acts as a seed for the
formation of bicontinuous phases. The authors expect the
coexistence of bilayer and lamellar structures for multilamellar
vesicles in solution.”® Furthermore, the avoidance of frustration
by high curvature in the lamellar system can be supported, since
the formation of multilamellar vesicles is not observed for
aggregates with a diameter below 200 nm (Fig. 6a—c). In some
examples the observed assembly pattern changes from the
highly ordered structures to non-regular structures as can be
seen in Fig. 6d-f which represent either the transition between
both structures or changes in the orientation of the phases. As
such some of the segregated lamellae within the structures are
changed, i.e., some of the structures reveal the partial appear-
ance of a segregated dotted band within a multilamellar vesicle
structure (Fig. 6g and h).

The analysis of the outer shell of the super-aggregates
deserves special consideration. All structures are surrounded by
an envelope layer which never shows the segregation into dot-
like features, even in highly symmetric systems. A careful
analysis of the characteristic dimensions of these envelope
structures reveals a similar thickness to the dot diameter. In
this case the stabilizing PEtOx blocks can completely point out
of the structure and are not influenced by the presence of
hydrophobic blocks, which might result in the formation of a
closed, vesicle-like envelope layer. The formation of such an
envelope layer is in agreement with the predictions of Fraaije
and Sevink®® where the formation of the vesicular surrounding
is suggested as a thermodynamically driven reduction of the
interfacial tension of the hydrophobic block to the solution.

Since the given explanation of the super-structures relies on
thermodynamically non-equilibrium conditions and, thus,
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Fig. 6 Less-ordered nanostructures formed by the PEtOx-b-PEPOx-b-PPFPhOXx
triblock terpolymer in water as observed by cryo-TEM.

the formation of transient structures, samples were further
prepared from a solution which was heated up to 70 °C for 2
days. The elevated temperature is supposed to support the
formation of the thermodynamically most favorable structures
and the expected predominant formation of vesicular structures
was observed (Fig. 7).

Besides predominant unilamellar vesicles with a large size
distribution a few larger multilamellar vesicles but no rod-like
structures could be observed. This behavior suggests the tran-
sient nature of the segregated vesicular structures as well as the
vesicular structure of the terpolymer as the ultimate equilib-
rium state of aggregation. Based on these considerations the
following scheme of the phase transition behavior of the di- and
pentafluorinated terpolymers can be developed (Fig. 8).

The formation of the spiral-like and bicontinuous phases as
observed for PDiFPhOx-b-PEPOx-b-PEtOx and PEtOx-b-PEPOXx-b-
PPFPhOX, respectively, can be summarized in the following
model: both structures are formed by the organization of rod-
like micelles. If a fluorinated block is present additional inter-
actions have to be taken into account and, in particular, the
differences in solubility of the blocks are increased.

These additional interactions promote the self-assembly of
the rod-like structures into super-aggregates. When the amount
of fluorine is low (PEtOx-b-PEPOx-b-PDiFPhOX) the rod-like
micelles are forced to roll-up to form planar spiral structures.
Higher fluorine contents on the other hand favor the formation
of 3D nanostructures, which might be caused by a stronger
interaction among the fluorinated domains. These structures
can be seen as a 3D analogue of the spiral-like structures which
were formed by the difluorophenyl-functionalized and repre-
sent super-aggregates consisting of a bicontinuous phase where

Fig. 7 TEM images of the assembly of the PEtOx-b-PEPOx-b-PPFPhOx
terpolymer in water preheated for two days at 70 °C prior to the cryo-TEM
investigation.
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Fig. 8 Schematic representation of the structural evolution of the rod-to-vesicle
transformation of di- and pentafluorophenyl triblock terpoly(2-oxazoline)s in
aqueous solution: the PEtOx block is shown in green, the PEPOXx block in blue and
PDIFPhOx or PPFPhOX in red. The transient assembly for the difluorophenyl-
functionalized terpolymer is a spiral structure, while the transient assembly for the
pentafluorophenyl-functionalized terpolymer can be explained by a coexistence
of lamellar and cubic phases within one spherical aggregate.

multilamellar and cubic phases coexist. For both systems an
ultimate transition to the most favorable structure of a vesicle is
observed.

Conclusions

The current study represents an investigation of the influence of
the degree of fluorination of the PXFPhOx block on the resulting
structure of triblock super-aggregates. Only in the case of di-
and penta-fluorination of the XFPhOx blocks well-defined
supramolecular structures were observed, which in both cases
showed a high complexity. The structure formation was attrib-
uted to the coexistence of bicontinuous and lamellar phases,
which were demonstrated to form non-equilibrium super-
aggregates as transient structures towards the formation of
vesicular structures. The ultimate thermodynamically stable
aggregate structure was determined by temperature-induced
equilibrium conditions. Structural analysis enabled the devel-
opment of a preliminary model for the structure as well as for
the transformation of the aggregates and introduced the degree
of fluorination of such systems as an additional parameter for
consideration for the future design of complex supramolecular
intermediate transient structures. Even though the structure
formation cannot exactly be explained at this stage of investi-
gation the studied system represents an interesting example of
the emerging possibilities which arise from the concept of
incorporating fluorinated blocks into the architecture of mul-
tiblock copolymer structures to further increase the complexity
of multi-compartmentalized supramolecular aggregates.
Further investigations will target, e.g., the influence of the block
order within the triblock copolymer chains and the influence of
the length of the individual subunits.
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Figure S1. SEC traces of PEtOx-b-PEPOx-b-PTriFPhOx (solid line) and prepolymers (eluent:
N,N-dimethyl acetamide (DMA) with LiCI (2.1 g L™).
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Figure S2. SEC traces of PEtOx-b-PEPOx-b-PTetFPhOx (solid line) and prepolymers (eluent:
N,N-dimethyl acetamide (DMA) with LiCl (2.1 g L.
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Figure S4. "H NMR spectrum of PEtOx-b-PEPOx (250 MHz, CDCl).
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Abstract

The utilization of ionic liquids (IL) as alternative staining agents and as a liquid support media to
investigate the motion of block copolymer nanoparticle assemblies is introduced. Based on the fact
that ILs provide a number of surpassing advantages their utilization in Transmission Electron
Microscopy (TEM) is demonstrated here by presenting a number of selected examples. The utilization
of Ils in TEM introduces benefits for the structural characterization and morphology of polymer
aggregates due to enhanced contrast effects. Furthermore, up to now the investigation of dynamic
processes possess special challenges on the experimental set-up and frequently the information on this

kind of processes is based on a number of snap-shot images, which have to be interpreted to finally

1



conclude on the dynamic faith of individual nanostructures. The utilization of ILs for TEM imaging
was recently demonstrated to provide an elegant approach to observe also the motion of individual
nanoparticles in a liquid support film. We present in this contribution an overview of the emerging
possibilities by introducing ILs to visualize different aspects of diblock copolymer nanoparticles by

TEM.

Keywords: Transmission Electron Microscopy, Polymer Nanostructures, lonic Liquids, Staining,

Aggregate Motion

Introduction

The visualization of polymer nanostructures, in particular, self-organized nanoparticle aggregates, by
Transmission Electron Microscopy (TEM) encounters several challenges. Issues like the nanostructure
stability with respect to the electron beam as well as a proper sample preparation that preserves the
native structure of the polymer nanostructures are essential requirements for their investigation. As
polymers are moreover frequently composed of only very few, mainly carbon containing subunits with
only a very limited variety of other elements with usually low atomic numbers the issue of contrast
generation is of special importance. This is in particular true if block copolymers are utilized as
building blocks for self-organized polymeric nanostructures and an unambiguous identification of the
individual copolymer blocks is to be achieved (Michler, 2008). The utilization of these TEM
techniques mainly targets, e.g., the investigation of self-assembled block copolymer micelles and
vesicles (Wang et al., 2007; Pochan et al., 2004; Li et al., 2004; Lutz et al., 2004). Due to the small
differences in the electron scattering properties of the atoms, polymer samples exhibit frequently low
contrast provoking that the determination of their nanostructural conformation remains a challenge.
This problem is generally addressed by utilizing positive and/or negative stains (O’Reilly et al., 2006;
Fang et al., 2009). While negative stains preferentially absorb on the support film of the TEM grid,
positive staining require the preferential absorption of the staining material specifically onto the
polymer itself; preferentially only to one of the copolymer blocks. Staining artifacts (Jackson et al.,

1998; Wittemann et al., 2005) represent a common problem as they may change the chemical nature
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of the samples and might induce also alterations of the self-assembled nanostructures. Even more
critical is the fact that staining is mainly performed on samples which are prepared in the dry state
simply by blotting the solution onto a TEM grid. In this case the polymer nanostructure is not present
any more in its native state, meaning that, e.g., the structure loses its hydration shell, which can cause
serious alterations of the structure of the nanoparticles. Also flatting processes of the nanostructures
might occur due to the presence of the support film. These problems can be avoided by utilizing cryo-
TEM preparation methods (Cui et al., 2007; Zhen et al.; 1999; Won et al.; 2002; Lutz et al., 2005),
where the sample is investigated in a vitrified solution and is not in contact with adhering surfaces.
The observed shapes are in this case regarded in a first approximation as the true shape of the solvated
molecular aggregates in the solution. These investigations suffer frequently from a low signal-to-noise
ratio and only a weak contrast. A major experimental challenge is in this case the formation of a
suitable vitrified iced layer, which, e.g., does not show ice crystals and which has to provide a suitable
thickness to host the nanostructures and it should remain at the same time transparent for the electron
beam. A combination of cryo-TEM investigations and staining techniques is found only in relatively
few examples in the literature (Alfredsson et al., 2005; Ludwig et al., 2003). The most critical
drawback of cryo-TEM as well as of blotting approaches is the lack of mobility of the nanostructures
during their observation. Therefore, particle motion as well as the ability to investigate changes of the
structure of nano-objects, e.g., induced by temperature triggers is not accessible by conventional TEM
investigations.

These drawbacks motivated the investigation of an alternative approach, which utilizes the advantages
of ionic liquids (ILs) as alternative stain substances as well as support media for the investigation of
the dynamic behavior of block copolymer nanostructure in a solution-like state.

ILs are substances entirely composed of ions, which remain in the liquid state below 100 °C (Deetlefs
& Seddon, 2006). Unlike conventional solvents these liquids do not exhibit a measureable vapor
pressure, which potentially makes them compatible with ultra-high vacuum techniques (Kuwabata et
al., 2010). Moreover, these ILs inherently provide ions with high Z values originating mainly from

their inorganic anions and their properties can be tuned over a wide range. In contrast to conventional



solvents, the properties of ILs, i.e., their solubility, electrical conductivity or melting point can be
tailored by simply varying the composition of their ions.

The applicability of ILs is well-documented in the literature by a considerable number of Ils are now
commercially available (Winterton, 2006; Guerrero-Sanchez et al., 2007). These cover a wide range of
properties for specific applications and are frequently characterized by their outstanding chemical and
physical stabilities in a broad range of temperatures. In particular the solubility of ILs can be
optimized for specific polymers, which opens appealing possibilities to utilize them for the preparation
of self-assembled block copolymer micelles in ILs. This approach was pioneered by studies of Lodge
et al. The authors introduced for the first time the TEM investigation of poly(1,2-butadiene-block-
ethylene glycol) and poly(styrene-block-methyl methacrylate) diblock copolymers (He et al., 2006;
Simone & Lodge, 2007) with different chain lengths and block compositions in the hydrophobic IL 1-
buthyl-3-methylimidazolium  hexafluorophosphate ~ (BMIM-PF). BMIM-PF, acts as
thermodynamically good solvent for the butadiene and styrene blocks, whereas as a bad solvent for the
ethylene oxide and methyl methacrylate blocks, respectively. The authors conducted cryo-preparation
for these systems and observed the presence of worm-like micelles as well as of vesicles. While the
authors pointed out the advantages of this approach, namely, the easy preparation of amorphous
support layers and the fact that intrinsic staining can be observed, other appealing applications emerge
from the utilization of ILs for the investigation of polymeric nanostructures (Guerrero-Sanchez et al.,

2011). These approaches are discussed in this contribution.

Materials and Methods

BMIM-PF was kindly provided by Solvent-Innovation GmbH. The IL was of synthesis grade and was
dried in vacuum at 40 °C at least 3 days before use. 1-Ethyl-3-methylimidazolium ethylsulfate (99%)
(EMIm-EtOSOs) and 1-butyl-3-methylimidazolium triflate (99%) were purchased from Iolitec and
were used without further purification. Poly(styrene-b-(2-vinyl pyridine)) (M, [kg mol'] = PSu-b-
P2VP;s;3), polydispersity index (PDI) = 1.19) was purchased from Polymer Source. Poly(styrene-b-
(ethylene oxide)) (M, [kg mol™'] = PS;p-b-PEO;4 ) was synthesized according to standard procedures.

CH,C1, (99,8%) was purchased from Aldrich and was used without further purification.



Synthesis of PS-b-PMMA

The diblock copolymers were synthesized by sequential anionic polymerization, as described
elsewhere (Guerrero-Sanchez et al., 2005; Hoogenboom et al., 2009; Simone & Lodge, 2007). The
polymer showed narrow monomodal molar mass distributions as revealed by size exclusion
chromatography (SEC). Proton nuclear magnetic resonance (‘H NMR) spectroscopy in combination
with SEC measurements was utilized for calculating the chain lengths composition of the different

block copolymers.

Preparation of block copolymer micelles in ILs

PS-b-PMMA

Self-assembled micelles of the investigated block copolymers were prepared utilizing the co-solvent
method. Bulk copolymers were dissolved in a thermodynamically good solvent for both blocks (in
tetrahydrofuran at room temperature for PS-5-PMMA diblock copolymers) at a concentration of 10
wt%. Subsequently, BMIM-PF¢ IL was gradually added into the polymeric solutions as selective
precipitant for the blocks composed of styrene under vigorous stirring in order to reach a concentration
of 0.5 wt% for the polymeric materials. The removal of the co-solvent from the micelle dispersion was
achieved by placing the vial in a vacuum oven at 40 °C for at least 1 day.

PS-b-P2VP

To prepare a stock solution the polymer (10 mg) was dissolved in dichloromethane (400 puL). EMIm-
EtOSO; (40 pL) was slowly added into the diluted solution (20 pL of polymer solution and 100 pL of
dichloromethane) and the dichloromethane was subsequently evaporated at 70 °C.

Characterization techniques

Dynamic light scattering (DLS) measurements were performed at 25 °C at 90° on a Malvern CGS-3
apparatus equipped with a 633 nm laser. The value of refractive index for BMIM-PF; used during the
analysis, was 1.41; whereas the used value of viscosity for BMIM-PFs were 196 mPas.

Hydrodynamic radii and polydispersity indices of the micelles were calculated from a cumulant



analysis. The distribution of the hydrodynamic radius was obtained by a deconvolution of the data
with the CONTIN algorithm.

SEC measurements of the PS-b-PMMA diblock copolymers were performed on a Shimadzu system
with a RID-6A refractive index detector and a Mixed-B (Polymer Labs) column utilizing
tetrahydrofuran as an eluent at a flow rate of 1 mL min™' and a column temperature of 20 °C. The
molar masses were calculated against poly(methyl methacrylate) standards. '"H NMR spectra were
recorded on a Varian Gemini 400 MHz spectrometer at room temperature using deuterated chloroform
(CDCly).

(Cryogenic) transmission electron microscopy (cryo-TEM) images of the micelle systems were
recorded on two different systems:

(I) The PS-b-PMMA was investigated on a Technai G* Sphera (FEI) Transmission Electron
Microscope using an acceleration voltage of 200 kV. Samples for cryo-TEM were prepared using a
FEI Vitrobot preparation chamber at a temperature of 65 °C to decrease the viscosity of the IL.
Samples were rapidly transferred into liquid ethane and the preparation was performed on an open
TEM grid (Hex 700, thin bar) purchased from Agar Scientific.

(II) The PS-H-P2VP system was examined on a Phillips CM-120 Transmission Electron Microscope,
operated at 80 or 120 kV. The lacey carbon-coated TEM copper grids (Mesh 400) were purchased
from Agar Scientific and were plasma-cleaned prior to use for 1 minute. A drop of the polymer
solution was placed on the grid, manually blotted for 10 seconds and subsequently plunged into a
cryogen reservoir containing liquid ethane by using an in-house built controlled environment
vitrification system (CEVS). After preparation the sample were stored and measured at a temperature
of approximately -180 °C. Particle motion was investigated in non-vitrified films, prepared by adding
a drop of the IL solution onto a lacey carbon grid and subsequent manual blotting for 10 seconds. The
images were recorded with a bottom-mounted 1k % lk charge-coupled-device (CCD) camera from

TVIPS. Specimens were investigated using a sample holder from Gatan (626-DH).



Results and Discussion

1. Cryo-TEM in Ionic Liquids

In a first set of experiments amphiphilic poly(styrene-block-methylmethacrylate) (PS73-b-PMMAg)
diblock copolymers (Figure 1) were investigated following the previously introduced approach by
Lodge et al. (He et al., 2006; Simone & Lodge, 2007). The block copolymer consists of a hydrophobic
PS part and a more hydrophilic PMMA block.

The length of the individual blocks of the polymers is indicated as average number of monomer units
incorporated into the block copolymer. This system can self-assemble into spherical micelles which
spontaneously form in a selective solvent for one of the two blocks (Riess, 2003). Such solvents can
be conventional solvents but also ionic liquids (Simone & Lodge, 2007). In the present study BMIM-
PF¢ acts as a thermodynamically good solvent for the PMMA block, whereas the PS block remains
insoluble in BMIM-PF¢ (Simone & Lodge, 2007). The formed micellar solution was first characterized
by means of dynamic light scattering (DLS) performed in the IL. A hydrodynamic radius (Ry,) of 85
nm was found for the micelles with a relatively broad polydispersity index (PDI) of 0.65. A dilution
series resulted in similar Ry, values, thus, it can be concluded that the population of micelles is present
in a kinetically frozen state. As a consequence the size of the micellar systems is most likely strongly
dependent on the applied preparation protocol (Xu et al., 1991). Next to the knowledge of the overall
hydrodynamic radius of the micelles in particular the core-corona morphology is of special interest in
such kind of diblock copolymer assemblies. However, this information is not directly accessible by
means of DLS. Therefore, in many cases accompanying TEM investigations are performed. We first
performed cryo-TEM studies, where the samples were directly prepared from the micelle/IL solution.
As a major advantage of this approach it can be highlighted that performing the cryo-preparation is
very straight forward. Indeed, ILs easily freeze without the formation of crystalline structures of the IL
itself, since the non-crystalline nature of the IL supports the formation of amorphous films. Therefore,
no advanced vitrification conditions have to be matched and also the temperature requirements are less
strict during sample handling compared to the vitrification of aqueous samples during normal cryo-

TEM preparation.



Figure 2 shows typical cryo-TEM images of the PS-b-PMMA micelles formed in BMIM-PFy. It can
be observed that the spherical micelles appear with a bright contrast on a significantly darker
background. This background is formed by the IL, which consists of BMIM and the associated PF4
counter ions, which provide a dark contrast in TEM imaging due to their rather high fluorine content.
Interestingly, the films could be even prepared on non-supported open TEM grids (Mesh 700,
hexagonal grid) due to the high viscosity of the IL which forms even under these conditions stable
films with a sufficiently small thickness. The evaluation of the diameter of the bright structures
revealed an average size of 16 nm + 2 nm, which is associated to the core diameter of the micelles.
Obviously, the corona cannot be visualized in this case, while the IL provides an intrinsic negative

staining effect.

2. Utilization of ILs as selective staining agents

In particular to access information on the corona morphology additional possibilities emerge from the
utilization of the IL as staining agents for conventional TEM imaging at room temperature. Here the
miscibility/immiscibility properties of the IL and the micelle system as well as with other conventional
solvents can be utilized as a key feature to investigate the individual block dimensions. For this
purpose, the micelle dispersion dissolved in the IL was applied onto a TEM grid, followed by a careful
rinsing of the grid with a suitable conventional volatile solvent to remove the IL while preserving the
micellar structures on the grid. The following requirements should be matched by the chosen solvents;
first it is necessary that the solvent dissolves the IL to facilitate its removal from the grid. Moreover,
the solvent has to be thermodynamically incompatible with the corona-forming polymer chains to
avoid dissolution. These requirements would enable the partial removal of the IL, while the structural
integrity of the micelles is supposed to be maintained. The conventional solvent can be easily removed
afterwards, e.g., by vacuum drying, before the micelles are investigated by means of TEM. In the case
of PS-b-PMMA block copolymer micelles in BMIM-PFg acetonitrile can be utilized to remove the IL
due to its miscibility. On the other hand, acetonitrile is a poor solvent for the PMMA block (Groele et
al., 2003; Gonzalez-Benito & Koenig, 2006) and it can be assumed that the micellar structure is not

altered by the washing step; however, it is well suitable to remove the BMIM-PF from the TEM grid.



Thus, the structure of the micelles is assumed to remain unaltered. The TEM investigations can be
subsequently carried out at room temperature by standard TEM imaging conditions.

Figure 3 shows TEM micrographs of the dried samples. It can be observed that the overall micelle
size increases to 35 nm + 4 nm, in contrast to a size of 16 + 2 nm that was observed for the cryo-TEM
samples in the IL. The broader size distribution compared to the cryo-TEM investigations might be a
result of the drying process of the micelles. A closer look at the individual micelles reveals a sub-
structure within the micelles. They consist of a dark rim with a width of 9 nm + 1 nm that surrounds a
brighter core region, with a diameter of 16 nm + 2 nm. A comparison with cryo-TEM suggests that
these bright areas in the center of the micelles are associated to the region of the micelle core in
agreement with the previous investigations. The dark rim around the core represents the corona of the
micelles, which is visible because residues of the IL remain within the corona shell and are not washed
off during the rinsing step with acetonitrile. As a consequence of the staining properties of the IL a
good contrast is obtained for this part of the micelle and can be therefore directly visualized by TEM
imaging. As a further confirmation of this assumption the thickness of the rim was analyzed in the
frame of the cryo-TEM investigations in particular in quasi-hexagonally ordered domains of the
micelles. Here the distance between the cores is regarded as a measure for the coronal dimensions of
the micelles, even though the corona is not directly visible (Hwang et al., 2005). The average distance
of closely packed micelles in the cryo-TEM images obtained in the IL solution was found to be 7 to 9
nm. As a consequence, IL could be used here to selectively stain the corona of the micelle simply by
utilizing the solvation properties of the micelle/IL system. Moreover, a comparison of cryo-TEM in IL
and the selective washing process suggests the collapse of the PMMA corona block. These
complementary preparation techniques allow the selective positive and negative staining of the
specimens and provide a general and straightforward method to determine core and corona sizes of
micellar systems. Therefore, the miscibility/immiscibility properties of the IL with the polymer blocks
as well as the intrinsic staining properties can be used to facilitate the characterization of the micellar

systems by TEM.



3. Direct visualization of the core and corona of block copolymer micelles in IL

While both approaches are suitable to visualize the morphology of micelle systems and demonstrate
the capabilities of IL liquids in terms of negative and positive staining, a recently introduced approach
to utilize IL as free standing liquid support media for the observation of block copolymer
nanoparticles opens new ways to investigate polymer nanostructures also in a liquid-like state
(Mansfeld et al., 2013). This approach takes advantage of the negligible vapor pressure of the ILs
which renders them compatible with the UHV conditions required by TEM. It could be demonstrated
that the intrinsic negative staining as well as the liquid properties over a wide temperature range of the
Ils can be utilized to investigate not only the morphology but also the movement of polymer
nanoparticles. This approach was applied here to a fairly large block copolymer system, namely,
polystyrene-block-poly-2-vinylpyridine  (PSsyk-b-P2VP;s3x) as a model amphiphilic diblock
copolymer containing hydrophobic PS as an insoluble block and P2VP as a more hydrophilic polymer
that can be dissolved by common polar ionic liquids (Ueki & Watanabe, 2012). This system forms
also spherical micelles in ILs and provides, in contrast to the previously discussed example, a thicker
corona structure. TEM images of the system prepared by the co-solvent method in EMIm-EtOSOs, an
aprotic, polar ionic liquid that shows a high electron density, due to the sulfur within the counterion
resulted in an increased image contrast and a negative staining for the polymer assemblies.

Figure 4a depicts a TEM image acquired in the liquid IL film at an elevated temperature of 92 °C (see
also the movie file in the Supplementary Information). The clearly visible nanostructures are also
observable at room temperature but as it was previously pointed out the higher temperatures facilitate
a more rapid movement of the nanostructures due to the decreased viscosity of the IL (Mansfeld et al.,
2013). The trajectories of the individual particles during the measurement are depicted in Figure 4a. It
can be clearly observed that the individual structures consist of a bright inner core, presumably
consisting of the insoluble PS blocks and a diffuse corona which is formed by the P2VP chains. The
dark contrast in the corona area is supposed to be formed due to a concentration of higher atom
number elements (S of the anion) within the corona caused by the interactions of the IL with the P2VP
units. As such, the hydrogen atom of the imidazolium cation of the ionic liquid can interact in a

supramolecular fashion either as a hydrogen bonding donor (Dong et al., 2006; Lee et al., 2012; Hunt,
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2006) or by cation-it interactions between the imidazolium cation and the aromatic pyridine ring (Ma
& Dougherty, 1997; Ueki & Watanabe, 2008). The hydrogen bonding of polymers with the
imidazolium cations of IL was first described by Lodge et al. explaining the unusual LCST behavior
of PEG in EMIm BF, (Lee et al., 2012).

As a consequence of the hydrogen bonding a positive charging of the corona takes place which causes
the anion to be attracted to the positively charged corona (Hoarfrost et al., 2012, Hou et al., 2011). The
electron-dense anion EtOSOj;  increases the electron density in the area of the corona due to the
presence of sulfur and, thus, generates contrast. Investigations on charged corona assemblies in ionic
liquids are not reported so far, but are frequently reported in conventional solvents (Zhulina &
Borisov, 2012; Forster et al., 2004). One of the results of these investigations is that the charging can
lead, e.g. by increasing the salt concentration, to a contraction of the charged corona. A contraction of
the corona is also observed in the present case of the IL, which is in fact a pure salt. In addition,
Forster et al. found that the polyelectrolyte corona can phase-separate upon addition of salt in a
densely packed inner part and a diluted outer part, resulting in an interior densely packed corona which
is clearly visible in TEM with a dark contrast compared to the surrounding environment (Forster ef al.,
2002). Interestingly, it was frequently observed in the present case that a freshly prepared solution of
particles does not immediately exhibit a clearly visible corona structure but aging of the solution could
improve the visibility of the corona. This points to a relatively low charging rate of the P2VP corona
chains by the interaction with the IL and/or to slow contraction of the charged corona blocks.
However, the kinetically frozen PS cores remain unaffected either way.

Next to the generated contrast and the possibility to follow the motion of the individual particles also
changes in the corona structure can be observed. In this context a significant increase of the corona
thickness could be observed during the imaging process (Figure 4c-¢). Moreover, next to the thickness
increase a significant decrease of the obtainable contrast took place pointing to the expansion of the
previously collapsed corona blocks.

The presence of the corona could be furthermore confirmed by comparative cryo-TEM investigations

in different ILs. The frozen IL films are relatively sensitive to beam damage and a clear alteration of
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the support film morphology could be observed upon prolonged intense electron beam exposure

(Figure 5).

In the course of cryo-TEM investigations it could be observed that at higher electron doses and/or at
longer irradiation times the frozen IL films of BMIm-TfO and EMIm-EtOSO; “melt” in a heterogenic
way while maintaining the PS-b-P2VP assemblies (Figure 6). Such a visualization of the shell
dimension was recently described by Talmon for P4VP-b-PS in DMF to enhance the corona contrast
by radiation damage of the surrounding film (Oss-Ronen et al., 2012). Careful analysis shows no
alteration of the PS core diameter upon electron irradiation.

For EMIm-EtOSQO;, the corona is (i) already visible in the non-irradiated cryogenic films and (ii) of
comparable thickness to the contracted corona in the liquid film (Figure 4c¢), while for BMIm-TfO
only the PS core is visible (Figure 6a,c). After longer irradiation times, the corona is visible in both
ILs, because the corona areas are less affected upon irradiation in contrast to the surrounding IL films
that “melt” in a heterogenic way (Figure 6b,d). Thereby, for both ILs the core dimensions remain
unaltered. Furthermore, no corona thickness alteration was observed in EMIm-EtOSO; (Figure 6¢,d),
which makes this “melting” method suitable for the determination of the corona thickness in cryo-
TEM films. In both cases the corona thickness can be clearly determined for aggregates that have a
diameter close to the film thickness, while for rather small assemblies the corona is overlaid by the
molten ionic liquid film. The corona thickness is determined to be 15 to 30 nm with an average
thickness of 23 nm in both liquids, whereas the corona thickness is slightly increased in BMIm-TfO

compared to EMIm-EtOSO;.

Conclusion

We demonstrated several different methods where the utilization of IL can be employed to enhance the
contrast of polymeric systems to facilitate their structural investigation. The applied methods include
cryo-TEM  investigations of polymer systems prepared in ILs, the utilization of
miscibility/immiscibility properties of IL with polymers and common solvents as well as the
investigation of block copolymer micelles in free-standing liquid films of IL. Each of this methods

might be directly applicable in certain cases and reveals details of the polymer structure that are not
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evidently accessible by conventional TEM imaging conditions. It can frequently avoid the utilization
of demanding and time consuming staining approaches. The ultimate goal of these investigations
relates to the in-situ investigation of changes on the polymer nanostructures responding to external
stimuli, e.g. temperature changes. Therefore, the dynamic behavior of the system should be maintained
during the investigations, which was demonstrated in the present study. In a series of images the
movement of the individual nanostructures could be followed and also slight changes in the thickness
of the corona thicknesses were observed. These are most likely predominately related at the moment in
the investigated systems to charging phenomena, but the general possibility to observe structural
changes in the polymer nanostructure becomes evident. Further investigations will focus on
temperature-responsive block copolymer systems elucidating new possibilities for the investigation of

stimuli-responsive systems.
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Figure Legends

Figure 1: Schematic representation of the chemical structure of the block copolymer system PS-b-
PMMA (a), and chemical composition of the ionic liquid BMIM-PF¢ (b), which is used as selective

solvent to prepare micellar systems (c).

Figure 2: a,b) Transmission electron micrograph of self-assembled PS-b-PMMA block copolymer
micelles in the hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate recorded

under cryogenic conditions. c) Histogram of the core diameter.

Figure 3: a,b) Transmission electron micrographs of self-assembled PS-6-PMMA block copolymer
micelles after the removal of the hydrophobic ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate with acetonitrile recorded at room temperature conditions. c) Histogram of the

micelle diameters.

Figure 4: Beside the movement of the individual block copolymer nanostructures (indicated by the
trajectories highlights in yellow and see MOVIE ( a), an expansion of the corona is observed (b). c-¢)
Series of images acquired during the expansion process. The initially compact corona starts to

continuously open up. This is associated with a decrease of the contrast.

Figure 5: Cryo-TEM images (a to c) showing the heterogenic melting evolution of a neat EMIm

EtOSO; film upon electron radiation (scale bar 200 nm).

Figure 6: Cryo-TEM images of PS-H6-P2VP in BMIM-TfO (a) show contrast for the corona after
electron irradiation (b). The already visible corona of PS-6-P2VP in EMIm-EtOSO; in cryo-TEM (c)

was confirmed after electron irradiation (d) (scale bar: 200 nm).
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Investigating the Motion of Diblock Copolymer Assemblies
in lonic Liquids by In Situ Electron Microscopy

Ulrich Mansfeld, Stephanie Hoeppener,* and Ulrich S. Schubert

The movement of individual supramolecular aggregates and
nanoparticles and their behavior in liquids represents a key
question in many biological and technological processes. Drug-
delivery processes, among many others, rely on conformational
changes and transport kinetics, which are generally only observ-
able by techniques that investigate a large number of objects
at the same time. Thus, the desire for a direct, high-resolution
observation technique (i.e., transmission electron micros-
copy in liquid environments) is evident. Here we introduce a
study that utilizes free-standing thin films of ionic liquids as
a fluid support medium for investigating the motion of indi-
vidual supramolecular assemblies of diblock copolymers. The
high-resolution tracking of particle trajectories at different tem-
peratures allows the analysis of their motional characteristics
and represents the first direct observation of individual moving
supramolecular assemblies with nanometer resolution.
Dynamic processes on the nanometer scale are important
phenomena in liquids and fluids. Examples include proc-
esses in biological systems,['? transport phenomena for drug
delivery,®l and the assembly of natural and synthetic molecules
into supramolecular structures,*! among others. The investi-
gation of these processes in liquids is restricted by a number
of experimental difficulties, which makes a direct observation
of the dynamics on the level of individual nano-objects chal-
lenging. Most studies apply NMR spectroscopy!® and scattering
techniques (i.e., static and dynamic light scattering, small- and
wide-angle X-ray scattering and small-angle neutron scattering).
However, these techniques only provide average information
concerning a large number of structures and, thus, allow only
statistical insights into dynamic processes of nano-objects.
Here, we introduce an approach that permits the high-resolu-
tion investigation of individual nanoparticles moving within
an ionic liquid (IL) to demonstrate the capability of following
the motion of individual supramolecular aggregates of diblock
copolymers. It will be demonstrated that supramolecular
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aggregates perform motional processes in the ionic liquid
at different temperatures and single-particle tracking will be
used to identify the nature of the movement. This study rep-
resents to the best of our knowledge the first in situ observa-
tion of moving copolymer nano-objects in solution. It may
potentially open new avenues for the investigation of dynamic
processes with high resolution and the visualization of struc-
tural changes on the level of supramolecular assemblies. While
common imaging techniques, such as transmission electron
microscopy (TEM), provide access to information on individual
nanostructures, preparations are involved that prohibit a direct
investigation of the systems in their liquid environment. As a
consequence, the systems are affected by the presence of sur-
faces and/or drying effects, which limit the possibilities for
unperturbed investigations of dynamic processes with high
spatial resolution. Recently, tailor-made TEM liquid cells were
employed to provide a sealed environment for liquid samples to
circumvent these limitations.”) Generally, cryo-TEM is presently
regarded as the method of choice to investigate individual sys-
tems in a solution-like state. However, the required vitrification
of the solution makes an investigation of dynamic processes
impossible: images represent only ‘snapshots’ of the state of
the liquid sample in the moment of vitrification. These restric-
tions, which are mainly based on the requirement of ultrahigh
vacuum (UHV) conditions for TEM operation, represent one
of the major limitations on the high-resolution investigation of
dynamics of individual nanostructures.

In the present study, we propose an approach to overcome
most of the restrictions described above by the utilization of
ionic liquids (IL) as alternative solvents. These solvents repre-
sent promising liquid media, due to their high electrochemical
stability, their electroconductivity, and, in particular, their negli-
gible vapor pressure, which makes them compatible with UHV
conditions.®! Tonic liquids consist of ions and are, by defini-
tion, liquid below 100 °C; many of them being liquid already at
room temperature.’) They can be utilized, among other appli-
cations,1%12 a5 selective solvents for copolymer systems, and
the formation of micelles and vesicles was observed in various
ionic liquids.'*'* Pioneering work concerning this issue was
conducted by Lodge and co-workers who investigated micellar
and vesicular systems in ionic liquids under cryo-TEM condi-
tions.[>) However, up to now, the investigation of motional
processes of such systems has not been reported.

In the present contribution, we describe a series of experi-
ments that demonstrate the capability of TEM of investigating
the motion of individual nanosized supramolecular aggregates
in ionic liquids. For this purpose, supramolecular assem-
blies consisting of polystyrene (PS) diblock copolymers with
poly(2-vinyl pyridine) (P2VP) or poly(ethylene oxide) (PEO) as
soluble blocks were prepared in selective ionic liquids, such
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1000 nm

Figure 1. a) Free-standing ionic liquid films of [EMIm][EtOSO;] on a lacey
carbon coated copper grid. b,c) Film bursting and drop formation during
electron-beam irradiation points to the liquid state of the ionic liquid in
the film (see Supporting Information, Movie SI-1).

as l-ethyl-3-methylimidazolium ethylsulfate [EMIm]|[EtOSO;]
or 1-butyl-3-methyl-imidazolium tetrafluoroborate [BMIm]
[BF,] by the co-solvent method.["]

Tonic liquids can form, due to their characteristic surface ten-
sion,! stable free-standing films over different length scales.['%
In TEM in particular, the film thickness is seen as a limiting
factor with respect to the obtainable resolution of the imaging
process.”l Thus, sufficiently thin films must be prepared,
and preferentially no continuous support materials should be
required. The most straightforward approach for the forma-
tion of free-standing liquid films is their preparation onto lacey
carbon grids, which provide open-hole structures with typical
dimensions of 200 nm up to micrometers. Free-standing IL
films can be prepared by a standard blotting process, whereby
the blotting times are in the range of tens of seconds, strongly
depending also on the viscosity of the IL. Depending on the open
spaces, different film thicknesses can be obtained. Figure 1a
shows an example of the homogeneous thin films that can be
generated. These films span the net-like structures of the lacey
carbon support and are found to be stable under common TEM
irradiation conditions. The liquid character becomes evident at
sufficiently high electron doses and temperatures which make
some films — in particular those films formed in large holes —
burst. This bursting is a fast process, and drops of the IL are
subsequently attached to the lacey carbon support (Figure 1b,c;
Supporting Information, Movie SI-1). In general, the liquid
character of the IL does not impair the quality of the UHV of
the TEM; therefore measurements could be conducted over
time scales as long as several hours — some samples were even
kept in the UHV environment overnight.

With these free-standing IL films, a suitable liquid media
is at hand to investigate the supramolecular structure of block
copolymers in an ionic liquid. Figure 2 shows illustrative exam-
ples of vesicles and worm-like assemblies of P2VP3501-b-PS 4401
in [EMIm]|[EtOSO;)]. The systems can be well resolved by TEM
and a good contrast can be achieved. This is mainly due to the
composition of the ionic liquids, containing anions with a high
electron density (e.g., I, PF¢~ and EtOSO;7)."" This intrinsic
negative staining represents an advantage compared with

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. High-resolution TEM images of assemblies of PS40,-b-P2VP350,
in [EMIm][EtOSO).

classical cryo-TEM investigations, where, mostly, a rather poor
contrast is generated due to the presence of the vitrified ice film.
The stability of the free-standing film is another issue where
ionic liquids provide improved performance, as the polymer
assemblies can be imaged at relative high electron doses or a
large number of imaging processes can be applied with minor
beam damage of the structures in comparison with cryo-TEM.

For the visualization of the motion of supramolecular nanos-
tructures in ILs, relatively low electron doses had to be applied,
as it was observed that high electron doses can result in an
inhibition of the particle movement. At sufficiently low elec-
tron doses, particle movement could be followed over an image
sequence of up to 140 measurements (Supporting Informa-
tion, Movie SI-4). The motion of the individual supramolecular
assemblies depends on the viscosity of the ILs. Thus, heating
the samples within a temperature range of 20 to 92 °C allowed
the variation of the velocity of the movement of individual
nanoparticles.

Figure 3 summarizes a sequence of images that were
acquired with a recording time of 800 ms per frame, showing
the movement of PS 40-b-P2VP350 assemblies in [EMIm]
[EtOSO3] at 92 °C. The continuously recorded sequence of TEM
images depicts the movement of individual particles along dif-
ferent pathways within the free-standing IL films (Supporting
Information, Movie SI-2).

The encircled vesicles show movement in independent
directions and exhibit different velocities. The displacement
of the supramolecular assemblies can be analyzed by mean-
square-displacement (MSD) calculations, which resemble the
characteristic features of the particle movement. The corre-
sponding MSD plots (Figure 3 d,e) reflect the non-continuous
motion of the square-labeled aggregate (M) and, in particular,
of the circle-labeled particle (@), which at some stage per-
forms a large directed displacement, represented by the devo-
lution of the slope. In contrast, the two other curves (CI, A)
resemble a more-linear relationship of the MSD values along
the time intervals. The characteristic shape of these plots sug-
gests a partially confined random-walk model for the particle
movement. The coexistence of all of these movements in a
small sample area points to individual movements of the
nano-objects within the IL film, rather than an entirely pas-
sive motion due to the movement (e.g., convective flow) of
the IL film. In general, different driving forces can result in

Adv. Mater. 2013, 25, 761-765
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Figure 3. Image sequence of PS,0,-b-P2VP;50, vesicles in [EMIm][EtOSO;] at 92 °C showing different dynamic pathways: a) the initial positions of the
encircled vesicles, b) an image sequence in the interim, and c) the later position of the encircled vesicles and the related individual trajectories within
24 s. (For detailed movies see Supporting Information, SI-2). d,e) The motion is analyzed by mean-square-displacement (MSD) calculations.

various kinds of motion: i) convection (Supporting Informa-
tion, Movie SI-3), ii) Brownian motion and diffusion (Sup-
porting Information, Movie SI-4) and iii) oscillation (Sup-
porting Information, Movie SI-5).

Figure 4 depicts the analysis of a series of images where the
motion of a number of individual vesicles is displayed. Due
to the characteristic viscosity of the IL at different tempera-
tures, the motion of the particles appears to be temperature-
dependent. Thus, the motion of PS,4p-b-P2VP350 assemblies
in [EMIm][EtOSO;] was investigated at two different tempera-
tures by means of MSD analysis (Figure 4). The corresponding
individual particle traces are depicted in Figure 4a,c. At a tem-
perature of 92 °C the linear increase of the MSD by time is
larger compared with that at 25 °C; hence, a faster diffusion of
the supramolecular aggregates is observed. At longer time inter-
vals the MSD plot shows a depletion of the slope (Figure 4b).
This behavior is characteristic for a confined random-walk
behavior of the aggregates and might be influenced by the
film dimensions, adhesion of the particles to the bars of the
lacey carbon, additional charging effects, and/or by interac-
tions with other particles. At 25 °C, the linear dependence of
the MSD over time corresponds to a preferential Brownian
motion of the aggregates. However, with increasing time, an
increase in the diffusion coefficient is observed, which might
be a result of the heating of the IL under the influence of the
electron beam.

Adv. Mater. 2013, 25, 761-765

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Since the chosen diblock copolymers contain a PS block,
the assemblies appear to be very stable and no deformation of
moving objects, no changes in their structure and no fission or
fusion processes could be observed. Instead, the objects seem
to represent kinetically trapped, non-equilibrium structures
as depicted in Figure 2.'718 This is assumed to be caused by
the rigidity of the PS blocks of the utilized copolymer systems,
which are in a glassy state below a temperature of 100 °C. It is
expected that transition states might be observed for systems
containing more-flexible block structures or by applying higher
temperatures in future experiments.

These illustrative examples, derived from initial experi-
ments, allow the conclusion that the utilization of ionic liquids
for the investigation of supramolecular assemblies or other
nano-objects (i.e., nanoparticles), in free-standing liquid sup-
port films offers new possibilities in elucidating the motion
of individual objects in a liquid environment on the nanom-
eter scale. The range of specimen systems benefits from the
versatile properties of ionic liquids that can be designed by an
appropriate cation-anion combination. Moreover, the possi-
bility of adjusting the temperature of the solution in situ offers
attractive possibilities for studies on temperature-triggered
events on the level of individual nanostructures and to adjust
the diffusion velocity of the objects. However, fundamental
studies on the influence of the IL on the dynamic behavior
of the system, as well as effects that might be attributed to
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Figure 4. Temperature-dependent analysis of the motion of PSy40,-b-P2VP350, vesicles in [EMIm][EtOSO;] by means of the mean-square displacement
(MSD): a) the tracking lines of particle motion at 25 °C; b) the averaged MSD at the different temperatures (25 °C bottom curve, 92 °C top curve),
revealing a significant increase in diffusion of the particles at the higher temperature; c) the tracking lines of particle motion at 92 °C.

electron-beam interactions, have to be conducted in follow-up
experiments.

The introduced method could thus be a valuable addition to
existing investigation tools, since it potentially offers tempera-
ture- and time-dependent studies on dynamic systems on the
nanometer scale. In particular, the dynamics of supramolecular
assemblies under solution-like conditions might be elucidated,
such as phase transitions of thermoresponsive copolymers!!%2°]
and membrane fusion and fission processes (e.g., of polymer-
somes?! or liposomes,?223l among others).

Experimental Section

Materials: 1-Ethyl-3-methylimidazolium ethyl sulfate (99%) and
1-butyl-3-methylimidazolium tetrafluoroborate (99%) were purchased
from lolitec and were used without further purification. Poly(styrene-
block-(2-vinyl pyridine)) (M, (kg mol™) = PS4o-b-P2VP;s3), polydispersity
index (PDI) = 1.19) was purchased from Polymer Source. Poly(styrene-
block-(ethylene oxide)) (M, (kg mol™") = PS;qo-b-PEO3,) was synthesized
following standard procedures. The lacey carbon coated TEM copper
grids (Mesh 400) were purchased from Agar Scientific and were plasma-
cleaned prior to use, for T minute. The TEM samples were examined
using a Phillips CM-120 transmission electron microscope, operated
at 80 and 120 kV. Specimens were investigated using a sample holder
(Gatan 626-DH) at 20 °C up to 92 °C. The images were recorded with
a bottom-mounted 1000 x 1000 pixel charge-coupled-device (CCD)
camera from TVIPS.

General Preparation of Polymeric Assemblies in lonic Liquids: To prepare
a stock solution, the polymer (10 mg) was dissolved in dichloromethane
(400 pL). The ionic liquid (40 pL) was slowly added into the diluted
solution (20 pL of polymer solution and 100 pL dichloromethane)
and the dichloromethane was subsequently evaporated at 60 °C while
flushing the sample with air.

Preparation of the Free-Standing Liquid Films: A small droplet of the
jonic liquid solution was placed at ambient conditions onto a lacey
carbon coated TEM grid that was subsequently blotted with a filter
paper on both sides for several seconds. The remaining traces of the
co-solvent were removed during the sample-transfer process to the TEM
in the prevacuum pumping cycle.

Imaging Conditions: For the movie image sequences with a spatial
resolution of 800 ms (300 ms acquisition time and 500 ms read-out
time), up to 450 ms (300 ms acquisition time and 150 ms read-out time)
were recorded.

Movies of the Motional Processes: Selected movies of particle movement
are available in the Supporting Information.
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Movies of the motional processes
Selected movies of particle movement showing:

e Free-standing ionic liquid films on lacey carbon grids.

e Motion of diblock copolymer micelles in ionic liquid films.
e Convection driven movement of micelles.

e Mobility of the ionic liquids with higher time resolution.

e Rapid oscillation of vesicles in a liquid support film.

The recording conditions are given in the SI-Figure captions. The speed of the movies was

increased to a frame rate of 7 images/sec to minimize the file size.

This material is available free of charge at:
http://www.schubert-group.de/index.php?option=com_content&view=article&id=118.

Movie files can be viewed in the Internet browser utilizing Adobe Flash Player.

Movie captions

Movie SI-1
Free-standing ionic liquid films on lacey carbon grids.

PS440x-b-P2VP350x in [EMIm][EtOSOs] Recording duration: t = 51 s with 800 ms/frame (300
ms accumulation, 500 ms read-out); 10 fps frame rate, 120 kV TEM voltage, 92 °C specimen

temperature.

Movie SI-2
Motion of diblock copolymer micelles in ionic liquid films.

PS440x-b-P2VP350x in [EMIm][EtOSOs] Recording duration: t = 32 s with 800 ms/frame (300
ms accumulation, 500 ms read-out); 250 nm scale bar, 10 fps frame rate, 120 kV TEM

voltage, 92 °C specimen temperature.
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Movie SI-3
Convection driven movement of micelles.

PSu40x-b-P2VP350k in [EMIm][EtOSO3] Recording duration: t = 51 s with 800 ms/frame (300
ms accumulation, 500 ms read-out); 250 nm scale bar, 20 fps frame rate, 120 kV TEM

voltage, 92 °C specimen temperature.

Movie SI-4
Mobility of the ionic liquids with higher time resolution.

PSu40x-b-P2VP350k in [EMIm][EtOSO3] Recording duration: t = 60 s with 450 ms/frame (300
ms accumulation, 150 ms read-out); 250 nm scale bar, 8 fps frame rate, 120 kV TEM voltage,

92 °C specimen temperature.

Movie SI-5
Rapid oscillation of vesicels in a liquid support film.

PS100xk-b-PEO;4k in [BMIm][BF4] Recording duration: t = 51 s with 800 ms/frame (300 ms
accumulation, 500 ms read-out); 250 nm scale bar, 20 fps frame rate, 80 kV TEM voltage, 92

°C specimen temperature.
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