
Available at:
http://hdl.handle.net/2078.1/165985

[Downloaded 2019/04/19 at 02:28:38 ]

"Supramolecular interactions for controlling the structure, self-
organization and dynamics of stimuli-responsive polymeric systems"

Brassinne, Jérémy

Abstract

In the last years, the advent of supramolecular chemistry has provided chemists
with new possibilities to synthesize complex structures and dynamic materials
by self-assembly. By virtue of their properties, metal–ligand interactions are
particularly promising for the synthesis of supramolecular polymers and the
construction of “smart” materials with self-restructuring abilities. Among them,
supramolecular gels constitute a very interesting sub-class because of numerous
applications in various fields. In this frame, the goal of this thesis is to gain
an unprecedented control over the structure, self-organization and molecular
dynamics of polymeric gels by exploiting a novel combination of classical
macromolecular architectures and supramolecular interactions of the metal–
ligand type. The first goal of this thesis relies on the synthesis of well-defined
copolymers, functionalized with a ligand of interest. These building blocks will
then be used in the design of supramolecular ...
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ABSTRACT

In the last years, the advent of supramolecular chemistry has pro-
vided chemists with new possibilities to synthesize complex structures
and dynamic materials by self-assembly. By virtue of their properties,
metal–ligand interactions are particularly promising for the synthesis
of supramolecular polymers and the construction of “smart” materials
with self-restructuring abilities. Among them, supramolecular gels con-
stitute a very interesting sub-class because of numerous applications in
various fields. In this frame, the goal of this thesis is to gain an un-
precedented control over the structure, self-organization and molecular
dynamics of polymeric gels by exploiting a novel combination of classi-
cal macromolecular architectures and supramolecular interactions of the
metal–ligand type.

The first goal of this thesis relies on the synthesis of well-defined
copolymers, functionalized with a ligand of interest. These building
blocks will then be used in the design of supramolecular materials with
responsive properties. Precisely, the coordination of metal to ligands
will be used to link micellar objects, obtained by the self-assembly of co-
valent block copolymers. The rheological behaviour of the accordingly
obtained materials will be thoroughly characterized in order to establish
relationships between their structure, dynamics and mechanical proper-
ties. The present thesis aims at studying in details the response of these
systems to external stimuli. These stimuli-responsive properties will be
inherent to the supramolecular materials and further obtained by using
stimuli-responsive polymer sequences as building blocks.





FOREWORD

This dissertation aims to rationalize the thoughts and efforts put
into a 4-years project called a Doctoral thesis. Presenting the author’s
research and findings, this document supports his candidature for the
academic degree of Doctor of Sciences. In so doing, the manuscript has
been divided into five parts, consisting of chapters, and structured as
follow:

1. Introductory background, hosting the research significance;

2. Objectives and strategy, explaining goals and methodology;

3. State of the art, reviewing relevant literature around the issue;

4. Results and discussion, analyzing and discussing the findings;

5. Concluding remarks, outlining the breakthroughs and scopes.

Given its multidisciplinary topic, the research project has the po-
tential to raise interest from scientists belonging to well-distinct disci-
plinary communities, including but not limited to polymer chemistry
and physics, supramolecular chemistry, and material science and engi-
neering. According to individual predispositions, each reader might feel
the need to go through, or come back to, one or different chapters con-
stituting the Introductory background.



viii Foreword

In Objectives and strategy, a theoretical approach is developed to
address the goal of this thesis project. Hence, the methodology provides
design guidelines that constitute the basis of the current research. In
addition, the same approach justifies the data collection and analysis
being used in this project.

Prior getting into the heart of the matter, it is commonly admitted
to establish a State of the art to situate the present work among anterior
studies. As such, this part aims to establish the novelty and relevance of
the present work. In addition, the literature review reminds the reader
that this fairly modest contribution is in fact part of a whole. In turn,
this much more complex ensemble constitutes the actual progress in the
broad field of exact sciences.

The Results and discussion constitutes the most important part of
a thesis, bringing into light the research findings and outcomes. The
latter are discussed in the context of the literature review and theoretical
considerations. One more time, the reader should keep in mind that
those findings result from a synergy through instrumental mastering,
coordinated effort and collective reflection.

Some Concluding remarks logically close the manuscript, integrating
the major breakthroughs of the project. If the primary goal of this
thesis is to extend our fundamental understanding in the research field,
such a work may also orient toward advanced developments. In line,
last elements include implications and potential application, as well as
recommendations, forecasting future trends, and the need for further
research.
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CHAPTER 1
POLYMER ARCHITECTURES, SYNTHETIC

DESIGN AND SOLUTION BEHAVIOUR

Abstract

In this opening chapter, some fundamentals on polymer chemistry
and physics are reminded. First, definitions and core concepts are ex-
posed, highlighting the richness of macromolecular structures that can
be encountered in this field. Then, the different synthetic routes toward
polymer materials are presented with a particular attention on living and
controlled polymerizations. Finally, the solution behaviour of polymers
is discussed, with emphasis on the self-assembly of block copolymers and
responsiveness of stimuli-sensitive sequences.
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1.1 Definitions and concepts

1.1.1 Polymer

In daily life and popular beliefs, it is common to equate polymer
with plastic. However, polymer and plastic are in fact two well-distinct
things! Indeed, a plastic, from the Greek “plastikós” meaning sha-
peable, designates a type of material, whereas a polymer is a very large
molecule. [1,2] The word polymer also founds its etymology from the
Greek “pollus” meaning many, and “meros” meaning part, thus desig-
nating a molecule made up by the repetition of a large number of simpler
structural units called a mer (Figure 1.1). [2,3] Also, the words polymer
and macromolecule are used interchangeably, although the latter strictly
defines the molecules of which the former is composed. Practically, poly-
mers are prepared by joining a large number of small molecules called
monomers. [3]

M M M M M M M
n

or

n

M M M M

Figure 1.1 – Schematic representation of a macromolecule.

The number of repeating units generally varied from hundreds to
thousands of mers, depending on the molar mass of the polymer that
may extend to several millions. For low-molecular-weight polymers, no
firm lower limit of molar mass can be defined. Strictly, a relatively
small molecule composed of only a few mer units might also be called
a polymer. [3] However, the term polymer is generally accepted to imply
molecules of large size that have the possibility to entangle. Accord-
ingly, the lower-molecular-weight products with relatively small number
of structural units should preferably be called oligomers (from the Greek
“oligo” meaning few) to distinguish them from polymers. [2,3]

Many of the physical properties of polymers are simply a conse-
quence of their large size. [1] Generally speaking, a species is called poly-
meric if materials made from it have significant mechanical strength
and oligomeric if such articles are not strong enough to be practically
useful. [3] Hence, a gradual transition is observed in the physical proper-
ties of simple hydrocarbon chains, revealing the effect of the number of
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repeating units (Table 1.1). [1]

Table 1.1 – Molar mass and physical state of linear hydrocarbons. [1]

Name Formula Molar mass Physical state
[g/mol]

methane CH4 16 gas
butane CH3-(CH2)2-CH3 58 gas
octane CH3-(CH2)6-CH3 114 liquid
oligomer CH3-(CH2)20-CH3 450 semi-solid

polyethylene CH3-(CH2)2000-CH3 420,030 solid

1.1.2 Monomers

Monomers are generally simple organic molecules, less often inor-
ganic (siloxanes, phosphazenes), [4,5] from which the polymer is made. [6]
It is the presence of multiple bonds, active functional groups or strained
rings, in case of cyclic monomers, that acts as the driving force to add
one monomer molecule upon the other, by a process known as polymer-
ization, to create a macromolecule. [3] As a consequence, the structure of
the repeating unit of a polymer is essentially that or closely related to
that of the monomer molecule. [6]

Molecules suitable for the formation of macromolecules must be at
least bifunctional, i.e., they contains reactive group(s) can give rise to the
formation of two linkages, in the intended reaction. In this respect, linear
macromolecules result from the coupling of bifunctional monomers with
each other or with other bifunctional molecules. In contrast, branched
or cross-linked polymers are formed when tri- or poly-functional com-
pounds are involved (see below).

1.1.3 Polymerization degree, molar mass and chain ends

The degree of polymerization (DP) refers to the number of repeating
units that constitute a polymer chain. The subscript n used in formu-
las to illustrate the structural periodicity for polymers, represents this
DP. [3,6] The relationship between degree of polymerization and molar
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mass M of the same macromolecule is given by, where M0 is the molar
mass of the repeating unit:

M = DP ·M0 (1.1)

In literature, the term “molecular weight” is still widely used instead
of “molar mass” though it can be somewhat misleading. Strictly, molec-
ular weight is a dimensionless quantity defined by ratios of the masses of
the particular atoms to 1/12 of the mass of the most abundant carbon
isotope atom 12C6 (12 AMU, where 1 AMU equals 1.6604× 10−24 g). On
the other hand, the molar mass of a substance is the mass of one mole of
this substance and usually is quoted in units of g/mol. Thus, a molecular
weight of 100,000 is equivalent to a molar mass of 100,000 g/mol. [3,6]

In reality, nearly all polymers are a mixture of molecules with a differ-
ent degree of polymerization, i.e., of different sizes. This polydispersity
is exceptionally absent in some synthetic oligomers and some polymers
of biological origin such as proteins or nucleic acids. In this respect,
monodisperse polymers refer to those with a unique molecular weight.
Synthetic polymers are usually polydisperse and are characterized by a
distribution of molar masses. [7,8]

Considering a polymer sample consisting of ni chains of degree of
polymerization i and molar mass Mi, the number-, weight-, and z-
average molar masses of the considered sample, respectively M̄n, M̄w,
and M̄z, are defined as:

M̄n =

∞∑
i=1

(ni ·Mi)

∞∑
i=1

ni

, M̄w =

∞∑
i=1

(ni ·Mi
2)

∞∑
i=1

(ni ·Mi)
, M̄z =

∞∑
i=1

(ni ·Mi
3)

∞∑
i=1

(ni ·Mi
2)

(1.2)

In the number average, each polymer chain is counted equally re-
gardless of its length. In the weight average, a longer chain is counted
with a greater proportion. In the z average, this proportion is further
increased. [7,8] For a perfectly monodisperse polymer, M̄n = M̄w = M̄z.
Otherwise, M̄n < M̄w < M̄z. The ratio of M̄w to M̄n is often used
to express how polydisperse the polymer sample is. The ratio is called
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dispersity, abbreviated as Ð:

Ð = M̄w

M̄n
=

∞∑
i=1

ni ×
∞∑
i=1

(ni ·Mi
2)( ∞∑

i=1
(ni ·Mi)

)2 (1.3)

Common techniques used in the determination of M̄n are osmom-
etry, tonometry, size exclusion chromatography (SEC), and end-group
titration. [9–12] Estimation of M̄w is achieved by light scattering and chro-
matographic techniques. [9–11]

Nowadays, mass spectroscopy has been increasingly applied to the
analysis of the molar mass distribution of polymers, notably due to its
ability to resolve complex systems (Figure 1.2). [13] Although the resolu-
tion is poorer than that of mass spectrometry by orders of magnitude,
size exclusion chromatography has been the mainstay in the analysis of
the molecular weight distribution. [7]

Molar mass [g/mol]

1000 2000 3000

Figure 1.2 – Mass spectrum of a poly(ethylene glycol)
(M̄n = 2000 g/mol) obtained in matrix-assisted laser desorption
ionization (MALDI) coupled with time-of-flight mass analyzer. [14]

In none of the above examples of structural representation of poly-
mers the end groups, i.e., the group of atoms located at the extremities
of the chain, have been shown. This is partly because the exact nature
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of those groups is often unknown. Also, the same groups constitute an
insignificant fraction of the mass of high molecular weight polymer, thus
having generally negligible effect on polymer properties. [3,6] Neverthe-
less, the controlled introduction of functional groups as chain ends of a
polymer, therefore termed as telechelic, is of great interest as the latter
are precursors of higher architectures. [15–17]

1.1.4 Structure and topology

Polymers can be classified in three major structural categories accord-
ing to the shape of constitutive macromolecular chains: linear, branched
and cross-linked polymers. [3,6,18] However, it is common practice to sub-
divide those categories and hence differentiate further linear, cyclic,
branched, hyper-branched, cross-linked, dendritic, comb- or star-shaped
polymer conformations (Figure 1.3). [19]

linear

cyclic

(a) Linear

comb-like

star-like

dendritic

hyper-branched

(b) Branched

network

(c) Cross-linked

Figure 1.3 – Overview of macromolecular architectures.

Linear polymers are composed of monomer units linked only to two
others, thus forming a continuous chain. The latter is thus strictly
built from bifunctional monomers. [18] Although generally free, the chain
extremities can however be attached, which is characteristic of cyclic
polymers, or macrocycles. [20] Examples of natural macrocycles include
plasmids, i.e., small DNA molecule that can be found in primitive micro-
organisms, whereas synthetic analogues are synthetically challenging tar-
gets. [20,21]

If a few points of tri- or poly-functionality are introduced (either in-
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tentionally or through side reactions) at random locations along linear
chains, branched polymers result. [18,22,23] Therefore, branched polystyre-
ne can be easily obtained by adding small quantities of divinyl ben-
zene during the polymerization of styrene. Also, branching may result
from intra-molecular chain transfer during the polymerization process.
Branching has generally tremendous effect on the properties of polymers
through geometric effects. [8,24,25]

Branching in polymers can be of different types: either short or long,
regularly or randomly distributed, forming a comb or star. . . A partic-
ular interest is devoted to macromolecules where branching points are
repeated in profusion but in regular, successive layers to form a fractal.
These particular assemblies are qualified as dendritic, or simply called
dendrimers. [26] Hyperbranched polymers are similar to dendrimers but
less perfect, thus showing various topologies. Once again, we can point
the tendency of chemists to artificially reproduce structures that have
been found in nature for millennia and that consist of amylopectin and
proteoglycan.

As the length and frequency of the branches on polymer chains in-
creases, the probability of connecting them together increases, resulting
in the formation of an interconnected branched polymer, or network.
For example, a cross-linked network structure will develop, instead of a
branched structure, if styrene is copolymerized with higher concentra-
tions of divinyl benzene. The three-dimensional structure of the network
implies that all chains are finally connected together to form one tremen-
dous molecule, of virtually infinite mass. With the formation of network
structure, polymers acquire greater rigidity, dimensional stability, and
resistance to heat and chemicals. [3,6] This particular stability has been
known for several years, while the vulcanization of natural rubber, or
polyisoprene, with sulphur has been used to mechanically reinforce the
material. [27]

1.1.5 Homopolymers and copolymers

As suggested above, a poly-functional monomer can be intentionally
added to a polymerization mixture to introduce branching or bridges into
a macromolecular architecture. Thus, polymer chains can be made from
different monomeric species. When only one species of monomer is used
to build a macromolecule, the product is called homopolymer, neglecting
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minor irregularities like chain ends. The word homopolymer is often used
more broadly to describe polymers whose structure can be represented
by repetition of a single type of monomer unit which may contain one or
more species of monomer unit. Therefore, macromolecules alternating
two types of monomers, e.g., poly(ethylene terephthalate), also fall under
the homopolymer denotation. [2,3,6]

Formally denoting polymers derived from two or more chemically dis-
tinct monomers, the term copolymer is more commonly used to describe
macromolecules containing more that one type of monomer units. [2] Are
distinguished: bipolymer, a polymer derived from two monomer species;
terpolymer, a polymer derived from three monomer species. . . [2] De-
pending on the particular arrangement of repeating units along the
chain, several categories of copolymers are further distinguished (Fig-
ure 1.4): statistical copolymers, whose different units are randomly dis-
tributed along the chain; alternating copolymers, whose two monomers
alternate in a regular fashion along the chain; gradient copolymers,
whose chain composition gradually change from one type of unit to the
other; and block copolymers, composed of two (diblock) or more (tri-
block, tetrablock. . . ) uninterrupted sequences of each monomer in the
chain. [2,3,6,28]

(a) Statistical copolymer (b) Alternating copolymer

(c) Gradient copolymer (d) Block copolymer

Figure 1.4 – Representations of the different categories of copolymers.

Depending on the structural arrangement of the units along the chains,
copolymers show different physical properties. In particular, random
or alternating copolymers exhibit average properties compared to ho-
mopolymers from which they derive. For example, a statistical copoly-
mer derived from two or more comonomers will be characterized by a
unique glass transition temperature, i.e., temperature below which the
translational modes of motion of chain backbone segments are effectively
freezing out. [29] This intermediate value can be evaluated from the glass
transition temperatures of the corresponding homopolymers, averaged
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by the weight fraction of each monomer in the copolymer. On the other
hand, segmented copolymers combine the properties of the different cor-
responding homopolymers in an additive way, thus constituting one of
the most studied class of copolymers for many years. [8,30,31] Indeed, their
constitutive blocks are generally immiscible, which leads to a micropha-
sic separation within the material.

1.2 Polymer synthesis

Polymerisation reactions can be classified in various ways. Classically,
polymerization reactions have been differentiated into two categories
according to the mechanism by which the chains grow: chain-growth
polymerizations; and step-growth polymerizations. [1,3,18]

1.2.1 Step-growth polymerizations

Step-growth polymerizations proceed by stepwise reactions between
functional groups of reactants. The reaction leads successively from
monomer to dimer, trimer, tetramer, pentamer, and so on. [3,18,32,33]
Then, the same reaction occurs at random between the intermediates
and the monomer as well as among the oligomeric intermediates until a
large macromolecule is finally formed:

monomer + monomer → dimer (1.4)
dimer + monomer → trimer (1.5)

trimer + monomer → tetramer (1.6)
n-mer + monomer → (n+1)mer (1.7)
n-mer + m-mer → (n+m)mer (1.8)

Depending on the concentration of reacting species, the kinetics will
favour the addition of a monomeric or oligomeric unit. Consequently,
the average molecular weight of the growing chains builds up slowly in
the early stage of the polymerization process. In turn, high molecular-
weight polymer chains are formed only when the monomer conversion
(c) is higher than 98 % (Figure 1.5). Therefore, long polymer chains can
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only be obtained when high-purity reagents are present in stoichiometry
amount. [3,32,33]
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Figure 1.5 – Relationship between the degree of polymerization and
monomer conversion in step-growth polymerization.

As a general rule, the step-growth polymerization involves polycon-
densation, which explains why both terms are often used synonymously.
Indeed, the step-growth processes lead to the formation of small molecules
such as water, hence the term condensation reactions. [3,34] Monomers
that undergo a step-growth polymerization must at least contain two
reactive functional groups, several leading to the formation of branching
or cross-linking. The most common system involves the polymeriza-
tion of two difunctional monomers, both antagonist functional groups
being either carried by a single entity or, more often, by two different
entities. [33,34]

1.2.2 Chain-growth polymerizations

Chain-growth polymerizations involve the sequential step-wise addi-
tion of monomers to a growing chain. Usually, the monomer is un-
saturated, almost always a derivative of ethylene, and most commonly
vinylic, that is mono-substituted. [35] Ring-opening polymerizations also
exhibit many features of chain-growth polymerization, but may also
show some characteristic of step-growth polymerizations. [20,36] In both
cases, the polymerization process is thermodynamically driven, either
via the formation of simple bonds from weaker unsaturations, or via
ring opening of strained cycles.
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Chain polymerization involves three basic processes: chain initiation,
propagation, and termination. A fourth process, chain transfer, may
also be involved, but it may be regarded as a combination of chain
termination and chain initiation. Chain initiation occurs by a reaction
between the monomer molecule and a reactive species (I*), like a free
radical, an anion, or a cation (Equation 1.9). [3] The latter is generated
by the dissociation or decomposition of a relatively unstable material
called initiator. According to the nature of the reactive species, the chain
polymerization processes are called free-radical polymerization, [35,37–39]
anionic polymerization, [39–43] or cationic polymerization. [39,44]

Once initiated, chain-growth polymerization propagates via transfer
of the reactive centre from the growing chain to the added monomer
(Equation 1.10) If the active site is transferred to another molecule than
a monomer (solvent, polymer chain, etc.), the growth of the chain stops
but the propagation may continue elsewhere due to the transfer until
another process destroys the reactive centre, resulting in growth termi-
nation (Equation 1.11). There may be several termination reactions de-
pending on the type of reactive site and the polymerization conditions.
Common terminations include recombination or disproportionation of
free radicals, transfer reactions toward stable centre carriers. . . [3]

I* + M → I–M* (1.9)
I–Mn* + M → I–Mn+1* (1.10)

I–Mn* → I–Mn (1.11)

Chain-growth polymerization may also be driven by coordination
of monomers to an organometallic active site, generally via unsatu-
rated bonds. This process is referred as coordination polymerization,
which include Ziegler–Natta and ring opening metathesis polymeriza-
tions. [39,45–47]

1.2.2.1 Living and controlled polymerizations

The term living polymer was suggested by M. Szwarc to qualify the
products of the anionic polymerization of styrene initiated by electron
transfer in tetrahydrofuran. [48]. In this context, the adjective living de-
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notes the ability of a polymer chain to further add monomer after the
initial batch has been consumed. This implies that the polymer chains
do not undergo irreversible chain breaking reactions. Hence, living poly-
merizations are defined as polymerizations from which chain transfer and
termination are absent. [40] In many cases, the rate of chain initiation is
fast compared with the rate of chain propagation, so that the number
of growing chain is essentially constant throughout the polymerization.
In turn, such a process should lead to a very narrow Poisson molecular
weight distribution, hence characterized by low dispersity: [39,40,42]

Ð ≈ 1 + 1
DP (1.12)

When the absence of chain transfer and termination reactions is cou-
pled with fast initiation process, a linear increase in the degree of poly-
merization with monomer conversion is expected (Figure 1.6) Conse-
quently, the average degree of polymerization of macromolecular chains
can be evaluated from the ratio of concentrations of reacted monomer
to introduced initiator: [32,39]

DP = c · [M]0
[I]0

(1.13)

The feature of livingness was also discovered in cationic polymeriza-
tion. [44] However, free-radical polymerizations have no living character
because of the multiple recombination and transfer reactions of free rad-
icals. Although favoured at high concentration in free radicals, these
side reactions can be minimized by reversibly scavenging free radicals in
the form of inactive, called dormant, species to keep radical concentra-
tion low and hence control the polymerization. In this respect, the term
controlled polymerization can be defined as a synthetic method to pre-
pare polymers, which are well-defined with respect to topology, terminal
functionality, composition, and arrangement of comonomers, and which
have a degree of polymerization predetermined by equation 1.13, but
not necessarily a narrow dispersity. Strictly, a living polymerization is
thus not always controlled and a controlled polymerization is not always
living. [39]

Almost all new controlled/living systems have one common feature,
which is the coexistence of active and inactive species, being in a dy-
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Figure 1.6 – Relationship between the degree of polymerization and
monomer conversion in chain-growth polymerization.

namic equilibrium, either via reversible deactivation processes (equa-
tion 1.14) or via reversible degenerative transfer (Equation 1.15). [39]

∼∼∼Mn* + D � ∼∼∼Mn–D (1.14)
∼∼∼Mn* + ∼∼∼Mm � ∼∼∼Mn + ∼∼∼Mm* (1.15)

Reversible deactivation is a process where active species are in a
dynamic equilibrium with inactive dormant, typically covalent species,
formed by reaction with a deactivator (D). This balance may be spon-
taneous, as in nitroxide mediated radical polymerization (NMP), [49] or
catalysed, as in atom transfer radical polymerization (ATRP). [50,51] The
first process involves permanent nitroxide radicals (NO*) as deactiva-
tor, which reversibly associate to free radicals (Figure 1.7 (a)). The
second process involves transition metal complexes (Mt) that proceed
to an inner sphere electron transfer with the active radical centre (Fig-
ure 1.7 (b)), associated with the migration of a ligand (X), often an
halogen or pseudo-halogen, from its coordination sphere towards the
chain end. [39]

Reversible transfer is a bimolecular reaction between a dormant and
an active polymer chain, which leads to a direct exchange of activity be-
tween two chain ends. This degenerative process is coordinated at the
molecular level by a chain transfer agent (CTA). A typical example is
the reversible addition–fragmentation chain transfer (RAFT) polymer-
ization (Figure 1.7 (c)). [39,52–54]
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(c) Reversible addition–fragmentation chain transfer

Figure 1.7 – Controlled radical polymerization processes. [50]

In the last years, the advent of controlled radical polymerization
(CRP) has provided a welcome alternative to ionic living polymeriza-
tions, whose effectiveness is counterbalanced by a particularly difficult
implementation, the limited number of polymerizable monomers and the
stringent conditions required for the survival of active sites. As shown
in Table 1.2, each of the controlled radical polymerization methods has
advantages as well as limitations. Among the different CRP techniques,
the RAFT process is characterized by its versatility with respect to
monomer choice and the absence of catalyst. In addition, RAFT of-
fers the possibility of direct functionalization by the use of functional
chain transfer agents. However, RAFT polymerization rely on a radical
source, which may decrease end functionality as part of the chains are
directly initiated by the primary radical. [37]

1.2.2.2 RAFT polymerizations

Historically, reversible addition–fragmentation chain transfer poly-
merization is one of the most recent controlled radical polymerizations
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Table 1.2 – Comparison of NMP, ATRP, and RAFT processes. [37]

Features NMP ATRP RAFT
Monomers styrenes, all activated nearly all

(meth)acrylates, vinylic monomers
acrylamides monomers

Temperature elevated large range room to
(> 120℃) (−30℃-150℃) elevated

Chain end alkoxyamine (pseudo)halide thiocarbonyl
Oxygen sensitive some tolerance sensitive
Additives free transition radical

nitroxide metal initiator

(1998). This technique relies on thiocarbonyl compounds as RAFT
agents to establish a subtle balance between the active and dormant
forms, via reversible degenerative transfer (Figure 1.8). In this equilib-
rium, the initiating or propagating radical adds to the sulphur of the
thiocarbonyl centre to produce an intermediate carbon-centred radical.
This stabilized radical can then undergo β-scission, either to reform the
propagating radical or to liberate a new carbon-centred radical. The
R group of the CTA is chosen so that it undergoes β-scission from the
RAFT-adduct radical in preference to the propagating species, but is
still capable of re-initiating polymerization. In this way, the initial
RAFT agent is rapidly converted to the macro-CTA, which ensures a fast
initiation through the establishment of a degenerative equilibrium. [52–54]
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To achieve control over the polymerization process, a delicate balance
of the rates of these various reactions is required, so as to ensure that the
dormant species is orders of magnitude greater in concentration than the
active species, but the exchange between the two forms is rapid. Thus,
the reactivity of the RAFT agent must be tailored to match the reactiv-
ity and stability of the polymeric propagating radical. [52] In this regard,
the structure of stabilizing Z group might be properly chosen in order
to favour (OR or NH2) or disfavour (CN, Ph or CF3) the fragmentation
of the adduct. Also, several groups (SR and modified OR/NH2) consti-
tute an intermediate category for which the effects on the fragmentation
equilibrium are moderate. [39]

Despite all the advantages of RAFT, this technique relies, as men-
tioned above, on a conventional radical initiator to initiate the polymer-
ization process. Part of macromolecular chains is thus initiated directly
and therefore has no functional R group at chain extremity. Fortunately,
the proportion of chains initiated by the primary radicals originating
from the dissociation of the initiator remains relatively low considering
the CTA-to-initiator ratios usually involved.

1.3 Polymer solutions

In the solid state, polymer molecules pack the space with little voids
either in a regular array (crystalline polymers), or at random (amor-
phous polymers). In this configuration, the macromolecules are in close
contact with each other. In solutions, in contrast, each polymer molecule
is surrounded by solvent molecules. In this dispersed state, their phys-
ical properties differ markedly from those of the bulk material. Due to
their large size, many of those properties are however common to all
polymer molecules. [7]

1.3.1 Chain conformation

In solution, a polymer chain is changing its shape incessantly, an in-
stantaneous shape being called a conformation. Each possible chain con-
formation has a certain probability, or statistical weight, due to purely
entropic effect. Whereas a fully stretched conformation is highly un-
likely, chains are rather crumpled and take a random coil conformation.
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A linear flexible homopolymer chain can be modelled as a random walk
trajectory normally distributed in the three dimensions, which defines a
Gaussian chain. [7,55]

The dimension of the random walk chain is classically measured by
the root-mean-square radius of gyration, Rg, or simply radius of gyra-
tion. Its square is the second moment around the centre of mass of the
chain. The latter is defined as the mean square of the distance between
the segments, ri, and the centre of mass, rc of the chain (Figure 1.9 (a)):

Rg
2 =

〈
1
N
·
N∑
i=1

(ri − rc)2
〉

(1.16)

Roughly, the polymer chain occupies the space of a sphere of radius
Rg that can be experimentally evaluated by static light scattering (SLS)
technique. This radius can be further defined for any chain architec-
ture including non-linear chains such as branched polymers, providing
a universal measure for the chain dimension. [7,55,56] An apparent ra-
dius of gyration can also be defined for segmented copolymers, where
conformations may drastically differ from normal distribution. Indeed,
they can adopt a segregated conformation where the chemically different
blocks occupy distinct regions in space due to the unfavourable ther-
modynamic interactions between the dissimilar segments. Also, block
copolymer chains in solution can consist of mutually interpenetrating
random coils, which leads to more extended conformations. [31]
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Figure 1.9 – Radius of gyration (a) and hydrodynamic radius (b) of a
random coil polymer. [7]
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Another often used measure of the chain dimension is the hydrody-
namic radius, which roughly corresponds to the radius of the chain as it
migrates through a solution. In turn, it gives a measure of the friction
received by each segment from the solvent and is commonly evaluated
by dynamic light scattering (DLS) technique. The inverse of the hydro-
dynamic radius is given as the average of the reciprocal of the distance
between two segments of the chain (Figure 1.9 (b)): [7,55,56]

1
Rh

=
〈

1
|ri − rj |

〉
(1.17)

Like substances spreading throughout accessible volume, polymer
chains in solution change their positions all the time by diffusion. This
phenomenon is made possible by microscopic motions of parts of the
chain, which accompany motions of adjacent segments in the same direc-
tion. Solvent molecules collide randomly with particles to change their
trajectory and velocity, resulting in a random stochastic motion acti-
vated by thermal energy, called Brownian motion. The latter is char-
acteristic of the polymer conformation (Rh) and accelerates at higher
temperatures, in less viscous solvents. [7,55,56]

In solution, each linear polymer chain occupies, in crude approxima-
tion, the space of a sphere of a linear dimension of Rg. At low concen-
tration, C, these spheres are well separated from each other and behave
more or less independently. This situation corresponds to the dilute
regime, as illustrated in Figure 1.10 (a). As the concentration increases,
they become congested and eventually touch each other, the whole vol-
ume of the solution being packed with these spheres. As the concentra-
tion further increases, chains overlap and ultimately entangle if they are
long enough (Figure 1.10 (c)). In this semi-dilute regime, the interac-
tions between the chains are strong and their mobility is greatly reduced.
The lower limit of the semi-dilute range is defined as the overlap con-
centration, C∗, which is classically encountered for a weight-to-volume
fraction in polymer, φ, at around 1 % w/v. At a higher concentration,
the solution enters a so-called concentrated regime in which each seg-
ment of the polymer chain does not have sufficient space available. At
the upper limit of the semi-dilute range, the weight-to-volume fraction
in polymer is typically between 20 and 30 % w/v. [7,55]
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(a) C << C∗ (b) C ≈ C∗ (c) C >> C∗

Figure 1.10 – Concentration regimes for solutions of linear flexible
polymers: dilute solution (a), solution at the overlap concentration (b)

and semi-dilute solution (c). [7,55]

1.3.2 Solvent quality

For a given polymer, there are solvents that dissolve the polymer well,
said “good solvents”, and others that do not dissolve the polymer, said
“non-solvents”. A good solvent will interact in a strong manner with the
polymer, replacing the secondary interactions between chains by chain–
solvent interactions. In contrast, poor or non-solvents only lead to weak
interactions, which are not sufficient to overcome the interactions be-
tween chains. Practically, this results in the aggregation of the chains
and precipitation of the polymer in the considered solvent. [7] Strictly,
cross-linked polymers remain insoluble but can swell in good solvents
to form gels, which can be defined as semi-solid systems consisting of
a three-dimensional network in which a liquid is trapped. [2] In this re-
gard, the degree of swelling can be used as an indication of the solvent
quality. [18]

Dissolution of a polymer into a solvent is governed by the second
law of thermodynamics, i.e., an overall increase in entropy of the sys-
tem. Thermodynamics of dilute polymer solutions is described by Flory–
Huggins solution theory. [57,58] To measure the quality of a solvent toward
a given polymer, this theory defines an interaction parameter, denoted
χ, as the enthalpy (energy) change associated with the solvation of poly-
mer chains reduced by the thermal activation energy. This parameter
thus depends on the nature of both polymer and solvent, as well on
temperature. On one hand, a positive χ denotes that the polymer-
solvent contacts are less favoured compared with the polymer–polymer
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and solvent–solvent contacts. On the other hand, a negative χ means
that polymer–solvent contacts are preferred, promoting solvation of the
polymer. The solvent and temperature (T ◦θ ) conditions for which the
interaction parameter is zero are called “theta” conditions. [7]

Mixing two pure compounds always leads to a less ordered state in
solution, which in turn increase the entropy of the system. Due to their
high molar masses, the entropy of mixing is small for polymer solutions,
especially at low concentrations. To a certain extent, the favourable
entropy of mixing is able to compensate an unfavourable enthalpy of
mixing (χ� 0). Therefore, below a critical value of the Flory–Huggins
parameter, χc, the dissolution is favourable and the resulting solution is
stable, whatever the composition, ϕ, of the mixture. Above this value,
there is a concentration range for which the system is unstable, bor-
dered on each side, strictly speaking, by a region where the solution is
metastable (Figure 1.11). [7]
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Figure 1.11 – Phase diagram for a polymer–solvent binary mixture. [7]

The critical value of the interaction parameter decreases with increas-
ing molar mass, approaching a value of χc = 1/2 for chains of infinite
length. Intuitively, the solubility of polymers decreases with their size.
Given the finite length of macromolecular chains, the quality of a sol-
vent for a given polymer can be defined according to the value of the
Flory–Huggins parameter: a solvent characterized by a χ value smaller
than 1/2, including negative values, is called a good solvent; a solvent
with χ > 1/2 is qualified as a poor solvent; as χ further increases above
χc, the solvent becomes unable to dissolve the polymer and is called a
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non-solvent. [7]

The quality of a solvent for a given polymer can be altered by chang-
ing the temperature. In this respect, increasing temperature generally
enhances the solubility of the polymer (⇔ χ decreases). For a given
composition, phase separation may occur within the system when tem-
perature falls below a critical value. The temperature at the onset of
phase separation is called the critical temperature, T ◦c , and can defined
for each system composition, ϕ, which enables to draw a coexistence
curve on a temperature–composition diagram (Figure 1.12 (a)). The
critical temperature at the highest point on the coexistence curve is re-
ferred to as the upper critical solution temperature (UCST). Above this
temperature, the mixture forms a single phase whatever its composition.
When cooled to temperatures below the coexistence curve, the solution
separates into two phases, each being uniform but having different com-
positions. [7]
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Figure 1.12 – Phase diagram for polymer–solvent systems showing
UCST (a), LCST (b) and both (c) type behaviours. [7]

In some cases, the phase diagram is inverted, i.e., the solubility de-
creases (⇔ χ increases) upon temperature rises. For a given composi-
tion, phase separation may occur within the system when temperature
increases above a critical value. The critical temperature below which
the mixture forms a single phase whatever its composition is referred
to as the lower critical solution temperature, abbreviated LCST (Fig-
ure1.12 (b)). [7] A polymer soluble in water due to hydrogen bonding
usually has an LCST-type phase diagram because the hydrogen bonds
are disrupted at higher temperatures.
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Polymer solutions may exhibit a variety of other coexistence be-
haviour, and the critical curves may possess multiple extrema. In par-
ticular, it may happen that a polymer solution shows a combination of
both UCST and LCST (Figure 1.12 (c)). Phase behaviours in those sys-
tems may be such that an intermediate region is immiscible, as in the
case with a closed-loop phase diagram, or miscible, when two parabolic
coexistence curves are present. [7] The phase behaviours of some common
polymer–solvent mixtures are given in Table 1.3.

Table 1.3 – Phase behaviour of some common polymer–solvent
mixtures. [59,60]

Polymer Solvent Temperature Type
polyethylene anisole ∼ 95℃ UCST

poly(2-ethyl-2-oxazoline) water ∼ 62℃ LCST
poly(N -isopropylacrylamide) water ∼ 32℃ LCST

poly(methacrylamide) water ∼ 57℃ UCST
poly(methyl methacrylate) n-butanol ∼ 80℃ UCST

polystyrene cyclohexane ∼ 25℃ UCST

The construction of phase diagrams is commonly achieved by cloud
point measurements, via, e.g., turbidimetry. Precisely, solutions at dif-
ferent concentrations are prepared and brought into a single phase, ei-
ther by heating or cooling. The homogeneous solutions are then slowly
cooled or heated, depending on the type of behaviour. As the temper-
ature crosses the coexistence curve, the solution becomes turbid, indi-
cating microscopic heterogeneity. The turbidity of the solution is due to
scattering of light by a difference in the refractive index between the two
phases. By connecting the cloud points measured for solutions of differ-
ent concentrations, the coexistence curve and hence the phase diagram
can be constructed. [7] After a sufficiently long time, the polymer–solvent
system ultimately separates into two macroscopic phases, each of which
being uniform.

1.3.3 Copolymer solutions

In a solvent, the phase behaviour of copolymers is controlled by the
interaction between the small chain segments and the solvent molecules
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as well as the interaction between the segments themselves. Hence,
the design of copolymers, i.e., composition and architecture, strongly
impacts the chain behaviour in solution. In contrast to homopolymer
solutions, quality of the solvent has to be defined in regard to the differ-
ent monomer units, which may greatly vary according to their chemical
nature. In this respect, non-selective solvents are those that are ther-
modynamically good for all parts of the macromolecule, which ensure
solubility. On the other hand, non-solvents cause the aggregation of
the chains and precipitation of the entire polymer. Also, the different
parts of the macromolecules may develop contrasting affinity in regard
to a given solvent or mixture of solvents. In this regard, solvophilic-
ity or, on the opposite, solvophobicity measures respectively the affin-
ity, and lack of affinity, of a particular sequence for a specific solvent.
In aqueous solution, the terms hydrophilicity–hydrophobicity are com-
monly used to highlight the nature of the solvating media. In this conti-
nuity, amphiphile is a term describing a substance made up of monomer
units containing groups that are solvophilic and others that are solvo-
phobic with respect to a given solvent. [31,61]

In random or alternating copolymers, the distribution of groups, may
they be solvophobic or solvophilic, leads to an average solvent quality
in regard to the chain. Consequently, the lack of affinity for one unit
may be sufficient to force the entire chain to shrink or collapse, as illus-
trated in Figure 1.13 (a). In other architectures including segmented and
grafted copolymers, the chemically different blocks occupy distinct re-
gions along the chain. In analogy to their bulk behaviour, those copoly-
mers also self-assemble in block-selective solvents, which solubilize one
but not the other block, forming colloidal-size particles called micelles
(Figure 1.13 (b) and (c)). From a morphological point of view, those
nano-structures consist of a more or less swollen core resulting from the
aggregation of the solvophobic blocks surrounded by a corona formed
by the solvophilic blocks. [30,62–68]

A deep analogy can be made between the associative behaviour of
the simplest diblock copolymer into micelles and the situation observed
for classical low molar mass surfactants that contain both hydrophilic
groups (heads) and hydrophobic groups (tails). Accordingly, a critical
micelle concentration (CMC) can be defined for block copolymer mi-
celles, at which the first micelle forms in a given solvent. As the concen-
tration of copolymer chains increases in the solution, more micelles are
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formed while the concentration of non-associated chains, called unimers,
remains constant to the CMC value. [30,64,69] Compared to classical sur-
factants, CMC values are much lower in the case of block copolymer
macro-surfactants, which motivates their use as, e.g., nano-containers
for drug delivery. [70–73]

(a) Random (b) Segmented
(c) Grafted

Figure 1.13 – Phase behaviour of various amphiphilic copolymer
architectures in a selective solvent.

The micellization process is characterized by the aggregation of an
average number (Gaussian distribution) of block copolymer chains into
micelles, which defines the aggregation number Z. [64] For amphiphilic
diblock copolymers, this number generally ranges from a few tens to
thousands and depends on the length of both blocks. Empirically, the
aggregation number is roughly correlated to the degree of polymeriza-
tion of the insoluble block, but decreases with the length of the soluble
block. [65,74]

The size of the micellar core is characterized by its radius, Rc, while
the overall radius of the polymeric micelle is defined as Rm. The latter
depends on the length of each constituting segment, and usually ranges
from 10 to 100 nm, similar to that of viruses and lipoproteins. Other
ways of defining the overall dimension of a micelle are the radius of gyra-
tion, Rg, and the hydrodynamic radius, Rh, as defined above. The core
size is determined by the number and length of solvophobic segments
that aggregate to form the micellar object. [62,64]

As illustrated in Figure 1.14 (a), dimensions of micellar objects are
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experimentally evaluated by scattering methods, including but not lim-
ited to static and dynamic light scattering, and small angle X-ray and
neutron scattering (SAXS and SANS). While giving a representative
overview of the sample, scattering data are often fitted to a model,
which can be problematic in the analysis of samples containing multi-
ple or unknown structures. In complement, microscopy techniques al-
low observing differences in individual particles via direct imaging (Fig-
ure 1.14 (b)). In counterpart, the analysis of a representative number
of particles is time consuming, which generally results in poor statis-
tics. [68,75]
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Figure 1.14 – Schematics showing the size information and image
obtained by different scattering and microscopy techniques for a

spherical polymer micelle. [75]

Like surfactants, amphiphilic block copolymers aggregate to produce
nano-objects of various morphologies like spheres, cylinders or vesi-
cles. [66,69,76] Especially if the soluble segment is predominant, a diblock
copolymer usually forms spherical micelles. As the length of the solvo-
phobic block increases relative to the solvophilic block, cylindrical mi-
celles or vesicles might be obtained. [65,67,77,78] Whereas the solvophobic
parts become packed together, the solvophilic segments interact prefer-
entially with solvent molecules than with each other, leading to short
range repulsion between adjacent coronal chains. The delicate balance
between solvophobic and solvophilic interactions gives rise to an opti-
mal surface area at the core–corona interface, which in turn drives the
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formation of nano-structures. [66,77,79,80]

More exotic micelles with shapes differing from spheres or coexistence
of multiple morphologies in solution can also be observed depending on
the preparation conditions, i.e., concentration, [81] solvent, [82] or addi-
tives. [83,84] Indeed, these unusual micelles are frequently observed when
nano-particles are kinetically trapped into a metastable state (kinetic
control). [80,82,85] Even if the resulting structures are rather aggregates
than true associates, the term non-equilibrium micelles has been com-
monly accepted. With time, dynamics of micelles potentially leads to
rearrangement of the structure to the most stable morphology (thermo-
dynamic control). In parallel, non-equilibrium micellar structures can
be converted into stable, said equilibrium, micelles by heating, changing
solvent quality or adding a plasticizer. [80,86–89]

The dynamics of micellar systems is relevant at several levels that are
the micellization, i.e., the formation of micelles, and micellar exchange
or hybridation, i.e., the establishment of an equilibrium. The kinet-
ics for block copolymers is analogous to surfactants and controlled by
two mechanisms that consist in exchange of unimers, i.e., single chains,
and slower fusion/fission of whole micellar species. [88,90,91] Both mech-
anisms are very sensitive to the copolymer structure, to the molecular
weight and composition. [68,88] For small deviations from equilibrium, hy-
bridation occurs mainly via step-wise association/dissociation of a single
unimer at a time, according to the Aniansson–Wall mechanism (Fig-
ure 1.15). [92–94] Being apparently a distinct concern, the local dynamics
of chain segments in the core or in the corona of the micelles can be thus
linked to some extent to the hybridation mechanisms.
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Figure 1.15 – Schematic representation of the escape of a unimer
from a polymeric micelle.
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In comparison with low molecular weight surfactant micelles, the ex-
change kinetics of polymeric micelles proceed on time scales drastically
longer than for ordinary surfactant micelles, which are in the order of
the microsecond/millisecond range. In comparison, dynamics of block
copolymer micelles may stretch over a wide time window virtually rang-
ing from infinity to hours/minutes. The reason for the slow kinetics is
generally attributed to the strong incompatibility between the insoluble
polymer block and the solvent. [69,88,90] Hybridation kinetics are usually
studied by disrupting an equilibrium system and following its relaxation.
Typically, the system is disequilibrated by a laser-induced temperature
jump, and the relaxation process is monitored by light scattering or flu-
orescence measurements. [95,96] Other techniques consist in following the
steady-state exchange of labelled copolymer chains between micelles via,
e.g., fluorescence spectroscopy. [97–99]

Dynamics of block copolymer micelles can be tuned over time scale
via numerous parameters. Intuitively, longer insoluble blocks and less
swollen cores slow down the expulsion of the chains. The mobility of the
chains in the core also strongly depends on the glass transition temper-
ature of the core-forming block. In this respect, micelles having glassy
cores, such as polystyrene, are generally kinetically frozen, and show
absent to very slow unimer exchange. [98,99] In addition to temperature,
the exchange kinetic can be accelerated using several cosolvents and sur-
factants, which reduce the interfacial tension between the solvophobic
group and the solvent. In parallel, the length and steric hindrance of the
soluble block also plays a role, since the probability that unimers return
to the core, instead of diffusing into the solution, is related to the time
they need to diffuse through the micellar corona. [69,88,90,91]

1.3.4 Stimuli-responsive polymers

Stimuli-responsive polymers are polymers that undergo reversible or
irreversible changes in their physico-chemical properties in response to
external changes in environmental conditions. [100–102] Stimuli-responsive
polymers have been coined differently such as intelligent, smart, stim-
uli or environmentally sensitive polymers. [100] Such polymers are widely
found in living systems to sustain life and maintain biological functions.
Indeed, proteins, polysaccharides and nucleic acids constitute typical
stimuli-responsive biopolymers that change in their environment. In-
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spired by Nature, synthetic polymer systems with very similar attributes
have been developed towards tailored assemblies and interfaces with spe-
cific functions and structures (Figure 1.16). [103]
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Figure 1.16 – “Galaxy” of nano-structured stimuli-responsive
polymer materials. [103]

The basic operating principle of a stimuli-responsive polymer consists
in the recognition of a stimulus as a signal, the evaluation of its mag-
nitude, and finally a conformational and/or physico-chemical changes
in direct response. [62,100,103] Indeed, stimuli-sensitive polymers generally
incorporate functional groups that are amenable to a change in char-
acter, e.g., charge, polarity and solvency. For example, water soluble
thermo-responsive homopolymers have a repeating unit that contains
both hydrophilic and hydrophobic moieties. As functional groups are
multiplied along the polymer chain, the relative changes in chemical
structure will be amplified synergistically, leading to dramatic transfor-
mations in conformational/physico-chemical properties. [104]
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Many different stimuli have been employed to induce response in
polymeric systems. These stimuli can be classified as physical, chemi-
cal or biological. Typical chemical stimuli are pH and redox changes,
ionic strength variation and addition of specific analytes, external addi-
tives or any other chemical agents. The most common physical stimuli
are temperature changes, light irradiation, electric, magnetic or acoustic
field variations and mechanical force. More recently, biochemical stimuli
have been recognized as a third category, which involves the responses to
antigens, enzymes, ligands or other biochemical agents. Some systems
combine two or more stimuli-responsive mechanisms in so-called multi-
responsive polymers. For instance, temperature-sensitive polymers may
also respond to pH changes. On the other hand, two or more signals
could be simultaneously applied in order to induce response in one poly-
mer systems. [62,100,101,105]

Smart polymers respond to stimuli in bulk, film, particle, solution or
gel, and lead to modifications in surface characteristics, solubility, shape,
formation of a molecular assembly, a sol-to-gel transition. . . Typically,
the response of a polymer in solution is a change in its individual chain
size, secondary structure, and/or solubility by changing the degree of
intermolecular associations, i.e., polymer–polymer and polymer–solvent
(Figure 1.17). In most cases, the formation or destruction of secondary
forces (hydrogen bonding, hydrophobic effects, electrostatic interactions,
etc.), simple reactions (acid–base, redox, etc.) of moieties linked to the
polymer backbone, and/or osmotic pressure differences are responsible
for a coil-to-globule transition. Another type of response is due to dra-
matic alterations in the polymeric structure, such as degradation of poly-
mers upon the application of a specific stimulus by bond breakage in the
polymer backbone or at pendant cross-linking groups. [62,100,102,104]

The changes in physico-chemical properties of stimuli-responsive poly-
mers enable the creation a large variety of smart devices with tailorable
function and novel features, such as sensors, actuators and controlled
release systems. Nowadays, recent advances in the design of stimuli-
responsive polymers have created opportunities for broad applications in
the area of materials science (Figure 1.16). Application of smart materi-
als include but are not limited to responsive interfaces that are function-
ally similar to natural surfaces; controlled drug-delivery and release of
therapeutics; coatings that are capable of interacting with and respond-
ing to their environment; engineered tissues that actuate and mimic the



32 Chapter 1. Polymer chemistry and physics

action of muscles; and thin films and particles that are capable of sensing
and/or separate very small concentrations of analytes. [101–103,106]
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“OFF” “ON”

(c) Polymer brush in solution

Figure 1.17 – Schematic illustrations of stimuli-responsive phase
transition behaviour of different polymer architectures in solution. [107]

1.4 Summary

Through this chapter, some fundamentals on polymer chemistry and
physics were reminded. At first, the concept of macromolecules was
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developed in terms of degree of polymerization, dipersity, monomer ar-
rangement and chain topology, thereby highlighting the richness of struc-
tures that can be encountered in this field. Then, the different methods
of living and controlled polymerizations were presented, with a partic-
ular attention on the reversible addition–fragmentation chain transfer
process. Finally, the behaviour of polymer chains in solution was de-
scribed, with emphasis on block copolymer self-assembly and stimuli-
responsive polymer sequences.
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CHAPTER 2
SUPRAMOLECULAR ASSEMBLY: TOWARD

SELF-ASSEMBLED MATERIALS

Abstract

Inspired by Nature, supramolecular design emerged as an unprece-
dented tool toward functional and adaptive architectures. This chem-
istry is based on the non-covalent association of chemical entities, us-
ing weak interactions as molecular glue. The latter include but are not
limited to ionic interactions, H-bonds, metal–ligand coordination, and
π-stacking. In turn, these interactions have been explored in the devel-
opment of materials showing stimuli-responsiveness, improved process-
ing, and self-healing abilities. In this context, supramolecular polymers
have attracted considerable attention since they exhibit distinct advan-
tages over covalent counterparts.
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2.1 Definitions and concepts

Introduced by the Nobel Prize J.-M. Lehn, [1,2] supramolecular chem-
istry, defined as “chemistry of inter-molecular bonds and molecular as-
semblies” [2] or more colloquially as “chemistry beyond the molecule”, [3,4]
has been established as a major field in chemical sciences. [5–8] Lying be-
yond the classical molecular chemistry, supramolecular chemistry relies
on inter-molecular interactions, i.e., non-covalent associations of chemi-
cal entities. [1–4,9,10] Since those secondary interactions are usually weaker
than primary covalent bonds, they are dynamically more flexible and
kinetically more labile, [11,12] which generates a binding equilibrium be-
tween molecular species and confers adaptive properties to the supra-
molecular assembly. [13,14]

Other definitions include concepts such as “the chemistry of non-
covalent bonds” and “non-molecular chemistry”. [8] Originally supramolec-
ular chemistry was defined in terms of the non-covalent interaction be-
tween a “host” and a “guest” molecule. [8] Hence, other terms like “inclu-
sion phenomena”, “host–guest chemistry” or “molecular recognition” are
used interchangeably with supramolecular chemistry. [15] It can also be
described as “Lego® chemistry” in which each brick represents a molec-
ular building block that are held together by intermolecular interac-
tions, of a reversible nature, to form a supramolecular aggregate. [16]
These intermolecular bonds include electrostatic interactions, [17,18] hy-
drogen bonding, [19–21] π-π stacking, [22] metal–ligand coordination, [23–27]
and solvophobic effects. [28–32]

Supramolecular chemistry can be split into two broad categories;
host–guest chemistry and self-assembly. The difference between these
two areas is a matter of shape and size. If one molecule is significantly
larger than another and can wrap around the latter, it is termed the
host and the smaller substrate is its guest, which becomes enveloped
by the host (Figure 2.1 (a)). Precisely, the host component is defined
as an organic molecule or ion whose binding sites converge in the com-
plex. On the other hand, the guest component is any molecule or ion
whose binding sites diverge in the complex. A binding site is a region
of the host or guest that is of the correct size, geometry and chemical
nature to interact with the other species, and gives the selectivity of the
interaction. [6,8,16,33,34]
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Figure 2.1 – Construction of supramolecular systems from molecular
building blocks. [16]

Host–guest complexes include biological systems, such as enzymes
and their substrates, with enzymes being the host and substrates be-
ing the guest. In coordination chemistry, metal–ligand complexes can
be seen as host–guest species, where large ligands can act as hosts for
smaller metal cations. When possessing a permanent cavity that con-
tains specific binding sites, such ligands act as a host both in solution and
in the solid state. On the other hand, the class of solid state inclusion
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complexes only exhibits host–guest behaviour as crystalline solids. In
this compounds, the guest is bound within a cavity that is formed as a re-
sult of a hole in the packing of the host lattice (Figure 2.1 (b)). [6,8,16,33,34]

Where there is no significant size difference and no species is act-
ing as a host for another, the non-covalent joining of two or more
molecules is termed self-assembly. Strictly speaking, self-assembly is
a dynamic equilibrium between two or more molecular species to pro-
duce an aggregate whose structure depends only on the information
contained within the chemical building blocks (Figure 2.1 (c)). In that
case, the selectivity of the association process arises from the comple-
mentarity of self-assembling species in term of position and number of
binding sites. While occurring spontaneously, the self-assembly process
may be influenced, in solution, by solvation or templation effects or, in
the solid state, by nucleation and crystallisation. In nature, deoxyri-
bonucleic acid (DNA) constitutes the most inspiriting biological struc-
ture, made up from the self-assembly of two strands via hydrogen bonds
and aromatic stacking interactions to form the famous double helical
structure. [6,8,16,33,34]

2.2 Binding equilibrium

The binding of a guest by a host species, or the association of two
or more species by non-covalent bonds, is an equilibrium process (equa-
tion 2.1). The thermodynamic stability of a host–guest complex under
specific conditions, i.e., solvent and temperature, is gauged by the bind-
ing constant, K. The latter is also known by the terms formation con-
stant, association constant, or stability constant as it provides a quanti-
tative representation of the degree of association between species. [8,15,16]

Host + Guest kassociation−−−−−−−⇀↽−−−−−−−−
kdissociation

Host−Guest (2.1)

Binding constants are expressed as the ratio between complex asso-
ciation and dissociation rate, which can be related to the concentrations
of each species at thermodynamic equilibrium through the relationship:

K = kassociation
kdissociation

= [host–guest]
[host] · [guest] (2.2)
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Frequently, host–guest complexes do not form exclusively in a straight-
forward 1:1 ratio. In such cases, there is more than one binding constant
as subsequent guests bind to the host or inversely. Multiple equilibria
of this type are described by stepwise binding constants for each guest
as it binds, and an overall binding constant for the final complex which
is termed beta, β. [8,16] For a 2:1 host–guest complex:

G + H k1−−⇀↽−−
k-1

HG , with K1 = k1
k-1

= [HG]
[G] · [H] (2.3)

HG + H k2−−⇀↽−−
k-2

H2G , with K2 = k2
k-2

= [H2G]
[HG] · [H] (2.4)

G + 2H k2−−⇀↽−−
k-2

H2G , with β = K1 ·K2 = [H2G]
[G] · [H]2

(2.5)

In value, binding constants can range from near zero (no affinity) to
very large (perfect affinity), which can be assessed theoretically. In real
systems, the equilibrium is however subjected to environmental influ-
ences like, e.g., competing interactions from other potential guests and
the surrounding (solvation, ion pairing, crystal lattice, etc.). In particu-
lar, solvent molecules greatly outnumber the amount of host and guest,
therefore having a pronounced effect upon the association dynamics and
energetics. Indeed, many interactions with solvent molecules must be
broken in order for binding to occur, which has both enthalpic and en-
tropic consequences on the equilibrium. [8,16]

Practically, binding constants are thus calculated from experimen-
tal data that provide information about the position of the equilib-
rium under specific conditions. In this regard, potentiometric or nu-
clear magnetic resonance (NMR) monitored titrations, and ultraviolet–
visible (UV-Vis) or fluorescence spectroscopy constitute the most com-
mon techniques in the determination of binding constants. [15,35] In par-
allel, the relative binding strength of host–guest complexes can also be
addressed by more exotic techniques, e.g., using variable laser intensities
in matrix-assisted laser desorption/ionization mass spectrometry. [35,36]
Behind, measurement of the binding strength of host–guest interaction
at the single-molecule level remains a daunting challenge. [37–39]
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2.3 Supramolecular interactions

Non-covalent bindings represent the energies that hold supramolecu-
lar species together. Concretely, the term “non-covalent” encompasses
a wide range of attractions and repulsions that are summarised in Fig-
ure 2.2. They are labile in essence and hence individually weak compared
to covalent interactions, which can range between ca. 150 to 450 kJ/mol
for single bonds. On the other side, non-covalent interactions range from
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Figure 2.2 – Illustration showing non-covalent interactions commonly
involved in supramolecular chemistry and their strength. [40]
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very weak, ca. only a few kJ/mol for van der Waals force, to 350 kJ/mol
for strong ion–ion interactions. However, when these interactions are
used collectively in sufficient number, they can generate highly stable
assemblies, their interplay governing the shape and function of the final
assembly. [16,40]

2.3.1 Electrostatic interactions

Ionic and polar bonds can be split into three main categories that
are ion–ion, ion–dipole, and dipole–dipole interactions. All are based
on the electrostatic attraction and repulsion between respectively oppo-
site and like charges. These charges may be inherent to species (ions),
or virtually born from their electronic distribution (dipole, quadrupole,
etc.). [16] The strength of these interactions follows Coulomb’s law, de-
creasing with the distance between the charges. The strength of the
electrostatic force is however directly proportional to the magnitudes
of charges. Hence, binding energies decrease with the involvement of a
dipole, quadrupole (. . . ) as interactional partner. Consequently, only
ionic bonding is comparable in strength to covalent bonding (100 to
350 kJ/mol). In turn, ion–dipole interactions are stronger than dipole–
dipole associations (50–200 and 5–50 kJ/mol, respectively) as ions have
a higher charge density than dipoles. [8]

Ion–ion interactions are non-directional in nature, meaning that the
interaction can occur in any orientation. They can nevertheless result
in highly directional self-assembled structures like crystal for example,
showing uniform structure due to the periodicity of the assembly (Fig-
ure 2.3 (a)). Ion–dipole and dipole–dipole interactions, however, have
orientation-dependant aspects requiring two or more entities to be ar-
ranged such that the interactions occur in the optimal direction. Due
to the relative rigidity of directional interactions, only mutually com-
plementary species are able to form supramolecular aggregates, whereas
non-directional bonds can stabilise a wide range of molecular pairings.
Despite providing the weakest association, dipole–dipole interactions
are thus useful for bringing species into alignment, as it requires spe-
cific orientation of interacting entities. This type of interactions is
also encountered in a certain number of solvent like, e.g., acetone (Fig-
ure 2.3 (c)). [8,16]

The binding of an ion with a polar molecule, such as water, is an
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example of ion–dipole interaction, which can be observed in both solid
state and solution. A supramolecular analogue is found in the structure
of alkali cations complexes with macrocyclic ethers, known as crown
ethers (Figure 2.3 (b)). Finally, ion–dipole interactions also include
dipolar interactions, also known as dative or coordination bonds, where
both electrons in the bond originate from the same atoms. [8,16] Such
interactions are mostly electrostatic in nature in the case of the inter-
actions of low-polarisable metal cations and hard bases. Nevertheless,
other coordination bonds often used in self-assembly may show a signifi-
cant covalent component, which blurs the distinction between molecular
and supramolecular species. [41]

2.3.2 Hydrogen bonding

Because of its strength and highly directional nature, the hydrogen
bond is arguably the most important non-covalent interaction. It repre-
sents a special kind of dipole–dipole interaction between a proton donor
(D) and a proton acceptor (A). Donors are groups with a hydrogen
atom attached to an electronegative atom, usually nitrogen or oxygen,
therefore forming a dipole with the hydrogen atom carrying a small pos-
itive charge. Acceptors are dipoles with electron-withdrawing atoms by
which the positively charged hydrogen atom can interact, for example,
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carbonyl moieties. [16,19,42]
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Figure 2.4 – Common arrangements of hydrogen bond types. [42]

The strength, length and nature of hydrogen bonds vary between sys-
tems and are correlated with the electronegativity of the atom to which
the hydrogen is attached, along with the H-bond geometry (Figure 2.4).
In this respect, the interaction can be divided into three broad cate-
gories that are summarized in Table 2.1. A strong interaction, like in
HF2

– ion, is somewhat similar in character to a covalent bond, whereby
the hydrogen atom adopts a central position between donor and ac-
ceptor atoms. Moderate-strength H bonds are formed between neutral
donor and acceptor via electron lone pairs, like in the dimerization of
carboxylic acids. As a characteristic, moderate interactions do not have
a linear geometry but are rather slightly bent. Weak hydrogen bonds
are even less linear and in some cases can form perpendicular interac-
tions, which are encountered for certain interactions between benzene
rings. As a general rule, the strength of hydrogen interactions classi-
cally ranges from 4 to 120 kJ/mol, with the vast majority being under
60 kJ/mol, which depends on proton acidity. [8,16,42]

Table 2.1 – Hydrogen bond interactions and their properties. [8,16]

Properties \ Interactions Strong Moderate Weak
Bond character mainly mainly purely

D—H· · ·A covalent electrostatic electrostatic
Bond energy [kJ/mol] 60 – 120 15 – 60 < 15
H· · ·A bond length [Å] 1.2 – 1.5 1.5 – 2.2 2.2 – 3.2
D—A bond length [Å] 2.2 – 2.5 2.5 – 3.2 3.2 – 4.0

Bond angle [°] 175 – 180 130 – 180 90 – 150
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In daily life, hydrogen bonds ensure the cohesion in major biological
building blocks whose best example is that of DNA double helix. Hy-
drogen bonds also explain the particular cohesion of certain liquid, like
water, which allows the development of life on Earth. In addition, the
high degree of directionality of hydrogen bonding interactions, together
with the rich source (amino acids, carbohydrates and nucleobases) and
specific alignment of hydrogen bond donors and acceptors, have proved
to be a fruitful asset for the design of supramolecular systems. [16,42]

2.3.3 Pi stacking

Pi-stacking refers to interactions implying π-systems, i.e., that pos-
sess electrons involved in covalent chemical bond formed by lateral over-
lap between atomic orbitals. Such interactions are commonly observed
in crystal structures of aromatic molecules or in the layered structure
of graphite. Those aromatic systems can be regarded as a positively
charged framework of σ-bonds, i.e., resulting from the front overlap of
orbitals, sandwiched between two negatively charged π-electron clouds
(Figure 2.5). In Nature, stacking plays a role in stabilising the recombi-
nant tobacco mosaic virus rod scaffold and the DNA double helix shape
through vertical base-pair interactions, being thus further involved in
the intercalation of drugs. [8,16,42]

: ̟ bonds

: σ bonds

(a) Orbital description

+ + + + + + + + + + +

- - - - - - - - - - -

- - - - - - - - - - -

(b) Polar description

Figure 2.5 – Different descriptions of aromatic rings.

In supramolecular systems, three main categories of π-interactions
can be found namely anion–π, cation–π and π–π interactions. Even if
the interaction of an anion with π-electron density should intuitively be
repulsive, aromatic rings may show some affinity, especially for small
halides (Figure 2.6 (a)). Indeed, the possibility for an electrostatic at-
traction always exists due to charge difference between anions and overall
neutral aromatic rings. [8,43]
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Figure 2.6 – Examples of the three main categories of π interactions.

Cation–π interactions are common in the field of organometallic chem-
istry, whereby olefinic groups are bound to transition metal ions, like in
metallocenes (Figure 2.6 (b)). In such complexes, the bonding is how-
ever relatively strong and can be regarded as covalent, since intimately
related with the overlap of partially occupied orbitals of the metals.
On the other hand, alkaline and alkaline earth cations form weaker in-
teractions with unsaturated systems, typically the interaction of potas-
sium cations with benzene, whose binding energy ranges between 5 and
80 kJ/mol. [8,16,42,43]

(a) Edge-to-face (b) Face-to-face

Figure 2.7 – Two main geometries for π–π interactions.

π–π interactions, sometimes called aromatic stacking, occur between
aromatic rings, often in situations where one is relatively electron poor
and the other is electron rich (Figure 2.6 (c)). Although a wide variety
of intermediate geometries are known, two main types of π–π inter-
action are distinguished (Figure 2.7). In edge-to-face configuration, a
hydrogen atom from one ring interacts in a perpendicular orientation
with respect to the other ring centre. This configuration arises from
the attraction between the π-electron cloud of one conjugated ring and
the σ-framework of a neighbour, and is responsible for the packing in
crystal structures of many small aromatic hydrocarbons. In face-to-face
configuration, parallel ring-systems are generally offset due to repulsion
between π-electron clouds, and the centre of one ring interacts with the
corner of another. This configuration is encountered in graphite and
also between electron-rich and electron-poor substituted aromatic rings,
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namely arene–arene interaction. [8,16,42,43]

2.3.4 Solvophobic effects

Solvophobic effects arise from the exclusion of groups or molecules dif-
fering from the solvent in polarity. This phenomenon is typically obvious
in the immiscibility of several liquids. In biological systems, hydropho-
bic effects play a crucial role in the formation of phospholipid bilayer cell
walls and the maintenance of protein and polynucleotide structure. [40]
Since solvent molecules preferentially interact with each other in those
systems, the segregated situation is energetically more favourable than
the hole created by the incompatible solute. In this respect, solvophobic
effects can be split into two energetic components, namely an enthalpic
solvophobic effect and an entropic solvophobic effect. [8,16]

molecular
recognition

(a) Enthalpic solvophobic effect

self-
assembly

(b) Entropic solvophobic effect

Figure 2.8 – Energetic components of the solvophobic interactions. [16]

Enthalpic solvophobic interactions occur when a guest replaces sol-
vent molecules within a solvophobic cavity (Figure 2.8 (a)). The energy
in the system is high since the host does not interact strongly with the
solvent molecules. When the latter are replaced by the guest, the system
energy is lowered by the interaction of the guest with the host cavity.
In addition, an entropic factor also contributes to this process since the
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solvent molecules, initially ordered within the cavity, become disordered
when leaving. [16,30]

Entropic solvophobic interactions appear when two or more solvopho-
bic molecules combine to form a supramolecular complex, which creates
a hole in the solvent. In turn, this results in less disruption (one hole in
the solvent phase instead of multiple holes) and hence an entropic gain.
Accordingly, the overall free energy of the system is lowered. [16,29,44]
This effect is very important in biological systems in the creation and
maintenance of the macromolecular structure and supramolecular as-
semblies of the living cell. Other examples are found in the formation
of amphiphilic structures such as micelles, where amphiphiles assemble
in spherical geometries, and lipid bilayers where the heads meet end-to-
end. [28,32,44]

2.4 Supramolecular materials

Using small molecules as basic building blocks and the different non-
covalent interactions as molecular glue, chemists are now exploring self-
assembly and molecular recognition as alternatives to the classical meth-
ods of synthetic chemistry. Indeed, this new approach allows approach-
ing complex structures having nanometer to millimeter dimensions that
would otherwise be difficult, or impossible, to prepare by traditional
techniques. In counterpart, supramolecular assemblies, be they static
or dynamic, are encountered at all length scales in nature and tech-
nology. Commonly, self-assembly processes can be classified based on
the size/nature of the building units, as with the level at which the
self-assembly occurs (Figure 2.9). [45–47]

In nature, biological molecules such as polysaccharides or polypep-
tides may, under proper conditions, form supramolecular structures of
great complexity via association of complementarity groups. Synthetic
systems rely, for their part, on the ability of chemists to design molecules
incorporating those complementary features. Obviously, direct control
over self-assembled systems is not always possible, because it can rear-
range to form the thermodynamically most stable supramolecular struc-
ture. Indeed, the bonds that combine the components are usually re-
quired to be stable but kinetically labile, so that the most favourable
structure is formed quickly. However, it is possible to guide self-assembled
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systems, taking rational strategic decisions so that the different consti-
tutive elements of the system interact correctly with each other. [12,16]

1 Å 1 nm 10 nm 100 nm 1 µm 10 µm 100 µm 1 cm

atomic assembly

molecular assembly

mesoscopic assembly

biological assembly

interfacial assembly

Figure 2.9 – Classification of self-assemblies based on their size and
nature. [46]

The dynamics and thermo-mechanical reversibility of non-covalent
interactions have been explored toward supramolecular materials with
adaptive environment-dependent properties, improved processing, and
intrinsic self-restructuring abilities (Figure 2.10). The responsiveness of
such materials is derived from the possibility to impact the dynamic equi-
librium inherent in the system with environmental stimuli like e.g., tem-
perature, chemical, pressure, light. . . [48] Dynamic and adaptive proper-
ties also enhance material processing by reducing potential manufactur-
ing defects, which further extends their lifetime and promotes recycling.
Under specific conditions, those supramolecular materials are ultimately
able to restore their structural integrity and function after failure and
damage, which defined self-healing attributes. [49–52]

Along with other significant developments in the field of supramolec-
ular chemistry, supramolecular polymerizations were introduced as the
assembly processes of step-growth supramolecular polymers, as distinc-
tion from the classical covalent polymerization leading to molecular poly-
mers. [53–57] In these supramolecular assemblies, non-covalent interac-
tions are part of the polymeric backbone, resulting in aggregates that of-
ten possess polymer-like properties. Assuming the absence of any kinetic
traps, e.g., crystallisation, main-chain supramolecular polymers exist as
a dynamic equilibrium between monomeric, oligomeric, and polymeric
species (Figure 2.11). In such dynamic systems, the formation of macro-
cycles and the presence of ring–chain or ring–ring equilibria constitute
the other key consideration, impacting the size of polymeric aggregates
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that can be obtained. [53,56,58]
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Figure 2.10 – Achieving reparation and design strategy of intrinsic
self-healing materials. [59]

For polymers that are formed by the reversible association of bifunc-
tional monomers, the average degree of polymerization is determined
by the strength of the end groups interaction and by the concentra-
tion in associating species. [60] Any environmental factor or stimulus
that can influence the strength of the non-covalent association, and
hence the binding between the (macro)monomer units, will shift the
monomer/oligomer/polymer equilibrium, dramatically impacting the ma-
terial properties. Being difficult to assess quantitatively, the distribution
of macrocycles versus linear chains further depends on several factors in-
cluding monomer shape, length and flexibility. [53,56,58]

In parallel to the development of synthetic routes toward comple-
mentary [20,61] and recognition motifs, [62,63] combining macromolecular
and supramolecular chemistry has risen as a powerful approach to-
ward polymeric architectures with adaptable and responsive proper-
ties. [48] Among them, supramolecular networks, where cross-linking is
provided through ionic interaction, [64–68] π–π stacking, [69–73] hydrogen
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bonding, [74–81] metal–ligand coordination, [82–90] solvophobic effect, [91–99]
host–guest complexation, [100–110] or an orthogonal combination of those
secondary interactions, [111–123] attracted specific attention [124,125]. In-
deed, such networks reveal mechanical properties typical for rubbery
materials but, unlike conventional rubber, they exhibit unprecedented
self-healing abilities. [52,126–128]

n-1 n

n

Figure 2.11 – Dynamic equilibrium in supramolecular polymers.

At the basis of supramolecular polymer networks, lie macromolecular
building blocks that have been designed to carry functional groups. The
latter can be of various nature and act as stickers, or “sticky points”, for
transient network formation, enabling connection and reconnection (Fig-
ure 2.12). [127,129] The strength and dynamics of sticky associations, i.e.,
the time by which the supramolecular moieties dissociate and recombine,
constitute relevant issues for their use in self-healing polymers. In addi-
tion, dynamics of individual polymer chains must be sufficient to enable
a certain mobility of the supramolecular groups and hence heal dam-
aged site. A characteristic feature of supramolecular polymer networks
is thus that their dynamics is governed by at least two characteristic
time scales: the one of formation and breakage of temporary inter-chain
associations; the other for the relaxation of chains or chain segments as
captured by classical polymer physics. [127,130]

According to the position of the associating units, two main classes
of building block can be distinguished: main-chain functionalized poly-
mers that incorporate associating groups in the polymer backbone (Fig-
ure 2.12 (d)); [56,131] and side-chain functionalized polymers that bear
pendant stickers along the main-chain (Figure 2.12 (b)). [132] In addi-
tion, telechelics constitute a particular subclass of main-chain polymers
that possess functional groups located at each ends. [133–135]

Even if they constitute one of the most studied categories of poly-
mers, telechelics are essentially used as precursors of higher linear as-
semblies, via head-to-tail associations. Indeed, a physical network can
only be obtained from linear telechelics when the stoichiometry of the
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end-association is higher than two, which mainly characterizes non-
directional, e.g., ionic [64] or solvophobic, [136] assemblies (Figure 2.12 (a)).
Hence, telechelic star polymers have risen as promising precursors of
supramolecular materials with potential model structure [88–90,137]. In-
deed, they allow network formation with close to regular spacing of cross-
linking, assuming that the different arms of the star are of comparable
lengths (Figure 2.12 (c)). However, varying the functionality of such
systems typically requires a control over the number of star branches,
which can be synthetically challenging or restricted.

(a) Ionic (b) H-bonded

(c) Coordination (d) π-stacked

Figure 2.12 – Different types of supramolecular polymer networks.

2.5 Summary

To summarize, supramolecular chemistry was introduced with the
concepts of self-assembly, molecular recognition, and host–guest associ-
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ation. The main forces responsible for the supramolecular organization
were reviewed that are electrostatic interactions, hydrogen bonding, π-
stacking, and solvophobic effects. Then, the interest of developing ma-
terials using these dynamic reversible interactions was presented, high-
lighting the adaptive properties and self-healing abilities that may result
from the supramolecular organization. In this respect, two main classes
of macromolecular building block were distinguished that are the main-
chain functionalized polymers, and side-chain functionalized polymers,
with telechelics as a particular subclass.
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CHAPTER 3
RHEOLOGY OF MATTER – SOLID, LIQUID OR

VISCOELASTIC MATERIALS?

Abstract

The chapter closing the introductory part aims to develop some basics
of rheology. This science studies the deformation and flow of the matter.
In this respect, three different rheological behaviours are distinguished ac-
cording to the response of the matter to an applied stress. At first, the
ideal behaviours of elastic solids and viscous fluids are presented, follow-
ing a mathematical approach. The intermediate category of viscoelastic
material is finally discussed, with emphasis on polymers. Those particu-
lar materials involve time dependent phenomena, which are rationalized
on the basis of fundamental rheological models.
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3.1 Definitions and concepts

The term rheology, derived from the Greek “rheos” meaning some-
thing flowing, was proposed by Bingham in 1929 and is defined as the
study of the deformation and flow of matter. [1,2] The response of mate-
rials to an applied stress is relevant of the different state of the matter.
That response may be irreversible viscous flow, reversible elastic defor-
mation, or a combination of the two. [3] Hence, fluids, i.e., gases and
liquids, will flow when a force is applied, while solids will deform by a
fixed amount and we expect them to regain their shape when the force
is removed. [4]

SHEAR RHEOMETRY
RotationalCapillary

EXTENSIONAL
RHEOMETRY

Viscous liquids

Viscoelastic liquids

Melts

Paste-like materials

Gel-like materials

Soft solids

Reactive systems

Hard solids

Figure 3.1 – Different rheometer instruments for material testing.

Most of the polymeric materials usually exhibit viscoelastic behaviour
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during flow. In other words, they not only show viscous behaviour but
also elastic behaviour in the liquid state. [5] Hence, rheology is a science
that mainly deals with the deformation and flow of polymeric materi-
als. Since there are a variety of polymeric materials, polymer rheology
can be further classified into different categories, according to the na-
ture of these materials, each exhibiting their own unique rheological
characteristics: the rheology of homogeneous polymers, the rheology of
polymer blends, the rheology of polymers composites, the rheology of
block copolymers. . . [5]

Finding its etymology from the same origin, rheometry refers to
the experimental quantification of rheological properties of materials. [1]
For elastic or highly viscous materials, this quantification is generally
achieved with a device called a rheometer. For relatively low viscos-
ity liquids, a viscometer may be sufficient. [6] Control over rheological
properties is essential for the manufacture and handling of numerous
materials and products. Hence, rheology has earned a prominent place
in food, cosmetic, rubber, plastic, paint, inks and many more industries
(Figure 3.1). [3]

3.2 Stress and strain

When a stress is imposed to a material, it undergoes a deformation
that is a change in shape or dimension. [1] The deformation is usually
expressed in terms of extension undergone by the material, λ, as result-
ing from the application of mechanical force. [4] The stress, σ, is simply
defined as the force divided by the area over which it is applied, thus
expressed in N/m2 or Pa. Following this idea, pressure is a compressive
bulk stress (σc). When hanging a weight on a wire, an extensional stress
(σe) is imposed. Finally, shear stress (σs) is applied when gumming a
sheet of paper. [4]

Experimentally, most of the rheometers are based on the measure
of material extension induced by the application of mechanical stress.
This extension is commonly expressed in relative to the unit of length
over which the deformation occurs, i.e., volume, length, or other mea-
surement, depending on the nature of the stress. In order to make
calculations tractable, the strain, γ, is defined as the relative displace-
ment from the rest position. This quantity is thereby dimensionless and
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usually expressed as a percentage. [3,4]

The relationship between the applied stress and the resulting strain is
intimately related to the chemical and physical structure of the material.
In this respect, two limit and one intermediate classes of materials can
be distinguished: the elastic solids, the viscous fluids and the viscoelastic
liquids or solids.

3.3 Elastic solids

An ideal elastic solid is a material able to store all deformation en-
ergy, which in turn allows recovery of the original shape when the stress
is released. Under low deformation, materials such as metals or ceramics
are nearly ideal elastic solids and show almost no flow or viscous com-
ponent. By definition, elasticity is the reversible stress–strain behaviour
by which a body resists and recovers from deformation produced by a
force. This behaviour is exhibited by rubber-like materials in a unique
and extremely important manner. Unlike metals or glasses, they can
undergo very large deformations without rupture and then can come
back to their original shape. [3]

A

L0

F

L0 + ∆L

strain

rest

Figure 3.2 – Extensional deformation of an elastic material, of
dimension A x L, in response to an applied force F .

As illustrated in Figure 3.2, the application of a tensile stress to a
material will result in a corresponding extensional deformation. For
uniaxial extension, stress is expressed as the imposed force, F , per unit
cross-sectional area, A, of the material: [7,8]

σe(t) = F (t)
A

(3.1)

The uniaxial extension is expressed according to the length dimension
of the material under rest, L0, and stress condition, L0 + ∆L, by: [7–9]
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λe(t) = L0 + ∆L(t)
L0

(3.2)

Finally, the tensile strain is defined as the lengthening by unit of
original length: [7–9]

γe(t) = ∆L(t)
L0

= λe(t)− 1 (3.3)

A

x

y

z
strain

rest

x

y

z

F

∆x

Figure 3.3 – Shear deformation of an elastic material, of dimension
x− y − z, in response to a constant force, F .

The second type of deformation is illustrated in Figure 3.3 and is
called simple shear. Here, the application of a tangential force results
in shearing displacement. In that case, shear stress and strain can be
defined similarly according to the dimensions of the material: [7–9]

σs(t) = F (t)
A

= F (t)
x · y

(3.4)

γs(t) = ∆x(t)
z

(3.5)

Under low strain uniaxial deformation, the mechanical behaviour of
ideal elastic solids is, like ideal springs, described by Hooke’s law. A
solid is said Hookean provided that stress varies linearly with strain, the
proportionality being given by the tensile or Young’s modulus, Y : [7–9]

σe(t) = Y · γe(t) (3.6)
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The same linearity is valid in the case of shearing, where the propor-
tionality is given by a different elastic modulus, G, called shear modu-
lus: [7–9]

σs(t) = G · γs(t) (3.7)

The Hooke’s law implies that instantaneous deformation follows the
application of force to ideal elastic solids. Because the deformation en-
ergy is stored elastically, those materials recover their original shape as
soon as stress is removed. Therefore, the elastic strain is said instanta-
neous and recoverable. In other word, the elastic strain follows, in phase,
the mechanical stress applied to the Hookean solid (Figure 3.4). [4,10]

Table 3.1 – Moduli of elasticity for common materials.

Material Tensile modulus, Y Shear modulus, G
[GPa] [GPa]

Diamond ∼ 1,200 ∼ 475
Steel 190 – 210 75 – 80

Copper 110 – 120 40 – 47
Aluminium 70 – 79 26 – 30

Glass 48 – 83 19 – 35
Lead 17 – 19 12 – 14

Concrete 16 – 18 6 – 8
Fir wood 11 – 13 5 – 7
Nylon 2 – 4 0.6 – 1.6

Polyethylene 0.7 – 1.4 0.2 – 0.5
Rubber 0.1 – 0.6 0.03 – 0.2

At high stresses and strains, a limit of linearity can be reached beyond
which Hooke’s law is no longer valid. For example, strain hardening, i.e.,
an increasing modulus with increasing strain, is normally observed with
polymeric networks up to fracture. On the other hand, strain softening,
i.e., a decreasing modulus with increasing strain, is observed with some
metals and colloids until yield is observed. [4]
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ωt

σ(t) = σ
0
.sin(ω.t)

γ(t) = γ
0
.sin(ω.t)

σ
0
γ

0

Figure 3.4 – Phase between oscillating strain resulting from the
application of oscillating stress to a Hookean solid.

3.4 Viscous fluids

When a fluid system is studied by the application of a tensile or
shear stress, motion is produced until the stress is removed. [4] When
this force is applied tangentially, shear stress produces a sliding of one
infinitesimal layer over another, resulting in a stack-of-cards type of flow
(Figure 3.5). [3]

A

x

y

z

x

y

z

F

strain

Δt

∆x

dz

Figure 3.5 – Shear deformation of a viscous material, of dimension
x− y − z, in response to a constant force, F , applied during a given

time interval, ∆t.

As for elastic solids, the stress is defined as the ratio of the force to
the area of the surface where the latter is applied. Assuming a constant
shear stress: [4]
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σs = F

A
= F

x · y
(3.8)

By applying constant shear stress on the upper surface of the fluid,
the latter will move at a constant velocity, v. Assuming there is no slip
at the surface of the fluid, a continuous change in velocity will appear
across the small gap, z, to zero at the lower surface. The displacement,
∆x, produced within a given time interval, ∆t, can be expressed in term
of shear strain: [4]

∆γs = ∆x
z

= v ·∆t
z

(3.9)

If the force applied to the surface of the fluid is not constant during
the time interval ∆t, the displacement is decomposed into infinitesimal
motion dx. The instantaneous shear stress and strain are respectively
defined in regard to the instantaneous force and displacement, as fol-
low: [4]

σs(t) = F (t)
x · y

, dγs(t) = v · dt
z

, with v(t) = dx

dt
(3.10)

Usually, the instant strain is reported per time unit, from which the
shear rate, or velocity gradient, is derived: [4]

γ̇s = dγs(t)
dt

= v

z
(3.11)

If the velocity profile of the different layers of fluid is not linear, the
shear rate varies across the gap and must be written: [4]

γ̇s = dv

dz
(3.12)

When the plot of shear stress versus shear rate is linear, the fluid
behaviour is simple and follows the Newton’s law. Such a fluid is said
Newtonian and the coefficient of viscosity, η, being the proportionality
constant between shear rate and stress: [3,4]
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σ(t) = η · γ̇(t) (3.13)

By definition, the dynamic viscosity of a fluid, η, is a measure of its
resistance to gradual deformation by shear stress or tensile stress. By
relating the dynamic viscosity to the density of the fluid, ρ, the kinematic
viscosity, ν, can be defined: [4]

ν = η

ρ
(3.14)

Table 3.2 – Dynamic and kinematic viscosities of common fluids.

Fluid Dynamic viscosity Kinematic viscosity
[Pa·s] [m2/s]

Air 1.8× 10−5 1.6× 10−5

Water 1× 10−3 1× 10−6

Olive oil 8.4× 10−2 9.2× 10−5

Glycerol 1.5 1.2× 10−3

Honey 6 4.3× 10−3

Molten glass 101 – 103 5× 10−3 – 10−1

Asphalt 104 – 105 101 – 102

Earth’s mantle ∼1021 ∼ 2× 1017

Newtonian fluids are materials that dissipate the energy deformation
during their flow. As a consequence, the viscous fluid remains in its
deformed state when stress is released. Therefore, the viscous strain is
said unrecoverable. This deformation is determined by integrating the
stress imposed during a finite time interval: [4,10]

γ(∆t) = 1
η

∫ ∆t

0
σ(t) · dt (3.15)

In a way, the Newtonian fluid remembers all mechanical constraints
that were imposed in the past. Indeed, the resulting deformation de-
pends on all the values taken by the stress during the considered time
interval (⇔ σ(t) = σ0). If the imposed stress is constant around a given
value, σ0, the fluid will flow indefinitely and the strain will increase
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linearly with time: [4,10]

γ(∆t) = 1
η

∫ ∆t

0
σ0 · dt = σ0

η
·∆t = γ0 ·∆t (3.16)

If the fluid is now subjected to a sinusoidal stress (⇔ σ(t) = σ0 ·
cos(ωt)), i.e., oscillating in time at a certain angular frequency, ω, the
deformation will be out of phase by a quarter period (Figure 3.6): [4,10]

γ(∆t) = 1
η

∫ ∆t

0
σ0 · cos(ωt) · dt = σ0

η · ω
·sin(ω∆t) = γ0 ·sin(ω∆t) (3.17)

The original exposition of Newton’s law states that the ratio of the
stress to the shear rate, i.e., the fluid viscosity, is a constant. This
statement is in fact only true for ideal or Newtonian fluids. It fits wa-
ter, solvents, and many diluted polymer solutions over a wide strain
rate range. On the other hand, the viscosities of many liquids are not
independent of shear rate. These non-Newtonian liquids may be clas-
sified according to their viscosity behaviour as a function of shear rate
(Figure 3.7). [3]

ωt

σ(t) = σ
0
.sin(ω.t + ̟/2)

γ(t) = γ
0
.sin(ω.t)

σ
0
γ

0

Figure 3.6 – Phase between oscillating strain resulting from the
application of oscillating stress to a Newtonian fluid.

Many fluids exhibit shear thinning, i.e., their viscosity decreases with
shear rate, and are said pseudoplastic. They include dilute suspensions
of solid particles or deformable vesicles (such as blood), polymer dilute
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solutions and melts, lava, inks or paints. [3,4] Other fluids exhibit the op-
posite behaviour, i.e., their viscosity increases as a function of the shear
rate. Those materials resist to quick motion and are qualified as shear
thickening or dilatant fluids. This less common behaviour is encountered
for concentrated colloidal suspensions (such as starch solutions), or wet
sand. [3,4]

Shear rate, γ [s-1
]

.

S
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e
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r
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tr
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, 
σ
 [
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a
] (a)

(b) (c)

(d)

Figure 3.7 – Flow curves for different types of flow behaviour: plastic
(a), shear thickening (b), newtonian (c), and shear thinning (d). [3]

To model the behaviour of many non-Newtonian fluids, a power law
has been proposed. It holds for many solutions and can describe New-
tonian, shear thinning, and shear thickening behaviour, depending on
the power factor, also called the flow behaviour index. For a Newtonian
fluid, this index is equal to 1 and the equation reduces to the Newtonian
model. If the power factor less than 1, the fluid is shear thinning; if it
is greater than 1, the fluid is shear thickening. In turn, the value of this
index is a measure of the degree of shear thinning or shear thickening: [3,4]

σ(t) = k · γ̇n(t) (3.18)

Finally, some fluids at rest appear to behave like rigid bodies until
the shear stress exceeds a certain value, called the yield stress, after
which they flow readily. Those materials are called Bingham or plas-
tic fluids, common examples being toothpaste and ketchup, which will
not be extruded until a certain pressure is applied to the tube. Also,
this behaviour is encountered for a number of dispersions, including
some pigment pastes. Above the yield stress, Bingham model predicts
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constant viscosity that can be determined from the slope beyond the
intercept of the shear stress vs shear rate plot. [3,4]

3.5 Viscoelastic materials

A major non-Newtonian behaviour present in particular systems is
viscoelasticity, also known as anelasticity. By definition, viscoelasticity is
the property of materials which exhibit both elastic and viscous response
when undergoing deformation. Indeed, these substances are capable
to recover but also to creep after a strain due to the application of a
stress. Viscoelastic materials are thus characterized by an intermediate
behaviour lying somewhere between Hookean solid and Newtonian fluid,
which depends on both duration and amplitude of deformation. [2,7,9,10]

Viscoelastic materials are classically dispersions like, e.g., polymer or
clay. At rest, they form a network by virtue of intermolecular forces
or interparticle associations, which limits the movement of network ele-
ments, and gives the substance a solid behaviour. When external forces
overcome the cohesive strength of the network, the constitutive elements
are forced to flow, as illustrated in Figure 3.8. The plasticity threshold
beyond which the material flows is called the yield point, which can be
defined in terms of stress, σc, or strain, γc. [2,7,9,10]

γ < γ c

σ < σ c

γ > γ c

σ > σ c

Figure 3.8 – Yielding of micro-structures in a colloidal dispersion in
response to mechanical stress.

To account for the elastic character of the flow, the Weissenberg num-
ber,We, was introduced as a measure of the amount of recoverable strain
in the fluid. Taking into consideration the amplitude and the duration
of the deformation, this dimensionless number is defined as the product
of the deformation rate, γ̇, and a characteristic relaxation time of the
material, τ : [2,4]
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We = τ · γ̇ (3.19)

Whether a viscoelastic material behaves as a viscous liquid or an
elastic solid also depends on the relation between the time scale of the
deformation process and the time required for the system to respond to
stress or deformation. The most frequently quoted example to illustrate
this behaviour is the children’s toy Silly Putty, which is a viscoelas-
tic liquid silicone. It bounces and shows brittle fracture when given a
sharp blow, like any solid, but also flows as a liquid if pulled slowly
(Figure 3.9). Precisely, if the duration of stress application, ∆t, is suf-
ficiently shorter than the relaxation time of the material, τ , the latter
responds elastically. This relaxation time is an intrinsic characteristic
of the material and defines how quickly the energy of the deformation is
dissipated or, in other word, the time interval over which the material is
able to store the deformation energy. For example, τ is typically 10−12 s
for water in the liquid state, but can be of the order of 10−6 s for lubri-
cating oils, and may be as high as a few seconds for polymer melts. On
the other hand, if the stress is applied over long period (∆t >> τ), the
material ultimately appears to be viscous, with the idea that everything
flows, including the mountains! Indeed, these effects can be seen in ge-
ological strata, where rock has flowed to relieve the stresses imposed by
geological events. [2,3,7,10]

(a) ∆t << τ (b) ∆t >> τ

Figure 3.9 – Viscoelastic response of liquid silicone illustrating the
importance of time scaling in rheology.

If, at first glance, there is no apparent connection between rheology
and theology, the clairvoyant Deborah is reported to have declared, in
the fifth chapter of the Book of Judges in the Old Testament: “The
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mountains flowed before the Lord . . . ”. [11] On the basis of this reference,
Reiner, one of the founders of the modern science of rheology, introduced
the Deborah number, De, to achieve the scaling of time in rheology. This
dimensionless number is defined as the ratio of the characteristic relax-
ation time of the material to the time scale of the solicitation process: [2,4]

De = τ

∆t (3.20)

The time τ is infinite for a Hookean elastic solid and zero for a New-
tonian viscous fluid. For viscoelastic materials, high Deborah numbers
correspond to solid-like behaviour and low Deborah numbers to liquid-
like behaviour. A material can therefore appear solid-like either because
having a very long characteristic time or because the deformation pro-
cess is relatively fast (Table 3.3). Thus, even mobile liquids with short
relaxation time like water can behave like elastic solids in an ultra-fast
deformation process. [2] In the daily life, it is possible to feel this sensa-
tion when hitting a pool of water with an open hand, or after missing a
dive of a fairly substantial height.

Table 3.3 – Time scales typically involved in familiar processes and
related applications. [2]

Process Stress duration Application
[s]

Sedimentation 103 – 106 Medicines, paints
Levelling 101 – 102 Paints, printing inks
Draining 10−1 – 101 Painting, coating
Extrusion 10−3 – 100 Polymers

Mixing/stirring 10−3 – 10−1 Manufacturing liquids
Pipe flow 10−3 – 100 Pumping
Brushing 10−4 – 10−3 Brush painting
Spraying 10−5 – 10−3 Spray-drying, painting

High speed coating 10−6 – 10−4 Paper
Lubrication 10−7 – 10−3 Gasoline engines
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3.5.1 Viscoelastic models

Given the coexistence of viscous and elastic response, most math-
ematical theories of linear viscoelasticity are based on a superposition
principle. Precisely, viscoelasticity is described by combining the two
elementary models that are the ideal elastic Hookean solid and the ideal
viscous Newtonian fluid. [2] As a reminder, those ideal behaviours are
respectively based on the following equations:

σ(t) = G · γ(t) et σ(t) = η · γ̇(t) (3.21)

Generally, these two rheological behaviours are schematically materi-
alized by simple mechanical model elements. On one hand, the elasticity
of viscoelastic materials is represented by a coil spring that obeys the
Hooke’s law (Figure 3.10 (a)). Thus, the response of the spring can be
described by an elasticity modulus, G. On the other hand, the viscosity
of viscoelastic materials is schematized by a dashpot consisting of a cup
filled with a Newtonian oil of given viscosity, η, with a piston placed in
the oil (Figure 3.10 (b)). [4,9]

(a) Spring (b) Dashpot

Figure 3.10 – Diagrammatic representations of ideal rheological
behaviours: (a) the Hookean spring (a) and the Newtonian dashpot

(b).

A combination of these one-dimensional mechanical models of springs
and dashpots will display viscoelasticity that can describe seemingly
complex experimental behaviours. Usually, the interest is on small
strains where these two simple elements display the property of linear
viscoelasticity. Under those conditions, the piston remains in the oil and
the spring recoils completely once stress is released. Also, it is possible
to consider situations in which the piston is pulled free from the oil or
where the spring stretches too far and becomes permanently deformed.
Whereas more complicated in essence, such non-linear viscoelastic re-
sponses became of increasing interest over the past few years. [4]
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(a) Kelvin–Voigt model

(b) Maxwell model

Figure 3.11 – Simplest models describing viscoelasticity.

The two simplest arrangements so that the overall system behaves
analogously to a viscoelastic material are in parallel or in series. The
Kelvin model results from a parallel combination of a spring and a dash-
pot (Figure 3.11 (a)). After sudden imposition of a stress, the spring
will eventually reach a steady-state strain, but the dashpot will retard
the growth of the strain. Hence, this model is usually used in consid-
ering creep experiments, the higher the viscosity, the slower will be the
response. In this configuration, the extension of the spring is however
at all times equal to the extension in the dashpot. In addition, the total
stress is equal to the sum of the stresses in each element: [2,4,9]

σ(t) = G · γ(t) + η · γ̇(t) or σ(t)
η

= ξ · γ(t) + γ̇(t) (3.22)

where the parameter ξ defines the relaxation rate of the Kelvin–Voigt
element:

ξ = G

η
(3.23)

Because of this arrangement, the Voigt element represents in the sim-
plest possible form a viscoelastic solid. Complementary, the connection
of a spring in series with a dashpot, which constitutes a Maxwell element
(Figure 3.11 (b)), defines the simplest viscoelastic liquid. On one hand,
the elastic component deforms instantaneously and relaxes immediately
upon stress release. On the other hand, the viscous component grows
with time as long as the stress is applied. While not suitable for creep,
the Maxwell model accurately predicts stress relaxation for most poly-
mers. Due to the arrangement of model elements in series, the strain
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rates linearly add: [2,4,9]

γ̇(t) = σ̇(t)
G

+ σ(t)
η

or η · γ̇(t) = τ · σ̇(t) + σ(t) (3.24)

where the parameter τ defines the relaxation time of the Maxwell
element:

τ = η

G
(3.25)

When a Maxwell element is put under a constant strain, the stress
gradually relaxes with time (Figure 3.12). At times very short compared
to the relaxation time of the Maxwell element (t << τ), the latter
behaves as a spring alone. As a result, the stress immediately follows
the strain and increases to a maximum value. At times considerably
longer than the relaxation time of the Maxwell element (t >> τ), the
model behaves as a dashpot alone and the stress decays exponentially
to zero. At intermediate times (t ≈ τ), the response involves both the
spring and the dashpot. [2,4,9]

t = 0

rerversible

strain

irrerversible

flow

t << τ

t ≈ τ

σ(t)

γ

t >> τ

Figure 3.12 – Stress relaxation in a Maxwell element under constant
stain.

A consequence of the arrangement of the spring and the dashpot in
series, the Maxwell element allows complete relaxation of any applied



80 Chapter 3. Rheology of materials

strain. The energy initially stored in the spring, which represents its
elastic response, decreases with time until fully dissipated in the viscous
flow. The latter takes place immediately after the application of the
stress, which decreases exponentially with the spring recovery. The vis-
cous response of the dashpot element is thus intimately related to the
spring extension, and reaches a maximum when the time scale coincides
with the characteristic relaxation time of the whole system. [2,4,9]

The response of both the Maxwell and Kelvin–Voigt models to several
kinds of deformation experiments are much simpler than those of real
systems. Indeed, these models exhibit only one transition under all
conditions whereas real systems, such as polymers, show multiple major
transitions. Also, many actual systems imply a distribution of inter-
particle spaces and particle–particle interactions, which gives a range of
relaxation times with accompanying elastic and viscous contributions.
While providing qualitative guidance, both Maxwell and Kelvin–Voigt
models hence do not provide good quantitative representations of the
observed viscoelastic behaviour of real materials. [2,4,9]

τ
1

τ
2

τ
3

τ
4

τ
5

Figure 3.13 – Generalized Maxwell model for viscoelasticity.

To predict the rheological response of real materials to all the possi-
ble deformations and time scales, more complicated models have been
envisaged. The adopted approach however assumes that the material
can be described by a combination of springs and dashpots, added to-
gether to give an overall material response. Irrespective of their com-
plexity, those models can be thus reduced to combinations of Maxwell
and Voigt elements. In particular, the generalized Maxwell model has a
finite or enumerable number of Maxwell elements, each with a different
relaxation time (Figure 3.13). In turn, this enables to model a distribu-
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tion of molecular interactions with their characteristic relaxation times,
each being replaced by a single Maxwell element. In addition, the over-
all relaxation of the system is obtained by summing all these processes
together. [2,4,9]

3.5.2 Oscillation response

When an oscillating stress is applied to a viscoelastic material, a
strain is produced in response after an initial start-up period. In prac-
tice, this situation is usually encountered in rotational rheometers oper-
ating classically with either plate–plate, cone–plate, or concentric cylin-
der geometry (Figure 3.1). Since the stress has an alternating value with
time, the strain also oscillates with time. In particular, a sinusoidal
stress applied to a material produces a sinusoidal strain oscillating at
the same frequency, f , or angular frequency, ω = 2πf . The amplitude
of the deformation is proportional to that of the stress, but lags behind
the stress curve by some angle, δ, between 0 and 90 °, depending on the
elastic/viscous characteristics of the material (Figure 3.14). [3,4,10]

δδ

δ

ωt
ωt

σ(t) = σ
0
.sin(ω.t + δ)

γ(t) = γ
0
.sin(ω.t)

Figure 3.14 – Phase between oscillating strain resulting from the
application of oscillating stress to a viscoelastic material.

Normally, the analysis of these systems is performed using the fre-
quency as the variable. The classical procedure starts from the expansion
of the stress into two components, one being in phase with the strain,
the other 90 ° out of phase: [10]
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σ(t) = σ0 · sin(ωt+ δ) = σ0 · cos(δ) · sin(ωt) + σ0 · sin(δ) · cos(ωt) (3.26)

The relationship between stress and strain in this dynamic case can
be thus defined by writing:

σ(t) = γ0 ·
[
G′ · sin(ωt) +G′′ · cos(ωt)

]
(3.27)

where the parameters G′ and G′′ are respectively called dynamic stor-
age and loss modulus: [10]

G′ = σ0
γ0
· cos(δ) and G′′ = σ0

γ0
· sin(δ) (3.28)

Concretely, the storage modulus gives a measure of the elastic com-
ponent of the material. At the molecular level, G′ is associated with the
energy stored in elastic deformation. On the opposite, the loss modulus
is associated with viscous dissipation of mechanical energy. The ratio of
G′′ and G′ gives another measure of damping, the dissipation factor or
loss tangent, which is the ratio of dissipated energy to stored energy: [3]

tan(δ) = G′′

G′
(3.29)

In practice, measuring the phase lag between an applied sinusoidal
stress and the resulting strain constitutes the first experimental approach
to obtain information about the viscoelastic behaviour of a material. For
a material dominated by elasticity, δ will be close to 0 °. If the viscous
effect dominates, δ will be close to 90 °. [3,4,10]

In parallel, probing the response of materials as a function of fre-
quency enables to reach experimental information about relaxation pro-
cesses occurring on the deformation time scale, t = 1/f . In this respect,
the high-frequency response (f >> 1/τ) of a single Maxwell element
is characterised by the invariance and inverse dependence of respec-
tively the storage and loss modulus with the oscillation frequency (Fig-
ure 3.15). On the other hand, the low-frequency response (f << 1/τ)
of the same element is characterised by the first and second order de-
pendency of moduli with the oscillation frequency. [4]
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Figure 3.15 – Frequency dependence of dynamic moduli in a Maxwell
element.

3.5.3 Polymer viscoelasticity

Viscoelastic effects are much more pronounced in polymers than in
metals or ceramics. Because of their long chemical structure, polymers
cohere as solids even when discrete chain sections undergo Brownian
diffusional motions. Their properties are also much more sensitive to
temperature than those of other materials. Changes of molecular ori-
entation with deformation cause dramatic variation in properties and a
much greater degree of anisotropy than is observed in other materials. [10]

Deformation of polymers involves distortion of the weak van der
Waals bonds between neighbouring chain segments and rotation of co-
valent bonds. These changes are thus strongly dependent on the nature
of the functional groups on the polymer. They result in stretching of
flexible macromolecular chains (Figure 3.16 (a)), which is the basic phys-
ical mechanism responsible for the elastic response of polymer. Indeed,
conformational changes caused by the applied force reduce the number
of allowed configurations, which lowers the entropy of the system. This
entropy change is the origin of the restoring force of the Gaussian chain.
The latter therefore acts like a Hookean spring having an associated
entropic elasticity (Figure 3.16 (b)). [8,12,13]

When polymers are stressed by mechanical forces, chain segments
tend to orient in the force field. Under momentary deformation, the
polymeric material deforms elastically and responds solid-like. To a cer-
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tain extend, the Gaussian chains are indeed able to store the deformation
energy and to use it in order to recover their initial conformation once
the strain is released. Under a prolonged stress, the chains may align
in the strain field and lose their initial arrangement, resulting in creep,
i.e., permanent deformation. [7,10]

strain

rest

(a) Flexible thread model

strain

rest

(b) Bead–spring model

Figure 3.16 – Stretching of a Gaussian polymer chain according to
different models.

Time dependency of the mechanical response of polymeric materials
results in variations of the elastic modulus as a function of loading du-
ration. As schematized in Figure 3.17, different regions of viscoelastic
behaviour can be identified that consist of distinct plateaus separated
by temporal transitions. Those transitions reflect the material’s propen-
sity for mobility, which can be described in terms of either free volume
changes or relaxation times. Whereas elasticity is usually the result of
bond stretching, stress relaxation results from the motion of atoms or
molecules inside of the material. [3,7,8]

In all substances, the local motions dramatically slow down with
falling temperatures and inversely. Therefore, a strong temperature de-
pendence of the elastic modulus accompanies the time dependency, as
shown in Figure 3.17. Investigating the variation of mechanical prop-
erties of polymers with time can only be achieved if the temperature
of the measurements is known. Also, the elastic moduli obtained at
different temperatures can be compared if the time considered for the
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experiment is the same. Practically, it is however difficult to measure
the viscoelastic response of a polymer over the full time or temperature
range. Fortunately, comparison of isochrone and isothermal measure-
ments of the elastic modulus revealed a time–temperature equivalence.
Precisely, it is the logarithm of time that is locally equivalent to tem-
perature. Assuming that no chemical or physical ageing occurs, this
empirical equivalence can be thus utilized to develop accelerated testing
methods. [7,10,12,14]

 

Y, G
[Pa]

t [s]

T° [K]

GLASSY RUBBERYLEATHERY LIQUID

entangled

unentangled

cross-linked

crystalline

Y
r
, G

r

τ
0

τ
N

τ
rep

T°T
g

T°T
m

Y
g
, G

g

Rouseplateau plateau terminal

--Hard---- --------------Soft-------------- ----Flow--

Figure 3.17 – Generic representation showing the temporal and
thermal dependency of elastic modulus for purely crystalline,
amorphous unentangled, entangled and cross-linked polymers.

Classically, the polymer molecule is treated as a collection of mobile
segments that have some degree of free movement (Figure 3.18). For
a polymer segment to move from one equilibrium position to another,
enough free volume must nevertheless be available. Accordingly, the
ability of a polymer segment to move in various directions increases
as its free volume increases. In addition, the chain segment must have
enough energy to break loose from its neighbours and move into the hole.
Finally, because macromolecules consist of a large number of connected
segments, they do not relax independently of one another. The motion
of a particular segment depends to some degree on that of its neighbours.
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Thus, the rearranging movement of one polymer segment is only possible
if a certain number, N , of neighbours is also moved. [3,8,14,15]

The number of times per second that a segment of a polymer chain
translated from one lattice site to another defines the segmental jump
frequency. The latter strongly depends on the nature and composition
of the polymer but also varies along the chain. Intuitively, the jump
frequency for a side-group not attached rigidly to the main chain will
be different from the jump frequency of the chain backbone. Also, a
polymer segment near a chain end will, on average, have a higher jump
frequency than the usual polymer segment. When this frequency is large,
a polymer segment can move easily under the action of an external force,
characterizing soft material with high tendency to flow. Indeed, the
latter will rearrange quickly and assume its new equilibrium strain soon
after the stress is applied. On the other hand, if the jump frequency
is extremely low, the molecules will appear to be frozen in place, and
the substance will act like a hard, brittle material with high tendency
to restore its initial shape. Inversely, it will require a very long time for
the material to contract to its new equilibrium strain. [3,8,15]

Figure 3.18 – Schematic representation showing different motions of
a polymer chain: stretching, bending, rotating and slipping.

Consisting of a large number of atoms, a macromolecule has a very
large number of degrees of freedom (Figure 3.18). As a consequence, the
polymer chain dynamics covers a very broad range of motional rates.
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A general rule is that the slower the mode of motion, the larger the
involved domain of the chain. Of course, the lengths and angles of the
chemical bonds connecting the atoms may distort, moving the atoms to
new positions of greater internal energy. This bond bending and stretch-
ing are small motions and occur very quickly, requiring only picoseconds.
As the free volume increases as a result of bond motions, side-chain and
adjacent atoms in the main chain begin to have enough space to move
and the material starts to develop some toughness. Theoretically, these
local bond vibrations and motions of small groups of atoms are respec-
tively ascribed to γ- and β-relaxations of the material, which lower its
elastic response. However, those transitions are difficult to achieve in
practice as they involve extremely short time scales and low activation
energy barriers. [3,8,10,15]

The vibrational motions of the chemical bonds and atoms excluded,
polymer chain dynamics range from the local segmental motions, with
a frequency of around 109 s−1, to the slow movement of the whole chain
over a distance of the whole-chain size scale. For a polymer of common
molecular weight, the characteristic rate of those movements can be
easily as slow as 10−5 s−1. Those short to large scale motions occurring
in the amorphous portion of the material are described by the Rouse
bead–spring model (Figure 3.16 (b)). This model relies on diffusive
motions arising from subjecting each bead of the Gaussian chain to
thermal fluctuation forces, i.e., Brownian motions. In this respect, a
linear polymer chain is considered as relaxed as soon as an extremity
has diffused to the other one. [3,8]

Rouse motions constitute the main relaxation mechanism, called α-
relaxation, in semi-crystalline and amorphous polymers. For entangled
and cross-linked polymers, this relaxation marks the transition between
the glassy and rubbery state of the mater, as illustrated in Figure 3.17.
In this glassy region, thermal energy is insufficient to surmount the
potential barriers for rotational and translational motions of segments
of the polymer molecules. The macromolecular chains are essentially
“frozen” in fixed positions on the sites of a disordered quasi-lattice with
their segments vibrating around these fixed positions. Because mainly
elastic bond deformations occur in this vitreous state, polymers behave
as rigid solids with relatively high modulus, called the glassy modulus,
which is on the order of Gigapascals. [3,7,9,10]

With increasing free volume and/or temperature, the segmental mo-
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tions amplify until the thermal energy becomes roughly comparable to
the potential barriers to segment rotation and translation. In this region,
the polymer is at the glass transition temperature, T ◦g , where short-range
diffusional motions begin. Segments are free to jump from one lattice
site to another; the brittle glass becomes a resilient leather. Factors
that enhance mobility, such as absorbed diluent or plasticizer, expan-
sive stress states, and lack of bulky molecular groups, tend all to hurry
the glass transition. For a given polymer, the value of T ◦g is also very
dependent on the degree of polymerization up to a critical value (Fig-
ure 3.19). Above this value, the glass transition temperature typically
becomes independent of molecular weight. [3,7,9,10]
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Figure 3.19 – Evolution of the glass transition temperature of
polystyrene with chain length. [16]

Above the glass transition, the material stiffness drops dramatically,
by perhaps two orders of magnitude, to reach a plateau value called
rubbery modulus, with the exception of very low molecular weight oils
(Figure 3.17). If the short-range diffusional motions of polymer segments
occur above the glass transition, the complete chain relaxation resulting
from the diffusion of the entire macromolecule is indeed delayed. It is
the presence of strong local interactions between neighbouring chains
that usually restrict the long-range cooperative motions of chains. In
the case of the cross-linked network, these local interactions consist of
chemical primary bonds, whereas they are entanglements in the case of
linear polymers. [3,7,9,10,15]
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In a polymer network, cross-links keep the chain strands from mov-
ing away from their relative positions over a distance larger than the
strand size itself. Therefore, the chains do not flow with the defor-
mation and are able to recover their conformations once the stress is
released. In other words, nothing happens after the glass transition be-
cause the cross-links prevent the chains from slipping past each other,
at least until the sample begins to burn and degrade. In contrast to this
behaviour, un-cross-linked polymers finally undergo permanent molecu-
lar flow, whose characteristic time scale depends on molecular weight.
Under prolonged loading, local physical interactions are indeed not suf-
ficient to prevent large-scale translational motions, also called reptation,
of oriented polymer chains. Above the terminal region, the mechanical
stress is released and the material cannot recover its original shape. [3,8]

3.6 Summary

In this chapter, rheology was defined as the science that studies the
deformation and flow of the matter. Following a mathematical approach,
the ideal behaviours of Hookean solids and Newtonian fluids were char-
acterized by their response to mechanical stress, which defines properties
such as elasticity and viscosity. The intermediate category of viscoelastic
materials, i.e., those which exhibit both elastic and viscous behaviour,
was then discussed with emphasis on polymers. Their response to me-
chanical stress was rationalized on the basis of simple viscoelastic mod-
els. Finally, the rheological behaviour of polymers was described by
relating the distinct relaxation modes to the local, segmental, and long
range motions of the chains.
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Part II

Objectives and strategy





CHAPTER 4
CONTEXT AND AMBITIONS: IN QUEST FOR

SMART HEALABLE MATERIALS

Abstract

Smart and healable materials undoubtedly constitute future technolog-
ical developments that already impact our everyday life. In this context,
the goal of this thesis is to access novel polymeric materials with un-
precedented control over their structure, organization and dynamics.
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4.1 The quest for smart healable materials

Since polymeric materials constitute the technological driving force of
the 20th century, the quest for implementing self-healing properties into
polymers is sustained. Despite the usually huge amount of intellectual
and hand- or machine-driven efforts put in their fabrication, most mod-
ern materials are indeed still subject to mechanical destruction as well as
chemical degradation, restricting their use. Nevertheless, a short look at
superficial injuries in animal or even plant organisms has made the pos-
sibilities of self-repair and properties restoration obvious. Since the early
2000’s, three conceptual approaches have been thus developed toward
self-healing polymer materials, each having advantages and limitations:
capsule-based, vascular, and intrinsic healing systems (Figure 4.1). [1,2]

Sequestered
healing agents

Polymerizers

(a) Capsule-based

Refillable channels

(b) Vascular

Reversible bonds

(c) Intrinsic

Figure 4.1 – Different approaches to self-healing. [1]

Capsule-based self-healing materials sequester the healing agent in
discrete capsules (Figure 4.1 (a)). When ruptured, capsules release heal-
ing agents in damaged regions and material repairs autonomously, i.e.,
without external intervention. Unfortunately, micro-capsules are finite,
which limit the number of local healing events. Taking the circulatory
system as source of inspiration, vascular methods rely on a network of
channels to deliver healing agent to the damaged site (Figure 4.1 (b)).
The connectivity of breached area allows large amounts of agent to be
transported, and hence multiple local healing events. Nevertheless, the
complexity of vascular networks presents a daunting challenge for ma-
terial chemists. Finally, intrinsic systems exploit the reversible nature
of physical or certain chemical bonds to incorporate healing abilities di-
rectly into the material (Figure 4.1 (c)). While multiple healing events



4.1. The quest for smart healable materials 95

are possible, these materials usually rely on chain mobility or melting of
phases to occurs, which require some external energy. [1,2]

In parallel to the quest for self-healing, “smart” materials, i.e., whose
properties can be significantly changed in a controlled fashion by exter-
nal triggers, are experiencing an unprecedented development over the
last few years. As a mirror in modern society, the practical demand for
“smart” devices has overwhelmed all other forms of computing and com-
munications in a very short time (Figure 4.2). They consist in smart
phones, TVs, glasses, watches, bands (etc.) that can operate to some
extent interactively and autonomously to fulfill individual requirement.
Analogously, “smart” materials have been designed to support a range
of properties pertaining to be used in various environments (Figure 4.3).
At the basis of those materials lie intelligent (macro-)molecules having
the capability to adapt their conformational structures and/or proper-
ties in response to external stimuli such as stress, temperature, moisture,
pH, redox, electric or magnetic fields. . . [3,4]

Watch

Tablet

Glass

PhoneTV

Camera

Figure 4.2 – The world of smart devices.

Many complex issues of physico-chemical principles inherent to smart
and healable materials are interlinked, prompting the need to under-
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stand the underlying processes. Indeed, only materials able to sense
the damaging force, thus showing inherent “smartness”, can transform
it into autonomous healing events. The interlocked design of smart
and healable materials is therefore a multidisciplinary process requiring
knowledge of their structure, dynamics, and organization, as well as a
thorough understanding of physico-chemical mechanisms lying beyond
them. Thus, reliably testing, understanding, and further controlling the
mechanical properties of smart healable polymers constitute a crucial
aspect to meet specific requirements of any field of application. In this
continuity, controlling the properties of designed materials in a wide
range contributes to broaden their field of application, in a sustainable
future with both economic and environmental challenges. [2]

Nano-carrier Nano-machine Molecular motor

(a) Molecular design

Electrochromism ThermochromismPhotochromism

(b) Stimuli-responsiveness

Shape-memory Textile Skin-electronic

(c) Improved functionality

Figure 4.3 – Smart materials: design, responsiveness and
functionality.
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4.2 Aims of the present project

With the concern of approaching applied materials, the fundamental
goal of this thesis is to gain control over the structure, organization and
dynamics of polymeric systems by exploiting a combination of classical
macromolecular architectures and supramolecular interactions. The cre-
ation of structurally defined materials will be possible by applying the
concept of hierarchical self-assembly, i.e., the spontaneous non-covalent
organization of molecules and macromolecules over distinct multiple lev-
els (Figure 4.4), in which the assembly processes gradually decrease in
strength. [5,6] In turn, the hierarchical structure of the assemblies will
lead to a parallel hierarchy of dynamic processes, capable of adjust-
ments in response to a wide variety of stimuli including temperature,
chemical environment, and mechanical stress.

n

molecular synthesis discrete assembly bulk material

Assembly
scale

n

Figure 4.4 – Hierarchical self-assembly across scales.

The designed materials are intended to be tunable and flexible in
terms of both structure and properties. To achieve that goal and fur-
ther impart stimuli-responsiveness, a precise control over the architec-
ture and functionality of macromolecular species constituting the self-
assembled materials is required. These building blocks will be then or-
ganized over multiple dynamic levels of assembly, providing fine tuning
over intermolecular forces involved in the assembly processes. Finally,
the rheological behaviour of the accordingly obtained materials will be
thoroughly characterized in order to establish relationships between their
structure, dynamics and mechanics. In particular, the present work aims
at studying in details the dynamic mechanical response of these systems
to various external stimuli.

The proposed thesis is thus a highly inter-disciplinary project that
combines polymer synthesis, macromolecular engineering, supramolecu-
lar assembly, structural characterization, and rheological measurements.



98 Chapter 4. Context and ambitions

In regards to prior art, the novelty of the approach precisely relies on
the hierarchical assembly of stimuli-responsive block copolymers into
supramolecular soft materials. By defining a new strategy for designing
novel materials and exploring their potential in regard to contemporary
needs, this thesis offers exciting new opportunities for stimuli-responsive
structures exhibiting reversible tunable properties, with potential appli-
cations in material sciences.
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CHAPTER 5
DESIGN STRATEGY TOWARD SMART

MATERIALS WITH TUNABLE PROPERTIES

Abstract

In this chapter, a theoretical approach is developed to address the goal
of this thesis project, drawing the design guidelines of model supramolec-
ular polymer networks. A detailed strategic plan is provided, delimiting
three main tasks: the synthesis of macromolecular building blocks, their
self-assembly into supramolecular gels, and the characterization of their
rheological response.
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5.1 Prior theoretical approach

In order to design materials with self-healing properties, a reversible
bonding system is required, which establishes a dynamic binding equi-
librium. Therefore, the presence of non-covalent linkages such as hydro-
gen bonds, π–π-stacking, metal–ligand complexes or attracting ions is
a crucial element in any hypothetical material. Among those secondary
forces, coordination bonds are particularly attractive since those inter-
actions are relatively strong and give access to a wide library of organic
ligands, along with appropriated metal ions including nearly half the
periodic table. [1] In supramolecular architectures, metal–ligand associ-
ation can be further combined with many other non-covalent binding
interactions, in an orthogonal way. [2,3] Finally, significant changes in the
structure, kinetic and thermodynamic stability of the resulting assem-
blies can be readily achieved depending on the metal–ligand pair. [4,5]

(a) Discrete structures
n

(b) Extended structures

Figure 5.1 – Some examples of supramolecular coordination
structures.

Superstructures constructed from coordination bonds include vari-
ous architectures, ranging from discrete two- and three-dimensional mo-
tifs [6–8] to polymeric structures such as coordination polymers [9–12] or
metal–organic frameworks (Figure 5.1). [13–15] However, the latter usu-
ally fragment into small building blocks upon dissolution and suffer the
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loss of their polymeric nature. Indeed, most properties of polymer ma-
terials require a continuous covalent bonding between monomer units.
To avoid the lack of traditional polymer-like properties, the coordina-
tion motif should be thus introduced into a covalent macromolecular
architecture.

In the recent years, telechelic star polymers, i.e., bearing a func-
tional group at each arm extremity, have risen as promising precursors
of supramolecular materials with model structure. [16–19] Indeed, they al-
low network formation with close to regular spacing of the cross-links,
assuming that the different arms of the star are of comparable lengths.
However, varying the functionality of such systems typically requires a
control over the number of star branches (Figure 5.2), which can be syn-
thetically challenging or restricted. In particular, reaching high degree
of functionality is generally constrained by enhanced steric hindrance in
multi-arm star shell. [20]

2 arms 6 arms 14 arms Functionality

ChallengeCh

8 arms

Figure 5.2 – Functionality of star-like telechelic building block.

To circumvent the major drawback of classical synthetic strategies,
“arm-first” approaches can be employed in the synthesis of star-like poly-
mers. With living or controlled polymerization techniques as tools, this
strategy involves the growth of the linear polymer arms capable of join-
ing their extremities to form a multi-arm star. [21,22] In a practical point
of view, this strategy has the advantage of precisely controlling the arm
length, and enabling synthesis of miktoarm star polymers, containing
arms of mixed sizes or chemical identities. [22,23]

In the “arm-first” synthesis of star polymers, the formation of the
multi-arm structure is usually achieved by reaction of cross-linkable
units located at one chain extremity. [21,22] A more conceptual approach
developed in this work takes advantage of the self-assembly behaviour of
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block copolymers into core–corona micelles (Figure 5.3). Unlike conven-
tional star polymer, block copolymer micelles are dynamic entities whose
stability depends on the strength of the association. Following this idea,
the size, morphology and functionality of the self-assembled aggregates
can be further controlled according to the length of the different block
constituting the copolymer, along with the conditions employed during
the self-assembly process. In addition, it provides the system with addi-
tional degree of complexity and versatility, that can be used to fine tune
the properties and dynamics of the self-assembled material. Finally, this
intermediate level of assembly can be targeted by appropriate stimuli,
addressing either the core or the corona of the micellar objects.

Self-
assembly

ligand
corona block core

block

Figure 5.3 – Using self-assembly of block copolymers toward
functionalized star-like architectures.

Decorated with coordination motifs at the end of each coronal chains,
the micellar nano-objects illustrated in Figure 5.3 would constitute for-
midable precursors for three-dimensional assemblies. Assuming the co-
ordination of two or more ligands around a metal centre, adding metal
cations to the system would trigger the formation of active metallo-
bridges between micellar nano-structures. Above a certain percolation
threshold, the formation of an inter-connected network of micelles is ex-
pected, reaching the final level of organization schematized in Figure 5.4.
This non-covalent network may uniformly extend over the whole volume
of liquid media, which structurally defines supramolecular polymer gels.
Due to their highly complex structure and organization, such materi-
als are suited to serve as ideal systems for studying dynamics and thus
self-healing properties. In addition, the surrounding environment of the
network is a perfect media for transmission of numerous stimuli, such as
light, pH or redox.
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In the present strategy, an evident way to further impart respon-
siveness over the multiple hierarchical levels consists in incorporating
stimuli-responsive polymer sequences directly in the self-assembled net-
work. Practically, this can be easily achieved prior any self-assembly
process, i.e., during the synthesis of the macromolecular building blocks
depicted in Figure 5.3. In this respect, stimuli-sensitive polymer se-
quences can be used as core-forming blocks to control the self-assembly
into micelles. In addition, other smart sequences can be employed as
corona-forming blocks, offering the possibility to modulate the confor-
mation of chains bridging micellar cores. In parallel, the stability of
metal–ligand junction can be addressed by appropriate stimuli, such as
competitive species.

Figure 5.4 – Inner structural view of a metallo-supramolecular
network of micelles.

5.2 Detailed strategic plan

The present research project can be subdivided into a number of
individual, although interconnected, tasks that are developed in the fol-
lowing chapters. The latter are summarized in Figure 5.5 in the form
of a diagram showing graphically the material implementation from the
molecular to macroscopic scale.
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Rheological
characterization

Hierarchical
assembly into gel

Macromolecular
building blocks synthesis

Chapter 8

Chapter 9Chapters 10-13

Figure 5.5 – Overall strategy of the present project.

5.2.1 Building block synthesis

To really engineer complex supramolecular architectures with macro-
molecules in exploitable quantities, several points have to be taken into
account. First, the supramolecular building units should offer a high
binding affinity. Then, the association strength of the resulting non-
covalent interactions should be tunable over a wide range. In addition,
the supramolecular unit has to be accessible commercially, or via short
synthetic procedures. Finally, functional groups should be easily in-
troduced to allow further chemistries. In this respect, the 2,2’:6’,2”-
terpyridine (tpy) has been selected as a coordination motif fulfilling
all these requirements. [24] Beside its high binding affinity for transition
metal ions, [25,26] interesting luminescence properties may further result
from the binding with lanthanide ions. [27,28]

To introduce the coordination motif in the architecture of macro-
molecular chains, two main strategies can be envisaged that consist in
either the post-modification of pre-synthesized polymers, or the use of
functional reactants during the polymerization process. [29] If both ap-
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proaches present advantages and drawbacks, the second is more versatile
in nature, offering better control over the number and position of incor-
porated functional groups. Following this strategy, a synthetic route to-
ward block copolymers having a functional terminus is proposed, using
modified (macro-)initiators to ensure the incorporation of the terpyri-
dine moiety, as illustrated in Figure 5.6.

The building of structurally defined materials with reliable proper-
ties implies that block copolymers can be synthesized with well-defined
molecular characteristic features, motivating the use of living or con-
trolled polymerization techniques. Among them, reversible addition–
fragmentation chain transfer polymerization is particularly attractive
given the wide range of polymerizable monomers, the mild synthetic con-
ditions, and its compatibility with various functional groups, including
chelating ligands. [30,31] Therefore, this controlled radical polymerization
technique opens the way toward well-defined macromolecular architec-
tures containing two or more responsive components. [32]

monomer
n°1:    

monomer
n°2:    (...)

Figure 5.6 – Multi-step synthesis of functional block copolymers.

In practice, numerous monomeric units can be reasonably consid-
ered in the frame of this project, including styrenes, (meth-)acrylates,
and (meth-)acrylamides. From those, three well-studied candidates are
selected to afford the macromolecular building blocks shown in Fig-
ure 5.7, each having specific characteristics: polystyrene (PS), poly(N -
isopropylacrylamide) (PNIPAAm), and poly(2-(dimethylamino)ethyl me-
thacrylate) (PDMAEMA). While the first leads to strong association in
water, the two others develop a specific response to variations in tem-
perature and pH. [33,34] In addition, the degree of polymerization of the
different blocks can be readily controlled during their synthesis.



106 Chapter 5. Design strategy

tpyPNIPAAm
hydrophilic – f(T°)

PDMAEMA
hydrophilic – f(T°,pH)

PS
hydrophobic

1

2

3

Figure 5.7 – Various macromolecular building blocks having
terpyridine terminus.

5.2.2 Hierarchical assembly

This task consists first in studying the micellization of the prepared
diblock and triblock copolymers. The accordingly obtained micelles
indeed represent the first level of self-assembly in the context of the
hierarchically-organized materials that will be further investigated in
the project (Figure 5.8). Micellization can be achieved by dissolution of
the block copolymers in a selective solvent for the corona-forming blocks.
Moreover, the solvating media should be able to solubilize metal salts
involved in the second level of self-assembly. Therefore, water appears
as an appropriate choice, being a non-solvent for polystyrene but able
to solubilize PNIPAAm and PDMAEMA blocks depending on pH and
temperature. In case of PNIPAAm-b-PDMAEMA-tpy, micellization will
be triggered in water by changing temperature and pH. The PNIPAAm-
b-PDMAEMA-tpy is indeed a typical double hydrophilic copolymer that
contains two water soluble polymer blocks at room temperature and in
the complete pH range. Increasing the temperature above the LCST of
the PNIPAAm blocks will result in the formation of micelles containing
a PNIPAAm core and PDMAEMA coronal chains.

In practice, light scattering techniques will constitute essential tools
to characterize the formation of micellar nano-structures form both di-
block and triblock copolymers. Notably, dynamic light scattering (DLS)
will allow measuring the hydrodynamic radius of the micelles and its
variation with the nature and length of constituting blocks. In comple-
ment, microscopy techniques will be used for direct imaging of micellar
objects at the nanometre scale, probing their dimension and morphology.
Additionally, the present project aims at studying in details the response
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of these systems towards the application of an external stimulus.

metal
ions

pH, T°
selective
solvent

Figure 5.8 – Hierarchical assembly of ligand end-functionalized block
copolymers into supramolecular gels.

The various building blocks shown in Figure 5.7 are expected to pro-
vide us with a wide landscape of properties for the final materials. The
latter will be obtained by adding transition metal ions to concentrated
micellar solution, creating reversible association. Indeed, block copoly-
mer micelles with coordination moieties located at the extremity of coro-
nal chains will be self-assembled to create an additional level of organi-
zation, as illustrated in Figure 5.8. Special emphasis will be placed on
the formation of gels whose properties will be modulated by the micelle
concentration, the choice of the metal ion and the metal-ligand ratio.

By combining stimuli-responsive polymer blocks with metal–ligand
bonds, multi-responsive systems will be designed, creating materials
with enhanced control over their properties. On one hand, using stimuli-
sensitive coronal block will allow us to control the swelling of the supra-
molecular gel by changing the pH or temperature of the surrounding
media. On the other hand, stimuli-responsive properties could also be
imparted to the core-forming block(s), leading to the assembly, disassem-
bly or strengthening of micellar cores upon application of the stimulus.

5.2.3 Rheological characterization

Generally speaking, associating polymers, i.e., macromolecules con-
taining short chemical sequences interacting with each other, consti-
tute a fascinating class of materials because of their rich rheological
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behaviour. [35–37] Their rheology is mainly dictated by the nature and
intrinsic stabilities of the transient associations, which confer strength
and dynamics to the self-assembled network. [38,39] Accordingly, the rich-
ness of our model system is expected to be reflected in the complexity
of its hierarchical organization. Indeed, the latter may adopt numerous
configurations shown in Figure 5.9, that can be presumably controlled
depending on the characteristics of the associating blocks and the con-
ditions for their self-assembly.

frozen micellar core1

inter-micellar bridge2

pendant coordination3

free polymer chain4

pendant hydrophobe5

intra-micellar loop6

transient micellar core7

1

2
3

4

5

67

Figure 5.9 – Richness of network configurations in
metallo-supramolecular micellar gels.

As the heart of this project, the synthesized materials will be thus
thoroughly characterized to unravel their rheological response. The va-
riety of block copolymers and resulting micellar structures achievable
through the proposed synthetic routes being truly enormous, viscoelas-
tic characteristics are expected to vary by orders of magnitude, ranging
from low viscous solutions to highly elastic gels. Therefore, the main
characterization technique will be based on rotational rheometry, using
plate–plate geometry modified with a solvent trap to prevent evapora-
tion.

The primary characterization method will be oscillatory frequency
sweep tests performed in the linear regime. This will allow isolating the
contribution of the metallo-bridges between the micellar cores to the
whole dynamic response of the system. The strength of metal–ligand
interactions and degree of segregation of micellar cores, i.e., glassy or
rubbery, will be varied in order to understand their influence on gel for-
mation and the rheological behaviour of micellar suspensions. To this
end, copolymers with standardized composition and molecular weight
will be used, keeping also the temperature and the concentration con-
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stant.

The amplitude of the viscoelastic response of the investigated mate-
rial will be controlled by playing on the subtle balance between intra- and
inter-micellar associations. In this respect, increasing the volume frac-
tion of solvent within the system should reduce the occurrence of inter-
micellar associations. In parallel, the concentration of metal–ligand com-
plexes only can be reduced by dilution with non-functionalized copoly-
mers of identical composition and molecular weight. Finally, the ap-
plication of external stimuli that decrease the solvent quality for the
coronal chains will be tested as an additional control parameter to tune
the micellar interaction.

Of particular interest will be the investigation of the respective influ-
ence of stimuli (temperature, pH, etc.) on structure and dynamics of the
synthesized supramolecular gels. Furthermore, the effect of the phase
transitions of responsive block copolymer segments on the dynamic me-
chanical properties of the materials will be investigated. Among stimuli,
a particular attention will be paid to mechanical stress, with the possibil-
ity to achieve reversible breaking of non-covalent junctions structuring
the transient network. Therefore, the rheological characterization will
extend into the non-linear regime, with large amplitude oscillatory shear
and start-up flows, providing further insight into the structure and its
stability.
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CHAPTER 6
BUILDING METALLO-SUPRAMOLECULAR

POLYMER GELS – A LITERATURE REVIEW

Abstract

Through an in depth literature review, this chapter aims to situate
the proposed strategy within the context of polymeric networks that are
held together by metal–ligand coordination bonds. At first, the concept
of the so-called metallo-supramolecular polymer gels (MSPGs) is briefly
introduced. Then, the different routes towards MSPGs are described,
with relevant examples from the literature. Doing so, a particular accent
is put on the stimuli-responsiveness that confers the metallo-assembly to
this class of supramolecular materials.
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6.1 Structural definitions and concepts

6.1.1 Metallo-supramolecular polymers

When entering the field of supramolecular chemistry, the terms “co-
ordination polymer” [1–5] or “metallo-polymer” [6–8] are commonly used
to designate macromolecular assemblies constructed by a supramolec-
ular approach via metal–ligand coordination. [9] In particular, metallo-
supramolecular polymers (MSPs) are recognized as a subclass of metal-
containing polymers [10–14] in which the coordination bond is dynamic
and reversible. [3,7,9,15]

Ligand-

containing

structures

addition of
metal ions

Linear MSPs

Intra- or inter-

cross-linked MSPs

Macrocyclic

MSPs

Side-chain

MSPsBranched MSPs

Figure 6.1 – Schematic representations of various
metallo-supramolecular polymer structural motifs. [15]

A simple route to MSPs consists in the autonomous assembly of lig-
and containing structures through the addition of metal cations [2,10,16–22].
The metallo-supramolecular junctions can be incorporated either within
the backbone, as part of the side chain, and/or as part of a cross-
linking/branching site, opening the access to numerous structural motifs,
such as linear, [18–27] side-chain, [28–34] inter-cross-linked, [35–38] or macro-
cyclic MSPs [39–49] (Figure 6.1).
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6.1.2 Dynamic and stability

Not all metallo-polymers show thermo-mechanical reversibility at the
metal coordination site. In fact, the coordinative bond can vary more
or less continuously from strong linkage, yielding to static or irreversible
binding of the metal, to labile and weak interaction, in agreement with
dynamic and reversible binding. [50] In case of static metallo-polymers,
the binding strength between metal ions and ligands is relatively large
while ligand exchange reactions in solution are extremely slow under
normal conditions. As a consequence, this class of metallo-polymers dis-
plays the characteristics of traditional covalent polymers and can be thus
characterized by conventional analytical tools, like ultra-centrifugation
or size exclusion chromatography. [51–55]

On the opposite, dynamic metallo-supramolecular interactions result
inevitably in a continuous rupture and formation of the polymer chains
until a binding equilibrium is reached. Depending on the concentration,
reversible metallo-polymers in equilibrium are thus mixtures of linear
polymer chains of a given polymerization degree and cyclic oligomer
species. [50,56–58] While the degree of supramolecular polymerization is
dominated by the complex binding strength, the dynamic of such mate-
rials is more dictated by the rate at which ligands exchange. [59–62]

The kinetic lability and thermodynamic stability of MSPs rely mostly
on the nature of the metal and ligand pair. While most of the metal–
ligand complexes from the first row transition metals are labile, [9] the
strength and inertness of the association tend to growth with the second
and third row transition metals. [56,63] In addition to transition metal,
lanthanoid ions also form kinetically labile but thermodynamically sta-
ble complexes in combination with a large library of organic ligands
bearing either nitrogen-or oxygen-donor atoms. [64,65] Metal complexes
can also take benefit of the chelate effect when used in combination
with polydentate ligands, e.g., bipyridine, terpyridine or phenanthro-
line, [9,14,32,66,67] that can coordinate orders of magnitude more strongly
than monodentate ligands.

In conjunction with the intrinsic stability of the metallo-assembly, en-
vironmental variables also exert a significant influence on the strength
of the binding. Beside the concentration in coordination species, the sol-
vent nature will play a major role on the lability of the metal–ligand com-
plexes. [24,68] At the limit, MSPs that are designed in non-coordinating
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solvents will not exhibit any further reversible behaviour. On the op-
posite, coordinative solvents can dramatically alter the dynamics of
metallo-polymers by influencing the dissociation and exchange mech-
anisms between metal–ligand complexes, triggering fast-equilibration of
the supramolecular polymers. Accordingly, coordinating counter-ions
will have comparable effects on the dynamic of metallo-supramolecular
polymers when acting as competitive species through ligand displace-
ment. [69]

Substituent of the ligand, e.g., the polymer chain itself, may fur-
ther sensibly affect the kinetic rate constants for formation and dis-
sociation of metallo-complexes through steric [70] or electronic donat-
ing/withdrawing [71] effects. Through stretching of polymer chains, me-
chanical forces were also demonstrated to dramatically affect the dy-
namics of coordination bonds. Even in organic solvents, they can in-
deed be reversibly broken when subjected to mechanical stresses like
ultra-sonication. [72,73] Last but not least, the temperature constitutes
one of the more crucial environmental parameter while playing on the
delicate balance between kinetic lability and thermodynamic stability of
supramolecular assemblies. [59,74]

6.1.3 Metallo-supramolecular polymer gels

Metallo-supramolecular polymer gels (MSPGs) can be described as
a subclass of physical polymer networks, [75,76] swollen in either organic
(organogels), ionic (ionogels) or aqueous (hydrogels) solvents, and where
linkages between structural components are provided by reversible dy-
namic coordination bonds. As a structural feature of MSPGs, those
coordinative bonds must be present either in the polymeric backbone or
as junctions between covalently linked units.

Without distinction, gels that combine labile metal–ligand bonds
with other non-covalent interactions in the main-chain can be consid-
ered as part of the MSPGs family. On the opposite, fully covalently
cross-linked gels with metal complexes on the side-chain [77,78] are re-
garded as chemical gels. Also, hybrid polymer gels in which covalent
cross-links create a permanent scaffold onto which reversible metal–
ligand coordinative cross-links are added, [78–84] constitute an intermedi-
ate category between physical and chemical gels. Furthermore, metallo-
supramolecular polymer networks that do not swell in a certain amount
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of solvent [28,85–101] are not to be regarded as gels since they do not
incorporate a minimal amount of liquid. Finally, molecular gels, i.e.,
entangled three-dimensional networks formed by the spontaneous self-
assembly of low molecular weight compounds, the so-called “molecular
gelator”, into fibrous architectures that entrap solvent molecules through
surface forces [102–106] that employ metal–ligand coordination as the main
driving force are considered apart from their polymeric counterparts
since they only involve discrete molecular components.

6.2 Synthetic routes toward MSPGs

Metallo-supramolecular polymer gels have been successfully designed
via a multitude of strategies and routes. In practice, they can be classi-
fied depending how cross-links are provided through the supramolecular
network. Here, three limit categories of MSPGs are distinguished, as
illustrated in Figure 6.2. A first category relies on the coordination
of ditopic ligands around metal centres that can accommodate at least
three ligands (Type I). Another category involves the polyaddition of
multitopic ligands with metal ions (Type II). A final category combines
the metal–ligand coordination with other supramolecular secondary in-
teractions (Type III).

In MSPGs of type I and II, the formation of a three-dimensional
metallo-supramolecular network is conducted by the use of either poly-
valent metal ions or multitopic ligand, respectively. In MSPGs of type
III, even monotopic ligands can be employed in combination with biva-
lent metal to yield hybrid supramolecular networks. Following the key
concept of hierarchical assembly, where small building blocks are hierar-
chically organized over two or more levels of assembly [107–114] monotopic
ligands can be used as building blocks to build larger multitopic struc-
tures that will be then held together by metal–ligand coordination.

Of course, intermediate classes that combine the features or stand be-
tween the limits of the three categories of metallo-supramolecular poly-
mer gels are also reported. Most of the time, distinction is easily achieved
depending on the type of interaction that ensures cross-linking through
the supramolecular network. The following will thus focus on the three
aforementioned categories with relevant studies from the literature.
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Figure 6.2 – Schematic representation of the different routes to
metallo-supramolecular polymer gels.

6.2.1 Metallo-supramolecular polymer gels of type I

Up to now, transition metal ions, as well as lanthanoid ions, have
been successfully employed in the elaboration of metallo-supramolecular
polymer gels of type I. In combination with appropriate organic ligands,
they form associating motifs with a ligand-to-metal stoichiometric ratio
larger than 2:1 and, therefore, act as cross-linking points within the
network.

6.2.1.1 Transition metal ions as cross-linkers

The use of transition metal ions with ditopic ligands in the for-
mation of stable MSPGs is restricted since their coordination num-
bers are commonly limited to 6. This approach was however success-
fully illustrated by the work of Sijbesma and coworkers who prepared
ultrasound-responsive reversible coordination networks in chloroform by
combining second and third row transition metals with π-acceptor lig-
ands. [115] In their study, diphenylphosphinite telechelic polytetrahydro-
furan oligomers were complexed with iridium(I) or rhodium(I) salts in a
phosphorous-to-metal stoichiometry of 4:1 to yield MSPGs (Figure 6.3).
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Gelation was almost instantaneous for the Rh(I) based gels, but it took
approximately 30 min for Ir(I) analogues.
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Figure 6.3 – Ultrasound responsive behaviour of MSPGs from
diphenylphosphinite telechelic polytetrahydrofurans with rhodium(I)

ions. [115]

In the same study, [115] rheological properties of the different metallo-
supramolecular gels were compared; Rh(I) gels showed lower modulus
than Ir(I) analogues. This dissimilarity was ascribed to the different
binding kinetics of Ir(I) and Rh(I) metal ions with diphenylphosphinite
ligand. Moving from the second to the third row of the d-block, the
rhodium(I) phosphinite complexes are characterized by much faster ex-
change rates than the iridium(I) phosphinite complexes. The responsive
behaviour of MSPGs from diphenylphosphinite telechelic polytetrahy-
drofurans with Rh(I) ions was demonstrated while sonication resulted
in the liquefaction of the gels. Sonication was proposed to lead to ligand
exchange, inducing a decrease in the fraction of metal centres in active
cross-links, and hence a decrease of the gel fraction (Figure 6.3). Upon
standing, the gels recovered at a rate governed by the kinetics of the
metal–ligand complexation.
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6.2.1.2 Lanthanoid metal ions as cross-linkers

Lanthanoid metal ions are capable of forming strong and dynamic
coordination networks. Indeed, their radii are larger than those of tran-
sition metal ions, which allow them to coordinate up to three tridentate
ligands, thus forming coordination complexes with a ligand-to-metal sto-
ichiometry of 3:1.

In 2004, Vermonden et al. reported the formation of hydrosoluble
MSPGs using lanthanum(III) and neodymium(III) metal ions and a di-
topic oligomeric ligand consisting of flexible oligo(ethylene glycol) spacer
end-capped with pyridine-2,6-dicarboxylate tridendate ligands [116,117].
Notably, the use of lanthanoid ions led to solutions with much higher
viscosity in comparison with transition metal ions that gave rise to linear
metallo-supramolecular polymer chains [58]. The metal–ligand coordina-
tion was demonstrated to be reversible with solution viscosities depend-
ing on the length of spacer, the oligomer concentration, the temperature,
and the oligomer-to-metal ratio.
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Figure 6.4 – Changes in the structures of MSPGs constructed from
ditopic ligand oligomers consisting of an oligo(ethylene glycol) spacer
end-capped with tridendate pyridine-2,6-dicarboxylate ligands and

Nd(III) metal ions as a function of concentration. [116,117]

Under similar conditions, a comparison of the nuclear magnetic res-
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onance spectra and viscosities indicated that the hexa(ethylene glycol)
spacer always gives rise to comparatively smaller structures with lan-
thanoid metal ions than tetra(ethylene glycol). Indeed, long spacers
favour the bending of ditopic ligands around a metal centre. As a result,
they act as chain stoppers while the ring formations cause the network to
stop growing. Even with a short spacer, gelation could only be achieved
from concentrated solution. Due to substantial cyclization, the system
was assumed to be mainly composed of linear metallo-supramolecular
polymer chains (Figure 6.4). The rheological properties of these sys-
tems also depend on the ligand-to-metal ratio, which could be ascribed
to the formation of different types of ring aggregates. Finally, doping
of the gel with transition metal ions inevitably led to its destruction, as
only two ligands can coordinate around the metal centre.
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Figure 6.5 – Reversible self-assembly of
2,6-bis(1’-methylbenzimidazolyl)-pyridine end-capped

poly(ethylene-co-butylene) and Eu(III) ions into a MSPG. [118]

More recently, Weder et al. used the same pyridine-2,6-dicarboxylate
ligand as a reference binding motif with the 2,6-bis(1’-methylbenzimi-
dazolyl) pyridine ligand. The first indeed bind much more strongly
to europium(III) ions than the second, on which the study was fo-
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cused. [118] Precisely, the MSPG studied was a cross-linked network as-
sembled from a europium salt and a telechelic poly(ethylene-co-butylene)
with 2,6-bis(1’-methylbenzimidazolyl) pyridine ligands at the termini
(Figure 6.5), swollen in a mixture of chloroform and acetonitrile. The
lanthanoid complexes served both as mechanically responsive binding
motifs and as built-in optical probes to quantify the metal complex disas-
sembly process under mechanical strain. Indeed, reversible metal–ligand
dissociation occurred upon exposure to ultrasound, which was only pos-
sible in case of metallo-supramolecular gels or non-swollen networks. In
addition, the influence of the strength of the metal–ligand interactions
on the mechano-responsiveness was explored by adjusting the supra-
molecular motif by the choice of the ligand. Indeed, MSPGs in which
the 2,6-bis(1’-methylbenzimidazolyl) pyridine ligands were substituted
with more strongly coordinating pyridine-2,6-dicarboxylate ligands did
not dissociate upon exposure to ultrasound.

6.2.1.3 Transition and lanthanoid metal ions as cross-linkers

Metallo-supramolecular polymer gels have been also prepared on the
basis of ditopic ligand in combination with lanthanoid and transition
metal ions together. This approach was first illustrated by Beck and
Rowan who combined lanthanoid and transition metal ions with a di-
topic oligomer to produce metallo-supramolecular gels that exhibited
mechano-, thermo-, and chemo-responses (Figure 6.6), as well as light-
emitting properties. [119] In their studies, pyridine bis(imidazolyl) based
ditopic ligands were combined in acetonitrile with a small amount of
europium(III) or lanthanum(III) ions, as cross-linking components, and
cobalt(II) or zinc(II) ions, as linear chain extension binding units (Fig-
ure 6.7). All four combinations were tested and exhibited a reversible
gel-to-sol transition upon heating. The thermal breakdown of the La(III)–
ligand interaction was clearly detected by optical changes upon heat-
ing. Furthermore, those gels were also characterized by a pronounced
thixotropic behaviour. For example, shaking the Zn(II)/La(III) gel re-
sulted in a free-flowing solution, which thickened again to a jelly-like
material upon resting. Since lanthanides are oxophilic, addition of car-
boxylic acid, such as formic acid, to the Zn(II)/Eu(III) polymer gel
dramatically disturbed its mechanical stability.

In another study, [121] Beck and Rowan demonstrated that the nature
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Figure 6.6 – Responsiveness of the acetonitrile swollen Co(II)/La(III)
MSPGs prepared by Beck and Rowan. [120]

of the response shown by their systems depends on the metal ion, the
counter-ion and the amount of solvent that swells the MSPGs. They in-
vestigated in detail the mechanism of response for their supramolecular
gels by using a combination of spectroscopic techniques. The proposed
thermo-responsive mechanism involved at least a partial decomplexation
of the tridentate ligand upon heating from the lanthanide, i.e., the more
labile, coordination bonds, which in turn resulted in the breakdown of
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Figure 6.7 – Formation and thermo-response behavior of a MSPG
using a combination of lanthanide and transition metal ions mixed

with a ditopic oligomer. [119]
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the network. At elevated temperature, it appears that the majority of
transition metal ions are bound to the ligands, thus resulting in a so-
lution that is mainly a mixture of linear oligomers bound by transition
metal ions and lanthanide metal ions bound to none, one or two ligands
(Figure 6.7). This emphasizes the use of metal ions with different lig-
and binding kinetics and strengths in the formation of multi-responsive
MSPGs.

6.2.2 Metallo-supramolecular polymer gels of type II

The use of multitopic ligands represents a second approach in the
elaboration of MSPGs, in which cross-linking points are ensured by lig-
ands. Nevertheless, using multitopic ligands is not as straightforward
as using metal ions that can coordinate numerous ligands. Notably,
long spacers are required since they tend to cyclize upon the addition of
metal ions. In practice, an unprecedented alternative was found in the
use of polymeric ligands, i.e., macromolecular architectures displaying
multiple coordination sites along the backbone.

Under specific conditions, polysaccharides, [122–124] cellulose deriva-
tives, [125] and poly(acrylic acid)s [126,127] have been known for a long time
to form stable MSPGs in presence of numerous of metal ions. The main
drawback of this approach lies in the formation of rather ill-defined sys-
tems. Beside linear polymeric ligands, multi-arm star polymers have also
proved their applicability in the preparation of metallo-supramolecular
networks of type II.

6.2.2.1 Linear polymeric ligands with coordinating groups in
the side-chain as cross-linkers

The use of linear polymeric ligands with coordinating groups in the
side-chain as cross-linkers was notably illustrated by the work of te Nijen-
huis and coworkers. In their studies, [128,129] metallo-supramolecular net-
works were developed on the basis of partially hydrolysed polyacrylamide
that gelated upon the addition of chromium(III) salts. Since amide func-
tionalities were partially converted to coordinating acids, the coordina-
tion to Cr(III) ions was shown to be strongly pH-sensitive. While low
pH prevented the precipitation of Cr(III) ions of the hydroxide, it proto-
nated the carboxylate groups and made them poor ligands. The narrow
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pH region, in which gelation occurred, was reported by dynamic rhe-
ological measurements. Under normal conditions, the cross-liking rate
was reported to be relatively slow. As a consequence, a dynamic equi-
librium was only reached after a long period. Significant acceleration in
the process occurred at elevated temperature. Also, addition of a small
amount of chromium(II) ions was found to catalyse the gelation. On the
other hand, the process could be further slowed down by the addition
of citric acid.

Following a similar approach, Tong and coworkers developed redox-
sensitive coordination gels from poly(acrylic acid) aqueous solutions and
iron(III) metal ions [130]. Indeed, those materials exhibited a reversible
gel–sol transition upon switching the redox state of iron ions. In the
presence of citrate, ferric ions in the hydrogel were reduced to ferrous
ions by sunlight irradiation, which caused dissolution of the gel, as fol-
lowed by dynamic rheology. The reversibility of the transition was then
checked while the poly(acrylic acid) solution was converted back to the
supramolecular gel upon oxidation of ferrous to ferric ions for several
days, in the dark (Figure 6.8).
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Figure 6.8 – Reversible gel–sol transition triggered in a poly(acrylic
acid)–Fe(III) aqueous gel by sunlight and exposure to oxygen. [130]

Beside polymeric ligands bearing oxygen-donor atoms, polymeric lig-
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ands bearing nitrogen-donor atoms also constitute a straightforward ap-
proach to metallo-supramolecular polymer gels. Among them, polyvinyl-
bipyridine and polyvinylpyridine have been used early by Lewis and
Miller to yield non-covalent networks. [131–135]

More recently, Craig et al. developed highly tunable cross-linked gels
based on polyvinylpyridine as polymeric ligand, ditopic pincers as bridg-
ing ligands, and transition metal ions. [136,137] The associating motifs
were derived from poly(4-vinylpyridine) and bivalent platinum(II) or
palladium(II) pincer complexes (Figure 6.9), and give rise to coordi-
native networks that swell in organic media like dimethyl sulfoxide. By
tuning the dissociation rate of the transient bonding, i.e., how frequently
the supramolecular cross-links dissociate, the authors were able to con-
trol the dynamic rheological properties of the gels. More precisely, those
properties were controlled by properly choosing the metal ion and the
structure of the ditopic pincer, without significantly altering their bind-
ing constants.
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Figure 6.9 – Representation of a MSPG obtained through the
coordination of poly(4-vinylpyridine) with bivalent metallo-pincer

complexes. [136,137]

The responsive behaviour of the aforementioned MSPGs was further
investigated by the same authors in a following study. [138] A critical con-
centration was first determined for those gels from the abrupt change in
viscosity over a narrow cross-linker fraction. The stimuli-responsiveness
of the gels was evidenced by adjusting the pH value of the media, or
by using competitive coordinating species, such as chloride anions or
dimethylaminopyridine ligand. While acids can protonate it, competi-
tive species displaced the vinylpyridine on the polymer backbone, which
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decreased the cross-linking degree and weakened the supramolecular net-
work. Notably, the effect of acidification could be reversibly turned off
by the addition of a weak base to the system and subsequent reforma-
tion of the gel. The chemical-responsive behaviour of the gels was also
noted to be more pronounced near the percolation threshold. Mixing
bivalent Pt(II) and Pd(II) pincer complexes, i.e., different cross-linkers,
with poly(4-vinylpyridine) generated MSPGs rather characterized by a
strong to weak gel shift than a defined gel–sol transition. When the
concentration of both metallo-pincer complexes exceeded the percola-
tion threshold, the rheological properties of the gel were controlled by
the kinetically slower Pt(II) cross-linker. Once the concentration of “ac-
tive” cross-linker drops below its individual percolation threshold, e.g.,
by adding the appropriate amount of competitive ligand, but still allows
the total amount of cross-linking units to exceed the percolation thresh-
old, the gel properties were dictated by the kinetically faster Pd(II)
metallo-pincer.

The formation of coordination complexes between the nitrogen lone
pair on poly(4-vinylpyridine) and metal ions was also included in the
design strategy of Matsushita and coworkers. [139] Specifically, they re-
ported on the preparation of thermo-reversible supramolecular polymer
gels in a hydrophobic ionic liquid by mixing poly(4-vinylpyridine)-b-
poly(ethyl acrylate)-b-poly(4-vinylpyridine) triblock copolymer and zinc
chloride as metal salt. Practically, the formation of coordination bonds
between zinc(II) and pyridine groups on poly(4-vinylpyridine) blocks
was confirmed by infra-red spectroscopy. Also, a slow solvent casting
was applied using a polar solvent mixture with coordination ability to
produce macroscopically homogeneous gels from a mixture of the tri-
block copolymer, metal ions and ionic liquid. The latter was employed
as a non-volatile solvent to carry out measurements at high temper-
atures with reproducible thermo-responsiveness. The thermo-induced
transition between semi-solid gel and liquid-like state was investigated
by temperature-ramp oscillatory shear measurements, showing strong
dependency on stoichiometry between ligands and metals. Combining
the high potential of ion gels with the characteristic thermo-reversibility
of MSPGs, such supramolecular ion gels are thus expected to find at-
tractive applications.
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6.2.2.2 Linear polymeric ligands with coordinating groups in
the main-chain as cross-linkers

Linear macromolecules with coordinating groups in the main-chain
constitute another class of polymeric ligands. While the number of
chemical functionalities that can coordinate metal ions is virtually un-
limited, the diversity of such polymeric ligands is generally limited by
their synthetic feasibility. Among them, conjugated polymers attracted
attention, [140–144] particularly because of their electro-optical properties.

This was illustrated by the work of Weder et al. who were the first to
report on elaboration of a π-conjugated organometallic network based
on poly(p-phenylene ethynylene)s. [142,143] The synthesis of those mate-
rials was readily achieved via ligand exchange reactions between styrene
ligands of tris-styrene platinum(0) and polymeric ethynylene moieties
(Figure 6.10). As expected, the photo-physical properties of the sys-
tem was markedly influenced by the coordination of poly(p-phenylene
ethynylene)s to Pt(0). The luminescence was efficiently quenched, and
a hypsochromic shift of the absorption peak in the visible region was
observed.
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Figure 6.10 – Ligand exchange reaction between tris-styrene Pt(0)
complex and poly(p-phenylene ethynylene) yielding a conjugated

coordination network. [142]

In a following paper, [143] the same authors considered the introduc-
tion of auxiliary ligands into the poly(p-phenylene ethynylene) backbone
and opted to incorporate 2,2’-bipyridine moieties. As consequence, they
accessed metallo-supramolecular polymer networks and organogels via
addition of first row transition metal ions, such as Cd(II), Zn(II), Ni(II)
or Co(II), to those conjugated precursors. As previously, the photo-
physical properties of the conjugated polymers were markedly influenced
by the coordination of metal ions. While complexes with group 12 ions
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were emissive, other transition metals exhibited a strong tendency for the
formation of metal-to-ligand charge transfer complexes with the poly-
meric ligand.

More recently, Nitschke and coworkers designed a luminescent metallo-
supramolecular polymer that underwent a sol–gel transition as the tem-
perature increased, in contrast with most MSPGs, which do so upon
cooling. [144] In their study, a linear conjugated polymeric ligand was
first synthesized in DMSO through the polycondensation of bifunctional
aldehyde and amine around copper(I) templates. This synthesis was per-
formed in presence of bulky trioctylphosphine ancillary ligands so that
the polymer solution underwent a sol-to-gel transition as the tempera-
ture rises (Figure 6.11). Although enthalpically unfavourable, the sol–
gel transition was nevertheless entropically supported at high tempera-
tures. Indeed, the creation of Cu(I) complex cross-links was associated
with the formation of sterically congested Cu(I)–trioctylphosphine com-
plexes in equilibrium with free trioctylphosphine ligands (Figure 6.11).
The metallo-supramolecular polymer also exhibited thermo-chromism
and photoluminescence, where both the emission and absorption pro-
cesses showed temperature dependence in terms of colour and intensity.
As the temperature increased, the material became more sensitive to
degradation under atmospheric oxygen, which frustrated attempts at
investigating the rheological properties of the polymer gel.
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Figure 6.11 – Preparation of conjugated metallo-supramolecular
polymer and its sol–gel transition when temperature rises. [144]
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In the aforementioned approaches, the metal coordination sites that
constitute part of the polymer backbone were built during the poly-
merization process itself. The versatility of those synthetic strategies
has been further illustrated by Meudtner and Hecht who synthesized
poly[(triazol-4-yl-1,3-pyridine)-alt-(triazol-1-yl-1,3-phenylene)]s via step-
growth polymerization, by taking advantage of the copper(I)-catalysed
azide–alkyne cycloaddition (CuAAC) “click” reaction. [145] The result-
ing polymer chains incorporated 2,6-bis(1,2,3-triazolyl)pyridine units in
the main-chain and were able of chelating numerous transition metals,
thus inducing coordination cross-links and effective gelation of polymer
solutions in organic solvents (Figure 6.12). Furthermore, the bridging
coordination complexes also opened the way of imparting various func-
tionalities, i.e., magnetic and emissive, for the design of new materials.
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Figure 6.12 – Preparation of hetero-aromatic polymers via CuAAC
and the formation of metallo-supramolecular polymer gel trough

addition of transition metal ions. [145]

Another precursor for MSPGs has been successfully designed byWang
et al. taking advantage of the CuAAC. In their work, [146] a hierarchical
pathway to fabricate supramolecular polymer network via heterometal-
lic coordination-driven self-assembly strategy was investigated. Specifi-
cally, terpyridine ligands were attached on both sides of a homoditopic
monomer synthesized through CuAAC, with the concomitant formation
of embedded 1,2,3-triazole ligand. As a first level of assembly, a linear
supramolecular polymer was formed by chain extension of the homod-
itopic monomer upon addition of metal ions such as iron(II). Subse-
quently, the 1,2,3-triazole moieties, incorporated into the middle site of
the monomeric units, were able to form a disubstituted palladium(II)
complex, thereby inducing the cross-linking of the linear species as il-
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lustrated in Figure 6.13. Moreover, triggered by competitive ligands,
the MSPG was reversibly disassembled, thereby demonstrating the pos-
sibility to operate the two kinds of metal–ligand recognition motifs sep-
arately.
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Figure 6.13 – Reversible formation of a MSPG formed by an
orthogonal combination of metal–ligand coordinations. [146]

6.2.2.3 Linear polymers modified with coordinating groups as
cross-linkers

So far, polymeric ligands have proved their applicability in the elabo-
ration of MSPGs of type II. In the abovementioned studies, coordination
sites were either initially present as side-chain or in the main-chain, or
created during the polymerization process itself. Unfortunately, not all
macromolecules carry proper coordination sites either as side-chain or in
the main-chain. Thus, alternatives have been explored in parallel. They
generally involve the post-modification of macromolecular chains with
binding moieties or coupling those synthons with monomeric units that
can be polymerized to yield polymeric ligands.

The first alternative was demonstrated early by the work of Chujo et
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al. who reported the formation of metallo-supramolecular gels from poly-
oxazoline showing pendant 2,2’-bipyridyl groups in combination with
different transition metal ions. [147–149] Experimentally, the pendant lig-
ands were attached to partially hydrolysed poly(N -acetylethylenimine)
polymer chains via peptidic coupling. The supramolecular cross-linking
and swelling of the bipyridine branched polymers was then triggered by
the addition of iron(II), nickel(II), cobalt(III) or ruthenium(II) metal
ions. However, only the treatment with Fe(II) and Ru(II) salts gave rise
to stable polymer gels at room temperature. In addition to high stability
constants for the coordination of metal ions to the bipyridine ligands,
the stability of the hydrogel was also pointed to be a consequence of
the kinetic inertness of the resulting coordination cross-links. More pre-
cisely, the dynamic stabilities of the polymer gels were related to the
ligand exchange rates between the bipyridine complexes. [150,151] With
time, the inter-molecular metal–ligand complexes that initially drive
the construction of a three-dimensional network can be exchanged to
entropically favourable intra-molecular complexes, which lead to soluble
coordination polymer chains. Finally, the thermodynamic and kinetic
stabilities of the bipyridine–metal complexes, and hence the stability
of the coordination hydrogels, were markedly affected by environmental
parameters such as solvent, redox, pH and temperature. As an example,
heating of the gels accelerated the ligand exchange reactions, resulting
in the thermal cleavage of the coordination bonds. Besides, the swelling
degree and stability of the hydrogels were found to be dependent on the
amount of functional groups in the gel.

More recently, a versatile approach for the elaboration of MSPGs has
been developed by Schubert et al. who modified poly(pentafluorostyrene)
chains via selective grafting by a functionalized metallo-supramolecular
motif. [152] More specifically, coordination sites were grafted onto the
activated polymeric backbone via nucleophilic substitution with amine-
functionalized terpyridine synthons. Then, the formation of supramolec-
ular cross-links and hence gelation of the terpyridine-grafted copolymer
solution was triggered by the addition of transition metal ions. This
behaviour was consistent with the one observed in a previous study for
polymethacrylate copolymers with pendant terpyridine groups. [153] The
only notable difference was related to the synthesis of the terpyridine-
functionalized copolymers. Indeed, a ligand-modified methacrylate was
copolymerized with methyl methacrylate by radical copolymerization to
yield polymethacrylates with binding sites in the side chains. Viscosity
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and UV titration experiments were used to monitor in detail the com-
plexation reaction following the addition of various transition metal ions.
Varied behaviours were observed depending on the metal ions and their
capacity to form stable bis-complexes with terpyridine ligands. Further-
more, a high concentration in terpyridine ligands was found to favour
inter-molecular bridging instead of intra-molecular complexation. Fi-
nally, addition of strong competitive ligand completely reversed the for-
mation of terpyridine bis-complexes, clearly evidencing the responsive
properties of the metallo-supramolecular gels.

In 2014, Wang and coworkers developed a straightforward method to
incorporate a mussel-inspired adhesive moiety into synthetic polymers
toward adhesive gels. [154] The mussel adhesive moiety was successfully
incorporated into a urethane backbone through a new facile approach
using step growth polymerization based on hexamethylene diisocyanate
as a hard segment, poly(ethylene glycol) as a soft segment, and lysine-
dopamine as a chain extender. Upon addition of iron(III), the gelation
of aqueous solutions of mussel mimetic polyurethane can be triggered by
pH adjustment to form adhesive hydrogels because of the rapid conver-
sion of Fe(III)–dopamine mono-complexes to bis- and/or tris-complexes.
Combining the chemistry of marine adhesive proteins with the flexibil-
ity, facile synthesis, and low cost of polyurethanes, those MSPGs show
great potential in many applications like, e.g., biomedical material and
tissue engineering.

6.2.2.4 Multi-arm star polymeric ligands as cross-linkers

The applicability of telechelic multi-arm star polymers in the prepara-
tion of MSPGs has been recently demonstrated, even when use in combi-
nation with linear ditopic ligands (Figure 6.14). [87] In 2009, Kimura and
coworkers post-functionalized commercial four-arm star poly(ethylene
glycol) with terpyridine termini. [155] The accordingly obtained tetra-
chelic star poly(ethylene glycol) then allowed the formation of metallo-
supramolecular polymer gels through the addition of transition metal
ions. Finally, addition of ammonia as competitive coordination species
led to the collapse of the metallo-supramolecular gels, illustrating the
responsiveness of these materials.

Star-shaped poly(ethylene glycol)s (PEG) end-capped with terpyri-
dine moieties have been further used by Seiffert et al. as precursors of
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model networks that have the potential to exhibit close to regular topolo-
gies, approaching ideality. [156,157] Terpyridine moieties were coordinated
to different transition metal ions in various media, ranging from apolar
organic solvents to water, thereby allowing MSPGs of greatly varying
strengths of transient cross-links to be prepared. In parallel, the polymer
network mesh size was controlled by the molecular weight of the arms
of the star precursor. The high regularity of the network was generally
demonstrated by static light scattering, revealing just minor network
inhomogeneities in some gels. However, some metal ions induced clus-
tering of the metal–ligand complexes, thereby leading to non-negligible
structural heterogeneity. In counterpart, the mechanical strength and
resistance to relaxation was greater for those gels, indicating clustering
to be a mechanism of reinforcement.

M(II)

=+

Figure 6.14 – Metallo-supramolecular network formed by the
addition of transition metal ions to a mixture of star-like tritopic and

linear ditopic ligands. [87]

In parallel, three-arm terpyridine-terminated low-molecular-weight
PEGs were employed by Kikuchi and coworkers to prepare self-healable
redox-responsive hydrogels under mild conditions. [158] The gelation of
the star-shaped precursor solution in presence of cobalt(II) ions oc-
cured by aerobic oxidation at ambient temperature, as illustrated in
Figure 6.15. As a consequence, this preparation method allows control-
ling the configuration, shape, elasticity, and handling of the resulting
hydrogels. Interestingly, the cured hydrogels can be converted into so-
lutions upon the addition of a reducer. In turn, gelation of the solution
was achieved by exposure to air due to the consumption of the reducer.

At the same time, metallo-assemblies obtained from 8-arm PEGs
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Figure 6.15 – Redox-responsiveness of a MSPG prepared from
tritopic terpyridine end-capped star-shaped poly(ethylene oxide)s and

cobalt metal ions. [158]

partially substituted with terpyridine end-groups and various transition
metal ions were studied at high concentrations by Karperien and cowork-
ers. [159] Hence, they demonstrated that the assembly behaviour in those
systems was largely dependent on the dissociation rate constants of the
metal–ligand complexes. In this respect, hydrogels formed with kinet-
ically stable cross-links were elastic, and showed minor changes with
temperature between 5 and 60℃. On the other hand, thermo-reversible
hydrogels with relatively viscous response were prepared with metal ions
providing more labile complexes in combination with the considered lig-
and.

The effect of the topology of PEG precursor on the metal-induced
gelation in those systems was further investigated by Yoshida and cowork-
ers. [160] To this end, a series of PEGs with different numbers of branches
(linear, 4-arms, and 8-arms) functionalized with terpyridine ligands as
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terminal groups were prepared. The different ligands were used in
combination with ruthenium ions as the latter forms mono-terpyridine
complexes when oxidized, whereas bis-complexes are obtained when re-
duced. Accordingly, the three different polymers existed as solutions
when ruthenium was in the oxidized state. In contrast, gels were ob-
tained when the metal centre was reduced except when linear PEGs
were used as the backbone. Indeed, the formation of three-dimensional
polymer networks through metal–ligand coordination was only possible
with multi-arm polymer precursors. By increasing the number of star
branches, the number of cross-linking points necessary for gelation was
reduced, as predicted from the tree-like structure theory.

Inspired by nature, Holten-Andersen et al. elaborated self-healing
supramolecular gels based on four-arm star PEGs modified with cat-
echol ligands and iron(III) ions. [161,162] The control of inter-molecular
cross-linking was achieved through the protonation of catechol hydroxyl
groups, which in turn affects the stoichiometry of Fe(III)–catechol com-
plexes. While the solubility of ferric ions is relatively low at anything but
acidic media, the formation of bis- and tris-complexes requires pH to be
above neutral. To prevent the precipitation of hydroxide, cross-linking
reaction was initiated from iron(III) mono-complexes under acidic con-
ditions, and the pH was increased. The dominance of mono-, bis- and
tris-complexes at different pH ranges was established by UV-visible ab-
sorption spectroscopy. The obtained metallo-supramolecular gel was
shown to exhibit autonomous healing properties and dissipates more en-
ergy at low deformation rates in comparison to covalent ones. Moreover,
the dynamic rheological properties of the gel were readily controlled by
properly setting the final pH value, which accordingly affects the av-
erage lifetime of the iron(III)–catechol cross-links. Lastly, the chemo-
responsiveness of the gel was demonstrated upon exposure to a solution
of ethylenediamine tetraacetic acid, as strong iron(III) chelating agent.

Two years later, the same authors extended their work on metal–
catechol based MSPGs by using the same catechol modified four-arm
star PEG in combination with different metal ions (Figure 6.16). [163] In
their comparison, vanadium(III) appeared to induce tris-coordination at
pH 8 whereas iron(III) induced bis-coordination under the same condi-
tion. This difference in the stoichiometry of the association resulted
in higher stability of the vanadium–catechol bridged networks com-
pared to the iron–catechol analogue, therefore showing significantly more
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solid-like properties. Although spectroscopy data suggested that alu-
minium(III) ions did not induce strong coordination bonding with cat-
echol units, the aluminium-based polymer hydrogels were significantly
more elastic than the pristine material. Hence, the non-transition metal
character of trivalent aluminium ions was believed to induce weaker non-
coordinative interactions of perhaps more purely electrostatic nature.

pH 8

pH 8

pH 8

catechol-PEG

catechol-PEG

catechol-PEG

Figure 6.16 – Formation of MSPGs from catechol-modified four-arm
star poly(ethylene glycol) in combination with trivalent vanadium(III),

iron(III) and aluminum(III) ions. [163]

Concomitantly, a platform based on a 4-arm PEG was employed by
Waite et al. to explore the utility of the parent catechol and deriva-
tives, 4-nitrocatechol and 3-hydroxy-4-pyridinonone, as structural cross-
linking agents. [164] Gelation in those systems was triggered by the ad-
dition of Fe(III) and other bio-relevant metal ions with high affinity for
this class of chelators. The mechanical properties of the hydrogels were
demonstrated to be highly dependent on preparation conditions, pH and
choice of metal ion. In this regard, 3-hydroxy-4-pyridinonone moiety was
shown to be particularly attractive as a chelating functionality in this
architecture. In their presence, a robust gelation with Fe(III) occurred
at physiological pH and was found to be largely resistant to oxidative
degradation, allowing potential application as injectable gelling agents
with excellent encapsulation. Also, 3-hydroxy-4-pyridinonone was shown
to be a versatile metal binding species, capable of gelation at physiolog-
ical pH with Al(III) and Ga(III), and at higher pH with Cu(II) metal
ions.
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Beside terpyridine and catechol derivatives, other ligands have also
demonstrated their applicability in the elaboration of MSPGs from multi-
topic star polymer precursors. In their work, [165] Aoyagi and his cowork-
ers prepared rapid self-healable and biocompatible hydrogels using the
ability of phosphate compounds to form complexes with selective metal
ions. To this end, a phosphate-terminated four-arm star PEG was syn-
thesized via a substitution reaction of the hydroxyl end groups using
phosphoryl chloride. Then, a variety of metal ions were examined to
produce supramolecular network structures from those precursors. Es-
pecially, the gels rapidly formed upon addition of trivalent metal ions
having relatively small ionic radii, appropriate coulomb potential values
and water substitution rates (Figure 6.17). Reversible binding and gel–
sol transition have also been demonstrated by switching the redox states
of certain metal ions. Also, the rheological properties were finely tuned
by the choice of metal ions, chain lengths, and temperature. Learning
from biological systems, the proposed phosphate–metal ion based hy-
drogels could become an attractive candidate for various environmental
and biomedical applications.

Alkali metals Alkali-earth

Na+ Mg2+ Fe3+

Cr3+

Ti3+ V3+

Gd3+ Y3+

Ru3+

Al3+

Ga3+

Pb2+Pd2+

Ca2+

Ba2+

K+

Cs+

Transition metals Poor metals

Figure 6.17 – Photographs of 4-arm phosphate end-capped
poly(ethylene glycol) aqueous solutions in the presence of various

metal ions. [165]

6.2.3 Metallo-supramolecular polymer gels of type III

A final category of metallo-supramolecular polymer gels combine la-
bile metal–ligand coordination with other secondary interactions includ-
ing but not limited to, hydrogen bonding, [166–168] host–guest complexa-
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tion, [169,170] or solvophobic effects. [171–175] Classically, these non-covalent
interactions are either combined via orthogonal, cooperative or hierar-
chical self-assembly so that they confer further strength to the resulting
supramolecular network or just allow its construction.

6.2.3.1 Combination with hydrogen bonds

The orthogonal combination of hydrogen bonds with coordinative
links in supramolecular gels was remarkably illustrated by Weck and
coworkers. [166,168] In their studies, side-chain functionalized copolymers
containing both coordination sites and hydrogen bonding units have
been synthesized by ring-opening metathesis copolymerization. The co-
ordination motif was exclusively based on palladium(II) metallo-pincer
complexes through coordination with a pyridine moiety. On the other
hand, the hydrogen bonding motifs for reversible cross-linking were ei-
ther based on diaminopyridine or cyanuric acid residues. These poly-
mers were then selectively and reversibly cross-linked upon the addition
of small molecules as cross-linking agents, involving either metal–ligand
coordination, hydrogen bonds or the combination of both interactions
(Figure 6.18). Furthermore, the rheological properties and responsive
behaviour of the supramolecular networks were modulated depending on
the cross-linking strategy. While dramatic changes in the viscosity were
observed when coordination motifs were employed for cross-linking, the
viscosities of the solutions only poorly increased for cross-linked poly-
mers through hydrogen bonding. In contrast, the coordination cross-
linking resulted in a polymer network that was chemically reversible,
through addition of ligand displacement agents, whereas the hydro-
gen cross-linked network mainly exhibited thermo-responsive behaviour.
Since the different interactions were fully orthogonal, multi-responsive
gels that showed both chemo- and thermo-responsiveness were readily
obtained using both hydrogen bonding and metal–ligand coordination
as cross-linking.

Another approach was followed by Weng and coworkers who studied
multi-responsive supramolecular gels constructed via orthogonal hydro-
gen bonding interaction and metal–ligand coordination [176]. To this end,
macromonomers bearing tridentate 2,6-bis(1,2,3-trizol-4-yl)pyridine lig-
and unit were synthesized via CuAAC “click” chemistry in the mid-
dle of two ureidopyrimidinone motifs linked to the central coordination
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orthogonal reticulation via addition of ditopic cross-linking agents. [168]

unit via poly(ethylene oxide) of various lengths. Their gelation in the
presence of europium(III) ions were study in aprotic solvent, which al-
lows quadruple hydrogen bonding between the ureidopyrimidinone units
(Figure 6.19). Gels exhibited multi-responsive properties, including
photo-luminescence, mechano-responsiveness, self-healing abilities, and
thermo-repsonsive and chemo-responsive properties. The different gela-
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formation of ureidopyrimidinone dimers and metal–ligand coordination

phase. [176]
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tion abilities and multi-responsive properties were shown to result from
difference in linker lengths and the introduction of orthogonal metal–
ligand coordination and hydrogen bonding interactions.
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Figure 6.20 – Elaboration of MSPGs combining metal–ligand
coordination with H-bonding formed from a common precursor

polymer. [177]

At the same time, a modular construction kit for supramolecular
polymer gels incorporating metal complexation and hydrogen bonding
has been developed by Seiffert and its collaborators. [177] Following a
strategy by Whitesides et al., [178] they prepared linear polymers by sim-
ple radical copolymerization, that can be functionalized with a variety
of side-groups for supramolecular cross-linking, by either H-bonding or
metal complexation (Figure 6.20). These precursors consisted in linear
chains of methacryl-succinimidyl modified poly(N -isopropylacrylamide)
that can be readily derived by replacing their electrophilic units by nu-
cleophilic amine-functionalized derivatives. The resulting polymers were
then cross-linked by addition of low molecular weight linkers that are
complementary to the motifs on the polymer. The multiple hydrogen
bonding motifs used were based on diaminotriazine and maleimide, cya-
nuric acid and Hamilton wedges, or diaminotriazine and cyanuric acid
pais, while the metal complexation was based on terpyridine and differ-
ent metal salts (Figure 6.20). Taking advantage of the good solubility of
the polymer backbone in a variety of solvents allowed these networks to
be studied in various media with unprecedented flexibility and consis-
tency. Hence, this approach created hybrid MSPGs of varying rheologi-
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cal responses, from low viscous liquids to highly elastic gels, each showing
consistent and quantitative mutual correspondence between mechanical
characteristics and binding strength of the constituent inter-chain cross-
linking.

EDTA H
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Figure 6.21 – Orthogonal de-cross-linking of multi-responsive
supramolecular hydrogels constituted by orthogonal cross-linking of

precursor polymers by H-bonding and metal coordination. [179]

In another paper, [179] a similar supramolecular toolkit based on linear
polyglycerol functionalized with orthogonal transient cross-linkable side
groups was developed by the same group. To this end, strain-promoted
azide–alkyne cycloaddition was employed to functionalize the polymer
backbone with diaminotriazine and cyanurate moieties that form a mul-
tipoint H-bonded array, along with terpyridine ligands that form bis-
complexes with transition metal ions. This strategy allowed preparing
supramolecular gels in mild conditions in water via hydrogen bonding,
metal complexation, or both. These transient cross-links were sensitive
to external stimuli such as variation of pH or the presence of competing
ligands. As illustrated in Figure 6.21, the multi-responsive hydrogels re-
sponded to the different stimuli by partial or complete de-cross-linking
in an orthogonal fashion.

6.2.3.2 Combination with host–guest complexation

The orthogonal combination of host–guest complexation and metal–
ligand coordination into supramolecular polymer gels was notably il-
lustrated by the studies of Huang and coworkers. [169,170] In their ap-
proach, ditopic oligomers containing 1,2,3-triazole groups comprised be-
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tween an ammonium guest and a complementary crown ether host were
synthesized and hierarchically organized over two levels of assembly
(Figure 6.22). The self-assembly into supramolecular polymers was ac-
complished in acetonitrile through host–guest complexation and was
demonstrated to be dependent on oligomer concentration, temperature
and association constants. Indeed, all those parameters were exerting
a notable influence on the reversible equilibrium between linear poly-
mer chains and cyclic oligomeric species. Above a critical gel concen-
tration, the conversion from the linear supramolecular polymer to a
cross-linked supramolecular gel was achieved by forming bis-complexes
between 1,2,3-triazole units and Pd(II) ions, as confirmed by rheology
measurements. As expected, the accordingly obtained supramolecular
gels displayed fully reversible chemo- and thermo-induced gel–sol tran-
sitions (Figure 6.23). As an example, destruction and reconstruction of
the supramolecular networks were respectively achieved by subsequent
additions of competitive coordination species and the metal cross-linker.
In the case of dialkylammonium, further control was allowed by varying
the pH, i.e., the protonation of the ammonium salt, or by the addition
and removal of potassium ions that can form more stable complexes with
crown ethers.
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Figure 6.22 – Schematic representation of the hierarchical assembly
of a supramolecular polymer gel combining host–guest and

metal–ligand interactions. [169]
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One year later, the same authors further proposed an alternative
approach based on the orthogonal self-assembly of two homoditopic
monomers and a metallic cross-linker. [180] The complementary building
blocks comprised of bis(benzo-21-crown-7)-based monomer and bis(dialk-
ylammonium salt)-based monomer that further contained two 1,2,3-
triazole groups acting as ligands. Practically, a self-assembled linear
supramolecular polymer was first obtained when dissolving both homod-
itopic monomers in acetonitrile. Then, [PdCl2(PhCN)2] was added to
construct a cross-linked supramolecular polymer network. The obtained
materials were not only transparent and free-standing but exhibit re-
versible gel–sol transitions in response to multiple stimuli. Moreover, the
MSPGs showed excellent viscoelastic properties and were moulded into
free-standing, shape-persistent objects exhibiting self-healing properties.
These unique features were due to the dynamically reversible host–guest
complexation and the good mechanical properties of the cross-linked net-
work, making them promising intelligent materials.
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Figure 6.23 – Reversible gel–sol transitions triggered in a
supramolecular polymer gel combining host–guest and metal–ligand

interactions. [169]

In a collaboration with P. Stang, Huang and coworkers further demon-
strated their implication in the development of supramolecular gels uni-
fying metal–ligand bonds with the host–guest chemistry of crown ethers.
In their study, [181] a highly directional dipyridyl ligand donor fashioned
with a benzo-21-crown-7 moiety was prepared. In presence of a com-
plementary organo-platinum(II) complex acceptor, the latter underwent
coordination-driven self-assembly to yield metallo-hexagons. At high
concentrations, this macrocyclic precursor was then extended into a
supramolecular polymer network upon the formation of [2]-pseudorotaxa-
ne linkages with a bis-ammonium salt. The gel that resulted from
this supramolecular polymer network exhibited dynamic properties, i.e.,
thermo- and cation-induced reversible gel–sol transitions. In addition,
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they constitute promising candidates for applications in the field of catal-
ysis as their design method preserves internal metallo-cyclic cavities in
the resulting network.
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Figure 6.24 – Schematic representation of the reversible formation of
a supramolecular polymer gel formed by metal–ligand and host–guest

interactions. [182]

The possibility of combining metal–ligand and crown ether-based
host–guest interactions has also inspired Yin et al. in the construc-
tion of stimuli-responsive supramolecular polymer networks. [182,183] In
a first paper, [182] they reported the synthesis of a low molecular weight
monomeric building block by linking dibenzo-24-crown-8 with two ter-
pyridine units. Thanks to its coordination motifs, this monomer can
form linear supramolecular polymers after the addition of zinc(II) tri-
flate. By the continuous addition of a bis-ammonium cross-linker, a
supramolecular polymer network was obtained, as shown in Figure 6.24.
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Interestingly, the conversion between the linear supramolecular poly-
mer and the supramolecular polymer network can be triggered via pH
changes. Indeed, this variable allows controlling the destruction and re-
construction of the interactions between the dibenzo-24-crown-8 and the
dibenzylammonium salts. Moreover, the linear supramolecular polymer
can also be converted back into monomeric species by the addition of
1,4,7,10-tetraazacyclododecane as a competitive ligand, which destroy
the interactions between zinc(II) ion and terpyridine.

In a second paper, [183] the same group further added a level of com-
plexity to their system by introducing a third non-covalent associa-
tion. Hence, a multi-responsive supramolecular polymer gel was pre-
sented on the basis of the host–guest interactions between dibenzo-
24-crown-8 and dibenzylammonium salts, and metal–ligand coordina-
tion between terpyridine and Zn(OTf)2 and between 1,2,3-triazole and
PdCl2(PhCN)2. The topological structure of the network was easily reg-
ulated from monomer to main-chain supramolecular polymer and then to
the supramolecular networks by different stimuli, as studied by various
characterization methods including proton nuclear magnetic resonance,
UV-visible spectroscopy, and rheological measurements. Furthermore,
the gel not only showed responsiveness to heat, pH, and competitive
ligands but also exhibited self-healing abilities due to the presence of
reversible non-covalent interactions in the architecture of the swollen
network.

6.2.3.3 Combination with hydrophobic interaction

In 2009, Gohy et al. successfully reported a straightforward strat-
egy merging into hierarchical levels the metal–ligand interaction and
the self-assembly behaviour of amphiphilic block copolymers. [171] Ligand
end-functionalized diblock copolymers were first synthesized by nitrox-
ide mediated polymerization, in the presence of an alkoxyamine bearing
a terpyridine moiety. The first level of hierarchical assembly was ac-
complished by the dissolution of the functionalized diblock copolymers
in a selective solvent for one of the block. In practice, the accordingly
obtained micelles were constituted of a polystyrene core surrounded by
poly(tert-butylacrylate) coronal chains bearing a terpyridine ligand at
their extremity. The second level of hierarchical assembly was then
achieved by addition of transition metal ions. In the dilute regime, the
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addition of metal ions was known to result exclusively in intra-micellar
complexations and hence flower-like micelles. [184]. However, metallo-
supramolecular micellar gels were readily obtained when transition metal
ions were added to more concentrated micellar solutions. Notably, the
mechanical properties of the supramolecular gels were easily tuned de-
pending on the metal ion that was added to the solution. Finally, the
chemo- and mechano-responsive behaviour of those materials were re-
ported while the addition of a strong competitive ligand or large ampli-
tude oscillations weakened the supramolecular network. [171,185]
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Figure 6.25 – Hierarchical assembly of ligand end-functionalized
diblock copolymers into two different micellar gels. [172]

In a next study, [172] the effect of the softness and morphology of the
micellar cores on the rheological properties of those coordination micel-
lar gels were investigated. By varying the conditions during the direct
dissolution of the diblock copolymers, i.e., temperature and presence of
a co-solvent, either spherical or cylindrical micelles with glassy or plas-
ticized cores were firstly obtained (Figure 6.25). Then, supramolecular
gels were obtained upon the subsequent addition of nickel(II) metal ions
to the concentrated micellar solutions. Not surprisingly, comparatively
strong micellar gels were obtained from cylindrical micelles displaying
a glassy elongated polystyrene core that acted as a strong constitutive
element of these networks. On the opposite, relatively soft micellar
gels were prepared from spherical micelles when prepared in presence of
toluene as a co-solvent. Additionally, the density of metal cross-linking
was readily tuned depending on the environmental conditions during
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the addition of transition metal ions, allowing further control over the
rheological properties of the hierarchically assembled materials.

In another comparative study, [174] Gohy and coworkers brought into
light the contribution of hydrophobic core to the gelation properties of
MSPGs involving a combination of hydrophobic and multiple coordina-
tive interactions. To achieve that goal, a water soluble poly(triethylene
glycol methylether methacrylate) homopolymer having terpyridine re-
peating units randomly incorporated as side chain ligands was synthe-
sized by reversible addition-fragmentation chain transfer polymerization.
Using this homopolymer as macromolecular chain transfer agent, an
amphiphilic block copolymer was derived that incorporated a relatively
short polystyrene sequence as second hydrophobic block. Upon addition
of nickel(II) ions to a concentrated aqueous solution, both homo- and
copolymer were susceptible to gelation. Under comparable conditions,
the critical gelation concentration was however dramatically reduced for
the copolymer compared to the homopolymer. The effect of the hy-
drophobic segment was explained by the capability of the block copoly-
mer to form micellar aggregates, which provides additional cross-linking
points within the supramolecular network.

Recently, the supramolecular gelation of pyridine end-functionalized
poly(ethylene glycol-b-lactide) multi-arm star block copolymers has been
reported by Feijen and coworkers. [173] In diluted aqueous solutions, these
polymers self-organize into micelles and aggregates. Above a critical
gel concentration, they were shown to form thermo-reversible, physi-
cally cross-linked hydrogels in the absence of metal ions. When tran-
sition metal ions like Co(II), Cu(II), or Mn(II) were present, the ag-
gregate dimensions enlarged, which in turn affected the gelation and
thermo-reversible behaviour of those materials. The effective interac-
tion between pyridine ligands and transition metal ions was confirmed
by oscillatory rheological measurements. Indeed, they formed together
coordination complexes with higher storage modulus than in NaCl solu-
tions at similar concentrations. Above the critical gel concentration, the
thermo-induced gel–sol transition shifted to higher temperatures due to
the formation of additional cross-links from inter-molecular coordina-
tion complexes between metal ions and pyridine ligands (Figure 6.26).
Compared with gels prepared in the absence of transition metal ions,
hydrogels stabilized by metal–ligand coordination showed higher resis-
tance against dissolution and degradation in physiologic conditions, even
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at very low metal concentration, which encouraged their use in environ-
mental and biomedical applications.

M(II)

=
    = PEG

  = PLLA

= pyridine

Figure 6.26 – Formation a water-swollen gel from ligands
end-functionalized multi-arm star block copolymer in the presence of

transition metal ions. [173]

6.3 Summary

Through an in depth literature survey, this chapter summarized pro-
gresses achieved to date in the elaboration of metallo-supramolecular
polymer gels. These particular materials were described as a subclass of
swollen polymer networks where linkages between structural components
are provided by dynamic coordination bonds. The three different routes
towards metallo-supramolecular polymer gels were reviewed and classi-
fied depending on how cross-links were formed through the networks.
Doing so, a particular accent was put on the stimuli-responsiveness that
the metal–ligand assembly confers to this class of supramolecular mate-
rials.
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CHAPTER 7
RHEOLOGY OF METALLO-SUPRAMOLECULAR

POLYMER GELS – A LITERATURE REVIEW

Abstract

An analysis of the rheology of metallo-supramolecular polymer gels is
herein developed through a comprehensive literature review. At first, the
concept of polymer gel is described in a rheological point of view toward
its metallo-supramolecular derivation. Then, the rheology of MSPGs is
addressed in detail, with pertinent scientific advances in the recent years.
In this respect, linear, i.e., network cross-linking density and dynamics,
and non-linear rheological properties are tackled separately.
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7.1 Rheological definitions and concepts

Arising from the key concepts of metallo-supramolecular chemistry [1,2]

and theory of gelation, [3–5] rheological features of metallo-supramolecular
polymer gels are barely identified in the literature. In this section, the
term “polymer gels” is briefly reminded before formulating a coherent
rheology as to what defines MSPGs.

7.1.1 Concept of polymer gels

Usually, the term “gel” refers to soft or hard jelly-like materials.
While they are mostly liquid, they exhibit solid-like behaviour and do
not flow generally when exposed to stress. They can be of colloidal or
polymer nature and swell to a certain finite extent, in aqueous or organic
solvents. As highlighted by Keller, [6] reasons why they can attract at-
tention, even as confined to the field of polymer science, are as varied as
the types of junctions which can lead to gels (Figure 7.1). However, the
concept of “gel” has been used so indiscriminately that a unique defini-
tion has become a matter of discussion. In most of the cases, scientific
definitions suffer from a lack of accuracy because they do not include
exceptions. By instance, the Dictionary of Polymers states “a polymer
gel consists of a three dimensional cross-linked network and swells in
a solvent, but does not dissolve even in a good solvent”. [7] While non-
swollen molecular networks, like rubbers, are properly excluded, this
definition is clearly limited to chemically, i.e., covalently, cross-linked
gels and eliminates physical gels, made by secondary molecular forces.

PROCESSES CREATING JUNCTIONS

Chemical Processses Physical Processses

polymerisation cross-linking phase transition association entanglements

Figure 7.1 – Chart displaying the different sources of junction which
can lead to networks and gels. [6]
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As pointed by Lloyd in 1926, [8] gels are much easier to recognize than
to define, and even recognition is confused by the fact that the limits
between gel and sol are not precise. Twenty-three years after, the best
available definition referred to a gel as “a two-component system of a
semi-solid nature, rich in liquid” [9] or “a coherent system which exhibits
mechanical properties of a solid, where both the dispersed component
and the dispersion medium extend themselves continuously throughout
the whole system” [10]. Later, uncertainties in defining gels were per-
ceived in descriptions emphasizing “a substantially diluted system which
exhibits no steady state flow”. [11–13]

With the Flory–Stockmayer gelation theory, [3–5] structural criteria,
such as the formation of an infinite network, or a three-dimensional
structure, featuring properties such as coherence and connectedness,
were included in the definition of a gel. In rheological studies, Burchard
and Ross-Murphy pointed that gels are, or can be coaxed to be, vis-
coelastic solids, i.e., they possess a plateau in the real part of the complex
modulus extending over an appreciable window of frequencies. [14] Later,
those experimental definitions were extended by Almdal and coworkers,
who stated that “a gel is a soft, solid or solid-like material, which con-
sists of two or more components, one of which is a liquid, present in
substantial quantity” [15]. In particular, solid-like gels are characterized
by the absence of an equilibrium modulus, a storage modulus, G′(ω),
which exhibits a pronounced plateau and a loss modulus, G′′(ω), which
is considerably smaller in the plateau region. [15]

More recently, the afore-mentioned statement was critically revised
by Rogovina and coworkers. Indeed, they pointed that this definition
still includes undefined terms, like “soft” and “substantial quantity”.
Furthermore, they noted that only physical gels are characterized by
the absence of an equilibrium modulus since the equilibrium modulus
of elasticity is always attained in chemical gels. [16,17] In fact, an equilib-
rium modulus is observed in physical gels as well, at stresses only below
the first yield point. [18] After a brief review of the current status of
knowledge in the area of polymer gels, a revised definition was thus pro-
posed by Rogovina and coworkers: “a gel is a solid composed of at least
two components, one of which (the polymer) forms a three-dimensional
network by virtue of covalent or non-covalent bonding (chemical and
physical gels, respectively) in the medium of the other component (the
liquid), wherein the minimum amount of the liquid is sufficient for en-
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suring the elastic properties of the gel, although it may exceed tens to
hundreds of times the amount of the polymer”. [19]

Over time, many tentative definitions have been thus proposed to
define what polymer gels are. In general, working hypotheses are based
on both rheological behaviours and structural features. While most of
them are still subject to debate, a more philosophical definition states
that “a gel is a gel, as long as one cannot prove that it is not a gel”. [20]

7.1.2 Toward metallo-supramolecular polymer gels

In a rheological point of view, MSPGs should exhibit an equilibrium
modulus under stress at least below the yield point. [21–25] Viscous and
elastic behaviours are recognizable under weak applied stresses, i.e., in
the viscoelastic linear regime, and contribute respectively to the elas-
tic storage modulus, G′, and the viscous loss modulus, G′′. However,
under high stress/strain, supramolecular gels display a non-linear be-
haviour and begin to flow. They are said to be plastic and have an
associated yield strain/stress or plasticity threshold beyond which the
material flows. [26] At the limit of yielding, different behaviours can be
observed depending on the type of interactions structuring the mate-
rial but also on the relationship between the experiment and material
relaxation timescales: strain thinning (decrease in both moduli), strain
hardening (increase in both moduli), weak or strong strain overshoot
(increase in elastic only, or both moduli, followed by decrease). [27–29]

Since they swell in a minimal amount of solvent, supramolecular gels
are characterized by a pronounced thixotropic behaviour, [30–36] i.e., they
undergo an isothermal reversible gel–sol (solid–liquid) transition under
mechanical stress. [21–25,37–40] While the reversibility of the gel–sol tran-
sition is a direct consequence of the reversibility of the metal–ligand
interaction, flowing of the material is more a time dependent process
that reflects the characteristic time scales of the material.

Whereas stress relaxation in commodity polymers is usually deter-
mined by the reptation of covalent polymer chains, the dissociation and
association of non–covalent junctions play a much more prominent role
in the case of supramolecular analogues. [41–44] In that field, significant
advances were made by Craig and coworkers who proposed to define
a supramolecular polymer network as corresponding to “the conditions
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under which the relaxation of the network is dominated by the dissocia-
tion kinetics of cross-linkers”, as characterized through linear oscillatory
frequency sweep rheology. [45]

Experimentally, the conditions defined by Craig et al. are verified
when the relaxation time of the supramolecular network is proportional
to the lifetime of the cross-linkers. Although attractive, this definition
has to be extended to include supramolecular polymer gels that com-
bine labile metal–ligand bonds with other non-covalent interactions or
chain entanglement. Indeed, dissipation of mechanical constrains in such
systems may involve multiple relaxation mechanisms that reflect their
structural complexity. Considering those extra transient associations
can considerably influence the dynamics of the physical polymeric net-
works since its creation results from a combination of associative bonds.
Also, the mechanism that governs the relaxation of the stressed mate-
rials may sensibly vary depending on environmental constrains, such as
the amplitude of solicitation.

To summarize, metallo-supramolecular polymer gels can be thus struc-
turally defined as polymer networks that present coordinative bonds,
either in the polymeric backbone or as junctions between their building
units. They unambiguously swell in a minimal amount of liquid so that
their rheology is characterized by an equilibrium modulus, at stresses
at least below the first yield point. Above, mechanical forces induce
the reversible flow of physically cross-linked entities, whose dissociation
allows stress relaxation of the material.

7.2 Dynamic linear response of MSPGs

Since the appearance of supramolecular polymers gels, attempts have
been made to describe their rheological behaviour by adapting existing
theories on concentrated entangled polymer solutions. Indeed, in con-
trast to their classical counterparts, supramolecular polymers exhibit
associating moieties that can reversibly bind to each other in a dynamic
way, which impart additional levels of complexity in the description of
those materials.

The incorporation of the dynamics of those interactions into well-
established models opens up the way of predicting the rheological be-
haviour of supramolecular polymer gels constructed from the non-covalent
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association of covalently joined oligo- or polymeric precursors. Active
contributions in this field have been made by the groups of Tanaka, [46–51]
Semenov–Rubinstein, [52–61] or Jongschaap–Wientjes, [62–64] with theoret-
ical approaches based on transient networks, sticky Rouse or sticky rep-
tation models, without distinction between the different types of associ-
ation processes.

7.2.1 Network cross-linking density

As a general feature of MSPGs, it can be assumed that the equilib-
rium modulus is determined by the inter-molecularly bonded metallo-
linkers in the semi-dilute unentangled regime, whereas it may be deter-
mined by both the inter-molecularly bonded metallo-linkers and entan-
glements between polymer chains in semi-dilute and concentrated en-
tangled regimes. In turn, the number density of elastically active cross-
links units contribute tremendously to the final mechanical properties
of MSPGs. In the dilute regime, one can assume that those elastically
effective cross-links rely mostly on inter-molecular metallo-bridges since
intra-molecular links result in loops. However, loops can concatenate
when concentration rises and thus bring their own contribution to the
elasticity of the material.

A clear distinction between the contribution of inter- and concate-
nated intra-molecular links is however difficult to achieve, even for cova-
lent networks. [65,66] However, investigations are currently devoted to a
better understanding and control over the number density of elastically
active cross-links and thus over the properties of MSPGs. On an en-
thalpic point of view, intra-molecular metallo-links are as well favoured
as inter-molecular ones since both involve the formation of coordinative
bonds that are characterized by the same binding strength. However, the
formation of elastically effective cross-link may be entropically driven,
despite the fact that dynamic supramolecular systems will always reor-
ganize to reach the most thermodynamically favourable state. [67]

Abrupt changes in the mechanical properties of supramolecular gels
are obviously reported around the percolation threshold, or gel point,
since the formation of a continuous network requires a minimum number
of chemical/physical cross-links between their components. For MSPGs,
the onset of percolation, defined by the density of cross-linking, will de-
pend on the concentration of both metallo-linkers and oligo- or polymeric
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species that will self-assembled in their presence. [45,68,69]

As noted by Craig et al., [45,70] a distinction can be made between four
states for the metallo-linkers: free, dangling, intra-molecularly bound,
and inter-molecularly bound linkers (Figure 7.2). Of those, only inter-
molecular bound metallo-linkers are elastically active, i.e., they con-
tribute to the network modulus. If a metallo-linker dissociates, it changes
temporarily to the dangling state, from which it can bind again to an
available residue elsewhere, as characterized by the sticky Rouse or sticky
reptation models of associative polymer networks. [52,60] In practice, the
number of elastically active metallo-linkers can be significantly reduced
by addition of chain stoppers or in the presence of strong coordinat-
ing solvents, counter-ions, or competitive ligands, which can induce a
gel-to-sol transition within the material. [23,38,40,69,71–74]

inter-chain

intra-chain

dangling

free

Figure 7.2 – Schematic representation of a metallo-supramolecular
network showing the different states of cross-linkers. [45,60]

Experimentally, it is also often found that there are simple scaling
relations between concentrations of the components that constitute the
MSPGs and their rheological characteristics. [38,44,45,69] Scaling law rela-
tionships of the elastic modulus, relaxation time, and zero-shear vis-
cosity with the concentration of oligomer were notably reported by
Vermonden et al. when they studied the linear rheology of reversible
neodymium(III) coordination polymers in aqueous solutions [38]. On the
basis of their results, it was found that either cross-linked networks or
linear chains were formed in solution, depending on the spacer length
between the metallo-supramolecular cross-links. This was explained by
the thermodynamically-driven formation of ring-like structures consist-
ing of two oligomer molecules and two metal ions (Figure 6.4). For the
linear supramolecular polymer chains, the scaling law was in good agree-
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ment with the predictions of Cates’ model that describes the dynamics
of linear equilibrium polymers. [75] In fact, this indicated at least that the
networks had only few cross-links and could be described as linear equi-
librium polymers. For the cross-linked supramolecular polymer network,
the results were not consistent with the Cates’ model, although a good
scaling law relationship between zero-shear viscosity and concentration
of polymer was still observed.

In another extensive study, [45] Xu and Craig examined the linear rhe-
ological properties of networks formed by adding Pd(II) metallo-pincers
to poly(4-vinylpyridine) solution in DMSO (Figure 6.9). The scaling
law relationships between the zero shear viscosity of the networks versus
the concentration of poly(4-vinylpyridine) solutions, the concentration
of cross-linkers, and the apparent number density of elastically active
chains were experimentally determined and compared to the theoretical
expectations of the sticky Rouse or sticky reptation models. [60] Both
qualitative and quantitative differences in behaviour were observed with
the statement that the sticky Rouse and sticky reptation models were
not able to fully describe the experimentally determined scaling law re-
lationships. The lifetime of the physical entanglements between polymer
chains, i.e., the Rouse relaxation time, was much smaller than the life-
time of formation and breakage of metallo-supramolecular cross-links.
Experimentally, this was correlated to the frequency at which the plateau
value of the modulus was characterized. Indeed, this frequency was
faster than the rate of dissociation of cross-linkers but much slower than
the rate of physical disentanglement between polymer chains, which in-
dicated that the relaxation of the network was dominated by the dissoci-
ation kinetics of metallo-supramolecular bonds and not by the disentan-
glement kinetics. However, when the Rouse relaxation time gets closer
to the lifetime of the metallo-supramolecular bonds, it was assumed that
physical entanglements between polymer chains should also contribute
to the value of the plateau modulus in the semi-dilute entangled regime.
Accordingly, the concentration and/or lifetime of metallo-linkers were
found to have an influence on the lifetime of physical entanglements be-
tween polymer chains, resulting in a renormalized lifetime of physical
entanglements between polymer chains.

Beside the concentration dependence of the rheological properties,
temperature also plays an important role since it will influence the dy-
namics of MSPGs. The evolution of both storage and loss moduli as a
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function of the temperature was reported by Vermonden and cowork-
ers. [38] While an elastic behaviour clearly characterized the rheological
properties of their MSPGs at low temperature, the viscous component
progressively tends to dominate the material when temperature rises,
meaning that the sample loses its elastic properties and becomes a liquid
(Figure 7.3). It was assumed that, at high temperatures, the mobility
of the molecules increased but also that the complexation constants be-
tween metal ions and ligands decreased, leading to smaller chains and
eventually single molecules. Upon cooling, the storage and loss moduli
returned immediately to the same level as before the sample was heated,
demonstrating the reversibility of the system. Also, increasing the tem-
perature led to a decrease in the relaxation time which was inversely
proportional to an increase in the metal–ligand bond dissociating rate.
Using the information of the relaxation time (or the rate constant), an
overall activation energy for reptation and breaking that matched a re-
versible system was obtained from the Arrhenius plot.
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Figure 7.3 – Evolution of storage and loss moduli with temperature
for a water soluble neodymium(III) coordination polymer. [38]

As reported in literature, increasing the functionality of the metal
centre, i.e., the number of ligand that can be accommodated around the
metal cations, also potentially affects the number density of active cross-
links in a positive way. In this respect, playing on the balance between
bivalent and multivalent metal ions, when used in combination, can be
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considered as a straightforward approach to tune the rheological proper-
ties of MSPGs. This methodology was recently illustrated by the work
of Weng et al. [25] who fine-tuned the gelation and properties of MSPGs
based on “click” polymeric ligands by the careful selection of metal ions
and their combinations. Zinc(II) containing gels were less elastic and
more viscous than the gels containing only europium(III) (Figure 7.4),
which is consistent with their different binding characteristics. Indeed,
Zn(II) metal ions bind to 2,6-bis(1,2,3-triazol-4-yl)pyridines ligand in a
1:2 ratio while Eu(III) metal ions bind in a 1:3 ratio.
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Figure 7.4 – Evolution of storage and loss moduli as a function of the
strain amplitude for MSPGs based on “click” polymeric ligand and

different metal ions. [25]

Switching from one metallo-linker to another, e.g., by varying the
nature of the metal ion, will also affect the strength of the coordinative
bond and hence the mechanical properties of the MSPGs. In their stud-
ies, Gohy and et al. also compared between concentrated terpyridine
end-functionalized polystyrene-b-poly(tert-butylacrylate) micellar solu-
tion charged with half an equivalent of zinc(II), nickel(II) and iron(II)
ions. [72] For the Fe(II) and Ni(II) samples, a hard gel withstanding the
tube inversion test was rapidly formed in about one minute. This trans-
lated into a large increase of the storage and loss moduli compared to the
metal-free sample. For both ions, the gels were dominated by elasticity.
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On the other hand, no gelling occurred for the sample containing Zn(II)
ions, evidencing an essentially Newtonian behaviour that was character-
ized by a weak but measurable elasticity. The different behaviours were
related to the strength of the formed complexes. Indeed zinc(II) forms
relatively weak complexes with terpyridines, while iron(II) and nickel(II)
are known to form much stronger complexes. [76]

7.2.2 Network dynamics

The dynamics of supramolecular polymer networks is thus governed
by two different characteristic time scales. One is the time scale of
formation and breakage of supramolecular inter-chain cross-links, while
the other is the time scale for the relaxation of chains or chain segments
as captured by classical polymer physics. [42]

Practically, this statement was illustrated by the work of Gohy et
al. on MSPGs constructed from side-chain terpyridine-functionalized
copolymers. In their study, [77] the dynamic mechanical properties of
the non-covalent network were investigated by oscillatory shear rheol-
ogy. In particular, the evolution of both moduli as a function of the
oscillation frequency was rationalized in the context of a multi-element
generalized Maxwell model described by two main relaxation modes. On
short time scale, polymer strands were able to relax via diffusive Rouse
process, occurring essentially by Brownian motion. This relaxation pro-
cess was practically evidenced by the parallel frequency scaling of stor-
age and loss moduli achieved in the high frequency regime (Figure 7.5),
which was attributed to the local motions of chain segments away from
metal–ligand bridges. This motion was however restricted around the
non-covalent associations acting as sticky points between chains. Over
long time scales, detachment of linear polymer chains from the percola-
tion structure allowed their diffusion within the network, causing stress
relaxation and flow of the material.

The rheological properties of supramolecular polymer networks in
the linear viscoelastic regime are mostly dictated by the nature of the
different constitutive elements and binding motifs between them. In
case of supramolecular polymer gels, the presence of solvent will play an
additional role by affecting the kinetics and thermodynamic stabilities
as well as the subtle balance between intra- and inter-molecular cross-
links between the associating species. While most organic solvents do
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not play an active role in the breaking and recombination of metallo-
supramolecular species, coordinating solvent, on the other hand, will
stabilize free or partially bound metallo-linkers, resulting by instance
in comparatively shorter relaxation times. [38] In this respect, better un-
derstanding of the rheological properties of MSPGs requires extensive
studies focusing on the influences of the different environmental param-
eters affecting the stability and density of coordinative bonds tethering
the polymer network.
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Figure 7.5 – Dynamic frequency sweep showing the fast and slow
relaxation modes in a metallo-supramolecular hydrogel constructed

from side-chain terpyridine functionalized copolymers. [77]

In practice, tuning the viscoelasticity of MSPGs can be experimen-
tally achieved by choosing the appropriate metal–ligand pair. Neverthe-
less, attempts to relate the cross-linking strength and dissociation rate to
the material properties are usually impaired by the circumstance that
an independent control over the thermodynamic and kinetics of such
systems is not easy to achieve. As pointed by Chujo et al., the kinetic
inertness of metal–ligand cross-links can also contribute to the stability
and hence to the mechanical properties of coordination polymer gels,
in addition to the required high stability constants for the complex-
ation of metal ions by ligands. [78–80] In order to relate the molecular
time scales of the metallo-supramolecular association and dissociation
to the viscoelastic properties of the MSPGs, independent control over
the cross-linking kinetics and thermodynamics is thus required.
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This problem was successfully addressed by Craig et al. by utilizing
the aforementioned poly(4-vinylpyridine) metallo-pincers supramolecu-
lar system in which the exchange rates could be varied by simple steric
effects at the metal centre of square planar Pd(II) and Pt(II) complexes,
without significantly changing the binding constant. [43,81] Indeed, ligand
exchange at this metal centre generally occurs through an associative
mechanism, in which the attacking nucleophile associates to the metal
centre prior to the departure of the original ligand [44]. Steric effects
in the spectator ligands of the complex therefore profoundly affect the
rate of ligand exchange while having little effect on the stability of the
complex.

By controlling the dissociation rate of the transient cross-links, a pre-
cise and predictable control over the dynamic viscosity and the elastic
storage modulus was achieved. As an example, addition of the more dy-
namically labile Pd(II) metallo-linker to a poly(4-vinylpyridine) solution
resulted in a viscous material, whereas the corresponding supramolec-
ular network formed with the slower exchanging Pt(II) metallo-linker
exhibited a gel-like behaviour. Further studies on these materials and
their more thermodynamically and kinetically stable Pt(II) analogues
demonstrated that the decomplexation rate of the metal binding motif
(and not the binding constant) was responsible for the observed change
in viscosity, suggesting that “slower” binding kinetics means “stronger”
materials. This statement was related to the low frequency of disso-
ciation when using a strong coordinating metal. In networks formed
from multiple types of cross-linkers, the mechanical properties directly
reflect the dynamics of the individual cross-linking components, rather
than an averaged, cooperative behaviour of the contributing species, as
probed in frequency-dependent dynamic measurements (Figure 7.6). At
low frequency, the rheological properties were determined by the slower
cross-linkers since the faster components dissociate and relax rapidly on
the time scale of the slower component dissociation. As the frequency
of oscillation increased, the slower cross-links were effectively “intact”
on the time scale of the measurement, and the dynamics that domi-
nated the rheological properties of the network was those that involve
the faster components.

To further understand the impact of the type, strength, and degree
of supramolecular chain cross-linking on the structure, dynamics, and
properties of MSPGs, Seiffert et al. used a modular toolkit to form
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non-covalent networks that exhibited greatly varying strength of tran-
sient chain cross-linking. [82,83] By deriving all supramolecular networks
from the same common precursor polymer (Figure 6.20), the impact of
the microscopic chain dynamics on the network mechanics was stud-
ied with high consistency. Precisely, MSPGs that are transiently cross-
linked through either triple or sextuple hydrogen bonds or through tri-
dentate transition metal complexes were compared in different media.
In all cases, the strength of supramolecular association determined the
mechanical properties of the resulting supramolecular gels, with good
quantitative mutual correspondence. In parallel, probing the diffusive
mobility of fluorescently tagged chains revealed that the concentration
dependence of the tracer-chain diffusivity was in agreement with theo-
retical predictions derived from the “sticky reptation” model by Rubin-
stein and Semenov, provided the chain association is stronger than a
certain threshold. At weaker chain association, classical semi-dilute so-
lution type chain dynamics was contrastingly recovered, delimiting the
applicability of the Rubinstein–Semenov model.
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Figure 7.6 – Frequency sweep for different networks prepared from
metallo-pincer complexes with poly(4-vinylpyridine) in DMSO. [43]

The same authors further studied the macroscopic relaxation along
with the microscopic chain dynamics of MSPGs formed from highly reg-
ular star-shaped precursors that were end-capped with terpyridine. [84]
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Precisely, the macroscopic mechanics of these model networks were stud-
ied by shear rheology, as a function of their different supramolecular
cross-linking strength. In addition, the microscopic dynamics and mo-
bilities of the star-shaped polymer were investigated by dynamic light
scattering and fluorescence photo-bleaching recovery experiments with
samples that contain fluorescently labelled building blocks (Figure 7.7).
These complementary investigations revealed that, whereas in a long-
term average the networks exhibited percolated connectivity, temporal
detachment of one of the arms allowed for their relocation within the net-
works, entailing relaxation and flow on long time scales. In both micro-
and macro-studies, such relaxation occurred on time scales of tens or
hundreds of seconds, depending on the strength and stoichiometric ratio
of transient associations. In fluorescence study, the relaxation of star
polymers having one of their arms labelled was nevertheless found to be
faster because of the lack of one connection site as compared to unla-
belled counterparts, thereby causing an intrinsic network defect in their
close vicinity that facilitated their microscopic relocation.

macro-
study

micro-
study

Figure 7.7 – Assessment of macro- and micro-dynamics of a model
supramolecular network, respectively observed via shear rheology and

fluorescence photo-bleaching recovery. [84]

7.3 Dynamic non-linear response

In parallel, many experimental studies have been focused on the non-
linear behaviour of metallo-supramolecular polymer gels. Indeed, they
are known to undergo an isothermal gel–sol transition under the yield
point, due to the breaking down of the supramolecular network, when
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probed at high mechanical deformation, and then to recover when stress
or strain decreases below a certain value. The strain/stress amplitudes,
at which the transition between the linear and non-linear viscoelastic
regimes is observed, are reported as the yield strain/stress and can define
together the yield point or yield strength. At a given concentration,
those critical parameters are mostly dictated by the structure of the
polymer network and the characteristics of the metallo-supramolecular
bonding.

At the onset of network destructuring, MSPGs can exhibit shear thin-
ning or shear thickening, which may depend on experimental conditions.
In this field, Craig and et al. observed both shear thinning and shear
thickening on metallo-pincer cross-linked poly(4-vinylpyridine) networks
that differed only in the lifetime of the reversible cross-links. [70,85] The
shear thinning behaviour, which was observed for samples that had a
fast dissociation rate, was attributed to shear induced disentanglement
of rapidly associating and dissociating network chains. Thus, the aver-
age time that a cross-linker remained detached was too short to permit
the local relaxation of polymer chain segments that was necessary for a
net conversion of elastically inactive to elastically active metallo-linkers.
By contrast, the shear thickening behaviour, which was observed for
cross-linkers that had a slower dissociation rate, was attributed to net-
work reorganization under shear, which led to shear-induced network
homogenization, and hence, network reinforcement. This hypothesis
was supported by the observation that shear thickening was substan-
tially enhanced above a critical shear rate, which directly relates to the
lifetime of the metallo-linkers.

In a following study, [86] the same mechanisms have been associated to
the strain hardening and strain softening of those gels under large am-
plitude oscillation shear. In semi-dilute unentangled solutions of poly(4-
vinylpyridine), above a critical scanning frequency, strain hardening of
both storage moduli and loss moduli was observed. This was attributed
primarily to an increase in the number of elastically active chains, as op-
posed to non-Gaussian stretching of the polymer chains which became
apparent only at strains near the network rupture. In the semi-dilute
entangled regime, however, strain softening was observed for samples
with faster metallo-linkers, whereas strain hardening was observed in
contrast for samples with slower metallo-linkers. The divergent strain
behaviours of samples were ascribed to the same mechanism previously
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reported for the purely shear thinning/thickening behaviour of networks.
As a consequence, these observations have painted a picture in which
strain softening and shear thinning arise from the same set of molecu-
lar mechanisms, conceptually uniting the two non-linear responses for
MSPGs.

Mechanisms and kinetics involved in the recovery process of MSPGs,
after exposition to a large amplitude stress/strain, have also attracted
attention over the last years. [22,23,25,39,72] Indeed, characterizing the rate
at which such materials will recover, once broken apart, is of great in-
terest since they are promising for a variety of applications in respect to
their self-healing properties.

The recovery of metallo-supramolecular gels formed via sequential
binding of a ditopic ligand with lanthanum(III) and zinc(II) metal ions
has been notably studied in details by Rowan and coworkers. [22,23] Dy-
namic controlled stress sweep on those systems revealed a shear-responsive
behaviour with a well-defined yield point at which it forms a Newtonian
sol. While the gel responded mostly elastically at low shear stresses,
the storage modulus dropped dramatically when higher shear stresses
were applied. Upon removal of the stress, the gel reformed almost in-
stantaneously, albeit with a smaller modulus, which gradually increased
over time towards its original value. At this point, reassembly appeared
to be a three-step process. After initial formation of a loose gel, the
storage modulus remained essentially constant but the yield stress and
strain increased linearly. Subsequently, the storage modulus increased
strongly and the yield strain decreased. A possible interpretation was
that the initial loose network was formed primarily via 2:1 ligand–La(III)
or ligand–Zn(II) complex formation, with many dangling chain ends. In
that case, the final phase was thought to involve conversion of the 2:1
La(III) complexes into 3:1 cross-linking sites and/or the formation 2:1
Zn(II) complexes which tied up the loose chain ends. An alternative sug-
gested mechanism involved the metal ion induced self-assembly of the
ditopic oligomer into hierarchical cross-linked species that subsequently
formed the gel upon aggregation.

Later, Rowan et al. moved a step forward in understanding the mech-
anism of gelation and stimuli-response of their metallo-supramolecular
polymers gels. [23,39] Microscopic examination and X-ray diffraction anal-
ysis revealed that the material was composed of spherulitic particles
which aggregated to yield sample-spanning phases responsible for gela-
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tion. Those globular particles were found to be fragile and very sen-
sitive to mechanical perturbation, resulting in thixotropic behaviours
that were highly dependent on formation history. For example, the crys-
talline particles formed by slow cooling were large and their sizes were
dependent on the precise thermal history. As the amount of mechanical
stress was increased, the globular particles were broken into progressively
smaller particles, accompanied by an increase in the strength of the re-
sulting gel once the stress was removed. In particular, gels formed by
quenching in a sonication bath, which produces a finely-divided globular
morphology, exhibited the highest strength. This was attributed to the
increase in the strength of inter-particle interaction through an increase
in surface contacts. The responsive nature of the gels was tailored by
the metal ion salts used to form the gels. For example, gels containing
lanthanide salts with non-coordinating counter-ions exhibited a lower
yield stress than gels made with lanthanide salts that have competitive
binding counter-ions, or gels made from transition metal ions alone.

7.4 Summary

An analysis of the rheology of metallo-supramolecular polymer gels
was herein developed through a comprehensive literature review. At
first, the concept of polymer gel was described before identifying the
characteristic rheological features of metallo-supramolecular polymer gels.
Then, the linear rheology of MSPGs was addressed in detail, with per-
tinent scientific advances over the past 2 decades. Doing so, the cross-
linking density of MSPGs was related to the number of elastically active
chain associations in transient networks, which depends on several fac-
tors including, e.g., concentration and temperature. Also, the dynamic
of MSPGs was correlated to the dissociation lifetime of transient cross-
linkers and the time scale for the relaxation of chain segments. Finally,
the non-linear response of MSPGs was discussed by showing the im-
portance of the relationship between the solicitation time scale and the
lifetime of cross-linkers.
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CHAPTER 8
SYNTHESIS OF FUNCTIONAL

MACROMOLECULAR BUILDING BLOCKS

Abstract

The synthesis of functional block copolymers constituting the basic
building blocks for self-assembled materials is herein described. At first,
two chain transfer agents are modified with a terpyridine ligand via clas-
sical coupling methods. Those control agents are then used to mediate
the sequential RAFT copolymerization of selected monomers. At each
step, the control over the polymerization process is evidenced by spectro-
scopic and chromatographic techniques, affording materials with tailored
composition and functionality. Following this strategy, a library of well-
defined smart block copolymers is obtained, targeting the formation of
self-assembled hydrogels with controlled and tunable rheological proper-
ties.
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8.1 Overview

In this chapter, the synthesis of ligand end-functionalized macro-
molecular building blocks is described. The latter are composed of two
or three different monomer units that have been selected for their abil-
ity to afford polymer sequences of desired characteristics (Figure 8.1).
In this respect, polystyrene (PS) constitutes a well-studied hydrocarbon
polymer of highly hydrophobic nature. Due to the strong interaction be-
tween phenyl groups, this hard and rigid sequence is commonly encoun-
tered in the field of associative polymers, generally leading to glass-like
aggregates. [1,2] However, the glassy character of the aggregates decreases
with the length of associating segments, [3] and the presence of plasticiz-
ers including co-solvents. [4]

N

N

N

terpyridine styrene

O

O
N

2-(dimethylamino)ethyl
methacrylate

O

N
H

N-isopropyl-
acrylamide

Figure 8.1 – Structures of monomers and ligand used in the synthesis
of functional building blocks.

In the field of stimuli-responsive materials, thermo-sensitive poly(N -
isopropylacrylamide) (PNIPAAm) is a widely used polymer that under-
goes a sharp coil-to-globule phase transition in aqueous solution upon
heating. [5] Practically, the lower critical solution temperature (LCST)
is generally reported around 32℃, [6] but is affected by hydrophobic or
hydrophilic comonomers, [7,8] as well as the presence of salts [9,10] or sur-
factants. [11,12] Interestingly, the versatility of PNIPAAm has led to its
utilization in gels, membranes, sensors, thin films, tissue engineering,
and drug delivery. [13]

Despite the fact that an overwhelming majority of reported stud-
ies on environmentally sensitive polymers are based on PNIPAAm, a
wide range of other thermo-responsive polymers have demonstrated their
applicability in the preparation of smart materials. [14] Among them,
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) is particularly
attractive since it further shows pH-responsiveness. By raising the hy-
drophilic nature of PDMAEMA through protonation of tertiary amino-
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groups (pKa,app ≈ 6 for the protonated polybase ), [15] the overall hydro-
gen bonding ability of the macromolecules as well as their electrostatic
repellency are indeed increased, which leads to higher transition tem-
peratures. Hence, the reported cloud point temperature of PDMAEMA
ranges from 30℃ to more than 80℃ in aqueous solution, depending on
molecular weight, pH and concentration. [15–18]

The synthesis of block copolymers bearing a chelating ligand at one
extremity is sequentially achieved via controlled radical polymerization,
as illustrated in Figure 8.2. To this aim, a direct approach is followed
employing initiators or control agents modified with the ligand of in-
terest, which is terpyridine (tpy). Being one of the most prominent
representatives of its family, this N -heteroaromatic ligand is employed
in the construction of specific, stable metal complexes with unique prop-
erties that can be further tuned by the choice of the metal ion and/or
structural modifications. [19,20] Additionally, well-designed supramolecu-
lar (co)polymer architectures have been realized, based on the metal–
terpyridine connectivity, showing self-healing or responsive abilities, as
well as additional functional properties. [21–24]

monomer
n°1:    

monomer
n°2:    (...)

Figure 8.2 – Multi-step synthesis of a functional block copolymer.

Even if its applicability in the synthesis of ligand end-functionalized
(co)polymers has been demonstrated in the past, [25] nitroxide-mediated
radical polymerization lacks of versatility due to the limited number of
monomers that can be polymerized in a control manner. [26] Transition
metal-mediated atom transfer radical polymerization is more versatile
in essence, because of its compatibility with various functional groups.
However, the presence of coordinative moieties, especially strong chelat-
ing ligands, generally interferes with the chain growth process due to
competition with the ligands for coordination sites of the catalyst or
the formation of less active complexes, leading to a large decrease in
polymerization rate and increase in dispersity. [27]
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With the absence of transition metal as catalyst, reversible addition–
fragmentation chain transfer, or simply RAFT, process offers a suitable
alternative to other controlled radical polymerization techniques. Even
if RAFT process may lack in the incorporation of α-group, this technique
covers close to all the monomer classes that can undergo radical polymer-
ization and can be performed in a large range of solvents. [28,29] However,
each particular RAFT control agent is only suitable for a limited set of
monomers and typically requires a multi-step synthetic procedure and
subsequent purification. [30] As detailed in the following, the terpyridine
ligand will be introduced into the macromolecular architecture via the
use of modified chain transfer agents (CTA). The latter are thus synthe-
sized prior to sequential controlled radical copolymerizations of selected
monomers.

8.2 Synthesis of modified chain transfer agents

To prepared functional block copolymers via RAFT, selection of ap-
propriate chain transfer agents for the targeted monomer is of prime
importance (Figure 8.3). Indeed, a delicate balance between the rates of
degenerative transfer and radical propagation is required so as to ensure
that the dormant species are orders of magnitude greater in concentra-
tion than the active species, but the exchange between the two forms
is rapid. Thus, the reactivity of the RAFT agent must be tailored to
match the reactivity and stability of the propagating radical formed from
a given monomer. [31]

Z S

S

R

Free radical leaving group R able

to initiate polymerization

Weak R–S single bond

Z-group controls reactivity

of C=S bond; influences

addition–fragmentation rate

Reactive C=S double bond

Figure 8.3 – General structure of a RAFT agent, with the impact of
substituents.

Polymerizable monomers by RAFT can be divided into two general
classes that reflect their ability to react in a free radical process. On
one hand, the less activated monomers contain a vinylic group that is
adjacent to an electron rich atom, such as oxygen or nitrogen (vinyl
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esters, vinylamides). On the other hand, the more activated monomers
contain a vinylic group that is conjugated to a neighboring functionality
such as, e.g., a carbonyl group (acrylamide, methacrylate, etc.), or an
aromatic ring (styrenes). Due to the enhanced electronic stabilization,
this second category of monomers indeed produces more-stabilized, less
reactive radicals. [32]

S

S

R
S S

S

RZ
N S

S

RZ1

Z2

O S

S

RZ

(a) (b) (c) (d)

Figure 8.4 – Four classes of RAFT agents: (a) dithiobenzoates, (b)
trithiocarbonates, (c) dithiocarbamates, and (d) xanthates.

To control the polymerization of 2-(dimethylamino)ethyl methacry-
late, N -isopropylacrylamide and styrene monomers, the use of active
RAFT agents such as dithioesters, typically dithiobenzoates, or trithio-
carbonates is thus encouraged (Figure 8.4). Indeed, they provide a
high rate of reversible chain transfer via addition–fragmentation with
respect to propagation, allowing for rapid equilibration of growing poly-
mer chains. [32] While showing extremely high chain transfer efficiency,
dithiobenzoates are however prone to hydrolysis and may cause polymer-
ization retardation under high concentrations. On the opposite, trithio-
carbonates are more hydrolytically stable and cause less retardation but
have a more moderate effect on the fragmentation equilibrium. [33]

S S

S

OH

O

5

(a) DDMAT

S

S CN

OH

O

(b) CPAD

Figure 8.5 – Structures of two selected RAFT agents.

The specifically selected chain transfer agents must meet certain re-
quirements. At first, they must be accessible commercially, or via short
synthetic procedures. In addition, they should be stable and incorporate
a functional group capable of undergoing post-modification to attach
the terpyridine ligand. Among others, S-dodecyl-S’-(α, α′-dimethyl-α′′-
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acetic acid) trithiocarbonate (DDMAT) and 4-cyano-4-(phenylcarbono-
thioylthio)pentanoic acid (CPAD) thus rise as potential RAFT agents
that can be used within the frame of this project (Figure 8.5). Indeed,
they possess a carboxylic acid function that can be efficiently coupled
with suitable terpyridine derivatives.

8.2.1 Synthesis of DDMAT

DDMAT is synthesized following a procedure described by Lai and
coworkers (Figure 8.1). [34] Precisely, one equivalent of alkyl mercap-
tan and carbon disulfide are first reacted in presence of hydroxide ions,
followed by alkylation with chloroform and acetone in a phase transfer
catalyzed (PTC) reaction. After acidification, the desired product is iso-
lated from the bis-dodecyl trithiocarbonate side-product, and purified
by recrystallization. The high purity and functionality of the synthe-
sized RAFT agent is attested by 13C and 1H nuclear magnetic resonance
(NMR) spectroscopy.

SS

S

C12H25 OH

O
(CH3)2CO + CHCl3 + NaOH

PTC

H+

C12H25SH + CS2 +

Scheme 8.1 – Synthesis of trithiocarbonate RAFT agent.

8.2.2 Synthesis of amino-terpyridine derivative

An amine functionalized terpyridine derivative is synthesized to al-
low its further coupling with the carboxylic acid of the RAFT agents.
Precisely, amino-pentanol is reacted with chloro-terpyridine according
to a procedure described elsewhere. [35] The reaction is performed under
basic conditions, i.e., suspension of caustic potash flakes in dimethyl
sulfoxide, to yield the desired product (Figure 8.2). Its structure was
identified by 13C and 1H NMR spectroscopy. Notably, the efficiency of
the reaction is ascertained by a marked downfield shift of the NMR sig-
nal of protons initially adjacent to the hydroxyl group, after addition of
amino-pentanol onto chloro-terpyridine.
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N

N

N

Cl
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60°C

x
KOH

N

N

N
OH2N

5

HO

H2N

+

Scheme 8.2 – Synthesis of the amino-terpyridine derivative.

8.2.3 Coupling

As the final step of our convergent strategy, both synthesized DDMAT
and commercially available CPAD are coupled with amino-terpyridine
derivative to afford ligand-functionalized chain transfer agents. The for-
mation of amide, from the corresponding carboxylic acid by condensa-
tion with the primary amine, is mediated by the presence of carbodi-
imide, following standard method of peptide synthesis (Figure 8.6). [36]
Mechanistically, coupling is achieved after activation of carboxyl group

SS

S

C12H25

tpy
OH2N

OH

O

+

CH2Cl2
19h, TA

EDCI
HOBT

ON
H

O

SS

S

C12H25
5

5

N

N

N

(a) Synthesis of DDMAT-tpy

tpy
OH2N

+

CH2Cl2
20h, TA

EDCI
HOBT

ON
H

O

5
5

N

N

N
Ph S

S CN

OH

O

SPh

S CN

(b) Synthesis of CPAD-tpy

Figure 8.6 – Peptide coupling toward terpyridine-modified chain
transfer agents.
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with 1-hydroxybenzotriazole/N -(3-dimethyl-aminopropyl)-N’-ethylcar-
bodiimide hydrochloride salt (HOBT/EDCI), in dichloromethane (DCM)
as solvent. This reaction is catalytic in HOBT but stoichiometric in
EDCI, which is converted to the corresponding derived urea.
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Figure 8.7 – 1H-NMR spectra of terpyridine-modified chain transfer
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The characterization of both terpyridine-modified chain transfer agents
is carried out using mass spectrometry and NMR spectroscopy, attesting
efficient coupling as illustrated in Figure 8.7. In particular, the presence
of a peak at a chemical shift (δH) around 6 ppm in 1H-NMR, correspond-
ing to the amide proton, along with the downfield shift of the peak of
adjacent aliphatic protons, from 2.75 ppm to 3.30 ppm after coupling,
constitute the most direct evidences of reaction efficiency.

8.3 Synthesis of functional block copolymers

The most common and simplest method for the preparation of block
copolymers using RAFT is through sequential copolymerization of two
or more monomers (Figure 8.2), with purification undertaken before each
monomer addition. The homopolymer formed from an initial RAFT pro-
cess acts as a macro-CTA for a second polymerization step, resulting in
the formation of the block copolymer. Ideally, the Z-group of the initial
CTA must adequately control the polymerization of each monomers that
constitute the block copolymer. [32]

To develop reaction conditions for each polymerization, the influence
of three stoichiometric ratios are taken into account and finely tuned to
achieved control over the RAFT process: [32]

• [M]/[CTA]: As the amount of CTA determines the number of
chains formed, the relative ratio of monomer to RAFT agent the-
oretically determines their average degree of polymerization that
would be obtained in the absence of termination or chain transfer.

• [CTA]/[I]: The molar ratio of RAFT agent to initiator influences
the functionality at both polymer ends, i.e., the number of R-
derived to initiator-derived chains at the α-end, and the number
of thiocarbonylthio-functional dormant chains to dead chains, and
hence the degree of control over the polymerization.

• [M]/[I]: The ratio between monomer and initiator strongly influ-
ences the rate of polymerization, as with conventional radical poly-
merization.

Along with tuning reaction conditions in terms of ratio between
monomer, CTA, and initiator, the absolute concentration of each species
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in solution is adjusted to control the polymerization of the different
monomers in a reasonable time constrains. [32] If a control over mo-
lar mass and dispersity constitutes the primary goal, any adjustment
in polymerization conditions may also influences the functionality of
chain-ends, which in turn impact the degree of functionalization with
the terpyridine ligand. Hence, potential issues with maintaining high
end-group fidelity are addressed by NMR and ultraviolet–visible spec-
troscopic titration. Of course, total functionalization of the copolymer
chains can be achieved using terpyridine functionalized radical initiators.
However, this approach is not considered here given the high degrees of
functionalization that are already attained in RAFT polymerization.

8.3.1 Synthesis of PNIPAAm-tpy

The synthesis of PS-b-PNIPAAm-tpy diblock copolymers is achieved
by sequential RAFT copolymerization of N -isopropylacrylamide and
styrene, with the help of A. M. Stevens, on the basis of anterior work
developed by Dr. S. Piogé. [37] To this aim, the terpyridine-modified
DDMAT is selected as RAFT agent for its particular stability towards
hydrolysis and the possibility to copolymerize acrylamide and styrene
monomers in a controlled manner. [38] As a first step, the polymerization
of NIPAAm is conducted in solution in N,N -dimethylformamide (DMF),
as a good solvent for all involved species including the growing polymer,
as illustrated in Scheme 8.3.

In addition, a radical species must also be introduced into the reac-
tion mixture to initiate polymerization. In this respect, commercially
available 2,2’-azobis(isobutyronitrile) (AIBN) is used as source of pri-
mary radicals. By thermally decomposing, it generates two equivalents
of radical species. In practice, only a portion of these species are actually
active in the initiation of the polymerization process, while the others
undergo secondary reactions. The fraction of the radicals produced in
the homolytic cleavage that initiate polymer chains defines the initiator
efficiency (ϑ), [39] which can be evaluated around 0.6 under the present
conditions. [40,41]

During the initialization step, a fast balance pre-equilibrium is estab-
lished between initiating radical species via degenerative transfer. As a
result, the homopolymerization of poly(N -isopropylacrylamide) is par-
tially initiated by primary radicals generated by the thermal decompo-
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sition of AIBN, and partially initiated by the R-residue originated from
transfer reaction to the RAFT agent. Therefore, a minimum amount
of free radical initiator is used relative to chain transfer agent (ratio of
5:1) in order to ensure high degree of chain-end functionalization. In
practice, this amount is however sufficient to initiate the polymerization
process and to ensure acceptable polymerization kinetics.
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Scheme 8.3 – Synthesis of PNIPAAm-tpy homopolymers.

The initial ratio between NIPAAm monomer and functional RAFT
agent is set to 500:1, allowing the preparation of different homopolymers
with targeted molar mass. In practice, the monomer conversion, c, is
intentionally limited by rapid cooling of the reaction mixture at prede-
termined time. In this way, the probability of side reactions, includ-
ing chain termination, is reduced which otherwise classically increases
with the degree of monomer conversion. In practice, this conversion
is quantitatively evaluated by 1H-NMR spectroscopy of the crude reac-
tion mixture, from the ratio between the peak area (IX) of vinyl proton
of unreacted NIPAAm monomers to that of the characteristic i-propyl
proton of growing PNIPAAm (Figure 8.8), according to:

c(t) = [PNIPAAm]t
[PNIPAAm]t + [NIPAAm]t

= IHa’(t)
IHa’(t) + IHa(t) (8.1)
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Figure 8.8 – 1H-NMR spectrum of a crude PNIPAAm-tpy
polymerization mixture in deuterated chloroform.

By varying the polymerization time, PNIPAAm-tpy homopolymers
with different chain lengths are readily synthesized, as reported in Ta-
ble 8.1. Practically, the number average degree of polymerization, DP, of
the synthesized polymer can be evaluated from the monomer conversion
and the ratio of engaged monomers to the total number of chains pro-
duced. Since the number of initiator-derived chains is low in comparison
to CTA-derived chains, the contribution of primary radicals generated
by the decomposition of the initiator is generally neglected, giving the
more commonly used expression for the theoretical degree of polymer-
ization: [32]

DP = c(t) · [NIPAAm]0
[CTA]0 + 2ϑ · [AIBN]0

≈ c(t) · [NIPAAm]0
[CTA]0

(8.2)

With the knowledge of molar masses of the monomer and of the
chain control agent, the theoretical molar mass, M̄n, of the different
PNIPAAm-tpy homopolymers can be expressed as a function of the
monomer conversion: [32]

M̄n ≈MCTA + DP ·MNIPAAm (8.3)
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Table 8.1 – Characteristics of PNIPAAm-tpy homopolymers.

Formula entry DPPNIPAAm M̄n M̄n
a Ð

(NMR) (NMR) (SEC) (SEC)
[g/mol] [g/mol]

PNIPAAm235-tpy 235 ± 25 27,200 35,200 1.16
PNIPAAm270-tpy 270 ± 30 31,400 36,100 1.22
PNIPAAm300-tpy 300 ± 35 34,900 39,200 1.25
a Determined with respect to polystyrene standards.

In parallel, absolute molar masses can be further accessed by chain
end titration via 1H-NMR spectroscopy of the pure homopolymers. The
latter are obtained by double precipitation of the crude reaction mix-
tures in a solvent that is selective for the unreacted monomers, and
subsequent drying of the polymer. In addition, nuclear magnetic reso-
nance spectroscopy of the purified PNIPAAm-tpy provides a first quan-
titative verification of the presence of terpyridine end-group into the
macromolecular architecture (Figure 8.9). Given the relative precision
of NMR in the estimation of chain-end groups, the quantitative deter-
mination of terpyridine is further addressed by UV-visible titration in a
following section.
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Figure 8.9 – 1H-NMR spectrum of PNIPAAm-tpy homopolymer in
deuterated chloroform.
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Finally, molar mass distributions of synthesized PNIPAAm-tpy are
revealed by size exclusion chromatography (SEC) analyses. In this con-
ventional polymer characterization technique, the polymers in solution
are indeed separated based on their molecular size, which can be deter-
mined by the retention time. Referring to known standard samples, e.g.,
polystyrene, molecular mass distribution can be deduced.

As illustrated in Figure 8.10, a decent control over the polymerization
process is attested by narrow and symmetrical distributions. As a fur-
ther indication, calculated dispersities remain relatively low (Ð < 1.3)
at all conversion levels. In addition, the logical rise in molar masses
with polymerization time is clearly evidenced by the shift of SEC traces
to lower elution times. Although meaningless, molar masses are deter-
mined with respect to polystyrene standards in order to account for this
increase (Table 8.1).

424038363432302826

Elution time, t [min]

 PNIPAAm235-tpy

 PNIPAAm270-tpy

 PNIPAAm300-tpy

Figure 8.10 – SEC elugrams of PNIPAAm-tpy homopolymers of
varying chain length (c = 36, 56, 60 %).

8.3.2 Synthesis of PS-b-PNIPAAm-tpy

In a second step, the controlled radical polymerization of styrene
monomer is conducted in presence of the synthesized PNIPAAm-based
macromolecular chain transfer agents. In a sense, this sequential copoly-
merization constitutes the ultimate test of “livingness”, as it demon-
strates the ability to quantitatively chain-extend homopolymers to yield
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block copolymers. Such a polymerization is conducted in dry DMF
at 90℃ using AIBN as source of primary radicals, as described in
Scheme 8.4.
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Scheme 8.4 – Synthesis of PS-b-PNIPAAm-tpy copolymers.

The initial ratio between styrene monomers, macro-RAFT agent and
AIBN is set to 1000:5:1 in order to ensure control over the polymer-
ization process. In this regard, the large excess of engaged monomer
allows stopping the polymerization process at low conversions. For the
reasons explained above, a minimal amount of free radical initiator is
also used relative to the macro-CTA. In addition to the chain extension
of PNIPAAm-tpy, a small proportion of chains is directly initiated by
free radicals originating from the decomposition of AIBN. The initiator-
derived homopolystyrene chains are however removed during the pu-
rification process, along with residual monomers, thus affording pure
PS-b-PNIPAAm-tpy diblock copolymers.

The composition of the obtained diblock copolymers is determined by
1H-NMR spectroscopy, which further attests the presence of terpyridine
ligand in the architecture of the chain (Figure 8.11). The ratios between
peak areas of terpyridine protons and terminal methyl group protons are
in good agreement with a nearly quantitative incorporation of the ligand,
which is further addressed in a following section. At the other chain end,
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Figure 8.11 – 1H-NMR spectrum of PS-b-PNIPAAm-tpy copolymer
in deuterated chloroform.

the length of PS segment is readily varied depending on the degree of
monomer conversion. Practically, the size of this block is kept short in
order to result in sticky association in a selective solvent (Table 8.2).

Table 8.2 – Characteristics of PS-b-PNIPAAm-tpy copolymers.

Formula entry DPPS M̄n M̄n
a Ð

(NMR) (NMR) (SEC) (SEC)
[g/mol] [g/mol]

PS4-b-PNIPAAm235-tpy 4 ± 1 27,500 35,500 1.19
PS15-b-PNIPAAm235-tpy 15 ± 2 28,700 35,900 1.23
PS22-b-PNIPAAm235-tpy 22 ± 2 29,500 36,900 1.20
PS27-b-PNIPAAm235-tpy 27 ± 3 30,000 36,500 1.28
PS35-b-PNIPAAm235-tpy 35 ± 3 30,800 39,600 1.28
PS27-b-PNIPAAm300-tpy 27 ± 3 37,700 41,500 1.32
a Determined with respect to polystyrene standards.

The ability of PNIPAAm-tpy macro-CTAs to quantitatively chain-
extend to afford PS-b-PNIPAAm-tpy diblock copolymers is further evi-
denced by size exclusion chromatography. Even for short PS segments,
clear shifts of SEC traces to lower elution times are observed (Fig-
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ure 8.12), indicating an increase in molar masses after copolymeriza-
tion. Moreover, SEC analysis reveals narrow molar mass distributions,
attesting that well-defined block copolymers are successfully obtained.
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Figure 8.12 – SEC elugrams of PNIPAAm-tpy homopolymer and
derived PS-b-PNIPAAm-tpy copolymer.

8.3.3 Synthesis of PDMAEMA-tpy

The synthesis of PNIPAAm-b-PDMAEMA-tpy diblock and PS-b-
PNIPAAm-b-PDMAEMA-tpy triblock copolymers is achieved by se-
quential RAFT controlled radical polymerization. In this respect, the
terpyridine-modified dithiobenzoate is selected as chain transfer agent
due to its compatibility with various functional monomers, [32] afford-
ing the possibility to sequentially copolymerize methacrylate with acry-
lamide and further styrene monomers. [42,43]

At first, the polymerization of 2-(dimethylamino)ethyl methacrylate
(DMAEMA) is conducted in 1,4-dioxane (DIO) as solvent, in the pres-
ence of CPAD-tpy and AIBN as source of primary radicals (Scheme 8.5).
Polymerization kinetics is monitored by extracting aliquots using de-
gassed syringes at predetermined time intervals. Hence, this technique
affords PDMAEMA-tpy homopolymers whose chain length can be read-
ily controlled with polymerization time, as reported in Table 8.3.

In practice, monomer conversions are evaluated by 1H-NMR spec-
troscopy of the crude reaction mixtures, from the ratio between the
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Scheme 8.5 – Synthesis of PDMAEMA-tpy homopolymers.

peak area of vinyl proton of DMAEMA at 5.50 or 6.05 ppm and that of
the aliphatic ester proton of PDMAEMA at 4.00 ppm (Figure 8.13 (a)).
In parallel, absolute molar masses are determined by analysis of the
pure PDMAEMA-tpy homopolymers via end-group titration. Precisely,
the number-average degrees of polymerization of chains are calculated
from the ratio between the peak area of the aliphatic ester proton of
PDMAEMA at 4.00 ppm and that of terpyridine protons at 8.70, 8.60
or 8.00 ppm (Figure 8.13 (b)).

Table 8.3 – Characteristics of PDMAEMA-tpy homopolymers.

Formula entry DPPNIPAAm M̄n M̄n
a Ð

(NMR) (NMR) (SEC) (SEC)
[g/mol] [g/mol]

PDMAEMA40-tpy 40 ± 4 6850 10,950 1.27
PDMAEMA80-tpy 80 ± 8 13,300 18,900 1.21
PDMAEMA125-tpy 125 ± 13 20,100 26,900 1.20
PDMAEMA160-tpy 160 ± 15 25,600 33,100 1.23
PDMAEMA205-tpy 205 ± 20 33,000 41,100 1.28
a Determined with respect to polystyrene standards.
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Figure 8.13 – 1H-NMR spectrum of (a) a crude PDMAEMA-tpy
polymerization mixture and (b) pure PDMAEMA-tpy homopolymer in

deuterated chloroform.

As shown in Figure 8.14, the evolution of number average degree
of polymerization with polymerization time is in good agreement with
monomer conversion. The plot of number average degree of polymer-
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Figure 8.14 – Evolution of DMAEMA monomer conversion and
degree of polymerization of PDMAEMA-tpy with polymerization time.

ization versus monomer conversion is further found to be linear (Fig-
ure 8.15), and therefore indicates a control over the polymerization
of DMAEMA. Also, the presence of characteristic peaks of the aro-
matic protons of dithiobenzoate is noted in the 1H-NMR spectrum (Fig-
ure 8.13 (b)), which attests the living character of the polymerization.
However, the degree of monomer conversion reaches a maximum value
of about 75 % after 2 days, which can be due to repeated sampling.
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Figure 8.16 – Pseudo-first order for the polymerization of DMAEMA
in presence of AIBN and CPAD-tpy.

As noticed in Figure 8.14, the polymerization process shows an in-
duction period of about 30 minutes, i.e., virtually no activity can be
observed in the initial phase of the polymerization. Such an induction
period is classically observed in RAFT, especially when dithiobenzoates
are used as chain transfer agents, and might be ascribed to the pre-
equilibrium that takes place in the early stage of the polymerization. [44]
After the induction period, the first-order time-conversion plot shows
a linear relationship with only slight deviations towards the end of the
polymerization (Figure 8.16), which is in agreement with a constant
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Figure 8.17 – SEC elugrams of PDMAEMA-tpy homopolymers of
varying chain length (c = 13, 28, 41, 53, 72 %).
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concentration in active species. The plot is constructed by taking into
account the limited monomer conversion, which redefines the logarithm
of the monomer concentration.

In parallel, size exclusion chromatography analysis on PDMAEMA-
tpy reveals narrow symmetrical molar mass distributions. In addition,
low dispersities (Ð < 1.3) are obtained at all conversion levels, attesting
to the decent control over the polymerization process. As shown in
Figure 8.17, the increase in molar masses with polymerization time was
clearly evidenced by the shift of SEC traces to lower elution times. To
account for this increase, molar masses are determined with respect to
polystyrene standards and reported in Table 8.3.

8.3.4 Synthesis of PNIPAAm-b-PDMAEMA-tpy

In a second step, the controlled radical polymerization of N -isopropyl-
acrylamide (NIPAAm) is investigated in presence of PDMAEMA-based
macro-CTA. As described in Scheme 8.6, this polymerization is con-
ducted in dry dioxane at 70℃ using AIBN as source of primary radicals.
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Scheme 8.6 – Synthesis of PNIPAAm-b-PDMAEMA-tpy copolymers.

The initial ratio between NIPAAmmonomers, PDMAEMA-tpy macro-
CTA and AIBN is set in order to ensure control over the polymerization
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process. During the reaction, monomer conversion is monitored by 1H-
NMR spectroscopy of the crude reaction by following the disappearance
of the peak of vinyl proton of NIPAAm at 6.25 or 6.05 ppm, with respect

6.5 6.0 5.5 5.0 4.5 4.0 3.5

δ H [ppm]

Hb Hc He HfHa,d

Hc Hb

NO

Ha

He

Hd

O

n

O

N

Hf

Hf'

(a) 1H-NMR spectrum at initial reaction time

6.5 6.0 5.5 5.0 4.5 4.0 3.5

δ H [ppm]

Hb Hc He HgHd Ha Hf

Hc Hb

NO

Ha

He

Hd

O

n

NO

m

O
H

Hg
N

Hf

Hf'

(b) 1H-NMR spectrum after partial monomer conversion

Figure 8.18 – 1H-NMR monitoring of the polymerization of NIPAAm
monomers from PDMAEMA-tpy macro-CTA in deuterated chloroform.
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to that of isopropyl/aliphatic ester protons in the 3.85–4.20 ppm range
(Figure 8.18).

In parallel, absolute molecular weights can be determined by 1H-
NMR spectroscopy of the pure PNIPAAm-b-PDMAEMA-tpy copoly-
mers either via end-group titration or in relative with PDMAEMA pro-
ton peak areas. For sake of accuracy, the number average degrees of poly-
merization of the PNIPAAm block are evaluated from the ratio between
the peak area of the isopropyl/aliphatic ester protons of PNIPAAm-
b-PDMAEMA-tpy at 4.00 ppm and that of the aliphatic protons of
PDMAEMA block at 2.55 ppm. Also, the characteristic peaks of the
aromatic protons of dithiobenzoate present in the 1H-NMR spectrum
attest the living character of the polymerization.
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Figure 8.19 – 1H-NMR spectrum of PNIPAAm-b-PDMAEMA-tpy
copolymer in deuterated chloroform.

By varying the polymerization time, the composition of the differ-
ent blocks can be easily adjusted toward a majority of PNIPAAm or
PDMAEMA. As the length of the second block is increased, a shift of
SEC traces is observed toward lower elution times, indicating an increase
in molar masses after copolymerization (Figure 8.20). As the length of
the PNIPAAm segment is increased, broadening of the SEC elugram is
observed which can be due to repeated sampling or ascribed to a modest
control of the polymerization process.
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Figure 8.20 – SEC elugrams of PNIPAAm-tpy homopolymer and
derived PNIPAAm-b-PDMAEMA-tpy copolymers (c = 0, 12, 34 %).

8.3.5 Synthesis of PS-b-PNIPAAm-b-PDMAEMA-tpy

The possibility to obtain a triblock copolymer composed of a short
polystyrene block linked to a poly(N -isopropylacrylamide) block and a
third poly(2-(dimethylamino)ethyl methacrylate) block (PS-b-PNIPAAm-
b-PDMAEMA) is promising. Indeed, this copolymer is designed to
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produce self-assembled hydrogels that would combine the association
strength of polystyrene stickers with the stimuli-responsiveness of both
PNIPAAm and PDMAEMA blocks.

To achieve this goal, styrene is polymerized in presence of PNIPAAm-
b-PDMAEMA-tpy as macro-CTA, and AIBN as source of primary rad-
icals (Scheme 8.7). In order to ensure control over the polymerization
process, the initial ratio between styrene, macro-CTA and AIBN is set
to 3000:7.5:1. In practice, the reaction is conducted at 80℃ in dry
dioxane, and stopped at a predetermined time interval to afford a PS-b-
PNIPAAm-b-PDMAEMA-tpy triblock copolymers of given characteris-
tic lengths.
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Figure 8.21 – 1H-NMR spectrum of
PS-b-PNIPAAm-b-PDMAEMA-tpy copolymer in deuterated

chloroform.

The synthesized triblock copolymers are purified by precipitation of
the crude reaction mixture, followed by isolation of the precipitate, and
subsequent drying. The compositions of the accordingly obtained mate-
rials are assessed by 1H-NMR spectroscopy, as illustrated in Figure 8.21.
At first, the NMR spectrum analysis reveals characteristic broad signals
of polystyrene and further attests the presence of terpyridine ligand
in the chain architecture. In addition, the length of the polystyrene
block can be estimated from the ratio between the peak area of PS aro-
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matic protons and isopropyl/aliphatic ester protons of the PNIPAAm
and PDMAEMA block around 4.00 ppm.

As illustrated in Figure 8.22, the chain extension of PNIPAAm-
b-PDMAEMA-tpy macro-CTA into PS-b-PNIPAAm-b-PDMAEMA-tpy
triblock copolymers is further evidenced by size exclusion chromatogra-
phy. This analysis indeed shows a significant shift of the SEC trace to
lower elution times after polymerization of the third block, indicating
an increase in molar masses. Last but not least, the SEC analysis re-
veals still narrow molar mass distributions, attesting control over the
polymerization process.

44424038363432302826

Elution time, t [min]

 PS17-b-PNIPAAm45-b-PDMAEMA105-tpy

 PNIPAAm45-b-PDMAEMA105-tpy

 PDMAEMA105-tpy

 

Figure 8.22 – SEC elugrams of PDMAEMA-tpy homopolymer and
derived PNIPAAm-b-PDMAEMA-tpy diblock and

PS-b-PNIPAAm-b-PDMAEMA-tpy triblock copolymer.

8.4 Titration of terpyridine end-groups

As mentioned above, RAFT polymerization relies on a radical source
to initiate the chain growth process. In turn, this may decrease α-end
functionality as part of the chains are directly initiated by the primary
radicals originating from thermal decomposition of the conventional ini-
tiator. In other words, part of the macromolecular chains have therefore
no terpyridine ligand at their extremity.

The proportion of chains directly initiated by primary radicals is in-
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timately related to the amount of engaged conventional initiator and
can be thus roughly estimated. Due to low initiation efficiency, the ra-
tio of CTA- to initiator-derived chains is however greater than that of
the initial molar ratio between engaged CTA and conventional initia-
tor. Hence, experimental quantification of the chain-end functionality is
essential.

Given the relative precision of 1H-NMR spectroscopy in the quantita-
tive determination of chain-end groups, the degree of functionalization
of synthesized block copolymers is further evaluated by UV-visible titra-
tion with metal cations. Indeed, the terpyridine ligand is known to form
stable coordination complexes in combination with numerous transition
metal ions. [19,45,46] In particular, the iron(II)–terpyridine bis-complex
is particularly stable and gives rise to a strong absorption in the visi-
ble region. However, one should note that both techniques are based
on the determination of terpyridine end-groups but lack in determining
the number of chains that are directly initiated by the primary radi-
cals originating from the thermal decomposition of AIBN. To directly
access the degrees of chain functionalization, an absolute determination
of the number average molar mass of each samples would be required
via, e.g., size exclusion chromatography with multi-angle light scattering
detector, osmometry or tonometry.
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Figure 8.23 – UV-Vis titration of terpyridine end-groups in a
PS-b-PNIPAAm-tpy copolymer by Fe(II) (left) and evolution of molar

absorptivity at 555 nm during the addition of titrant (right).
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In UV-Vis experiments, the different block copolymers are dissolved
in water at a given concentration around 0.25 mmol/L, and titrated
by stepwise addition of aqueous solution of iron(II) chloride stabilized
against oxidation by the presence of 0.5 mM ascorbic acid. Indeed,
this well-known reducing agent prevents the oxidation of iron(II) into
iron(III) ions by lowering the oxidation potential of the media.

As illustrated in Figure 8.23, the formation of Fe(II) bis-terpyridine
complexes is evidenced by the strong metal-to-ligand charge-transfer
band found around the wavelength (λ) of 555 nm, which gives a char-
acteristic purple colour to the solution. Those transitions arise from
the charge transfer of a primarily metal-localized electron from the 3d
orbital into the lowest unoccupied molecular orbital of the terpyridine
ligand. [47,48]

In case of PS-b-PNIPAAm-tpy copolymers, the maximum absorption
(ε) is obtained close to the calculated equivalence point (using the molar
masses evaluated from 1H-NMR spectroscopy), indicating around 95 %
functionality (Figure 8.23). Slightly lower functionalization degrees are
obtained for PNIPAAm-b-PDMAEMA-tpy copolymers, suggesting that
around 90 % of the chains are end-capped with the terpyridine ligand.

The obtained degrees of functionalization are coherent with the con-
ditions employed during the RAFT process, taking into account the re-
duced initiator efficiency. Furthermore, no significant variations in the
degree of functionalization are obtained among related samples. Logi-
cally, the latter are prepared under identical conditions and only vary
in the length of the constituting blocks.

Once incorporated during the crucial initiation process, the α-end is
strongly anchored to the growing polymer chain, which is not the case of
the thiocarbonylthio group involved in the addition–fragmentation equi-
librium. As monomer conversion increases, the probability of losing the
living nature of the chain-end indeed increased accordingly. At the other
end, the terpyridine α-group is more reliably preserved, at least under
the mild conditions employed during each block synthesis, resulting in
the obtained high degrees of functionalization.
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8.5 Summary

The main focus of this chapter was the synthesis of smart linear block
copolymers bearing a terpyridine ligand at the chain-end. The latter
were readily obtained via sequential radical copolymerization controlled
by reversible addition–fragmentation chain transfer process. To this aim,
two control agents, comprising a trithiocarbonate and a dithiobenzoate,
were modified with the ligand of interest via a classical coupling method
used in peptide synthesis. Then, the ability of those RAFT agents to
control the polymerization of styrene, N -isopropylacrylamide, and 2-
(dimethylamino)ethyl methacrylate) was successfully demonstrated.

Following this strategy, a library of well-defined functional block
copolymers was obtained, as characterized by 1H-NMR spectroscopy,
size exclusion chromatography, and UV-Vis titration spectroscopy. They
consist in PS-b-PNIPAAm-tpy diblock, PNIPAAm-b-PDMAEMA-tpy
diblock, and PS-b-PNIPAAm-b-PDMAEMA-tpy triblock copolymers of
varying block lengths. Practically, their chemical compositions were de-
termined by proton nuclear magnetic resonance spectroscopy, while size
exclusion chromatography revealed narrow molar mass distributions.

Of primary importance, the nearly-quantitative presence of terpyri-
dine ligand at the chain-end was verified by UV-visible titration spec-
troscopy. In addition, the possibility to form metal–terpyridine bis-
complexes was evidenced by the stoichiometry at the equivalence point
of the titration. Given the range of accessible macromolecular building
blocks, these results definitively pave the way towards the formation of
self-assembled hydrogels with controlled and tunable rheological prop-
erties.

8.6 Experimental part

Materials

All chemicals are purchased from Acros or Aldrich and are of highest
purity grade. All chemicals are used as received unless otherwise spec-
ified. 2,2’-Azobis(isobutyronitrile) is recrystallized from diethyl ether.
2-(Dimethylamino)ethyl methacrylate is dried and vacuum-distilled over
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calcium hydride. N -isopropylacrylamide is recrystallized from n-hexane
and dried overnight in a vacuum oven at 35°C prior to use. Styrene is
passed through a short column filled with activated basic aluminum ox-
ide (Brockmann I) before use or vacuum-distilled over calcium hydride.
N,N -dimethylformamide, 1,4-dioxane, and dichloromethane are distilled
over calcium hydride and stored under molecular sieve (4 Å) and argon
atmosphere. Dimethyl sulfoxide is vacuum-distilled over calcium hydride
and stored under molecular sieve (3 Å) and argon atmosphere. Iron(II)
chloride salt is dried prior to use and weighted under argon atmosphere.

Instrumentation

All 1H and 13C nuclear magnetic resonance spectra are recorded on
a Bruker 300 MHz Avance II spectrometer in deuterated solvents con-
taining tetramethylsilane as an internal standard. Chemical shifts are
reported in parts per million downfield from the internal standard. Size
exclusion chromatography is performed in N,N -dimethylformamide con-
taining 2.5 mM NH4PF6 to determine molar mass distributions with re-
spect to polystyrene standards. The measurements are carried out on
a system composed of two PSS Gram columns (100 Å and 1000 Å) con-
nected to a Waters 410 differential refractive index (DRI) detector op-
erating at 0.5 mL/min flow rate and a temperature of 35℃. UV-visible
spectra are recorded on a Varian Cary 50 Conc. spectrophotometer
equipped with a Varian Cary thermostat. The measurements are per-
formed in a 1 cm quartz cell.

Synthesis of DDMAT

1-Dodecanethiol (4.8 mL, 20 mmol), aliquat 336 – tricaprylylmethy-
lammonium chloride – (0.36 mL) and acetone (12 mL) are introduced in
a bicol (100 mL). The mixture is left to stir at 10℃ under argon at-
mosphere during 5 minutes. An 50 %wt/vol aqueous solution of NaOH
(1.1 mL, 13.8 mmol) is then slowly added. The solution is stirred at 10℃
under argon atmosphere during 15 minutes. Carbon disulfide (1.2 mL,
20 mmol), dissolved in of acetone (2.5 mL), is then slowly added under
argon atmosphere. The solution is left to stir at 10℃ during 10 minutes.
Chloroform (2.4 mL, 30 mmol) is next added. A 50 %wt/vol aqueous so-
lution of NaOH (5.3 mL, 66.3 mmol) is then slowly added. The solution



214 Chapter 8. Synthesis of building blocks

is finally left to stir during at least 10 hours, at 10℃ and under argon
atmosphere.

The reaction mixture is diluted in of water (30 mL) and carefully
concentrated under low pressure to remove the acetone. A concentrated
aqueous solution of HCl is then added to reach pH 3. The solid is
filtrated and dissolved in isopropanol (100 mL). The insoluble S,S-
bis(1-dodecyl) trithiocarbonate side product is filtrated, washed with
isopropanol (30 mL). The remaining solution is subsequently concen-
trated under vacuum. The obtained red solid is finally crystallized from
n-hexane (15 mL). The yellow solid is subsequently filtrated, washed
several times with cooled n-hexane, and dried overnight in a vacuum
oven at 35℃ to give 38 % yield.
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1H-NMR (300 MHz, CDCl3) δH: 3.30 (t, 2H, H12), 1.74 (s, 6H,
H15,15’), 1.69 (q, 2H, H11), 1.44–1.26 (m, 18H, H2-10), 0.90 (t, 3H, H1).

13C-NMR (75 MHz, CDCl3) δC: 220.8 (C13), 178.9 (C16), 55.6 (C14),
37.1 (C12), 31.9 (C11), 29.7 (C3), 29.6–29.4 (C5-8), 29.1–29.0 (C4,9), 27.8
(C10), 25.2 (C15), 22.7 (C2), 14.2 (C1)

Synthesis of 4’-(1-aminopentyloxy)-2,2’;6’,2”-terpyridine

5-Amino-1-pentanol (441 mg, 4.28 mmol) is dissolved in a suspension
of potassium hydroxide (1.552 g, 27.65 mmol) in dry DSMO (21 mL)
and stirred at 60℃ for 30 minutes under argon atmosphere. Small
quantities of 4-chloro-2,2’:6’,2”-terpyridine (891 mg, 3.33 mmol) are then
gradually added and the reaction mixture is stirred overnight at 60℃.
After cooling down to room temperature, the reaction mixture is poured
into a 50-times excess of cold distilled water. The yellow precipitate
is filtered, subsequently washed with distilled water (3×250 mL) and
diethyl ether (3×250 mL), and dried under vacuum to give 40 % yield.
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1H-NMR (300 MHz, CDCl3) δH: 8.69 (d, 2H, H1,1’), 8.61 (d, 2H,
H4,4’), 8.00 (s, 2H, H7,7’), 7.85 (td, 2H, H3,3’), 7.33 (dd, 2H, H2,2’), 4.24
(t, 2H, H9), 2.75 (t, 2H, H13), 1.88 (q, 2H, H10), 1.63 (s, 2H, H14), 1.56
(q, 2H, H11), 1.54 (q, 2H, H12).

13C-NMR (75 MHz, CDCl3) δC: 167.3 (C8), 157.1 (C5,5’), 156.2 (C7,7’),
149.3 (C1,1’), 136.8 (C3,3’), 123.8 (C4,4’), 121.4 (C2,2’), 107.4 (C7,7’), 68.0
(C9), 42.1 (C13), 33.3 (C12), 28.9 (C10), 23.4 (C11).

Synthesis of DDMAT-tpy

Hydroxybenzotriazole hydrate (165 mg, 1.08 mmol) and L-(3-dimethyl-
aminopropyl)-3-ethyl carbodiimide hydrochloride (230 mg, 1.20 mmol)
are dissolved in a DCM (6 mL) – DMF (0.7 mL) mixture at 0℃. Af-
terwards, S-dodecyl-S′-(α, α′-dimethyl-α′′-acetic acid) trithiocarbonate
(120.6 mg, 0.43 mmol) is added and the solution is stirred for 30 min-
utes. 4’-(1-Aminopentyloxy)-2,2’;6’,2”-terpyridine (407 mg, 1.22 mmol)
is added and the reaction mixture is stirred for 19 hours. Then, the
mixture is diluted with DCM (100 mL) and consecutively washed with
3×100 mL of sodium carbonate aqueous solution (100 g/L), 3×100 mL of
citric acid aqueous solution (100 g/L), and 3×100 mL of distilled water.
The organic phase is finally separated, dried over magnesium sulfate,
filtered on sintered glass and concentrated under low pressure to give a
yellow solid with 90 % yield.
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1H-NMR (300 MHz, CDCl3) δH: 8.69 (d, 2H, H1,1’), 8.61 (d, 2H,
H4,4’), 8.01 (s, 2H, H7,7’), 7.85 (td, 2H, H3,3’), 7.33 (dd, 2H, H2,2’), 6.55
(br, 1H, H14), 4.24 (t, 2H, H9), 3.29 (q, 2H, H13), 3.28 (t, 2H, H19), 1.88
(q, 2H, H10), 1.73 (s, 6H, H17,17’), 1.69 (q, 2H, H20), 1.59 (q, 2H, H12),
1.57 (q, 2H, H17), 1.44–1.26 (m, 18H, H2-10), 0.90 (t, 3H, H30).

13C-NMR (75 MHz, CDCl3) δC: 220.1 (C18), 172.4 (C15), 167.5 (C8),
157.1 (C5,5’), 156.1 (C6,6’), 149.3 (C1,1’), 137.1 (C3,3’), 124.1 (C2,2’), 121.6
(C4,4’), 107.6 (C7,7’), 68.1 (C9), 52.3 (C16), 40.2 (C13), 37.1 (C19), 31.9
(C20), 29.6 (C28), 29.5–29.3 (C23-26), 29.1–28.7 (C9,10,12,27), 27.7 (C21),
26.0 (C15,15’), 23.5 (C11), 22.7 (C29), 14.1 (C30).

Synthesis of CPAD-tpy

Hydroxybenzotriazole hydrate (66 mg, 0.43 mmol) and L-(3-dimethyl-
aminopropyl)-3-ethyl carbodiimide hydrochloride (82.5 mg, 0.43 mmol)
are dissolved in a DCM (9.1 mL) – DMF (0.255 mL) mixture at 0℃. Af-
terwards, 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (120.6 mg,
0.43 mmol) is added and the solution is stirred at 0℃ for 45 minutes. 4’-
(1-Aminopentyloxy)-2,2’;6’,2”-terpyridine (143.7 mg, 0.43 mmol) is added
and the reaction mixture is stirred for 22 hours. Then, the mixture is
diluted with DCM (50 mL) and consecutively washed with 3×50 mL of
sodium carbonate aqueous solution (100 g/L), 3×50 mL of citric acid
aqueous solution (100 g/L), and 3×50 mL of distilled water. The or-
ganic phase is finally separated, dried over magnesium sulfate, filtered
on sintered glass and concentrated under low pressure to give a red solid
with 86 % yield.
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1H-NMR (300 MHz, CDCl3) δH: 8.69 (d, 2H, H1,1’), 8.61 (d, 2H,
H4,4’), 8.01 (s, 2H, H7,7’), 7.91 (t, 2H, H23,23’), 7.85 (td, 2H, H3,3’), 7.56
(t, 1H, H25), 7.38 (t, 2H, H24,24’), 7.33 (dd, 2H, H2,2’), 5.70 (br, 1H,
H14), 4.24 (t, 2H, H9), 3.31 (q, 2H, H13), 2.54 (t, 2H, H16), 2.52 (m, 2H,
H17), 1.94 (s, 3H, H20), 1.88 (q, 2H, H10), 1.78 (q, 2H, H12), 1.70 (q, 2H,
H11).

13C-NMR (75 MHz, CDCl3) δC: 222.8 (C21), 170.5 (C15), 167.5 (C8),
157.1 (C5,5’), 156.1 (C6,6’), 149.3 (C1,1’), 144.7 (C22), 137.1 (C3,3’), 133.2
(C25), 128.7 (C24,24’), 126.9 (C23,23’), 124.1 (C2,2’), 121.6 (C4,4’), 118.9
(C19), 107.6 (C7,7’), 68.1 (C9), 46.3 (C18), 39.8 (C13), 34.4 (C16), 32.1
(C17), 29.4 (C10), 28.8 (C12), 24.4 (C20), 23.6 (C11).

MS (ESI) m/z: [M + Na]+ calculated for C33H33N5O2S2, 618.20;
found, 618.05.

Typical synthesis of PNIPAAm-tpy

NIPAAm (5 g, 44 mmol), DDMAT-tpy (59 mg, 87 µmol) and AIBN
(2.85 mg, 17 µmol) are dissolved with dry DMF (10 mL) in a Schlenk
tube (50 mL) equipped with a magnetic stirrer. Five freeze–pump–thaw
cycles are applied to degas the solution. The reaction tube is then filled
with argon, sealed and placed in a pre-heated oil bath at 70℃. After
60 minutes, the polymerization is stopped by placing the Schlenk tube
into liquid nitrogen and the solvent is removed under low pressure at
35℃. The crude product is dissolved in a minimum amount of DCM
and purified by precipitation (two times) into cold diethyl ether. A
white solid is finally recovered by filtration and dried in a vacuum oven
at 35℃.
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1H-NMR (300 MHz, CDCl3) δH: 8.67 (d, 2H, H1,1’), 8.61 (d, 2H,
H4,4’), 7.99 (s, 2H, H5,5’), 7.84 (td, 2H, H3,3’), 7.32 (dd, 2H, H2,2’), 6.35
(br, 300H, H8), 3.99 (br, 300H, H9), 2.00 (br, 300H, H7), 1.60 (br, 600H,
H6), 1.15 (br, 1800H, H10,10’).

M̄n(NMR) = 34,900 g/mol, M̄n(SEC) = 39,200 g/mol, M̄w(SEC) =
48,900 g/mol, Ð(SEC) = 1.25.

Typical synthesis of PS-b-PNIPAAm-tpy

Styrene (563 µL, 4.9 mmol), PNIPAAm-tpy (857 mg, 24.5µmol), AIBN
(0.81 mg, 4.9 µmol) are dissolved with dry DMF (3.94 mL) and dry anisole
(280 µL) in a Schlenk tube (25 mL) equipped with a magnetic stirrer.
Five freeze–pump–thaw cycles are applied to degas the solution. The
reaction tube is filled with argon, sealed and placed in a pre-heated oil
bath at 90℃. After 10 hours, the polymerization is stopped by placing
the Schlenk tube into liquid nitrogen and the solvents are removed un-
der low pressure at 35℃. The crude product is dissolved in a minimum
amount of DCM and purified by precipitation (two times) into cold di-
ethyl ether. A white powder is finally recovered by filtration and dried
in a vacuum oven at 35℃.
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1H-NMR (300 MHz, CDCl3) δH: 8.67 (d, 2H, H1,1’), 8.61 (d, 2H,
H4,4’), 7.99 (s, 2H, H5,5’), 7.84 (td, 2H, H3,3’), 7.32 (dd, 2H, H2,2’), 7.05
(br, 54H, H14,14’), 6.95 (br, 27H, H15), 6.50 (br, 54H, H13,13’), 6.35 (br,
300H, H8), 3.99 (br, 300H, H9), 2.00 (br, 327H, H7,12), 1.60 (br, 654H,
H6,11), 1.15 (br, 1800H, H10,10’).

M̄n(NMR) = 37,700 g/mol, M̄n(SEC) = 41,500 g/mol, M̄w(SEC) =
54,700 g/mol, Ð(SEC) = 1.32.

Typical synthesis of PDMAEMA-tpy

CPAD-tpy (23.8 mg, 40 µmol), DMAEMA (2.02 mL, 12.0 mmol) and
AIBN (1.31 mg, 8 µmol) are dissolved in 1,4-dioxane (5.545 mL). The
solution is degassed three times by freeze–pump–thaw, filled with argon
and stirred in a preheated paraffin oil bath at 70℃. At predetermined
time intervals, samples are withdrawn from the reaction mixture using
a degassed syringe and precipitated twice into a 20-times excess of cold
n-hexane. The precipitate is isolated by centrifugation at 2000 rpm and
dried under vacuum at room temperature to afford a red semi-solid.
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1H-NMR (300 MHz, CDCl3) δH: 8.69 (d, 2H, H1,1’), 8.61 (d, 2H,
H4,4’), 8.01 (s, 2H, H5,5’), 7.91 (t, 2H, H15,15’), 7.85 (td, 2H, H3,3’), 7.56
(t, 1H, H17), 7.38 (t, 2H, H16,16’), 7.33 (dd, 2H, H2,2’), 5.70 (br, 1H,
H11), 4.24 (t, 2H, H6), 4.07 (br, 2nH, H20), 3.31 (q, 2H, H10), 2.54 (t,
2H, H12), 2.53 (br, 2nH, H21), 2.52 (m, 2H, H13), 2.26 (br, 6nH, H22,22’),
1.88 (q, 2H, H7), 1.88–1.80 (br, 2nH, H18), 1.03–0.87 (br, 3nH, H19),
1.78 (q, 2H, H9), 1.70 (q, 2H, H8), 0.88 (s, 3H, H14).

Typical synthesis of PNIPAAm-b-PDMAEMA-tpy

PDMAEMA-tpy (197.0 mg, 12µmol), NIPAAm (489.0 mg, 4.3 mmol)
and AIBN (0.36 mg, 2.2 µmol) are dissolved in 1,4-dioxane (2.069 mL).
The solution is degassed three times by freeze–pump–thaw, filled with
argon and stirred in a preheated paraffin oil bath at 70℃. At pre-
determined time intervals, samples are withdrawn from the reaction
mixture using a degassed syringe and precipitated five times into a 10-
times excess of n-hexane. The precipitate is isolated by centrifugation
at 2000 rpm and dried under vacuum at room temperature to afford a
pale red solid.
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1H-NMR (300 MHz, CDCl3) δH: 8.69 (d, 2H, H1,1’), 8.61 (d, 2H,
H4,4’), 8.01 (s, 2H, H5,5’), 7.91 (d, 2H, H15,15’), 7.85 (td, 2H, H3,3’), 7.56
(tt, 1H, H17), 7.38 (t, 2H, H16,16’), 7.33 (dd, 2H, H2,2’), 6.30 (br, mH,
H25), 5.70 (br, 1H, H11), 4.24 (t, 2H, H6)), 4.07 (br, 2nH, H20), 3.99 (br,
mH, H26), 3.31 (q, 2H, H10), 2.54 (t, 2H, H12), 2.53 (br, 2nH, H21), 2.52
(m, 2H, H13), 2.26 (br, 6nH, H22,22’), 2.08 (br, mH, H24), 1.88 (q, 2H,
H7), 1.88–1.80 (br, 2nH, H18), 1.82–1.62–1.33 (br, 2mH, H23), 1.12 (br,
6mH, H27,27’), 1.03-0.87 (br, 3nH, H19), 1.78 (q, 2H, H9), 1.70 (q, 2H,
H8), 0.88 (s, 3H, H14).

Typical synthesis of PS-b-PNIPAAm-b-PDMAEMA-tpy

PNIPAAm-b-PDMAEMA-tpy (200.1 mg, 8 µmol), styrene (368µL,
3.2 mmol) and AIBN (0.175 mg, 1.05µmol) are dissolved in 1,4-dioxane
(1.549 mL). The solution is degassed three times by freeze–pump–thaw,
filled with argon and stirred in a preheated paraffin oil bath at 80℃. At
predetermined time intervals, samples are withdrawn from the reaction
mixture using a degassed syringe and precipitated three times into a 10-
times excess of n-hexane. The precipitate is isolated by centrifugation
at 2000 rpm and dried under vacuum at room temperature to afford a
pale red solid.
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1H-NMR (300 MHz, CDCl3) δH: 8.69 (d, 2H, H1,1’), 8.61 (d, 2H,
H4,4’), 8.01 (s, 2H, H5,5’), 7.91 (d, 2H, H15,15’), 7.85 (td, 2H, H3,3’), 7.56
(tt, 1H, H17), 7.38 (t, 2H, H16,16’), 7.33 (dd, 2H, H2,2’), 7.05 (br, 2lH,
H31,31’), 6.95 (br, lH, H15), 6.50 (br, 2lH, H30,30’), 6.30 (br, mH, H25),
5.70 (br, 1H, H11), 4.24 (t, 2H, H6), 4.07 (br, 2nH, H20), 3.99 (br, mH,
H26), 3.31 (q, 2H, H10), 2.54 (t, 2H, H12), 2.53 (br, 2nH, H21), 2.52 (m,
2H, H13), 2.30–1.70 (br, lH, H29), 2.26 (br, 6nH, H22,22’), 2.08 (br, mH,
H24), 1.88 (q, 2H, H7), 1.88–1.80 (br, 2nH, H18), 1.82–1.62–1.33 (br,
2mH, H23), 1.12 (br, 6mH, H27,27’), 1.03-0.87 (br, 3nH, H19), 1.78 (q,
2H, H9), 1.70 (q, 2H, H8), 1.90–1.30 (br, 2lH, H28), 0.88 (s, 3H, H14).

UV-Vis titration of terpyridine end-groups

Terpyridine-functionalized polymers are dissolved in 1 mL of degassed
ultra-pure water, at a given concentration around 0.25 mmol/L. This
solution is then titrated by stepwise addition of a 0.125 mmol/L aqueous
solution of iron(II) chloride stabilized against oxidation by the presence
of 0.5 mmol/L ascorbic acid.
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CHAPTER 9
HIERARCHICAL ASSEMBLY OF BUILDING
BLOCKS INTO SUPRAMOLECULAR GELS

Abstract

Through this chapter, the synthesized macromolecular building blocks
are hierarchically assembled into supramolecular hydrogels. At first, mi-
cellization of the segmented copolymers is tested by direct dissolution in
aqueous media and followed by light scattering and imaging techniques.
In this frame, the response developed by the different systems to the
application of proper stimuli, e.g., pH and/or temperature, is investi-
gated in the dilute regime. In parallel, the possibility to establish metal–
ligand bridges between two individual copolymer chains is demonstrated
by means of size exclusion chromatography. Finally, supramolecular hy-
drogels are elaborated from concentrated block copolymer solutions, via
addition of different transition metal ions, and their thermal behaviour
is investigated by calorimetry.
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9.1 Overview

Having synthesized a library of functional macromolecular building
blocks, efforts can be directed towards obtaining nano-structured matter
based on phase separation and metal coordination. As pointed by Ikkala
and ten Brinke, [1,2] the self-assembly of polymeric molecules at different
length scales leads to structural hierarchies. This hierarchical assembly
offers rich possibilities to control the self-organization processes into spe-
cific supramolecular architectures, producing functional materials that
combine several properties and may respond to external conditions.

pH
T°

selective
solvent

Hierarchical
assembly

metal
ions

 Responsiveness:
• sensitive blocks
• metal complexes
• hydrophobic nodes
   (...)

 Modulability:
• block lengths
• metal cations
• concentration
  (...)

non-selective
solvent
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30

°C

20

40

30

°C

Figure 9.1 – Multiple self-assemblies of ligand end-capped block
copolymers towards supramolecular materials.
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Here, complexation of terpyridine end-capped block copolymers using
metal–ligand coordination leads to symmetrical multi-segmented supra-
macromolecules. On the other hand, self-assembly at an order of magni-
tude larger length scale is provided by micellization of block copolymers,
potentially triggered by the application of proper stimuli like, e.g., pH
and/or temperature. Finally, the combination of the latter two concepts
leads to a parallel hierarchy in the form of supramolecular polymer net-
works, as illustrated in Figure 9.1.

Unless kinetically frozen, a self-assembly process is essentially a ther-
modynamic equilibrium. Therefore, capturing the transient nature of
self-assembled nano-structures or supramolecular materials remains chal-
lenging. [3] In practice, this can be achieved through dynamic measure-
ments, [4] which is the matter of the next chapters focusing extensively
on the rheological properties of the hierarchically assembled materials.
In the present chapter, the aim is to bring into light the different assem-
bly processes and the possibility to influence them via environmental
changes.

Although they may clearly influence each others, the analysis of so-
lution self-assembly processes can be tackled individually, at least in a
first approach. In the literature, various methods for characterizing the
supramolecular organization of macromolecules can be found, including
light scattering, mass spectrometry, nuclear magnetic resonance spec-
troscopy, microscopy techniques, thermal analysis, and computational
estimations. [3,5] Practically, each characterization method has clear mer-
its and drawbacks, providing only partial information about the self-
assembled nano-materials. Therefore, the combination of carefully se-
lected techniques is usually required to obtain convincing conclusions,
without necessarily encompassing the full set of characterization tests.

9.2 Metal-induced self-assembly

Terpyridine ligand is well-known to form stable coordination com-
plexes in combination with numerous transition metal ions. [6,7] This con-
nectivity is here at the basis of the self-assembly of block copolymers into
multi-segmented metallo-supramolecular copolymers (Figure 9.2). In
the literature, various studies investigate the formation of small metal–
terpyridine complexes, focusing on thermo-gravimetric, [8] calorimetric, [9]
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spectrometric, [10] spectroscopic [11] and kinetic aspects. [12,13] With the
incorporation of the ligand into macromolecular architectures, classical
polymer characterization techniques can be further explored, including,
e.g., size exclusion chromatography. [14,15]

Figure 9.2 – Molecular view of the metal bis-terpyridine junction
between segmented copolymers.

Due to the dynamic nature of non-covalent polymers, changes of sol-
vent, concentration, or temperature, may always influence their origi-
nal molecular organization, which makes conventional characterization
difficult. Hence, freezing the supramolecular polymers by physical or
chemical approaches before characterization is usually considered. For
example, ruthenium(II) ions are commonly used in combination with
terpyridine ligands to form very stable complexes, thereby offering the
possibility of investigating the obtained species by classical methods. [16]
Being one of the rarest metals on Earth, ruthenium and its derivatives
are rather expensive and further highly toxic and carcinogenic, which
restrict their use. As alternative, other first raw transition metal ions
also form stable bis-terpyridine complexes with controlled dissociation
and association rates, [12,13] therefore constituting the basis of this study.

The kinetic and thermodynamic equilibrium parameters for the for-
mation and dissociation of terpyridine mono- and bis-complexes with
various transition metal ions are given in Table 9.1. However, it should
be noted that those values are reported for 2,2’:6’,2”-terpyridine model
complexes, therefore being here sensibly affected by the substituent on
the ligand, i.e., the polymer chain itself, through steric and electronic
effects. [17,18]
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Table 9.1 – Kinetic and thermodynamic equilibrium parameters for the
formation and dissociation of terpyridine mono- and bis-complexes with

various transition metal ions. [12,13]

Ion k1 k−1 K1 k2 k−2 K2 β
[M−1·s−1] [s−1] [M−1] [M−1·s−1] [s−1] [M−1] [M−2]

NiII 103.1 10−7.6 1010.7 105.3 10−5.8 1011.1 1021.8

FeII 104.9 10−2.2 107.1 107.0 10−6.8 1013.8 1020.9

CoII 104.4 10−4.0 108.4 106.7 10−3.2 109.9 1018.3

ZnII 106.1 100.1 106.0 - “fast” 105.2 1011.2

Values reported in water, at 25 ℃.

As addressed above, the formation of iron(II)–terpyridine complexes
can be easily followed by UV-visible spectroscopy because of their high
absorption coefficient. [11,15] The experiment consists in the stepwise ad-
dition of aqueous solution of iron(II) chloride to a solution of terpyridine
end-capped block copolymer dissolved in water. To prevent the oxida-
tion of iron(II) into iron(III) ions, the oxidation potential of the media
is reduced by the presence of ascorbic acid.

As illustrated in Figure 9.3 for a PNIPAAm-b-PDMAEMA-tpy di-
block copolymer, an intense absorption in the visible light region in-
creases with the addition of the titrant, the colour of the complex being
intense purple. Interestingly, the maximum absorption is obtained close
to the calculated equivalence point, indicating full complexation of all
terpyridine units. Furthermore, over-titration of the chelating macro-
ligand does not result in any further significant increase of the metal-
to-ligand-charge-transfer band detected in the region between 500 and
600 nm, demonstrating that the formed iron(II)–terpyridine complexes
are stable.

With the formation of metallo-supramolecular polymeric complexes,
a shift in the average molar mass of the system is expected. To verify
such hypothesis, size exclusion chromatography (SEC) usually consti-
tutes one of the most used characterization tools in polymer science.
However, in the case of reversible bonding based on weak metal–ligand
interactions, e.g., zinc(II) or cobalt(II) bis-terpyridine complexes, the
comparably low binding strength of such systems in solution leads to
fragmentation during the SEC separation. [15] For this reason, the SEC
method is suitable for the evaluation of metallo-supramolecular block
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copolymers based on metal ions with high binding strength.
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Figure 9.3 – Monitoring the formation of iron(II)–terpyridine
bis-complexes between PNIPAAm-b-PDMAEMA-tpy macro-ligand.

As demonstrated by Schubert and coworkers, [16] the analysis of supra-
molecular polymers containing coordination complexes is not trivial and
special attention has to be paid to the conditions applied for size exclu-
sion chromatography. Indeed, standard conditions, i.e., eluent, flow rate
and temperature, often result in uninterpretable results due to inter-
actions of the investigated polymers with the column material. [16] To
screen out non-specific column interactions and avoid fragmentation of
the polymeric complexes, ammonium hexafluorophosphate salt is added
to dimethylformamide, an unusual but well suited solvent for SEC, of-
fering the possibility to successfully analyse the fragile compounds.

At the start of our investigation, the formation of metallo-supramo-
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lecular complexes between the different synthesized block copolymers
and iron(II) was considered, as illustrated in Figure 9.4. Based on a
qualitative observation of the chromatograms, the presence of both un-
complexed and complexed species is attested by SEC, the equilibrium
being in favour of the complex formation. Focusing on uncomplexed
chains, a non-ideal behaviour is also observed in the form of peak tail-
ing/broadening and delayed elution times, which is probably due to
sticking to the stationary phase.

4745434139373533312927

Elution time, t [min]

 PNIPAAm65-b-PDMAEMA100-tpy

 after addition of 0.5 eq Fe(II)

Figure 9.4 – SEC elugrams of a PNIPAAm-b-PDMAEMA-tpy
copolymer and its iron(II) bis-complex.

Taking into account that the overall binding constant (β) for Ni(II)
ions with terpyridine is slightly higher than for Fe(II) ions, the com-
plexation equilibrium is supposed to be shifted to the bis-complexed
form. In addition, the possibility of oxidizing Fe(II) to Fe(III) ions is
much higher compared to other transition metal ions, lowering the sta-
bility of bis-complexes. As illustrated in Figure 9.5, these assumptions
are verified by the nearly quantitative coupling of chains upon addition
of half an equivalent of Ni(II) ions (with respect to the terpyridine con-
tent). Only residual signals of uncomplexed polymer are observed, which
might be ascribed to the small fraction of non-functionalized chains de-
rived from primary radicals generated during the RAFT polymerization.
In addition, the proportion of linked chains can be interestingly tuned
according to the metal-to-ligand ratio, until the 2:1 terpyridine:metal
ion stoichiometry is reached.
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Figure 9.5 – Evolution of molar mass distribution of a
PNIPAAm-b-PDMAEMA-tpy copolymer with the addition of Ni(II)

ions.

9.3 Self-assembly into micelles

When dissolved in a block-selective solvent, segmented copolymers
form micelles constituted by a core formed by the insoluble blocks sur-
rounded by a corona composed by the soluble blocks. [19–26] The dimen-
sions and morphology of the accordingly obtained micelles vary depend-
ing on molecular and solution parameters. [19,21,23,27] The former one
include the nature and length of each block, along with the architecture
of the chain.

As the length of the glassy hydrophobic polystyrene segment in the
synthesized block copolymer, i.e., PS-b-PNIPAAm-tpy diblocks and PS-
b-PNIPAAm-b-PDMAEMA-tpy triblocks, has been deliberately kept
short, a direct way to prepare micellar solution can be applied. Pre-
cisely, it consists in directly dissolving the bulk sample in aqueous media.
Even if it can lead to the formation of larger aggregates, this dissolu-
tion method overcomes the limitations encountered for the preparation
of concentrated solutions of block copolymers with long core-forming
blocks.

The direct dissolution method is further recommended in the case of
PNIPAAm-b-PDMAEMA-tpy double hydrophilic block copolymers, as
both block are water-soluble under ambient conditions. Depending on
the applied stimulus, these systems can be assembled or disassembled
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upon application of the stimulus. In addition, the unimer–micelle equi-
librium can be reversibly tuned by changing pH and/or temperature.

In this project, the self-assembly of the different synthesized block
copolymers into micelles is mainly investigated via the analysis of the
scattered and transmitted light from their solutions. In this regard,
dynamic light scattering (DLS) constitutes one of the most accessible
technique for determining the size distribution profile of small particles
in suspension or polymers in solution. [28–30] The basic principle of DLS
consists in illuminating a solution of particles subjected to Brownian
motion with a radiation and to detect the intensity of light scattered
by the sample (Figure 9.6). Data are collected as a function of time
at a given angle of observation with respect to the incident radiation,
thereby providing information about the particle dynamics.

photodetector

forward
scattered beam

incident
beam

scattered
beam

θ

index-matching
liquid

polymer solution

Figure 9.6 – Schematic of the geometry around a sample cell in a
light-scattering measurement system.

The infinitesimal fluctuations in scattered intensity due to interfer-
ence is self-correlated and leads to the characterization of the particle
size through hydrodynamic models. Precisely, the diffusion coefficient,
D, of Brownian particles in solution is related to their hydrodynamic
radius, Rh, by the Stokes–Einstein equation, where kB is Boltzmann’s
constant, T ◦ the absolute temperature and η the dynamic viscosity of
the media: [30,31]

Rh = kBT
◦

6πηD (9.1)
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As a general rule, small particles move comparatively faster than
slow-diffusing bigger analogues, thereby making the relative analysis
possible. When present together in the solution, a CONTIN analysis of
the DLS signal can be employed to reveal the multimodal distribution
of sizes, which is frequently observed with polymer assemblies. Since
the contribution to the scattered light intensity is proportional to the
sixth power of the scatterer size, the scattering of huge particles rapidly
dominates the signal even if they are present in very small amounts. [5,29]
In this regard, all solvents are filtered in order to remove dust prior any
measurement.

In solution, polymer assemblies may adopt various conformations,
each being characterized by a particular DLS signature, that further de-
pends on time and environmental constraints. In this frame, periodic
measurements of a sample provides information about how the parti-
cles aggregate over time, which results in populations with larger hy-
drodynamic radius. At the limit, macroscopic phase separation within
the system is accompanied by a pronounced decrease in the intensity
of transmitted light (Figure 9.7), which is captured by classical tur-
bidimetry. Indeed, DLS instruments are generally designed to measure
scattered light intensity only, loosing the information on transmitted
light. Therefore, the transmission of light passing through the different
samples is recorded in parallel via UV-visible absorption spectroscopy.

INCIDENT LIGHT BEAM

TRANSMITTED LIGHT BEAM

Figure 9.7 – Schematic of scattering and transmission of light by a
solution of block copolymer in different media. From left to right:

non-selective solvent, selective solvent, non-solvent.
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As a valuable complement to scattering and transmission data, mi-
croscopy techniques are used to directly image individual particles. Typ-
ically, measurements are conducted after removing the sample from its
natural state in solution and deposition onto a substrate or a support.
Even if drying samples can cause changes in particle dimensions or even
destruction of the particles, dry state analysis are largely prevalent in
the literature. Indeed, special apparatus keeping the particles solvated
are still not widely accessible and can limit imaging resolution. [5]

Among the different experimental tools, scanning microscopes use a
probe that scans each point of the object serially in order to form a
nano-scale representation. [32,33] In this regard, atomic force microscopy
(AFM) constitutes the most commonly used technique where images are
formed by dragging or tapping a sharp tip across the surface. Due to
convolution effects, the AFM resolution in the x direction is limited by
the size of the tip, which is on the order of 5 nm (Figure 9.8). On the
other hand, the z-resolution in AFM is extremely high, most instruments
being capable of atomic resolution. [34] In turn, this feature promotes the
use of AFM in the analysis of nano-particles that flatten once dried onto
a substrate, like star-like micelles, which otherwise give weak contrast
in electron microscopes.

TIP

x resolution

z resolution

Figure 9.8 – Schematic of an AFM tip measuring a micelle deposited
onto a surface, indicating how the x resolution is limited due to tip

convolution effects.

In the following, the self-assembly and thermo-response of the differ-
ent block copolymers that have been synthesized in the frame of this
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project are tackled independently. Indeed, their respective compositions
allow them to display quite distinct solution behaviours, notably in re-
sponse to heat and pH. In addition, the effect of the presence of metal
ions in solution is investigated on the thermal response of the different
systems.

9.3.1 Self-assembly of PS-b-PNIPAAm-tpy copolymers

Herein, the self-assembly into micelles and the thermal response of the
different PS-b-PNIPAAm-tpy copolymers is experimented in the dilute
regime. Thanks to their hydrophilc-to-hydrophobic balance, micelliza-
tion is achieved by direct dissolution of the diblock copolymers in MilliQ
water, at concentrations around 1 g/L. In practice, the sealed reaction
vessels are placed in a fridge and shaken from time to time until forming
homogenous solutions.

Given the solubility of the inner block under ambient and low tem-
perature conditions, micelles made of a PS core and thermo-sensitive
PNIPAAm coronal chains, bearing terpyridine moiety at their extrem-
ity are thus obtained (Figure 9.9). Since the synthesized associating
copolymers features a corona-forming block much longer than the core-
forming block, ca., only a few tens of repeating styrene units against a
few hundreds for PNIPAAm block, “star-like” micelles only are expected
to be formed in each cases.

T° > 
LCST
T° < 
LCST

H2O

Figure 9.9 – Self-assembly of the PS-b-PNIPAAm-tpy copolymers in
aqueous media, showing the thermo-shrinking of PNIPAAm coronal

chains upon heating.

Given the stimuli-responsiveness of poly(N -isopropylacrylamide), the
solution behaviour of PS-b-PNIPAAm-tpy copolymers should be highly
dependent on temperature of the media. Precisely, the collapse of coro-
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nal chains is expected above the lower critical solution temperature of the
PNIPAAm sequence, which is schematically represented in Figure 9.9.

9.3.1.1 Effect of block length

Practically, dynamic light scattering allows determining the apparent
hydrodynamic radius and size distribution histograms of the formed mi-
cellar aggregates. For all synthesized PS-b-PNIPAAm-tpy copolymers,
CONTIN analysis of DLS data indicates mainly the formation of rather
well-defined micelles, with an average Rh,app of a few tens of nanometres.
Importantly, almost no dependence of the DLS signal as function of the
scattered angle is noted in the investigated concentration range (0.1 to
2 g/L), which is in agreement with the formation of spherical micelles.

In some cases, a small proportion of isolated unimers chains as well
as larger aggregates are also evidenced by the presence of additional
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Figure 9.10 – Size distribution histograms of micelles prepared from
different PS-b-PNIPAAm-tpy copolymers, in aqueous solution.
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populations, respectively around a few and a few hundreds of nanome-
tres (Figure 9.10). On one hand, the presence of unimer chains is a
good indicator of dynamic exchange between micelles in solution, which
in turn favours the formation of equilibrium nano-structures. On the
other hand, the larger aggregates having a significant contribution to
the overall scattering intensity can be considered to make up a negligi-
ble concentration in solution for the reason discussed above.

As illustrated in Figure 9.10, the presence of free copolymer chains in
solution is clearly evidenced for short hydrophobic segments, while large
aggregates have a higher tendency to form when increasing the length
of the insoluble block. Interestingly, varying the size of the polystyrene
segment has only a weak impact on the radius of micelles, which is
mainly dictated by the size of the PNIPAAm block. This statement is
rationalized by the theory of Daoud and Cotton, predicting the core size
of classical “star-like” micelles should only scale as the 0.6th power of
the degree of polymerization of the insoluble block. [35,36]

If only insignificant variations are obtained as a function of the in-
soluble block length, the size of micelles relies more on the length of the
hydrophilic outer block. Indeed, the poly(N -isopropylacrylamide) seg-
ments adopt a stretched coil conformation in order to form the corona
of micellar nano-structures. [37] Accordingly, the average hydrodynamic
radii of micelles prepared here are found to increase by around 10 nm
when varying the polymerization degree of the PNIPAAm block from
235 to 300 (Figure 9.11).
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Figure 9.11 – Size distribution histograms of micelles prepared from
different PS-b-PNIPAAm-tpy copolymers, in aqueous solution.
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9.3.1.2 Effect of metal ions

The impact of transition metal ions on the self-assembly of PS-b-
PNIPAAm-tpy copolymers in solution is investigated by adding half an
equivalent of Ni(II) as its chlorinated salt to the micellar solution, with
respect to the amount of terpyridine groups. According to the previous
work, only flower-like micelles originating from intra-micellar bridging
are formed in the dilute regime. [38–40] Under those conditions, the mean
distance between nano-objects in solution indeed largely prevents the
formation of inter-micellar bridges via metal–ligand coordination.

As illustrated in Figure 9.12, dynamic light scattering measurements
on solutions containing Ni(II) salts essentially shows the same results as
the micellar solution with no metal ions added. Only slight increases in
the size of the micelles are observed, which are in accordance with ante-
rior results obtained on analogous systems. [41] In the given example of
the PS27-b-PNIPAAm300-tpy copolymer, CONTIN analysis reveals the
formation of micelles with an average Rh,app of 30.8 nm in the presence
of metal ions, against 28.4 nm in the absence of metal ions. In essence,
this observation can be rationalized by the swelling of micellar corona
due to charged metal–terpyridine bis-complexes at the extremity of their
coronal chains.
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Figure 9.12 – Size distribution histogram of PS27-b-PNIPAAm300-tpy
micelles in aqueous solution, in the absence and presence of half an

equivalent of Ni(II) ions.



240 Chapter 9. Hierarchical assembly into gels

9.3.1.3 Effect of temperature

The thermal dependence of the size of micellar nano-structures is
further tested in the absence and presence of half an equivalent of tran-
sition metal ions, respective to the terpyridine content. Precisely, the
phase transition of PNIPAAm coronal chains is monitored by dynamic
light scattering by following the evolution of the apparent hydrodynamic
radius as a function of temperature, which is illustrated in Figure 9.13.

Below a critical temperature matching the limit of solubility of PNI-
PAAm chains, micelles are found to decrease in size upon heating, while
their size is always slightly higher in the presence of Ni(II) ions. Above
this critical solution temperature, collapsed micelles tend to combine
to form larger aggregates, which is captured by DLS as an dramatic
increase in the size of aggregates in solution. Ultimately macroscopic
phase separation occurs within the system, thereby resulting in cloudy
solutions (Figure 9.13).
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Figure 9.13 – Thermal evolution of the apparent hydrodynamic
radius of PS27-b-PNIPAAm300-tpy nano-structures in aqueous solution,

in the absence and presence of half an equivalent of Ni(II) ions.

As further noted in Figure 9.13, the onset of collapsing increases from
29 for the uncomplexed micelles to about 32℃ in presence of metal ions.
This observation is consistent with the solution behaviour reported by
Schubert et al. for PNIPAAm-tpy homopolymer chains when compared
to their metallo-supramolecular complexes. [42] Besides, the same authors
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already performed detailed characterization and LCST investigations on
these particular systems, demonstrating that the cloud point is sensibly
influenced by the type of metal cations and counter ions utilized.

9.3.2 Self-assembly of PNIPAAm-b-PDMAEMA-tpy co-
polymers

In this section, the focus is on the thermo-induced self-assembly of
PNIPAAm-b-PDMAEMA-tpy copolymers in aqueous solution, at vari-
ous pH. To this aim, different solutions are prepared by dissolution of
the double hydrophilic copolymers in ultrapure water, at selected pH
of 3, 6 and 9, which respectively afford total, partial and no protona-
tion of the amine functions of the PDMAEMA block (Figure 9.14). [43]
Then, those solutions are analysed by dynamic light scattering for size
determination and turbidimetry for cloud point measurements. In ad-
dition, atomic force microscopy is used for imaging the self-assembled
nano-structures formed in solution.
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Figure 9.14 – Schematic of the ionization degree of PDMAEMA
block in a PNIPAAm-b-PDMAEMA-tpy copolymers as a function of

the pH.

9.3.2.1 Effect of temperature and pH

The intensity of scattered light (Is) from a solution being propor-
tional to particle size, the aggregation of PNIPAAm-b-PDMAEMA-tpy
copolymers into micelles is monitored by the evolution of the normalized
scattered light intensity (Is/I0, I0 being the intensity of the light source)
with temperature. On the other hand, the phase separation of the entire
copolymer chains from the initially homogeneous solution is evaluated
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by turbidimetry measurements via absorption spectroscopy (Figure 9.7).
Since both PNIPAAm and PDMAEMA blocks are characterized by a
LCST-type behaviour, a complex effect of the temperature on the sys-
tem is expected to be monitored. Moreover, the ionization degree of the
PDMAEMA block is expected to influence the phase transition temper-
ature not only of PDMAEMA but also of the neighbouring PNIPAAm
block (Figure 9.15).

T° 

T° 

T°  
pH 

T°  

pH 

Figure 9.15 – Self-assembly behaviour of
PNIPAAm-b-PDMAEMA-tpy double hydrophilic diblock copolymers

in aqueous solution in response to heat and pH.

As shown in Figure 9.16, the relative intensities of light scattered by
aqueous solutions of a selected PNIPAAm-b-PDMAEMA-tpy copoly-
mer at pH 9, 6 and 3 undergo sharp increases around 28, 33 and 40℃
respectively, which is attributed to the aggregation of the PNIPAAm
blocks. Indeed, this results in the formation of micellar objects made
of a PNIPAAm core surrounded by a soluble PDMAEMA corona, as
illustrated in Figure 9.15. In this picture, low pH increases the overall
solubility of the copolymer by protonation of the PDMAEMA block,
thus delaying the thermo-induced aggregation of the PNIPAAm block,
and inversely. [44] Nevertheless, no information about the collapse of the
PDMAEMA blocks can be deduced at this stage. According to this PNI-
PAAm core – PDMAEMA corona model, a collapse of the PDMAEMA
block should result in the aggregation of the primary micelles into large
aggregates (Figure 9.15), which would increase the turbidity of the so-
lution and ultimately lead to precipitation.

As an indication of the collapse transition of the PDMAEMA block,
expected around 35 and 50℃ at pH 9 and 6 respectively, [45] an increase
in the turbidity of the same solution is monitored upon temperature
rises (Figure 9.16). This increase is clearly marked at pH 9 and closely
follows the aggregation of PNIPAAm blocks. Under those conditions,
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the weak polybase block is formally deprotonated, which decreases its
water solubility and hence forces the copolymer to phase separate. De-
creasing the pH of the solution essentially delays the phase separation
toward higher temperatures, which is ultimately not observed at pH 3
anymore. Also, the increase in turbidity becomes less pronounced and
disappears as the pH is reduced from 9 to 6 and further to 3.
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Figure 9.16 – Thermal dependence of the relative proportion of
scattered and transmitted light by an aqueous solution of

PNIPAAm65-b-PDMAEMA100-tpy diblock copolymer, at different pH.

Combining DLS and turbidimetry experiments suggests the following
picture for the aggregation of the selected PNIPAAm65-b-PDMAEMA100-
tpy diblock copolymer (numbers in subscript indicate the average degree
of polymerization) as a function of pH and temperature: At pH 9, mi-
celles are formed at 28℃ but since the phase separation temperatures
of both blocks are reached more or less concomitantly they aggregate
into larger structures due to the lack of stabilizing soluble block. At pH
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6, micelles with a PNIPAAm core and a PDMAEMA corona are formed
at 33℃, a further increase in temperature inducing the formation of
aggregates due to the desolvation of PDMAEMA. At pH 3, the phase
transition of PNIPAAm is shifted towards 41℃ because of the presence
of a charged hydrophilic PDMAEMA block, the resulting micelles be-
ing weakly affected by a further increase of the temperature due to the
presence of a polyelectrolyte-like corona.

In complement, information about size distributions of samples at
different pH and temperatures is obtained by the CONTIN analysis of
intensity autocorrelation functions (Figures 9.17, 9.18 and 9.19). In each
cases, the obtained histograms are in good agreement with results de-
rived from the scattered/transmitted light analysis, namely the presence
of unimers below both phase transition temperatures, and formation of
micellar nano-structures and higher aggregates due to the collapse of
PNIPAAm and then PDMAEMA blocks.

At a pH of 6, the distribution of hydrodynamic radii essentially re-
veals the presence of isolated polymer chains with a size of a few nanome-
tres as long as the temperature of the media is maintained below 32℃
(Figure 9.17). This population is apparently accompanied by larger ag-
gregates that could in fact arise from slow diffusion modes of the poly-
electrolyte. As the temperature crosses the phase transition temperature
of PNIPAAm estimated from the increase in intensity of scattered light
by the solution, nano-objects with a size of a few tens of nanometres be-
come apparent. The latter can be reasonably ascribed to the formation
of micellar structures made of a PNIPAAm core surrounded by soluble
PDMAEMA coronal chains.

However, the size distribution histograms are systematically spoiled
by the presence of a dominating population, around 100 nm in hydro-
dynamic radius, which could arise from a strong polyelectrolyte effect
likely due to the quaternized PDMAEMA block. A plausible aggrega-
tion via inter-micellar interactions between terpyridine pendant groups
is also not excluded. Indeed, the latter may interact with each other via
the formation of hydrophobic domains or by pi–pi stacking. Above the
phase transition temperature of PDMAEMA evaluated by absorbance
spectroscopy, a population centred around 300 nm in radius and with a
relatively narrow size distribution is mainly observed, along with a few
micellar nano-objects.
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Figure 9.17 – Size distribution histograms of
PNIPAAm65-b-PDMAEMA100-tpy copolymer and its aggregates in

aqueous solution at pH 6.

A similar story happens at pH 3 that is the presence of unimer chains
below the phase transition temperature of PNIPAAm, followed by the
advent of micellar nano-structures above (Figure 9.18). The thermo-
induced collapse of the PNIPAAm blocks, and hence the onset of for-
mation of micellar nano-structures, is however shifted to higher temper-
ature, i.e., around 40℃. Also, isolated chains remain apparent at high
temperature, which might be due to their lower tendency to aggregate
due to the presence of positive charges along the protonated PDMAEMA
block. The same stabilization prevents the collapse of PDMAEMA
chains so that micelles are observed even at 60℃. Under such acidic
conditions, the presence of a dominating population centred at 100 nm
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in radius is more than presumably related to the strong polyelectrolyte
effect of the quaternized PDMAEMA block.
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Figure 9.18 – Size distribution histograms of
PNIPAAm65-b-PDMAEMA100-tpy copolymer and its aggregates in

aqueous solution at pH 3.

Finally, at a pH of 9, the decreased hydrophilicity of the deprotonated
PDMAEMA block severely weakens the solubility of the entire copoly-
mer. As a consequence, the collapse of PNIPAAm block is observed as
the temperature is increased above 28℃, closely followed by the phase
separation of the entire block copolymer (Figure 9.19). According to
dynamic light scattering measurements, micellar aggregates would only
be observed, if any, in a narrow temperature window around 29℃. Be-
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low, unimer chains of a few nanometre size are clearly distinguished.
Above, large micro-particles, whose size is probably underestimated due
to multiple light diffusion process, are only observed.
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Figure 9.19 – Size distribution histograms of
PNIPAAm65-b-PDMAEMA100-tpy copolymer and its aggregates in

aqueous solution at pH 9.

9.3.2.2 AFM imaging

To avoid any ambiguous interpretation of DLS data, micellar nano-
structures and higher aggregates are imaged by atomic force microscopy
after spin-coating of the preheated block copolymer solutions onto silicon
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wafers. Measurements are conducted mainly on solutions of the selected
PNIPAAm65-b-PDMAEMA100-tpy block copolymer, with the help of
Elio Poggi.

As illustrated by Figure 9.20 (a), spherical objects of a few tens of
nanometres are distinguished at pH 6 when the solution is preheated at
35℃, which presumably corresponds to micellar objects. Taking into
account flattening of self-assembled nano-objects on the surface (as evi-
denced by height contrast images) and further overestimation due to tip
convolution effects, their sizes are in reasonable agreement with results
obtained from the CONTIN analysis of DLS data. However, almost no
higher aggregates are detected when probing the surface of the silicon
wafer.
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Figure 9.20 – AFM height contrast images of
PNIPAAm65-b-PDMAEMA100-tpy aggregates formed at pH 6 and

different temperatures, deposited onto a silicon wafer.

On the other hand, large objects (around 350 nm in radius) are mainly
observed form the block copolymer solution preheated at 60℃, as illus-
trated by Figure 9.20 (b). In agreement with absorption spectroscopy
measurements, this observation further supports the aggregation of mi-
celles under these conditions, which is likely due to the change in water
affinity of the PDMAEMA block.
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9.3.2.3 Effect of metal ions

Lastly, the effect of adding metal ions on the thermo-induced assem-
bly of PNIPAAm-b-PDMAEMA-tpy block copolymers is investigated by
DLS and turbidimetry measurements. As observed by Chiper et al. [42]
and confirmed by Piogé and coworkers, [38] the presence of a charged com-
plex in a copolymer architecture may sensibly delays the thermo-induced
phase transition of the constituting blocks. Practically, the intensities
of scattered and transmitted light by the block copolymer solutions are
thus monitored as a function of temperature, at different pH.
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Figure 9.21 – Thermal dependence of the relative proportion of
scattered and transmitted light by an aqueous solution of

PNIPAAm65-b-PDMAEMA100-tpy diblock copolymer mixed with
0.5 eq of NiCl2 salt, at different pH.

As shown in Figure 9.21, the relative intensities of light scattered
by aqueous solutions of the selected PNIPAAm65-b-PDMAEMA100-tpy
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containing 0.5 eq of nickel(II) salt undergo gradual increases as temper-
ature rises. The onsets of the presumably thermo-induced aggregation
of the PNIPAAm blocks are found around 25, 41 and 37℃ when the pH
of the solution is respectively adjusted at 9, 6 and 3.

As an indication of the collapse transition of the PDMAEMA block,
an increase in turbidity of the same solution is monitored upon temper-
ature rises (Figure 9.21). This increase is clearly marked at pH 9 and
follows the aggregation of PNIPAAm blocks observed in DLS measure-
ments. A diminution in pH of the solution — from 9 to 6 and further to
3 — dramatically enhances the stability of PNIPAAm-b-PDMAEMA-
tpy micelles toward aggregation. Their lower tendency to aggregate and
thus phase separate may be ascribed to the presence of both charged
metal–ligand complexes and quaternized ammonium groups in the mi-
cellar corona. Hence, only slight increases in the turbidity of those
solutions are observed upon heating, which can be closely correlated to
the evolution of scattered light intensities due to micellization.

The presence of NiCl2 has thus a particularly marked effect at pH 6
where the onset of thermo-induced micellization was shifted from 33℃,
without metal added, to 41℃, in presence of metal ions. Also, the in-
crease in turbidity of the same solution with the collapse of PDMAEMA
blocks was also less pronounced in presence of nickel salt. Hence, it was
concluded that the charged metal–terpyridine bis-complexes in the mi-
cellar corona impeded the formation of large micellar clusters and hence
the precipitation of micelles.

At pH 3 and 9, the presence of metal ions has only a weak impact
on the thermo-response of the PNIPAAm-b-PDMAEMA-tpy copolymer
chains in solution. In fact, only broadening of the phase transitions
over the temperature range is mainly achieved, so that the onsets of
the latter are observed at even slightly lower temperatures. At pH 9, it
is assumed that the presence of the charged complex has no significant
weight to counterbalance the macroscopic phase separation of the entire
copolymer chains. On the other hand, the same complex does not add
extra weight in delaying the thermo-induced micellization of copolymer
chains at pH 3, which is in fact largely dominated by protonation of the
PDMAEMA block.
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9.3.3 Self-assembly of PS-b-PNIPAAm-b-PDMAEMA-tpy
copolymers

Last but not least, the thermo-responsive phase behaviour of PS-
b-PNIPAAm-b-PDMAEMA-tpy triblock copolymers in aqueous solu-
tion is investigated. Structurally speaking, the only major difference
compared to PNIPAAm-b-PDMAEMA-tpy diblock precursors lies in
the presence of a short hydrophobic segment at the chain end. Nev-
ertheless, this additional block should force the copolymer chains to
aggregate into micelles even below the critical solution temperature
of poly(N -isopropylacrylamide). Above, the partial collapse of coro-
nal chains would result in the formation of three-layer micelles with a
hydrophobic PS core, a collapsed PNIPAAm shell, and a PDMAEMA
corona, as schematized in Figure 9.22.

T° 

T° 

Figure 9.22 – Self-assembly behaviour of
PS-b-PNIPAAm-b-PDMAEMA-tpy triblock copolymers in aqueous

solution at different temperatures.

To verify those assumptions, dynamic light scattering measurements
are performed on aqueous solution of PS-b-PNIPAAm-b-PDMAEMA-
tpy triblock copolymers at different temperatures. As expected, micellar
objects with hydrodynamic radius of a dozen nanometres are apparent at
ambient temperature, even for short hydrophobic segment (Figure 9.23).
This observation can be reasonably attributed to the high incompatibil-
ity of polystyrene with aqueous media. However, the presence of isolated
unimer chains in solution, as revealed by CONTIN analysis of the DLS
signal, suggests a dynamic exchange of free chains between micellar ob-
jects, which is particularly marked for triblock copolymers containing
short PS segment (Figure 9.23). [46]

Upon temperature rises, the presumably weak aggregation of tri-
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block copolymer chains in solution strengthens due to the collapse of
PNIPAAm block onto PS cores (Figure 9.22). As an indication of the
partial collapse of coronal chains, the size of micellar objects in solution
is found to decrease when crossing the critical solubility temperature
of around 35℃. In DLS, the phase transition of PNIPAAm is further
accompanied by an exaltation of slow diffusion modes of the polyelec-
trolyte micelles, as already observed for PNIPAAm-b-PDMAEMA-tpy
diblock precursors (Figure 9.17). Compared to the situation observed at
room temperature where transient micelles are formed, the enhanced co-
hesion of core–shell–corona particles is thought to favour their diffusion
as a whole as they are less prone to disaggregation.
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Figure 9.23 – Size distribution histograms of micelles prepared from
PS8-b-PNIPAAm75-b-PDMAEMA105-tpy copolymers, in aqueous

solution at different temperatures.
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9.4 Hierarchical assembly into gels

In this final section, combining the self-assembly behaviour of block
copolymer in solution with metal–ligand coordination is used to engineer
hierarchically organized materials (Figure 9.24). The first level of assem-
bly, i.e., the formation of micelles, is achieved upon direct dissolution
of the block copolymers in ultra-pure water, and application of proper
stimuli in case of induced micellization. All studied block copolymers
are found to be easily dispersible in water at low to room temperature.
At this point, free-flowing concentrated solutions are obtained and no
gelation occurred, which can be explained by the lack of entanglement
between coronal chains of neighbouring micelles.

metal
ions

pH, T°
selective
solvent

Figure 9.24 – Hierarchical assembly of ligand end-functionalized
block copolymers into supramolecular gels.

As a second level of assembly, half an equivalent of selected transition
metal ions, as their chloride salts, are added to the concentrated micel-
lar solutions, with respect to the terpyridine content. In this regard,
four cations are readily selected for their distinct affinity for terpyridine
ligand (Table 9.1): nickel(II), iron(II), cobalt(II) and zinc(II). [12,13] In
combination, they may form metal–ligand bis-complexes providing ef-
fective bridges between hydrophobic nodes, towards the formation of
supramolecular polymer networks (Figure 9.24). To drive the formation
of metallo-bridges at the expense of intra-micellar loops, concentration
of copolymers in samples is kept in the semi-dilute regime, i.e., between
3 to 20 %w/v.
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9.4.1 Visual characterization

In practice, the formation of a percolated network structure, i.e., a
gel, can be evidenced by the inverted-tube test. As shown in Figure 9.25,
the initially free-flowing concentrated solutions of PS-b-PNIPAAm-tpy
copolymers indeed turn into free-standing supramolecular gels upon the
addition of metal ions, which occur within seconds to minutes. Addi-
tionally, the hypothetical formation of metal–terpyridine bis-complexes
between copolymer chains is strongly supported by the colour change
arising from the addition of the metal ions, which gives characteristic
purple colour, in case of iron(II), and yellow–orange colour, in case of
cobalt(II).

metal
ions

Zn(II)Ni(II) Fe(II) Co(II)

Figure 9.25 – Pictures of supramolecular hydrogels obtained from
PS27-b-PNIPAAm300-tpy solutions upon the addition of different

transition metal ions.

The thermo-responsiveness of PS-b-PNIPAAm-tpy hydrogels is visu-
ally evidenced by immersing samples in a heated water bath. Above
a critical temperature around 32℃, a mesoscopic phase separation is
observed, the gel becoming cloudy as shown in Figure 9.26 (b), which
is in agreement with DLS results obtained for those systems. Surpris-
ingly, no macroscopic phase separation arising from the deswelling and
subsequent shrinkage of the gel occurred, as compared to metal-free mi-
cellar solutions (Figure 9.26 (a)). Indeed, poly(N -isopropylacrylamide)
hydrogels are commonly characterized by a sharp volume change upon
heating, [47,48] unless stabilized by the presence of hydrophilic groups. [49]
Hence, it is assumed that the positively charged metal–terpyridine junc-
tions ensure here a certain hydration of the gel and further prevent its
collapse, mainly because of the inherent electrostatic repulsions between
charged complexes. Also, the possibility of having kinetically trapped
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systems above the LSCT of PNIPAAm chains is not excluded to explain
the absence of macroscopic phase separation, which may occur on long
time scales.

T° > 35°C

T° < 30°C

(a) Free-flowing micellar solution

T° > 35°C

T° < 30°C

(b) Co(II)-based supramolecular hydrogel

Figure 9.26 – Pictures showing the responsiveness of a solution of
PS27-b-PNIPAAm300-tpy copolymer and a hydrogel prepared from

PS27-b-PNIPAAm300-tpy copolymer and Co(II) ions.

Having both constituting blocks soluble at room temperature, the be-
haviour of PNIPAAm-b-PDMAEMA-tpy double hydrophilic block copo-
lymers is rather distinct from PS-b-PNIPAAm-tpy analogues. Indeed,
solutions of the first diblock copolymers do not gel after addition of
transition metal ions, at least when prepared under ambient tempera-
ture conditions. In agreement with the DLS study in the dilute regime,
the formation of free-standing hydrogels is only achieved when heating
the copolymer solutions above the solubility limit of PNIPAAm, leading
to aggregation into network nodes (Figure 9.27 (a)).

Under neutral or acidic conditions, no phase separation can be ob-
served within the solubility limit of PDMAEMA block, the hydrogels
remaining transparent upon temperature rise (Figure 9.27 (b)), which
is compatible with the formation of micelle-like nano-structures. Un-
der basic conditions, however, a phase separation is observed when the
PNIPAAm-b-PDMAEMA-tpy solutions are heated above a critical tem-
perature of around 35℃ (Figure 9.28), which is in agreement with results
obtained by DLS on dilute solutions. Furthermore, no gelation occurs
during heating, meaning that the formation of a supramolecular network
can be efficiently inhibited depending on pH of the media.
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T° > 35°C

T° < 30°C

(a) Schematic showing the thermo-induced assembly

T° > 35°C

T° < 30°C

(b) Pictures showing the thermo-induced gelation

Figure 9.27 – Schematic and pictures showing the thermo-induced
gelation of a solution of PNIPAAm75-b-PDMAEMA105-tpy copolymer

in presence of Ni(II) ions, at pH 6.

The third and last system investigated here, i.e., gels based on PS-
b-PNIPAAm-b-PDMAEMA-tpy triblock copolymers, constitutes an in-
termediate category between the two afore-discussed diblock copoly-
mers. On one hand, free-standing supramolecular hydrogels can be
already obtained at room temperature thanks to the segregation of
hydrophobic polystyrene segments. Their aggregation indeed provides
branching points within the supramolecular network. But unlike PS-b-
PNIPAAm-tpy systems, the PDMAEMA segment in the triblock archi-
tecture ensures swelling of the gel phase in a temperature range that may
largely exceed the upper solubility limit of PNIPAAm block. Hence, no
phase separation is visually observed when heating PS-b-PNIPAAm-b-
PDMAEMA-tpy based hydrogels above 35℃, at least under acidic and

T° > 35°C

T° < 30°C

Figure 9.28 – Pictures showing the thermo-induced phase separation
of a solution of PNIPAAm45-b-PDMAEMA105-tpy copolymer in

presence of Ni(II) ions, at pH 9.



9.4. Hierarchical assembly into gels 257

neutral pH conditions.

9.4.2 Thermal analysis

To further provide insight into the temperature triggered transitions
in supramolecular hydrogels, differential scanning calorimetry (DSC) is
used as thermo-analytic method, with the grateful help of Jean-Pierre
Bourgeois. This technique measures the difference in heat flow required
to increase the temperature of a sample and a reference as a function
of temperature. [50] When the sample undergoes a physical or chemical
transformation, more or less heat is needed for the latter in regard to the
reference so that both are maintained at the same temperature through-
out the experiment. Whether less or more heat must flow to the sample
depends on whether the process is exothermic or endothermic.

In this point of view, the phase separation considered here is effec-
tively a controlled event driven by the breaking of H-bonds between
water molecules and, e.g., PNIPAAm amide groups. [51] An endother-
mic peak can be thus monitored when metallo-supramolecular gels or
solutions undergo a phase transition phenomenon because more heat is
required to the sample to increase its temperature relative to the refer-
ence. On the opposite, less heat is required to increase the sample tem-
perature when the latter undergoes the reverse exothermic processes. [52]
The result of DSC measurements is therefore a thermogram showing the
evolution of heat flow versus temperature or time. [50]

9.4.2.1 Thermal analysis of PS-b-PNIPAAm-tpy gels

At first, DSC measurements are carried out on self-assembled hydro-
gels prepared from PS-b-PNIPAAm-tpy copolymers exhibiting different
block lengths, in combination with various transition metal ions. In
agreement with the turbidity observations (Figure 9.26 (b)), DSC mea-
surements performed between 20 and 45℃ indicate that all samples
undergo a phase transition upon temperature rises (Figure 9.29).

This phenomenon is rationally attributed to the coil-to-globule tran-
sition of PNIPAAm chains from a swollen hydrated state to a shrunken
dehydrated state. [53,54] Below the critical solubility temperature, hy-
drogen bonds between water molecules and hydrophilic groups ensure
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Figure 9.29 – DSC thermogram of a 5 %w/v hydrogel prepared from
PS27-b-PNIPAAm300-tpy copolymer and Co(II) ions.

a good solubility of the hydrogel. When the temperature is increased
above the critical solubility temperature, the PNIPAAm chains change
from hydrophilic to hydrophobic, causing a phase separation of the gel
matrix.

Practically, the heat-induced phase transitions of the investigated
hydrogels are identified as endotherms in thermograms, while the re-
versibility of the processes has been checked upon cooling (Figure 9.29).
The onsets of thermal transitions, T ◦onset, are determined from the in-
tersection of the baseline and the leading edge of endotherms. On the
other hand, the phase separation temperatures are taken from measure-
ments as that centred at the transition, T ◦peak, i.e., as the maximum of
the endotherms.

As listed in Table 9.2, all phase transitions are observed in a tem-
perature range between 31.5 and 32.5℃, which is consistent with the
reported value for the critical solution temperature of PNIPAAm. [55]
Hence, varying the composition of the diblock copolymers, or the na-
ture of added metal ions, only weakly affect the collapse of PNIPAAm
chains. The transition temperature upon cooling was however 1.5 to 2℃
lower that in the heating process, clearly indicating a hysteresis. This
particular phenomenon is usually attributed to intra-molecular hydrogen
bondings between poly(N -isopropylacrylamide) chains in the collapsed
state. [56–58]

In addition, DSC measurements permit the determination of the
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Table 9.2 – Phase transition temperatures and enthalpies for 5 %w/v
hydrogels prepared from different PS-b-PNIPAAm-tpy copolymers in

combination with various transition metal ions.

Sample composition Heating Cooling
Copolymer Ion T ◦onset T ◦peak ∆Ha T ◦onset T ◦peak

[℃] [℃] [kJ/ [℃] [℃]
mol]

PS15-b-PNIPAAm235-tpy NiII 30.2 32.1 4.8 31.8 31.1
PS22-b-PNIPAAm235-tpy NiII 28.9 31.7 5.3 31.4 30.5
PS27-b-PNIPAAm235-tpy NiII 30.2 32.4 5.3 32.2 31.2
PS35-b-PNIPAAm235-tpy NiII 29.9 32.6 5.6 32.5 31.1
PS27-b-PNIPAAm300-tpy NiII 29.9 32.4 4.7 32.0 30.6
PS27-b-PNIPAAm300-tpy FeII 30.6 31.9 4.6 31.9 30.2
PS27-b-PNIPAAm300-tpy CoII 29.5 32.6 4.7 32.6 30.9
PS27-b-PNIPAAm300-tpy ZnII 29.3 32.2 5.1 31.5 30.0
a Value of enthalpy change of per mole of PNIPAAm repeating units.

thermodynamic data of the thermal processes. Precisely, the enthalpy
changes associated to phase transition, ∆H, are evaluated for each sam-
ple from the peak area of the endotherms. For comparison between
samples, results are normalized per mole of PNIPAAm repeating units
in the associating copolymer chains. As summarized in Table 9.2, all
enthalpy changes are found around 5 kJ/mol, which is close but slightly
lower than the values of 5.8 to 6.3 kJ/mol reported in the literature for
PNIPAAm homopolymers. [57,59,60] This slight deviation suggests that
the PNIPAAm chains, and thus the gel scaffold, remain at least par-
tially hydrated, which is in agreement with visual observations showing
mesoscopic but not macroscopic phase separation upon heating.

9.4.2.2 Thermal analysis of PNIPAAm-b-PDMAEMA-tpy so-
lutions

Differential scanning calorimetry is further conducted on concen-
trated solutions of PNIPAAm-b-PDMAEMA-tpy diblock copolymers
with different block lengths, in presence of half an equivalent of transi-
tion metal ions. In practice, measurements are performed in presence of
half an equivalent of transition metal ions, in a temperature range that
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covers the thermal transitions of both blocks. However, only a unique
endotherm can be detected upon heating in the range of 30,− 35℃.
Depending on pH conditions, this endotherm can be attributed to the
phase transition of the PNIPAAm blocks, resulting in gelation (Fig-
ure 9.27 (b)), or the simultaneous collapse of both blocks, resulting in
phase separation (Figure 9.28). In addition to pH, the concentration in
associating copolymers and the nature of metal ions are varied between
samples.

From the main results summarized in Table 9.3, transition metal ions
are found to only have insignificant effects on the gelation temperature
of PNIPAAm-b-PDMAEMA-tpy solutions. In reality, their thermal sig-
nature is more significantly affected by the length of the PNIPAAm
segment in the copolymer architecture. By increasing the fraction of
PNIPAAm, a slight shift in the endotherm peak to lower temperature
is indeed observed at a pH of 6, which is compatible with the lowered
influence of the partially quaternized PDMAEMA block. [61,62]

Table 9.3 – Phase transition temperatures and enthalpies for
hydrogels prepared from different PNIPAAm-b-PDMAEMA-tpy
copolymers in combination with various transition metal ions, at

different pH and concentrations.

Copolymer Ion pH C T ◦peak ∆Ha

[%] [℃] [kJ/
mol]

PNIPAAm45-b-PDMAEMA105-tpy NiII 3 20 29.3 2.9
PNIPAAm45-b-PDMAEMA105-tpy NiII 9 20 34.2 5.2
PNIPAAm45-b-PDMAEMA105-tpy NiII 6 20 34.4 3.4
PNIPAAm75-b-PDMAEMA105-tpy NiII 6 20 32.3 3.6
PNIPAAm75-b-PDMAEMA105-tpy CoII 6 20 32.1 3.4
PNIPAAm75-b-PDMAEMA105-tpy ZnII 6 20 32.4 3.4
PNIPAAm45-b-PDMAEMA105-tpy NiII 6 5 40.2 3.4
PNIPAAm75-b-PDMAEMA105-tpy NiII 6 5 39.7 3.4
a Value of enthalpy change of per mole of PNIPAAm repeating units.

The most pronounced variations in thermal properties are however
induced by concentration changes in associating copolymer solutions. At
low concentrations and close to neutral pH, the endotherms in DSC are
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centred around 40℃, which closely correlates to the dilute solution be-
haviour of PNIPAAm-b-PDMAEMA-tpy chains captured by DLS (Fig-
ure 9.21). On the other hand, the entire thermogram is shifted by more
than 15℃ to lower temperatures when the concentration in copolymers
is increased to 20 %w/v. This observation can be explained by the poly-
mer chain association in concentrated aqueous solutions which is easier
than that in diluted one. Hence, the strong confinement and differ-
ence in polarity between the two blocks may force the latter to adopt a
pre-organized configuration in solution, thus promoting the phase sepa-
ration.

As reported in Table 9.3, the enthalpy changes associated to the phase
transition are much lower than expected from the theoretical value of
around 6 kJ/mol relative to the number of PNIPAAm units. [57,59,60] As
suggested by other studies, [62] this observation can be mainly attributed
to the influence of the hydrophilic PDMAEMA block in the molecular
architecture of the chains. Interestingly, this hypothesis further explains
the effect of pH on the ∆H associated with the collapse of the PNIPAAm
segment. In this respect, lowering the pH leads to the protonation and
thus an increased hydrophilicity of the PDMAEMA block, which results
in a loss of transition enthalpy. On the other hand, the switch in be-
haviour of the PDMAEMA block under basic conditions results in a
more complete dehydration of the PNIPAAm block upon temperature
rise.

Last but not least, DSC measurements show that the solution be-
haviour of PNIPAAm-b-PDMAEMA-tpy chains is also subjected to pH
changes (Figure 9.30). As discussed above, lowering the pH of the
medium protonates the amine function of PDMAEMA, rendering this
thermo-sensitive block more hydrophilic (Figure 9.14). Hence, an in-
crease in the critical micellization temperature is expected under acidic
condition, which is not verified at high concentration (Table 9.3). Never-
theless, the opposite shift in transition temperature can be explained by
the high degree of quaternization of the PDMAEMA block, which com-
petes with PNIPAAm by strongly complexing water molecules in this
concentration regime. In the literature, this situation is also encountered
in presence of large amount of salt in solution, resulting in destabiliz-
ing salting effects on the solubility of PNIPAAm chain segments. [63–66]
In more dilute solutions, the same competition is less pronounced and
deviations from the solution behaviour revealed by DLS is consequently
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reduced.
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Figure 9.30 – DSC thermogram of 20 %w/v hydrogels prepared from
PNIPAAm45-b-PDMAEMA105-tpy copolymer and Ni(II) ions, at

different pH.

9.5 Summary

Through this chapter, the possibility to form metallo-supramolecular
micellar networks with distinctive features was demonstrated. To this
aim, the three synthesized block copolymers, i.e., PS-b-PNIPAAm-tpy,
PNIPAAm-b-PDMAEMA-tpy, and PS-b-PNIPAAm-b-PDMAEMA-tpy,
were used as precursors of self-assembled hydrogels. Prior to the elab-
oration of the supramolecular materials, the self-assembly behaviour of
each associating copolymers was separately investigated in dilute aque-
ous solution, via a combination of selected analytical techniques.

At first, the metal induced assembly of macro-ligand into metallo-
supramolecular multi-segmented copolymers was explored by absorp-
tion spectroscopy and size exclusion chromatography. The first ana-
lytical method indicated quantitative binding of all terpyridine units
when following the appearance of metal-to-ligand-charge-transfer band
upon complexation with metal ions. In parallel, the formation of bis-
complexes was accompanied by a two-times increase in size exclusion
chromatography, which clearly demonstrated the potential of the ligand-
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functionalized copolymers to act as building blocks for supramolecular
chemistry.

The self-assembly of terpyridine end-capped block copolymers into
micelles was then studied in dilute aqueous media. In this regard, a di-
rect dissolution method was followed, leading to the formation of rather
well-defined micelles from PS-b-PNIPAAm-tpy and PS-b-PNIPAAm-b-
PDMAEMA-tpy copolymers. Through a combination of light scattering
and transmission techniques, the thermo-induced collapse of PNIPAAm
block in those architectures was monitored around the theoretical value
of 32℃.

In case of double hydrophilic PNIPAAm-b-PDMAEMA-tpy block
copolymers, the micellization was triggered by heat and further con-
trolled via pH changes. In this respect, protonation of the PDMAEMA
block was found to delay the thermo-induced collapse transitions of both
blocks. In addition, the presence of charged metal–ligand complexes
in the micellar corona also lowered the tendency for thermo-responsive
blocks to aggregate.

Finally, combining the self-assembly behaviour of block copolymer in
solution with metal–ligand coordination successfully led to the formation
of supramolecular gel-like materials. By means of differential scanning
calorimetry, light was shed on the thermo-responsiveness of prepared
hydrogels, which was further supported by visual observations. Inter-
estingly, results obtained were in accordance with light scattering and
transmission data, thereby enhancing the comprehension of phase tran-
sition phenomena occurring in the gel phase.

9.6 Experimental part

Materials

Terpyridine end-capped block copolymers are synthesized via sequen-
tial reversible addition–fragmentation chain transfer control radical co-
polymerization, as reported in the previous chapter. Nickel(II), iron(II),
cobalt(II) and zinc(II) chlorides salts are dried, kept in a glove box, and
weighted under argon atmosphere.
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Instrumentation

Dynamic light scattering experiments are performed on a Malvern
CGS-3 apparatus equipped with a He–Ne laser with a wavelength of
632.8 nm and a thermostat. The size distribution histograms of the
self-assembled nano-structures are obtained by the CONTIN method.
Size exclusion chromatography is performed in N,N -dimethylformamide
containing 2.5 mM NH4PF6 to determine molar mass distributions with
respect to polystyrene standards. The measurements are carried out
on a system composed of two PSS Gram columns (100 Å and 1000 Å)
connected to a Waters 410 differential refractive index (DRI) detector
operating at 0.5 mL/min flow rate and a temperature of 35℃. UV-
visible spectra are recorded on a Varian Cary 50 Conc spectrophotome-
ter equipped with a Varian Cary thermostat. The measurements are
performed in a 1 cm quartz cell. Differential scanning calorimetry mea-
surements are performed on a Mettler Toledo 821 calorimeter. Samples
are placed in a sealed aluminium capsule (40µL) in order to avoid wa-
ter evaporation. The DSC instrument is calibrated using an indium
standard. Sample are initially heated at 1℃/min under static air at-
mosphere, followed by cooling at the same rate immediately after heat-
ing. Atomic force microscopy measurements are performed on a Digital
Instruments Nanoscope V scanning force microscope in tapping mode
using NCL cantilevers (Si, 48 N/m, 300 kHz, Nanosensors). The silicon
wafers are cleaned by sonication in acetone followed by immersion in
a piranha solution (H2SO4 98 % (70 %v/v) and H2SO4 35 % (30 %v/v)
for 90 minutes and thoroughly rinsed with ultrapure water. Volumes of
75µL of preheated block copolymer solutions are spin-coated on dried
silicon wafers at 2000 rpm for 40 s. Samples are further dried in vacuum
at 35℃ overnight, prior to any measurement.

Preparation of supramolecular gels

Hydrogels are prepared by dissolving mixing given amounts of block
copolymer with Milli-Q water. The sealed reaction vessels are placed in
a fridge and shaken periodically to form homogeneous concentrated solu-
tions after a few days. When necessary, the pH of the media is adjusted
by addition of hydrochloric acid aqueous solution of a given molarity.
The gels are then readily obtained by adding the stoichiometric amount
of half an equivalent of transition metal ions (with respect to the ter-
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pyridine content) dissolved in a defined amount of Milli-Q water to each
concentrated solutions. Lastly, the reaction vessels are placed again in
the fridge over three days to ensure homogeneous gelation and stabiliza-
tion of the gels. The final concentration of copolymers in samples varied
in the semi-diluted regime, from 3 to 20 %w/v.

UV-Vis titration of terpyridine end-groups

Terpyridine-functionalized polymers are dissolved in 1 mL of degassed
ultra-pure water, at a given concentration around 0.25 mmol/L. This
solution is then titrated by stepwise addition of a 0.125 mmol/L aqueous
solution of iron(II) chloride stabilized against oxidation by the presence
of 0.5 mmol/L ascorbic acid.
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CHAPTER 10
ON THE DYNAMICS OF METALLO-

SUPRAMOLECULAR MICELLAR GELS

Abstract

One of the most important aspect of supramolecular gels lies in the
control over their dynamic mechanical properties. Indeed, the transient
nature of the self-assembled network allows its relaxation on time scales
that exceed the lifetime of the non-covalent associations. Control over
dynamics is herein achieved by varying the length of segments that aggre-
gate to form hydrophobic nodes, as well as the nature of bridging metal
complexes.
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10.1 Overview

In the fascinating field of supramolecular polymer networks and gels,
rheology is perhaps the most critical defining feature. [1–4] Unlike perma-
nent analogues, supramolecular networks consist in macromolecules con-
nected together by transient interactions. As a result, they exhibit prop-
erties that are not encountered in classical, covalently jointed networks,
such as stimuli-responsiveness, self-healing, and shape-memory. [5–7]

To promote their use as high-performance materials, a fundamental
physico-chemical characterization is a key step. However, even if no-
table efforts have been placed on the derivation of such knowledge, a
comprehensive picture of the structure, self-organization and dynamics
associated to transient polymer networks is still far from complete. In
this field of research, a particular emphasis is put on the manifestation
of the cross-link dissociation dynamics in the macroscopic relaxation of
supramolecular networks. [3,4,8–11]

Due to the interplay of supramolecular chemistry and polymer physics,
the viscoelastic behaviour of supramolecular polymer networks is ex-
tremely rich and complex. However, carrying out tensile measurements
on supramolecular gels can be difficult because they tend to have lit-
tle stiffness or toughness and they may not maintain their shape for a
long time. To quantitatively assess useful information about the struc-
ture and dynamics of these astonishing materials, rotational rheometry
is the obvious choice, as it studies the deformation and flow of matter
under the influence of an applied shear stress.

10.2 Rotational rheometry

Practically, samples are loaded into a gap between two specifically
designed flat plates and a shear stress, σ, is applied by a low inertia
motor moving one plate relative to the other. In turn, the resulting
shear strain, γ, is measured using a high precision position encoder under
controlled atmosphere and temperature (Figure 10.1). If the material
resists to the deformation induced by a weak stress, then it is a solid. If
the material eventually flows, then it behaves as a liquid.

Supramolecular gels belong to intermediate classes of behaviour that
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Moving plate1
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2

Static plate3
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Figure 10.1 – Schematic view of a Malvern Kinexus rotational shear
rheometer and a plate–plate geometry.

fall between the limits of solid and liquid. Due to diffusion of molecules
in the amorphous gel phase, they indeed exhibit some of both character-
istics, which further depends on the time scale and amplitude of strain.
As long as the amount of deformation is proportional to applied force,
the material is said to be elastic. However, when the deformation rate
is proportional to the stress, the material is said to be viscous. [2,12]

In a rheometry experiment, the two plates are moved back and forth
relative to one another, shearing the gel sample. The induced oscillat-
ing movement is decomposed into an in- and out-of-phase component,
which gives the elastic and viscous contributions of the response. Those
contributions are respectively measured by the elastic storage modulus,
G′, and the viscous loss modulus, G′′, both having units of Pascals. For
purely elastic materials, the stress and strain are in phase, in contrast
with purely viscous materials for which the strain follows stress by a
90° phase lag. For viscoelastic materials, the behaviour is somewhere in
between and the strain lag, δ, is not zero but is less than 90°. [2,12]

Typically, two common rheological experiments are used by chemists
to probe supramolecular gel behaviours. The linear viscoelastic response
(LVR) is determined at a fixed small stress or strain amplitude, where
elastic and viscous behaviours are recognizable. When increasing shear
forces on sample, non-linear behaviour (NLVR) of gels is probed. In-
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deed, they are plastic and have an associated plasticity threshold beyond
which the material flows (Figure 10.2 (a)). Below critical values of shear
amplitude, defined by yield stress, σc, and yield strain, γc, the storage
modulus remains constant. Above, it decreases rapidly, suggesting that
the network collapses as a consequence of the application of force. [2,12]
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Figure 10.2 – Theoretical behaviour of supramolecular polymer gels
under dynamic rheological measurements.
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In parallel, varying the frequency of the oscillatory shear allows cap-
turing the time scale of stress relaxation in supramolecular networks, τ .
On short experimental time scale (texp < τ), motions of the supramolec-
ular network are restricted around the non-covalent associations acting
as sticky points between chains. [13–16] Stress on sample is thus mainly
stored in elastic distortion and entropic stretching of polymer chains.
When increasing the oscillation time scale (texp > τ), inter-chain cross-
links dissociate, thereby allowing chain segments to diffuse through the
solvating media. An onset of material flow is thus observed when low-
ering oscillation frequency, as evidenced by a characteristic decrease in
storage and loss moduli (Figure 10.2 (b)). In turn, the time scale of
network relaxation evidenced by the modulus cross-over can be related
to the dissociation rate of physical cross-links. [1]

10.3 Prior consideration

Above the percolation threshold, the characteristic features, i.e., la-
bility and strength, of the reversible associations largely dictate the vis-
coelastic response of associating polymer networks. In line, Tenhu et
al. pointed out the effect of hydrophobic sticker length on the rheo-
logical properties of aqueous solutions of telechelic star copolymers. [17]
Increasing the length of the non-soluble segments, i.e., the strength of
hydrophobic interactions, leads to more elastic networks. On the other
hand, more labile, shorter, hydrophobic segments provide “strong” gels
with long linear responses. In parallel, Craig and coworkers demon-
strated the importance of the lifetime of transient associations on the
relaxation of supramolecular networks. [11,18,19] Indeed, they correlated
macroscopic relaxation times of materials with molecular dissociation
rates, i.e., exchange kinetics, of metallo-pincers responsible for cross-
linking. [8,9]

The first chapter devoted to the rheological characterization of the
engineered materials mainly focuses on their viscoelastic response. The
emphasis is logically put on the dynamics of the self-assembled mate-
rial, which is associated to the transient associations structuring the
supramolecular network (Figure 10.3). Unless kinetically frozen, those
associations are indeed involved in an association–dissociation equilib-
rium responsible for strain release. Accordingly, the length of associating
segments in the copolymer architecture and the nature of metal–ligand



274 Chapter 10. Dynamics of supramolecular gels

bridges between hydrophobic domains is varied in order to shed light
onto their influence on material rheology.

frozen micellar core1

inter-micellar bridge2

pendant coordination3

free polymer chain4

pendant hydrophobe5

intra-micellar loop6

transient micellar core7

1

2
3

4

5

67

Figure 10.3 – Richness of network configurations in
metallo-supramolecular micellar gels, with focus on the dynamics.

In this study, terpyridine end-capped polystyrene-block-poly(N -iso-
propylacrylamide) copolymers are used as simple building blocks to
generate model networks. Regardless of structural imperfections such
as loops, those hetero-telechelic copolymers, i.e., they possess different
associating groups at each end, indeed generate homogeneous polymer
networks with close to regular monodisperse mesh sizes. In the following,
the rheological characterization of supramolecular hydrogels prepared
from PS-b-PNIPAAm-tpy copolymers is hence presented while varying
the afore-mentioned parameters. Then, having a global view on the vis-
coelastic behaviour of those unique materials, a discussion is oriented
toward the interpretation of rheological data.

In the following, many descriptions are derived from the analysis
of the linear rheological data, i.e., modulus amplitudes and the phases
between stress and strain. However, these familiar material functions
used to quantify the linear behaviour do not always result in a simple
physical picture or rigorous interpretation of the non-linear experimental
output. Indeed, many inhomogeneous flows in the measuring geometries
like, e.g., shear banding, [20,21] wall slip, [22] elastic instability, [23,24] and
secondary flows, [25] are susceptible to occur especially under large am-
plitude of deformation. In addition to imperfect mechanical excitation,
these non-linear phenomena can violate the mathematical assumptions
describing the stress and strain inputs. [26] Being aware of these inherent
limitations, direct interpretations of both linear and non-linear moduli
are however proposed in the present and following chapters, but would
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clearly require a deeper analysis of the raw stress–strain data.

10.4 Rheological characterization

10.4.1 Low strain mechanical response

The dynamic mechanical properties of associating polymer hydrogels
combining hydrophobic and coordinative interactions are first investi-
gated under low-strain conditions. In this respect, an oscillatory fre-
quency sweep is carried out by recording the evolution of dynamic mod-
uli for a self-assembled hydrogel prepared from PS27-b-PNIPAAm235-tpy
diblock copolymer (numbers in subscript indicate the average degree of
polymerization) and nickel(II) ions.
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Figure 10.4 – Frequency sweep on hydrogel prepared from
PS27-b-PNIPAAm235-tpy copolymer and Ni(II) ions under low-strain

condition.

As illustrated in Figure 10.4, the low-strain, or linear, viscoelastic
response of the investigated hydrogel is characterized by an equilibrium
in both storage and loss moduli that extends over frequency decades. In
addition, the elastic response is nearly one order of magnitude higher
than the viscous counterpart, at least in the investigated frequency
range. In a rheological point of view, these features are the trademark
of “hard”, nearly-covalently cross-linked hydrogels. In this picture, the
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metal–ligand complexes provide efficient bridges between strong micellar
cores made of long polystyrene stickers.

10.4.2 Medium-to-high strain mechanical response

The dynamic mechanical properties of associating polymer hydrogels
are then investigated under higher amplitude of deformation. At first,
oscillatory frequency sweeps were carried out on the hydrogel prepared
from the PS27-b-PNIPAAm235-tpy copolymer and Ni(II) ions, at differ-
ent amplitudes of deformation. In addition, oscillatory strain sweeps
are carried out on the same material by following the evolution of dy-
namic moduli under increasing and decreasing strain amplitude in order
to provide further information about the viscoelastic response of the gel
under high-strain conditions.

10.4.2.1 Oscillatory frequency sweep

The influence of shear amplitude on the rheological properties of
supramolecular hydrogels is investigated by running frequency sweeps at
various amplitudes of deformation (Figure 10.5). At low strain, nearly
parallel moduli are achieved over the investigated frequency range, re-
sulting in an almost frequency-independent phase angle. Notably, the
storage modulus remains nearly constant and higher than the loss mod-
ulus, so that the material is exclusively characterized by a solid-like
behaviour.

With increasing strain amplitude, both moduli progressively decrease
at low frequency, forming a second plateau (Figure 10.5). At high fre-
quency, the first plateau is still observed for both moduli, while G′ re-
mains nearly one order of magnitude higher than G′′. For fast oscil-
lations, the largest part of the deformation energy is thus still stored
in entropic distortions of the supramolecular network. Below a certain
frequency of oscillation, the elastic modulus starts to drop while the vis-
cous modulus goes through a local maximum, so that both moduli cross
each other at the crossover frequency.

In practice, this transition reveals a first stress relaxation time scale,
τ1, for the associating polymer gel that is a signature of a transient hy-
drophobic network. [27–30] Although the material is dominated by elastic-
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ity before the modulus crossover, a liquid-like behaviour tends to govern
the sample at low oscillation frequencies.
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Figure 10.5 – Frequency dependence of (a) elastic and (b) viscous
moduli for a hydrogel prepared from PS27-b-PNIPAAm235-tpy

copolymer and Ni(II) ions, at different strain amplitudes.

However, a second plateau in modulus is achieved at low frequency,
evidencing a slower relaxation process associated with a longer time
scale, τ2. Interestingly, the plateau values for moduli at low-frequency
follow an exponential decrease with strain amplitude when the latter
exceeds the first yield point (Figure 10.6). At 100 % strain, the low-
frequency viscous and elastic moduli respectively suffer from a one and
two orders of magnitude decrease, while values for high-frequency moduli
are only slightly smaller than observed at low strain. In parallel, no
significant strain-dependence is observed for the first stress relaxation
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time (τ1) of the supramolecular network under shear.
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Figure 10.6 – Strain dependence of low-frequency plateau dynamic
moduli for a hydrogel prepared from PS27-b-PNIPAAm235-tpy

copolymer and Ni(II) ions, under increasing strain.

10.4.2.2 Oscillatory strain sweep

Under increasing strain amplitude, supramolecular hydrogels pre-
pared from the PS27-b-PNIPAAm235-tpy copolymer are characterized
by an outstanding “two-step” gel-to-sol transition. In contrast to other
supramolecular gels, which only display a single gel–sol transition, they
indeed transit through distinct viscoelastic regimes, as shown in Fig-
ure 10.7.

In the literature, multiple yielding has been widely reported for col-
loidal glasses [31,32] or congested micellar phases. [33,34] However, to the
best of our knowledge, such behaviour has been only observed once for
semi-diluted solutions of associating polymers, without further investi-
gation. Precisely, observations were made by Tsitsilianis et al. when
studying the influence of addition of plasticizer on the rheological prop-
erties of a reversible hydrogel composed of triblock copolymers of ionized
poly(acrylic acid) end-capped with short PS blocks. [35]

At low strain amplitudes, the rheological behaviour of the experienced
hydrogels is expressed by a first plateau in loss and storage moduli (Fig-
ure 10.7), which corresponds to the first linear viscoelastic regime (1st
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Figure 10.7 – Strain dependence of dynamic moduli for a hydrogel
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LVR). Under those conditions, strain on the sample increases linearly
with stress amplitude (Figure 10.8) while elasticity dominates over vis-
cous effects. At larger deformation, a first transition is observed from a
“hard” to a comparatively “soft” gel, where elastic and viscous moduli
cross each other before reaching a plateau, corresponding to the second
linear viscoelastic regime (2nd LVR).
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At the transition between the first and second plateau in moduli, the
strain–stress relationship largely deviates, which corresponds to the first
non-linear viscoelastic regime (1st NLVR). As shown in Figure 10.8, the
linearity is however recovered at the onset of the 2nd linear region. In
this regime, the linearity of the viscoelastic response is further checked
from the Lissajous patterns. The latter describe the angular displace-
ment of one plate relative to the other, θ, as a function of the applied
torque, T , showing no higher harmonic contribution to the raw stress–
strain signal (Figure 10.9). Instead, a symmetric elliptic pattern clearly
indicates a single-harmonic, elastic strain response of the gel, at least
before yielding.
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Under large amplitude oscillatory shear, strain softening is finally
observed, both moduli decreasing characteristically beyond the second
yield point. As revealed by the analysis of stress–strain curves (Fig-
ure 10.8), this terminal flow corresponds to the 2nd non-linear viscoelas-
tic regime. Accordingly, the Lissajous pattern is progressively distorted
from ellipsoid to an asymmetric rounded parallelogram (Figure 10.9),
evidencing plastic flows within the material. [36] As illustrated in Fig-
ure 10.7, the reversibility of the transition is also checked, both moduli
recovering their original values under decreasing strain. Only a slight
hysteresis is observed when coming back to small deformations, evidenc-
ing efficient and autonomous healing of gels.
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When increasing the frequency at which strain sweeps are performed,
a gradual transition is observed in the viscoelastic behaviour of the

(a)

(b)

(c)

10
-1

10
0

10
1

10
2

10
3

G
',
 G

''
 [

P
a
]

90

80

70

60

50

40

30

20

10

0

δ
 [°]

 G'

 G''

 δ

T° = 20°C
C = 5 % w/v

ω  = 0.1 rad/s

10
-1

10
0

10
1

10
2

10
3

G
',
 G

''
 [

P
a
]

90

80

70

60

50

40

30

20

10

0

δ
 [°]

 G'

 G''

 δ

T° = 20°C
C = 5 % w/v

ω  = 2.2 rad/s

10
-1

10
0

10
1

10
2

10
3

G
',
 G

''
 [

P
a
]

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

γ0 [%]

90

80

70

60

50

40

30

20

10

0

δ
 [°]

 G'

 G''

 δ

T° = 20°C
C = 5 % w/v

ω  = 46 rad/s

Figure 10.11 – Strain dependence of dynamic moduli for a hydrogel
prepared from PS27-b-PNIPAAm235-tpy copolymer and Ni(II) ions, at

selected oscillation frequencies.



10.4. Rheological characterization 283

supramolecular gels (Figure 10.10). A pronounced influence is noted
at intermediate strains, i.e., in the second linear viscoelastic regime, in
agreement with results from frequency sweeps. In accordance also, the
first plateau value for elastic modulus is almost frequency-independent
whereas the second strongly depends on the frequency at which the ma-
terial is stressed. More precisely, the elastic modulus values at the second
plateau gradually increase with an increasing oscillation frequency.

At high frequency, the viscoelastic response of the material is dom-
inated by elasticity so that it still behaves like a “hard” gel. Under
those conditions, the ratio between G′ and G′′, and hence the phase
angle, δ, are comparable between the first and second plateau region
(Figure 10.11 (a)). At the transition between the two LVRs, dynamic
moduli cross each other so that the first yield point is clearly seen when
following the evolution of stress against strain amplitude (Figure 10.12).
In the region of the first relaxation frequency, the viscoelastic response
corresponds to a “soft” gel while the viscous and elastic components are
almost equivalent in values (Figure 10.11 (b)). At lower frequency, sam-
ples finally show an essentially viscous response in the 2nd LVR, which
is characteristic of “soft” gels too (Figure 10.11 (c)).
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Critical or yield strain, γc0, and stress, σc0, determined at the transi-
tion between linear and non-linear regions are also found to be highly
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frequency-dependent. For both yield points, transitions are observed at
lower strain when the oscillatory frequency is high (Figure 10.12). As
summarized in Figure 10.13, the frequency dependence of yield strains is
characterized by an exponential decrease that is even more pronounced
for the second yield point. At very low frequency, supramolecular hy-
drogels can theoretically withstand infinite deformation. Indeed, their
dynamic structure reorganizes over long time scale, which dissipates me-
chanical strain. At elevated frequency, yield strains stabilize around val-
ues that should correspond to the largest extent to which the network
can be stretched without altering its structure.
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Figure 10.13 – Frequency dependences of the first (left) and second
(right) yield strain (top) and stress (bottom) for a hydrogel prepared

from PS27-b-PNIPAAm235-tpy copolymer and Ni(II) ions.

In parallel, yield stress values should increase up to a plateau, which
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is related to the mechanical strength of the non-covalent junctions struc-
turing the material. Indeed, these junctions are fully stressed at high os-
cillation frequency, i.e., when mechanical stress is not dissipated through
relaxation of the network. In practice, this situation is only verified
for the second yield point. Indeed, the frequency-dependence of the
first yield point follows a sigmoidal trend, while low and high frequency
regimes are respectively characterized by a high and low plateau value.
Moreover, the curve inflection point is located at a frequency correspond-
ing to the first relaxation time, τ1, of the associating network.

Last but not least, significant changes in the large amplitude oscil-
latory shear behaviour of supramolecular gels are observed when vary-
ing oscillation frequency (Figure 10.10). Below the crossover frequency,
strain softening is only observed at the transition between the first and
second LVR, as well as at the limit of network rupture. Above, a clear
increase in the viscous response of the gels followed by strain softening
is evidenced at both yield points. This frequency-dependent behaviour
has been already observed for similar systems and further related to the
apparent lifetime of the supramolecular interactions tethering the net-
work. [19] However, the complexity of rheological phenomena occurring
in this region will only be discussed in a following chapter.

10.4.3 Influence of hydrophobe length

In order to investigate the influence of the length of the hydrophobic
segment, different associating copolymers are synthesized as reported in
a previous chapter. Concretely, the length of the hydrophobic segment
is varied from a few units to a few tens of units, against few hundreds
of units for the water-soluble block. The main characteristics of the
associating copolymers can be found in Table 8.2.

Upon addition of transition metal ions, nearly all copolymer solutions
form gels within minutes. Only associating copolymers exhibiting a very
short polystyrene block of a few units do not induce gelation, evidencing
the critical contribution of hydrophobic cores on the gelation process
itself, and hence on the mechanical properties of the gels. Accordingly, it
is assumed that ten hydrophobic units constitute here the critical length
mandatory for the formation of elastically active junctions within the
network. Below, the hydrophobic interaction between segments might
be too weak to ensure the formation of supramolecular hydrogels.



286 Chapter 10. Dynamics of supramolecular gels

10.4.3.1 Oscillatory frequency sweep

Above the critical length, varying the size of the hydrophobic seg-
ment tremendously affects the dynamic rheological properties of the
supramolecular hydrogels. Experimentally, a first influence is evidenced
from frequency sweep measurements on supramolecular hydrogels from
associating copolymers having polystyrene blocks of different lengths
(Figure 10.14). Precisely, the size of PS segment is varied during the
copolymer synthesis from 15 to 35 repeating units, against 235 for the
PNIPAAm block that is kept constant.
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copolymers and Ni(II) ions, while increasing the PS segment length.

To a certain extend, associating polymer gels prepared from PS-
b-PNIPAAm-tpy copolymers show pronounced dynamics in the high-
frequency range, at least when stressed above the first yield point. As
shown in Figure 10.14, storage and loss modulus curves generally cross
each other at a frequency slightly below the first relaxation frequency
of the material, and reach a low-frequency plateau. However, such re-
sponse can be only achieved as long as the hydrophobic segment does
not exceed a few tens of repeating units, for a soluble block of a few
hundreds. Indeed, hydrogels made of associating copolymers exhibiting
a long PS block are exclusively characterized by nearly parallel moduli
over a large frequency range when probed under oscillation shear. In
essence, this rheological behaviour is correlated to the one observed for
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supramolecular gels at stresses below the first yield point (Figure 10.4).
In turn, this highlights a straight relationship between the behaviour,
transient or frozen, that tends to dominate the materials under shear
and the stability of micellar cores that is further related to the length
of polystyrene stickers.

While the low-frequency plateau in elastic modulus shows a clear
dependency on the PS segment length, the dynamic viscous modulus
reaches a consistent value for the different samples at low oscillatory
frequency (Figure 10.14). In the high-frequency region, a decrease in
both storage and loss moduli is observed as the size of the hydrophobic
sticker increases. Instinctively, larger micellar cores would facilitate the
formation of loops because the larger core size lowers the entropy penalty
for polymer chains to loop back to the same core. [37] As a consequence,
the number of elastically active chains within the network, and hence
the high-frequency plateau moduli, are found to drop as the length of
the polystyrene segment increases.
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In parallel, the first relaxation time of the networks, τ1, when stressed
within the limit of the second LVR, is found to increase with the size
of the hydrophobic stickers (Figure 10.15). Indeed, this relaxation time
is identified as the local maximum in G′′, which shifts to lower fre-
quency when increasing the size of the PS segment (Figure 10.14). This
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statement further evidences the role of micellar cores in the considered
relaxation process. Moreover, the relationship highlighted between the
first stress relaxation time of the gels and the length of the PS segment
is consistent with the literature on transient hydrophobic networks. [29]

10.4.3.2 Oscillatory strain sweep

In parallel, the effects of the hydrophobic segment length on the me-
chanical properties of the gels are investigated by strain sweep experi-
ments. In practice, different viscoelastic responses are achieved depend-
ing on the length of the hydrophobic block, so that distinct situations
can be discussed.

As illustrated in Figure 10.7, supramolecular gels from associating
copolymers exhibiting a PS block of 27 repeating units are characterized
by a “hard” to “soft” gel transition under increasing strain. However, the
first yield is believed to shift to lower strains when decreasing the length
of the hydrophobic segment. Hence, the aforementioned transition is
difficult to detect experimentally for copolymers exhibiting PS blocks of
only 22 repeating units (Figure 10.16 (a)). Beyond the first yield point,
the viscoelastic response of such materials is dominated by viscosity, at
least in the low frequency range, which is characteristic of “soft” gels.
In agreement with a decreasing strength of hydrophobic interactions,
shortening the length of PS segments leads to less elastic networks.

As the size of the hydrophobic segment is increased, the first yield
point is progressively shifted to measurable values, which is encountered
for PS27-b-PNIPAAm235-tpy based hydrogels (Figure 10.7). Ultimately,
the first yield point merges with the second when the hydrophobic seg-
ment length exceeds a critical value and gels behave as “hard” materials
exclusively. In this regime, the viscoelastic response of those hydrogels
is indeed dominated by elasticity as long as strain on the sample does
not exceed the yield point (Figure 10.16 (b)). Above, a unique gel–sol
transition followed by strain softening is observed.

When probed at a given frequency, the stiffness of the supramolecular
gels is correlated to the length of the PS block, i.e., the stability of the
hydrophobic association (Figure 10.15). Precisely, the yield strain is
found to decrease when increasing the length of the PS segment, as
also observed by Tenhu and coworkers for associative star copolymers in
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aqueous solutions. [17]
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Figure 10.16 – Strain dependence of dynamic moduli for hydrogels
prepared from (a) PS22-b-PNIPAAm235-tpy or (b)
PS35-b-PNIPAAm235-tpy copolymer and Ni(II) ions.

10.4.4 Influence of metal ion

In order to investigate the influence of first row transition metal ions
on the rheological properties of supramolecular hydrogels, different sam-
ples are prepared from a given associating copolymer solution. Precisely,
half an equivalent of Fe(II), Ni(II), Co(II) or Zn(II) ions are added to
each micellar solutions, with respect to the terpyridine content. By
varying the nature of metal–terpyridine bis-complexes bridging the hy-
drophobic cores, a fine tuning over the mechanical properties and stress
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relaxation of the sheared materials is achieved.

10.4.4.1 Oscillatory frequency sweep

At first, frequency sweeps are performed on gels at stresses that match
the second linear viscoelastic regime. As observed from Figures 10.17
and 10.18, the metal ion nature itself has actually a small impact on
the first relaxation mode that dictates the high-frequency dynamics of
associating networks under shear. Indeed, no significant changes are
observed in the apparent relaxation time, τ1, associated to this process
while switching from one transition metal to another. In addition, com-
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parison of the viscoelastic properties of gels in the high-frequency range
only indicates no significant influence of the metal ion.
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As shown in Figures 10.17 and 10.18, the viscoelastic response of gels
in the low-frequency range is more deeply affected by the nature of the
metallo-bridges between hydrophobic nodes. In the case of nickel(II)
and iron(II) ions, the low-frequency plateau modulus spans over a large
range of frequencies, evidencing an extremely long relaxation time, τ2,
that is difficult to detect experimentally but noticeable in the case of
Ni(II). The associated relaxation mode was more clearly observed in the
case of cobalt(II), while storage and loss modulus curves cross each other
at relatively low oscillation frequency. Finally, only one single relaxation
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time is apparently observed when zinc(II) ions are used.
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10.4.4.2 Oscillatory strain sweep

The influence of transition metal ions on the rheological properties of
the gels is studied in parallel by strain sweep measurements. In practice,
only a small effect on the viscoelastic response of the gels is observed un-
der increasing strain at a frequency of 1 rad/s when using Fe(II), Ni(II)
or Co(II) ions indifferently, as illustrated in Figures 10.19 (a) and (b). In-
deed, comparable viscoelastic responses characterize the different supra-
molecular networks under oscillatory shear, at least at frequencies that
span over the low-frequency plateau modulus.

Only hydrogels prepared from copolymers in combination with Zn(II)
ions exhibit a distinct rheological behaviour (Figure 10.19 (c)). While
showing a slightly lower viscoelastic response at low deformation, those
supramolecular gels drastically differ from their analogues above the first
yield strain. Indeed, viscous effects clearly dominate over elasticity in
the second plateau region, which is a signature of relatively “soft” gels.
In return, those networks withstand higher deformation and hence are
comparatively more flexible under low-frequency oscillatory shear than
networks based on Fe(II), Ni(II) or Co(II) ions.

10.5 Interpretation of rheological data

From a physical point of view, transient networks are here formed
through the self-assembly of linear water-soluble polymers bearing a dif-
ferent associating unit at each extremity: a short polystyrene block as
hydrophobic segment, and a terpyridine ligand as coordination motif
(Figure 10.20). As a general rule, stress relaxation in such multicompo-
nent associative polymer networks is largely dictated by the exchange
kinetics of the fast-dissociating cross-linker. [38] Once the latter detaches
from a junction, the polymer segments indeed become pendant and thus
elastically inactive. Hence, the viscoelastic response of hetero-telechelic
associating polymer solutions is comparable to that observed for solu-
tions of homo-telechelic associating polymers involving the fastest cross-
linker. These solutions behave as Maxwell fluids with a well-defined
relaxation time, well separated from the faster internal modes char-
acteristic of the conformational relaxation of the chains. [27–30] In the
present work, the stabilities of both cross-links tethering the networks
can be readily tuned depending on the metal ion and the length of the
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hydrophobic segment. Under proper conditions, this versatility allows
the elaboration of supramolecular hydrogels whose viscoelastic response
reflects the discrete contribution from each individual transient interac-
tion.

The first contribution to the network formation arises from the self-
assembly of the amphiphilic copolymer in aqueous solutions. [39–41] The
micellization process is characterized by the aggregation of a given num-
ber of polymer chains. Those aggregated copolymer chains are in equi-
librium with free chains in solution, called unimers, allowing stress relax-
ation within micellar networks via detachment of a hydrophobic segment
from a micelle and subsequent exchange with an other through diffusion
in the media (Figure 10.20). [29,42]

: hydrophobic sticker

H
2
O

: hydrophilic segment
: terpyridine ligand

τ1 τ1

τ2

Figure 10.20 – Hierarchical assembly of hetero-telechelic associating
copolymers into a transient coordination micellar gel with two

orthogonal dynamic processes.

Relaxation rates for micellar networks are dictated by the dynamics
of the transient association, i.e., the rate at which unimers dissociate
from micelles, which in turn is affected by the hydrophilic–hydrophobic
balance in a given amphiphilic block copolymer. [29,42] In this respect,
short hydrophobic stickers easily detach themselves from micellar cores
while longer segments give rise to more stable, ultimately frozen, ag-
gregates. [43] Experimentally, this can be correlated to the viscoelastic
response of gels prepared from associating polymers having polystyrene
segments of different lengths (Figure 10.14). While short stickers lead to
the formation of transient micelles and hence to supramolecular hydro-
gels, nearly-covalent networks can be obtained with long hydrophobic
segments.

The second contribution is obtained by adding half an equivalent
of various transition metal ions to the micellar solutions, which results
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in gelation. Indeed, terpyridine ligands coordinate to metal ions and
hence form stable bis-complexes bridging the hydrophobic micellar cores
(Figure 10.20). Those transient junctions can also lead to mechanical
stress relaxation within the supramolecular network, via an activated
dissociation mechanism. In contrast to hydrophobic junctions, only two
terpyridine ligands can be coordinated around a transition metal ion.
In this respect, metallo-supramolecular networks inevitably lose their
integrity when ligand dissociation from the metal complex. Besides, the
thermodynamic and kinetic stabilities of terpyridine bis-complexes can
be readily varied depending on the choice of the transition metal ion,
which is reported in Table 9.1.

The rate at which supramolecular hydrogels relax stress under shear
and hence dissipate mechanical energy depends on the relationship be-
tween the experiment time scale and the different relaxation times of
the material itself. When supramolecular junctions are stressed at rates
that largely exceed their characteristic dissociation rates, they are vir-
tually “intact” and thus stress on sample is transferred to the structural
components of the network, i.e., the polymer chains. On the other hand,
the majority of the deformation energy is dissipated when supramolecu-
lar networks are stressed over long periods. Practically, the proportion
of the deformation energy that is stored in entropic distortions of the
network is measured by the storage modulus, G′. In complement, the
loss modulus, G′′, measures the proportion of the deformation energy
that is dissipated due to relaxations that occur on the deformation time
scale.

In practice, the different trends observed as a function of oscillation
frequency can be rationalized in the context of a multi-element gener-
alized Maxwell model described by at least two relaxation rates, τ1, τ2.
The latter can be ascribed to the different relaxation processes of the
supramolecular material under shear, as schematized in Figure 10.20.
In turn, the associated time scales might be correlated to the lifetime
of transient hydrophobic and coordinative interactions structuring the
network.

From the dependence of τ1 with the length of the hydrophobic sticker
(Figure 10.15), the related relaxation process is attributed to the ex-
change of chains between micellar cores. In this respect, short polystyrene
blocks give rise to relatively weak transient associations that allow the
material to relax mechanical stress on a very short time scale. As the
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length of PS segments is increased, the strength of the hydrophobic as-
sociation accordingly rises towards glassy nano-domains, which in turn
prevent stress release. Hence, the material is able to carry mechani-
cal stress and store the deformation energy via stretching of polymeric
chains, on short as long time scales (Figure 10.14).

Logically, the second relaxation mode (τ2) is attributed to the ex-
change of ligands around the different metal centres. Accordingly, the
frequencies that mark the end of the low-frequency plateau modulus,
when achievable experimentally (Figures 10.17 and 10.18), are in good
agreement with dissociation rates, k−2, reported for metal–terpyridine
bis-complexes (Table 9.1). [44,45] In this respect, Fe(II) and Zn(II) ions
respectively yield the slowest and fastest dissociating cross-linkers, while
Ni(II) and Co(II) constitute intermediate cases.

The viscoelastic response of associative gels under oscillatory shear
is also profoundly affected by the amplitude at which the material is
stressed. This remarkable mechano-responsiveness is illustrated for hy-
drogels prepared from associating copolymers having a medium size hy-
drophobic segment, i.e., of around 27 repeating units (Figure 10.7). For
small oscillations, the majority of stress-bearing cross-links are mechan-
ically unaltered and the deformation energy is mostly stored in entropic
stretching of the polymeric chains. Under those conditions, the mate-
rial displays a solid-like behaviour, with G′ dominating G′′ over short
and long time scales, indicating that the hydrogel is highly structured
(Figure 10.4). In theory, this observation can be rationalized by taking
into account the relative stability of micellar assembly that prevents the
escape of hydrophobes and hence relaxation of the gels. As a result, the
number of elastically active chains, i.e., chains that contribute to the
elasticity of the transient network, does not fall down when the latter
is slightly stressed over a period exceeding the first apparent relaxation
time (Figure 10.4).

Increasing strain amplitude above the first yield point disrupts the
integrity of micellar structures, which causes a drop in both dynamic
moduli (Figure 10.7). As a consequence, an outstanding transition from
a “hard”, highly elastic, hydrogel to a “soft”, more viscous, material is
achieved. While the first behaves as if chemically cross-linked, the second
presents a dynamic nature that is characteristic of transient micellar gels.
In other words, this “hard”-to-“soft” gel transition is accompanied by
a dynamization of the initially frozen network, and hence is attributed
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to the stress-induced plastic flow of latent polystyrene segments within
glassy micellar cores (Figure 10.21 (c)). [46]
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Figure 10.21 – Effect of strain on supramolecular networks
elaborated from associating polymers bearing a coordinating moiety

and a hydrophobic segment, as a function of its size.

The extent to which the micellar networks can be mechanically stressed
without altering their glassy equilibrium mostly depends on the strength
of the hydrophobic interactions. In this respect, long PS stickers give
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rise to strong glassy hydrophobic cores that retain their structural in-
tegrity, even under high-strain conditions (Figure 10.21 (b)). Hence, a
single gel-to-sol transition is achieved in those systems when the strain
on the sample exceeds the onset of network breaking (Figure 10.16 (b)).
On the opposite, short PS stickers would give rise to less stable aggre-
gates, resulting in a continuous rupture and formation of the transient
hydrophobic cores (Figure 10.21 (a)). Even under low-strain conditions,
such micellar gels have indeed a natural tendency to flow when me-
chanically constrained (Figure 10.16 (a)). If achievable, the transition
between the first and second viscoelastic region would be thus difficult to
detect experimentally. Hence, a liquid-like behaviour exclusively char-
acterizes those samples in the low-frequency regime.

Above the first yield strain, γc1
0 , the number of remaining active cross-

links largely depends on the time scale under which the material is
stressed. At frequencies higher than the exchange rate of associating
copolymer between hydrophobic cores, the latter appear “intact”, which
gives rise to a highly elastic response (Figure 10.10). Under those con-
ditions, the ratios between stored and dissipated energy, and hence the
phase angle, are thus comparable between the first and second linear
viscoelastic regimes, as further illustrated in Figure 10.11 (c). How-
ever, the plateau modulus in the second LVR is comparatively lower
due to the stress induced plasticization of the hydrophobic cores. The
effect of this phenomenon on the mechanical properties of the gels is
even more clearly appreciated in oscillatory frequency sweeps, especially
when following the evolution of the high-frequency plateau modulus with
an increasing strain (Figure 10.5). In addition, the number of elastically
active chains, and hence the high-frequency plateau moduli, drops as the
length of the polystyrene sticker increases (Figure 10.14). As mentioned
above, larger micellar cores would facilitate the formation of loops be-
cause the larger core size lowers the entropy penalty for polymer chains
to loop back to the same core (Figure 10.21 (b)). [37]

In the low-frequency regime, longer hydrophobic segments enhance
the stability of the mechanically perturbed micellar aggregates and thus
favour elastically effective junctions between them (Figure 10.14). In-
tuitively, metal–ligand junctions between hydrophobic cores are only
effective if the latter remain at least partially intact. On the other
hand, a polymer chain becomes pendant and hence elastically inactive
if it dissociates from a micellar core, regardless of the association state
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of the metal–ligand junction. Active metallo-bridges are thus favoured
when long hydrophobic stickers, that give rise to glassy micellar cores,
are used. In addition, the proportion of elastically active chains be-
tween micellar cores will further depend on the stress on the sample
when medium size stickers are used (Figure 10.5). While active metallo-
bridges between glassy polystyrene cores are promoted below the first
yield strain, their proportion falls down as the detachment of hydropho-
bic segments is induced by mechanical forces.

Beside the inherent stability of micellar cores, the kinetic lability of
metal–ligand complexes between them will determine the viscoelastic
response that dominates the material in the low-frequency regime. In
fact, hydrophobic cores are structurally restrictive only if they disso-
ciate much faster than the coordinative junctions themselves. Under
the present conditions, this situation is practically achieved for most of
the transition metal ions, which have therefore only a weak influence
on the viscoelastic response of the gels. Here, only Zn(II) ions form, in
combination with the terpyridine ligand, metallo-bridges that dissociate
at least as fast as the micellar cores, and thus dictate the viscoelastic
response of the gels above the first yield point (Figure 10.19).

As illustrated in Figure 10.7, supramolecular hydrogels finally lose
their viscoelastic properties under large strain oscillations, meaning that
the transient network is mechanically broken. Under these conditions,
the classical gel-to-sol transition observed for swollen supramolecular
networks is ultimately achieved. Together with the applied stress, the
mechanical strength of the physical networks will determine the be-
haviour, semi-solid or viscous-like, that dominates the material under
shear. In fact, the deformation range in which the material responds lin-
early hangs on how efficiently mechanical energy is dissipated through
reversible breaking of the cross-links and diffusion of polymer chains
through the media.

Accordingly, the maximum deformation that the networks can with-
stand under shear is mainly dictated by the faster dissociating cross-
linker, that is the hydrophobic cores, except in the case of fast-dissociating
Zn(II) complexes. Hence, the second yield strain, γc2

0 , dramatically
drops while increasing the length of the PS sticker (Figure 10.15). In
parallel, fine tuning is achieved depending on the dynamic properties
of the metal–ligand junctions bridging the hydrophobic cores, exclud-
ing the particular case of Zn(II) complexes. Indeed, values for second
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yield strain increase slightly when switching from very to moderately
slow-dissociating complexes (Figure 10.19).

Finally, the ability of transient networks to relax stress further de-
pends on how effective are the cross-linkers on the experiment time scale
(Figure 10.13). In the low-frequency range, the deformation energy is
largely dissipated though the dissociation of transient cross-links and
subsequent exchange of polymer chains. As a result, supramolecular hy-
drogels withstand larger deformations due to the viscous flow that occurs
over long time scale. In the high-frequency range, even fast-dissociating
cross-linkers are effectively “intact”, limiting the extent of relaxation
that can occur upon dissociation. At the limit, the mechanical strength
of the physical network is solely governed by the nature and composition
of the constitutive polymer chains. On short time scales, their ability
to deform elastically through entropic distortions ultimately determines
the deformation range in which they respond linearly to applied stress.

10.6 Summary

This chapter provides new insights in the comprehension of the rhe-
ological behaviour of associating polymer solutions. Precisely, transient
networks were formed through the self-assembly of linear water-soluble
polymers bearing a short hydrophobic segment and a coordinating mo-
tif. While the first aggregated into micellar nano-structures, the second
provided efficient bridges between them, when placed in presence of
transition metal ions. Depending on the stability of the associations
and mechanical constrains, the viscoelastic response of the accordingly
obtained materials was varied from that of chemically cross-linked hy-
drogels to the one of transient networks.

The dynamics of the investigated materials reflected the discrete con-
tribution from each individual supramolecular junction, being largely
dictated by the fast-dissociating cross-linker (τ1) and fine-tuned by the
slow-dissociating cross-linker (τ2). Accordingly, the dynamic exchange
of transient associations constituted the most decisive variable, allowing
unprecedented control over the strength and viscoelastic response of the
materials under shear. Since the exchange processes occurred at rates
determined by the dissociation of cross-linkers, they were thus controlled
by the length of the hydrophobic sticker and by the choice of the metal
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ion (Figure 10.22).

Depending on the solicitation time scale, texp, each individual tran-
sient cross-link tethering the network appeared either inert or labile. As
a result, hydrogels essentially showed an elastic response to shear when
stressed at elevated frequencies, as schematized in Figure 10.22. On the
contrary, a more viscous-like behaviour tended to dominate samples in
the low-frequency regime due to the drop in the number of elastically
active junctions.
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Figure 10.22 – Dynamic mechanical response of transient network
constructed from associating polymers bearing a coordinating moiety

and a hydrophobic segment.

Regarding strain magnitude, the integrity of the transient junctions
was also more or less intensely affected by mechanical forces. At low
strain, strong structural cross-links were only weakly altered by me-
chanical stress and fully contributed to the elasticity of the network.
At moderate shear strain amplitude, the same junctions started being
altered by mechanical force. As a consequence, the proportion of elas-
tically active polymer chains fell down but reached a second dynamic
equilibrium, which depends on stress on samples. Finally, large am-
plitude oscillatory shear strongly overwhelmed stress-bearing junctions
within the network, resulting in the Newtonian flow of the material.

Via fine tuning over the associating copolymer architecture, hydro-
gels that exhibited a remarkable “two-step” gel–sol transition were pre-
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pared. Under shear, the structure of such network was first modestly,
then deeply disrupted by mechanical stress. While the “hard” network
essentially behaved solid-like, the dynamic nature of the “soft” equiva-
lent allowed additional conversion of the mechanical work into chemical
energy. In turn, the material further relaxed stress through a single or
multiple relaxation modes that occurred on the experiment time scale.
However, our study demonstrated that it is the existence of distinct
mechanisms of energy conversion, rather than multiple relaxation modes,
that allows discrete linear responses and multi-step yielding.

10.7 Experimental part

Materials

Terpyridine end-capped block copolymers are synthesized via sequen-
tial reversible addition–fragmentation chain transfer control radical co-
polymerization, as reported in a previous chapter. Nickel(II), iron(II),
cobalt(II) and zinc(II) chloride salts are dried, kept in a glove box, and
weighted under argon atmosphere.

Instrumentation

Shear rheological experiments are performed on a Kinexus Ultra
(Malvern Instrument) rheometer equipped with a heat exchanger and
modified with a solvent trap. Measurements are carried out at given
temperatures, using a 20 mm plate–plate geometry, in a water saturated
atmosphere in order to minimize evaporation of the solvent. The gap
is adjusted between 50 and 250 µm so that the geometry is completely
filled. Normal forces are checked to be relaxed prior any measurement.

Preparation of supramolecular gels

Hydrogels are prepared by mixing given amounts of block copolymer
with Milli-Q water. The sealed reaction vessels are placed in a fridge
and shaken periodically to form homogeneous concentrated solutions
after a few days. The gels are then readily obtained by adding the
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stoichiometric amount of half an equivalent of transition metal ions (with
respect to the terpyridine content) dissolved in defined amounts of Milli-
Q water to each concentrated solutions. Lastly, the reaction vessels are
placed again in the fridge over three days to ensure homogeneous gelation
and stabilization of the gels. The final concentration of copolymers in
samples is 5 %w/v.

Loading and testing protocol

Around 50 µL of gel is loaded onto the stationary bottom plate of the
rheometer preheated at 20℃. By stepwise lowering the gap between
the two plates, the sample is compressed and forced to spread over the
geometry so that the gap is completely filled. Equilibration of the sample
is followed by monitoring the evolution of normal force, storage and loss
moduli with time, under small amplitude oscillatory shear. Rheological
tests are started when both moduli reach constant values and normal
force has relaxed to < 0.05 N.

Bibliography

[1] Seiffert, S.; Sprakel, J. Chem. Soc. Rev. 2012, 41, 909–930.
[2] Yu, G.; Yan, X.; Han, C.; Huang, F. Chem. Soc. Rev. 2013, 42, 6697–6722.
[3] Hackelbusch, S.; Rossow, T.; van Assenbergh, P.; Seiffert, S. Macro-

molecules 2013, 46, 6273–6286.
[4] Rossow, T.; Habicht, A.; Seiffert, S. Macromolecules 2014, 47, 6473–6482.
[5] Wei, Z.; Yang, J. H.; Zhou, J.; Xu, F.; Zrinyi, M.; Dussault, P. H.; Os-

ada, Y.; Chen, Y. M. Chem. Soc. Rev. 2014, 43, 8114–8131.
[6] Appel, E. A.; del Barrio, J.; Loh, X. J.; Scherman, O. A. Chem. Soc. Rev.

2012, 41, 6195–6214.
[7] Noro, A.; Hayashi, M.; Matsushita, Y. Soft Matter 2012, 8, 2416–2429.
[8] Loveless, D.; Jeon, S.; Craig, S. Macromolecules 2005, 38, 10171–10177.
[9] Yount, W. C.; Loveless, D. M.; Craig, S. L. J. Am. Chem. Soc. 2005, 127,

14488–14496.
[10] Loveless, D. M.; Jeon, S. L.; Craig, S. L. J. Mater. Chem. 2007, 17, 56–61.
[11] Xu, D. H.; Craig, S. L. J. Phys. Chem. Lett. 2010, 1, 1683–1686.
[12] Piepenbrock, M. O. M.; Lloyd, G. O.; Clarke, N.; Steed, J. W. Chem. Rev.

2010, 110, 1960–2004.
[13] Rubinstein, M.; Semenov, A. Macromolecules 2001, 34, 1058–1068.
[14] Jongschaap, R.; Wientjes, R.; Duits, M.; Mellema, J. Macromolecules

2001, 34, 1031–1038.



304 Chapter 10. Dynamics of supramolecular gels

[15] Rubinstein, M.; Dobrynin, A. V. Curr. Opin. Colloid Interface Sci. 1999,
4, 83–87.

[16] Tanaka, F.; Edwards, S. F. J. Non-Newtonian Fluid Mech. 1992, 43, 247–
271.

[17] Hietala, S.; Strandman, S.; Jarvi, P.; Torkkeli, M.; Jankova, K.; Hvil-
sted, S.; Tenhu, H. Macromolecules 2009, 42, 1726–1732.

[18] Xu, D. H.; Hawk, L. L.; Loveless, D. M.; Jeon, S. L.; Craig, S. L. Macro-
molecules 2010, 43, 3556–3565.

[19] Xu, D.; Craig, S. L. Macromolecules 2011, 44, 7478–7488.
[20] Tapadia, P.; Ravindranath, S.; Wang, S.-Q. Phys. Rev. Lett. 2006, 96,

196001.
[21] Olmsted, P. D. Rheol. Acta 2008, 47, 283–300.
[22] Graham, M. D. J. Rheol. 1995, 39, 697–712.
[23] Larson, R. G. Rheol. Acta 1992, 31, 213–263.
[24] Groisman, A.; Steinberg, V. Nature 2000, 405, 53–55.
[25] Atalık, K.; Keunings, R. J. Non-Newtonian Fluid Mech. 2004, 122, 107–

116.
[26] Hyun, K.; Wilhelm, M.; Klein, C. O.; Cho, K. S.; Nam, J. G.; Ahn, K. H.;

Lee, S. J.; Ewoldt, R. H.; McKinley, G. H. Prog. Polym. Sci. 2011, 36,
1697–1753.

[27] Kujawa, P.; Watanabe, H.; Tanaka, F.; Winnik, F. M. Eur. Phys. J. E
2005, 17, 129–137.

[28] Pham, Q.; Russel, W.; Thibeault, J.; Lau, W. Macromolecules 1999, 32,
5139–5146.

[29] Annable, T.; Buscall, R.; Ettelaie, R. Colloids Surf., A 1996, 112, 97–116.
[30] Regalado, E. J.; Selb, J.; Candau, F.Macromolecules 1999, 32, 8580–8588.
[31] Koumakis, N.; Petekidis, G. Soft Matter 2011, 7, 2456–2470.
[32] Pham, K.; Petekidis, G.; Vlassopoulos, D.; Egelhaaf, S.; Poon, W.;

Pusey, P. J. Rheol. 2008, 52, 649–676.
[33] Linemann, R.; Läuger, J.; Schmidt, G.; Kratzat, K.; Richtering, W. Rheol.

Acta 1995, 34, 440–449.
[34] Eiser, E.; Molino, F.; Porte, G.; Diat, O. Phys. Rev. E: Stat., Nonlinear,

Soft Matter Phys. 2000, 61, 6759–6764.
[35] Tsitsilianis, C.; Aubry, T.; Iliopoulos, I.; Norvez, S. Macromolecules 2010,

43, 7779–7784.
[36] Rogers, S. A.; Erwin, B. M.; Vlassopoulos, D.; Cloitre, M. J. Rheol. 2011,

55, 435–458.
[37] O’Lenick, T. G.; Jin, N.; Woodcock, J. W.; Zhao, B. J. Phys. Chem. B

2011, 115, 2870–2881.
[38] Rufier, C.; Collet, A.; Viguier, M.; Oberdisse, J.; Mora, S. Macromolecules

2008, 41, 5854–5862.
[39] Gohy, J.-F. Adv. Polym. Sci. 2005, 190, 65–136.
[40] Riess, G. Prog. Polym. Sci. 2003, 28, 1107–1170.
[41] Rodriguez-Hernandez, J.; Checot, F.; Gnanou, Y.; Lecommandoux, S.



Bibliography 305

Prog. Polym. Sci. 2005, 30, 691–724.
[42] Annable, T.; Buscall, R.; Ettelaie, R.; Whittlestone, D. J. Rheol. 1993,

37, 695–726.
[43] Nicolai, T.; Colombani, O.; Chassenieux, C. Soft Matter 2010, 6, 3111–

3118.
[44] Hogg, R.; Wilkins, R. J. Chem. Soc. 1962, 341–350.
[45] Holyer, R. H.; Hubbard, C. D.; Kettle, S. F. A.; Wilkins, R. G. Inorg.

Chem. 1966, 5, 622–625.
[46] Argon, A. S.; Bessonov, M. Polym. Eng. Sci. 1977, 17, 174–182.





CHAPTER 11
CROSS-LINK DENSITY OF METALLO-
SUPRAMOLECULAR MICELLAR GELS

Abstract

This chapter aims to control the magnitude of the viscoelastic re-
sponse of supramolecular hydrogels built through the hierarchical assem-
bly of hetero-telechelic copolymers. The influence of different variables,
i.e., the temperature, the length of the associating copolymer, and its
overall or effective concentration, on the rheological properties of those
materials is investigated and discussed in term of cross-link density. In
this respect, two distinct regimes are distinguished that correspond to the
well percolated network, with a high cross-linking density, and the weakly
percolated network, with a low cross-linking density.
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11.1 Overview

In the previous chapter, the rheological properties of associating hy-
drogels combining both transient hydrophobic and coordinative interac-
tions were investigated, using polystyrene-block-poly(N -isopropylacryl-
amide) associating copolymers as model systems. When these materi-
als were stressed under oscillatory shear, two distinct relaxation modes
were distinguished, denoted τ1 and τ2. The main relaxation process was
identified as corresponding to the fast exchange of hydrophobic stick-
ers between micellar nano-structures (τ1). On the other hand, a second
relaxation, that matches the dissociation of the coordinative bridges be-
tween hydrophobic nodes, dictated the terminal flow of the materials
when achievable experimentally (τ2).

Besides dynamics, controlling the cross-link density of the transient
network is of primary importance for tuning the macroscopic mechani-
cal properties of supramolecular materials. [1] Increasing network density
leads to an increase in the storage and loss moduli of the gel and can
be accomplished by either increasing the concentration of cross-linkers,
or by reducing the fraction of mechanically inactive cross-links. The
latter consist of dangling chains and loops in the network, which do not
contribute to the mechanical properties (Figure 11.1).

frozen micellar core1

inter-micellar bridge2

pendant coordination3

free polymer chain4

pendant hydrophobe5

intra-micellar loop6

transient micellar core7

1

2
3

4

5

67

Figure 11.1 – Richness of network configurations in
metallo-supramolecular micellar gels, with focus on the cross-link

density.

In rheology, much of the fundamental knowledge related to poly-
mer networks is built on the assumption of an ideal network structure.
In such architectures, every polymer strand forms connections to other
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strands, strengthening the resulting material. On the other hand, real
networks invariably possess topological imperfections that negatively af-
fect mechanical properties. [2] After decades of effort, quantification of
the fraction of primary loops and dangling chains in end-linked materi-
als was only achieved via site-selective network disassembly. [3] However,
this method can only be applied for permanent networks since supra-
molecular analogues will always rearrange upon disassembly.

In physical networks, cross-links inevitably change to the dangling
state at a rate that is correlated to the lifetime of the transient associ-
ation. [4–6] Due to the reversibility of the association, a sticker can bind
again to the same partner, resulting in no change, or to an available
residue elsewhere, resulting in stress relaxation. In turn, the generated
dynamic equilibrium dictates the number of dangling chains in the sys-
tem. [7–9] Hence, such imperfections can be minimized when strong as-
sociations are formed between functional groups, which is here achieved
with long hydrophobic stickers and slow-dissociating metal complexes.
Accordingly, the probability to find free unbounded chains in the sys-
tem is very low since the latter have a high tendency to associate to the
supramolecular network, at least via one sticky end.

The simplest but also more investigated topological network imper-
fections thus consist in primary loops that form when a flexible polymer
strand closes on itself without connecting to other chains (Figure 11.1). [2]
In the case of both ends of a linker connecting the same network node,
it provides no contribution to the modulus of the system. Indeed, such
a chain is tied to the network at only one point and is thus not stressed
by the applied mechanical force. In this continuity, only stress-carrying
connections made between two different network nodes contribute to the
macroscopic properties, i.e., the modulus of the network.

11.2 Rheological characterization

In this chapter, we extend the rheological study on the behaviour of
supramolecular hydrogels formed from PS-b-PNIPAAm-tpy associating
copolymers, as model systems, in the semi-diluted non-entangled regime.
The focus is on different parameters affecting the magnitude of the elas-
tic and viscous responses of the gels under shear, like concentration. The
results obtained are qualitatively interpreted in the context of transient



310 Chapter 11. Cross-link density of supramolecular gels

network theories. Although more quantitative data about the number
of elastically active chains can be derived from rheology, such a detailed
analysis is not provided here but could extend the discussion on results.

Among the investigated variables, a special interest is paid to temper-
ature. Indeed, this factor contrastingly affects the viscoelastic response
of gels in the low- and high-frequency regimes, at least in the investigated
temperature range. Indeed, experiments are here performed within the
limit of solubility of PNIPAAm chains, taking into account that the lat-
ter undergo a shrinking-type volume phase transition above 32℃. [10,11]

11.2.1 Influence of the concentration

The concentration in associating copolymers is known to play a cru-
cial role for the rheological properties of coordination micellar gels. In
the diluted regime, telechelic polymer chains in solution lead mainly to
flower-like micelles, resulting in no gelation. [12,13] Above the critical gel
concentration, the flowers form a reversible network through multiple
inter-micellar bridges. Increasing further the concentration in associat-
ing copolymer would enhance the formation of bridges between micellar
cores, resulting into a net increase in the density of elastically active
chains. [14] Practically, the viscoelastic response of the present hydrogels
is measured as a function of oscillation frequency and strain amplitude
at different concentrations in the semi-diluted non-entangled regime.

11.2.1.1 Oscillatory frequency sweep

At first, frequency sweeps are performed on hydrogels under shear
amplitudes that ensure a linear response (Figures 11.2 and 11.3). The
investigated materials consist first in a PS27-b-PNIPAAm300-tpy copoly-
mer (numbers in subscript refer to the average degree of polymerization
of each block) dissolved in Milli-Q water in presence of Ni(II) ions, to
reach final concentrations of 3, 4, 5, 7 and 10 %w/v.

From those experiments, a significant impact of the concentration in
associating polymer is evidenced on the apparent relaxation time scale
of the network, τ1. The latter is derived from the local maximum in loss
modulus, G′′, and shifts to lower frequency as the concentration increases
(Figures 11.2 and 11.3). This concentration dependence is attributed to
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the existence of super-bridges within the system, i.e., strings of bridged
micelles through which stress is transmitted. [9,15,16] As the concentration
rises, a decrease in the length of those super-chains, which are further
incorporated into the percolation structures of the network, leads to an
increase in the measured relaxation time (τ1). [17,18] As shown in Fig-
ure 11.4, this increase is particularly noticeable in the low concentration
range, i.e., from 3 to 5 %w/v, and becomes less appreciable at higher
polymer contents.
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Figure 11.2 – Frequency dependence of dynamic moduli for hydrogels
prepared from the PS27-b-PNIPAAm300-tpy copolymer and Ni(II) ions,

at different concentrations.

As the concentration in hetero-telechelic polymer is reduced from 10
to 5 %w/v, both moduli are gradually shifted to lower values by nearly
one order of magnitude (Figure 11.3). This shift occurs in the low- as well
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Figure 11.3 – Frequency dependence of dynamic moduli for hydrogels
prepared from PS27-b-PNIPAAm300-tpy copolymer and Ni(II) ions, at

different concentrations.

as in the high-frequency regime so that the general behaviour observed
as function of the oscillation frequency remains essentially unchanged.
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In this concentration range, the dependence of the viscoelastic proper-
ties thus tends to satisfy the classical scaling law relationships reported
in the context of self-associating polymer gels (Figure 11.4). [19] In this
respect, decreasing the density of mechanically active polymer strands
within the network leads to a less elastic response to shear stress. These
observations can be rationalized by taking into account the subsequent
decrease in the proportion of mechanically active chains upon a drop in
the total amount of associating polymers in the solution.
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PS27-b-PNIPAAm300-tpy copolymer and Ni(II) ions.

Further decreasing the amount of associating copolymers is accompa-
nied by an abrupt transition in the rheological behaviour of the material.
As shown in Figure 11.2, the 3 %w/v hydrogel is characterized by a com-
paratively weak elastic response in the high-frequency plateau region,
which is the signature of a soft material. As the oscillatory frequency
is lowered, the dynamic moduli cross each other and further decline sig-
nificantly while a low-frequency plateau becomes difficult to achieve ex-
perimentally. Hence, the 3 %w/v gel essentially presents the rheological
features of a weak transient micellar gel, with a single relaxation mode
(τ1) reflecting the exchange of stress-carrying chains between hydropho-
bic cores. These observations can be rationalized by taking into account
the change in network topology with concentration. [15] As the amount of
associating copolymer decreases, the average distance between micellar
aggregates increases so that the penalty for stretching the water-soluble
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block to bridge aggregates via metal–ligand complexes becomes more
severe. [20,21] As a result, the loop-to-bridge ratio increases within the
network, leading to a pronounced decrease in the elastic response of the
gel, which is particularly marked at low concentration.

According to the dependence of the rheological properties of the gels,
two distinct regimes can be thus distinguished, which are the low- and
high-concentration regimes. On one hand, the viscoelastic response of
concentrated solutions shows a relatively weak, scalable dependence on
concentration. On the other hand, the same dependency is more pro-
nounced at low concentration, where the dynamic response of the gels
markedly deviates from the simple scaling law.

(a) Densely connected (b) Sparsely connected

Figure 11.5 – Schematics of coordination micellar networks with
distinct cross-link densities.

The existence of distinct concentration regimes is in agreement with
the theory proposed by Watanabe et al. in order to explain the concen-
tration dependence of the rheological properties of telechelic associative
polymer solutions. [22,23] Developed on the basis of experimental results
obtained for aqueous solutions of hydrophobic ethoxylated urethanes,
their model takes into account the effects of the average number of elas-
tically active chains per micellar core. In the high-concentration regime,
densely connected networks are formed since the number of bridging
chains per core is rather large (Figure 11.5 (a)). On the opposite, only
sparse, weakly percolated networks can be achieved at low polymer con-
tent. In such conditions, most of the hydrophobic cores indeed link only
two bridging chains and cannot be considered as elastically active nodes
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(Figure 11.5 (b)). As a consequence, the resulting network is mainly
formed by super-bridged structures whereas the apparent proportion of
stress-carrying chains within the system dramatically falls down.

11.2.1.2 Oscillatory strain sweep

The effect of the concentration in associating copolymer on the rheo-
logical properties of the PS-b-PNIPAAm-tpy hydrogels is further investi-
gated by performing strain sweep experiments (Figure 11.6). Practically,
the oscillation frequency is kept constant around the stress relaxation
frequency of the material while the strain is gradually increased. Due
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Figure 11.6 – Strain dependence of dynamic moduli for hydrogels
prepared from PS27-b-PNIPAAm300-tpy copolymer and Ni(II) ions, at
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to the mechanical breakage of transient cross-links, our materials are
characterized by a reversible transition from a jelly-like solid to a vis-
cous solution, when stress increases on sample. At low deformation,
the materials respond elastically and the strain amplitude on sample in-
creases linearly with the applied stress, which corresponds to the linear
viscoelastic regime. At larger deformation, the viscous effects tend to
dominate the material, dissipating the mechanical energy due to relax-
ations that occur on the time scale of the deformation. In this regime,
stress on sample becomes almost independent of shear strain, which
characterizes the non-linear response of the material.

In accordance with the results obtained from frequency sweeps, in-
creasing the concentration in associating copolymer gives rise to a more
pronounced response from the gels to shear. While elasticity dominates
over viscous effects at high concentration, both become comparable in
the low-concentration regime (Figure 11.6), meaning that the material
has a greater tendency to flow. In return, this tendency allows the hy-
drogels to withstand larger deformations, due to the viscous flow that
dissipates mechanical forces on the solicitation time scale. As illustrated
in Figure 11.7 (a), the deformation at which yield occurs was found to
decreases drastically as the amount of associating copolymers in the sys-
tem is increased from 3 to 10 %w/v. In the high-concentration regime,
the shear yield strain reaches a constant value that reflects the struc-
tural features of a densely cross-linked network. In agreement with an
increasing cross-linking density of the network, the yield strength of the
material is found to gradually rise with the concentration in associating
copolymer in the gel (Figure 11.7 (b)).

According to theory of rubber elasticity, [24,25] the maximum degree of
stretching of a network is given by the molecular weight, i.e., the length,
of the polymer segments between two branching nodes. In a densely con-
nected network (Figure 11.5 (a)), the probability for an active polymer
chain to be connected to a branching node at each extremity is high.
Therefore, each individual chain is stressed by mechanical forces and
inevitably detaches from transient nodes when the imposed deformation
exceeds its fully stretched conformation. In a sparsely connected net-
work (Figure 11.5 (b)), chains belong to super-bridge strands that can be
further stretched before detaching from a network node. Indeed, each
entire super-bridge has to be considered as a single effective chain, [9]
which virtually increases the mean length of polymer segments between
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two consecutive branching points of the network.
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Figure 11.7 – Concentration dependence of (a) yield strain and (b)
stress for hydrogels prepared from PS27-b-PNIPAAm300-tpy copolymer

and Ni(II) ions.

In agreement, the rheological behaviour of the gels at the onset of
destructuring is found to be markedly affected by the concentration in
associating copolymer, as reported in Figure 11.6. At high polymer
content, strain softening only is observed, both storage and loss mod-
uli decreasing characteristically when the material is exposed to large
amplitude oscillatory shear. In the low-concentration regime, the same
material shows early softening as both dynamic moduli reach a local
minimum around 40 % deformation, which might be due to weaken-
ing of the poorly percolated material. Then, a strong strain overshoot
is observed at higher deformation rates, i.e., G′ and G′′ exhibit strain
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hardening followed by strain thinning, [26,27] which is as well observed
when coming back to small amplitude deformation.

In agreement with the transient network theory, [28] strain hardening
evidences a shear-induced increase of the density of elastically active
chains through an increase in the proportion of bridging chains at the
expense of intra-micellar loops. As suggested by Tam and coworkers, [18]
this increase may be due to the incorporation of free micelles or higher
aggregates of finite size into the percolated network, which in turn leads
to a net shortening of the super-bridges. As shown in Figure 11.6, this
particular shear response starts at a deformation that matches the yield
of a correspondingly well-percolated network. As mentioned above, this
shear strain marks the onset of chain withdrawal from the branching
nodes, evidencing the presence of “normal” bridges and their role in the
reorganization of the supramolecular network at lower concentration.

11.2.2 Influence of semi-telechelic

To probe the influence of the overall number of metal–ligand junctions
on the rheological response of the gels, our strategy consists in control-
ling the proportion of ligand-functionalized copolymer within the sys-
tem. In this respect, a semi-telechelic polystyrene-block-poly(N -isoprop-
ylacrylamide) copolymer has been synthesized according to the experi-
mental conditions used for the synthesis of the PS27-b-PNIPAAm300-tpy
copolymer. In practice, the terpyridine-modified chain transfer agent
was simply replaced by the unmodified analogue in order to afford a
semi-telechelic copolymer with the corresponding block lengths.

To prepared supramolecular hydrogels, both hetero- and semi-telechelic
copolymers are first mixed and dissolved in Milli-Q water according to
different proportions. Then, the amount of transition metal ions added
to the micellar solutions is adjusted in order to match half an equiv-
alent with respect to the terpyridine content. This strategy has been
chosen in order to prevent inherent difficulties that would arise from a
decrease of the 1/2 metal ion/ligand ratio. The presence of an excess of
ligand-functionalized copolymers would add a higher level of complex-
ity in the analysis of the dynamic viscoelastic response of gels. Indeed,
deviating from the stoichiometric 1/2 ratio would change the associa-
tion equilibrium of the complexes and might moreover induce secondary
hydrophobic associations between free terpyridines. [29]
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Following our strategy, different gels are elaborated with a total poly-
mer content of 5 %w/v. Precisely, hetero- and semi-telechelic copolymers
are mixed in 100:0, 80:20 and 60:40 ratios, which respectively correspond
to effective contents in associating chains of 5, 4, and 3 %w/v. Indeed,
only telechelic copolymers are involved in the formation of mechanically
active chains within the network. On the other hand, semi-telechelic
analogues can be regarded as dangling inactive chains and do not con-
tribute to the network elasticity. As usually, the viscoelastic response
of the accordingly obtained materials is investigated by performing fre-
quency and amplitude strain sweeps.

11.2.2.1 Oscillatory frequency sweep

Frequency sweeps are first performed by following the evolution of
the dynamic response of gels, under decreasing oscillation frequencies.
As shown in Figure 11.8, both storage and loss moduli are found to
drop as the proportion in hetero-telechelic polymer chains decreases.
As mentioned above, this dependence is consistent with a diminution
in the number of network forming chains, while the overall polymer
content within the gels remains at 5 %w/v. Increasing the proportion of
semi-telechelic polymer chains in the system thus results in an apparent
dilution of the latter.

Accordingly, apparent low- and high-concentration regimes can be
distinguished while varying the fraction in hetero-telechelic associating
polymers. As mentioned above, the transition between those two regimes
is clearly marked for slow oscillations, while a low-frequency plateau in
modulus was more or less difficult to achieve depending on the compo-
sition of the system, as shown in Figure 11.8. In parallel, an enhanced
formation of super-bridges is evidenced by a distinct shift in the ap-
parent relaxation time characterizing the materials while increasing the
content in semi-telechelic polymers.

In contrast with the samples where the overall content in associating
copolymer is decreased, the corresponding gels prepared in the presence
of semi-telechelic polymers show a more pronounced response to shear.
In the investigated frequency range, both elastic and viscous moduli
are indeed comparatively higher when the semi-telechelic polymers are
added (Figure 11.8). Such a difference in the viscoelastic responses of
the materials might be explained by taking into account the presence of
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Figure 11.8 – Frequency dependence of dynamic moduli for hydrogels
prepared from (a) 80:20 and (b) 60:40 mixture of hetero-telechelic and

semi-telechelic copolymers, and Ni(II) ions.

pendant associating chains in the architecture of the network. Indeed,
the latter counterbalances the loss in hetero-telechelic copolymers that
would arise from a net diminution in the overall content in associating
polymer. Hence, the number of micellar nano-structures in solution re-
mains almost unaffected; only their functionality, i.e., the average num-
ber of coronal chains terminated by a terpyridine ligand per micelle, is
reduced. In turn, this allows the average distance between micellar ag-
gregates to stay constant, which otherwise would increase the tendency
of the associating copolymer chains to form mechanically inactive loops.
At the same time, pendant uncapped chains might promote the forma-
tion of inter-micellar complexes between terpyridine end-functionalized
coronal chains at the expense of intra-micellar complexation. Assum-
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ing a homogeneous distribution of the semi-telechelics in the micelles,
the latter might indeed sterically prevent the bending of the ligand end-
capped coronal chains and hence the formation of intra-micellar loops.

11.2.2.2 Oscillatory strain sweep

In parallel, the influence of semi-telechelic copolymer chains on the
rheological properties of micellar gels is investigated by amplitude strain
sweeps. As shown in Figure 11.9, increasing the fraction of semi-telechelic
chains lowers the viscoelastic response of gels, in agreement with the re-
sults obtained from frequency sweeps. Moreover, the large amplitude
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oscillatory shear behaviour of the gel is found to be markedly affected
by the proportion of hetero-telechelic copolymer chains in the system.
At high content, strain softening characterized the sample while both
dynamic moduli drop characteristically when strain on samples exceeds
the yield point. As the fraction in hetero-telechelic copolymers decreases,
strain hardening becomes observable in G′ and G′′, which evidences a
diminution in the cross-linking density of the network via the formation
of super-bridges. As addressed above, this variation might be ascribed
to a decreased functionality of the structural elements of the network,
i.e., the self-assembled micelles, which in turn limit the formation of
active bridges between them.
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Figure 11.10 – Stress–strain relationships for hydrogels prepared
from 100:0, 80:20 and 60:40 mixtures of hetero-telechelic and

semi-telechelic copolymers, and Ni(II) ions.

The decrease in the cross-linking density of the self-assembled net-
work is further observable when looking at the stress–strain relationships
that describe the materials under shear. When increasing the fraction of
semi-telechelics within the system, the yield strain of the accordingly ob-
tained hydrogels dramatically rises, as evidenced by the rightward shift
in stress–strain curves (Figure 11.10). As mentioned above, the yield
strain of the material is determined by the average distance between
transient cross-links, which reflects the cross-linking density of the net-
work. [24,25] At the same time, the stress at which yield occurs is found
to decrease significantly with the fraction in hetero-telechelic associating
copolymer. The latter marks the end of the linear viscoelastic regime
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and is proportional to the number of cross-linking points per unit vol-
ume. [30] In this respect, a diminution in the yield stress of the materials
under shear further evidences a drop in the number of stress-carrying
segments within the network.

11.2.3 Influence of hydrophile length

The influence of the length of the water-soluble segment is inves-
tigated by comparing the rheological properties of hydrogels prepared
from associating copolymers exhibiting equivalent polystyrene block but
different length of the hydrophilic segment. The hydrophilic–hydrophobic
balance in the hydrogels is thus varied significantly.

11.2.3.1 Oscillatory frequency sweep

At first, the influence of the length of the hydrophilic segment on the
dynamic properties of gels is studied under frequency sweeps. Mea-
surements are conducted on samples prepared from different associ-
ating copolymers, i.e., the PS27-b-PNIPAAm300-tpy and the PS27-b-
PNIPAAm235-tpy, in combination with Ni(II) ions (Figure 11.11).

Experimentally, no significant change in the first relaxation time, τ1,
characterizing the materials under shear is observed while varying the
length of the water-soluble segment. As demonstrated in the previous
chapter, this relaxation process is attributed to the dissociation and
exchange of the associating polymer chains between transient micellar
cores. This relaxation mode thus proceeds at a rate that is mainly
dictated by the length of the hydrophobic core-forming segment, i.e.,
the polystyrene sticker, which is kept constant here.

If the relaxation process itself shows a relatively weak dependence on
the length of the hydrophilic segment, the magnitude of the viscoelastic
response of the materials is more deeply affected. In the high-frequency
regime, nearly half a decade decrease is noticeable in the elastic plateau
modulus while decreasing the length of the hydrophilic segment. In the
low-frequency regime, this decrease is even more pronounced so that a
crossover of the dynamic moduli is observed in the case of the PS27-b-
PNIPAAm235-tpy associating copolymer (Figure 11.11).
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Both observations indicate an increase in the density of mechanically
active chains upon increasing the length of the associating segments. In
accordance with an increase in radius of micelles (Figure 9.11), a long
hydrophilic block acts in favour of the formation of elastically active
bridges between micellar cores. Indeed, the tendency for the associating
copolymer chains to loop back in the same hydrophobic core decreases
significantly while increasing the length of the soluble chains. [31–34]
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Figure 11.11 – Frequency dependence of dynamic moduli for
hydrogels prepared from (a) PS27-b-PNIPAAm235-tpy or (b)

PS27-b-PNIPAAm300-tpy copolymer and Ni(II) ions.

In the low-frequency regime, the small variation (ca. < 25%) of the
PNIPAAm length has a more pronounced effect since in this regime the
network further relaxes stress through the dissociation of hydrophobes
from micellar nodes. Indeed, this relaxation dramatically weakens the



11.2. Rheological characterization 325

viscoelastic response of the hydrogels. Hence, an additional diminution
in the number of bridges between micellar nodes results in a tremendous
decrease in the value of the low-frequency plateau modulus.

11.2.3.2 Oscillatory strain sweep

The effect of the hydrophilic block length on the mechanical proper-
ties of metallo-supramolecular micellar hydrogels is further investigated
by strain sweep experiments. Measurements are conducted on samples
prepared from PS27-b-PNIPAAm300-tpy and PS27-b-PNIPAAm235-tpy
associating copolymers, both in combination with nickel(II) metal ions.
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Figure 11.12 – Strain dependence of dynamic moduli for hydrogels
prepared from (a) PS27-b-PNIPAAm235-tpy or (b)
PS27-b-PNIPAAm300-tpy copolymer and Ni(II) ions.
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As revealed in Figure 11.12, the viscoelastic response of the materi-
als is deeply affected by the length of the hydrophilic block. The gel
prepared from the associating copolymer showing a longer soluble block
is characterized by higher values for both elastic and viscous modulus.
In addition, the same gel shows a more elastic response to shear strain,
which is in accordance with the results obtained from frequency sweep
measurements. However, no change in the large amplitude shear be-
haviour of the gel is observed when varying the length of the PNIPAAm
segment. Indeed, strain softening only occurs for the different samples
under high strain conditions, both moduli decreasing characteristically
above the yield point.

Last but not least, varying the size of the water-soluble block af-
fects the yield strength of the hydrogels in shear. As clearly shown in
Figure 11.12, the onset of network destructuring is found to increase
drastically when the length of the hydrophilic segment is reduced. This
observation provides further evidence of a decrease in the number of
elastically active bridges between hydrophobic nodes in the gel.

11.2.4 Influence of temperature

So far, temperature is known to markedly affect the dynamics of
transient interactions. Indeed, their dissociation mechanism generally
follows an activated process that classically speeds up when temperature
rises, as theoretically predicted by the Arrhenius relationship. In the
present system, the temperature plays an additional role by determining
the quality of water as a solvent for PNIPAAm chains.

As revealed by DLS measurements conducted on PS27-b-PNIPAAm300-
tpy copolymer solution (Figure 9.13), a continuous decrease in the ap-
parent hydrodynamic radius of the micelles is observed upon heating, in
the presence as well as in the absence of transition metal ions. In agree-
ment with a previous study, [35] this observation can be rationalized by
the progressive deswelling of PNIPAAm coronal chains upon heating, in
a temperature range that matches the limit of solubility of the latter. By
varying the temperature from 8 to 28℃, the apparent hydrodynamic ra-
dius of micelles in solution is reduced of about 20 %, which is attributed
to the deswelling of the thermo-sensitive coronal chains (Figure 9.13).

Having those considerations in mind, the influence of the temper-
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ature on the mechanical behaviour of the supramolecular hydrogels is
investigated by rotational rheometry. In practice, measurements are
conducted within the limit of solubility of the PNIPAAm block, i.e., be-
low its critical solubility temperature, which is about 32℃. [10,11] Above
this temperature, the precipitation of the thermo-sensitive chains forces
the gel to phase separate, which is investigated in the next chapter.

11.2.4.1 Oscillatory frequency sweep

The thermal dependence of the dynamic mechanical properties of the
associating networks is first investigated by conducting frequency sweeps
on gels at various temperatures. Measurements are carried out under
strain control for different concentrations by recording the evolution of
dynamic moduli under decreasing frequency.

As illustrated in Figure 11.13 for a 5 %w/v gel, a diminution in the
apparent relaxation frequency (1/τ1) is observed upon heating, the local
maximum in G′′ monotonously shifting to higher frequencies. Indeed,
stress relaxation within the material occurs mainly via the dissociation of
elastically active transient cross-links and the subsequent motion of the
polymer chains. In this respect, providing thermal energy to the system
enhances the dissipation of mechanical forces and leads to a decrease in
the apparent relaxation time characterizing the material under shear.

When plotted against temperature (Figure 11.14), the apparent re-
laxation time of the transient networks shows an exponential decrease
with a slope that is related to the activation energy, Ea, for this relax-
ation mode, i.e., the exchange of hydrophobes between micellar nodes.
From the temperature dependences of relaxation times, activation ener-
gies of around 70 kJ/mol are determined for the breaking and exchange
of the polymer chains, which match reversible processes, in agreement
with literature values. For example, activation energies of 100 kJ/mol
have been reported by Mattice et al. for the exchange of unimer chains
between oligostyrene-block-poly(ethylene oxide) micelles in aqueous so-
lution. [36]

As reported in Table 11.1, the values of activation energies are found
to increase with the length of the polystyrene block. Indeed, longer
hydrophobes favour the formation of more stable, ultimately frozen mi-
cellar cores, which in turn increases the energy barrier to extract a chain
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Figure 11.13 – Frequency dependence of (a) elastic and (b) viscous
moduli for a hydrogel prepared from PS27-b-PNIPAAm300-tpy

copolymer and Ni(II) ions, at different temperatures.

segment. [37] On the other hand, the activation energies show no depen-
dence on the metal ions forming metallo-bridges between the micelles,
which evidences their very small contribution, if any, to this relaxation
mode. Last but not least, varying the amount of associative copolymer
in the gels reveals an effect of the concentration on the rate at which
samples relax stress. This effect was particularly marked when increas-
ing the concentration of copolymer in the solution from 3 to 5 %w/v,
which in fact corresponds to the transition between the low- and high-
concentration regimes. As reported in Table 11.1, the apparent energy
barrier for the extraction of the hydrophobic segment is found to rise as
the concentration in associating copolymers decreases in the solution.
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Above a given temperature, a gradual decrease in the high-frequency
plateau elastic modulus might be additionally observed upon heating
(Figure 11.13). According to the transient network theory, [28] the as-
sumed value for G′ in this regime is expressed as the product of the

Table 11.1 – Kinetic parameters for the apparent relaxation mode of
supramolecular hydrogels prepared from different associative

copolymers and transition metal ions, at various concentrations.

Associating Conc. Metal A× 10−10 Ea
copolymer [%w/v] ion [s−1] [kJ/mol]

PS15-b-PNIPAAm235-tpy 5 Ni(II) 11.9 59.2 ± 0.6
PS22-b-PNIPAAm235-tpy 5 Ni(II) 21.7 63.6 ± 0.4
PS27-b-PNIPAAm235-tpy 5 Ni(II) 133 69.0 ± 0.4
PS35-b-PNIPAAm235-tpy 5 Ni(II) 9620 82.5 ± 0.7
PS27-b-PNIPAAm300-tpy 3 Ni(II) 5000 77.2 ± 0.4
PS27-b-PNIPAAm300-tpy 5 Ni(II) 98.1 69.8 ± 0.8
PS27-b-PNIPAAm300-tpy 7 Ni(II) 38.4 68.0 ± 0.9
PS27-b-PNIPAAm300-tpy 10 Ni(II) 13.4 65.9 ± 0.9
PS27-b-PNIPAAm300-tpy 5 Fe(II) 89.5 68.8 ± 0.8
PS27-b-PNIPAAm300-tpy 5 Co(II) 100.5 69.6 ± 0.9
A, pre-exponential factor; Ea, activation energy
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number density of elastically active network strands and the stored en-
ergy per strand, i.e., the thermal agitation energy. Thus, a decrease
in the high-frequency plateau modulus brings here a clear evidence of
a net diminution in the number of elastically effective bridges between
micelles within the network.

The latter assumption can be rationally explained by taking into ac-
count a variation in the swelling degree of the thermo-sensitive chains
in this temperature range, as determined by light scattering technique
(Figure 9.13). At low temperature, the extended conformation of the
associating copolymer chains would largely favour the formation of elas-
tically active bridges between hydrophobic cores. [38] As the temperature
rises, the progressive deswelling of PNIPAAm chains triggers the for-
mation of inactive intra-micellar loops at the expense of inter-micellar
bridges (Figure 11.15). Indeed, this conformational adaptation avoids
the free energy penalty for stretching the PNIPAAm chains in a sol-
vent of decreasing quality in order to bridge two adjacent hydrophobic
nodes. In practice, this hypothesis is strongly supported by the afore-
discussed results obtained when varying the length of the hydrophilic
segment, which show that inter-micellar bridges are favoured for longer
associating polymers.

TEMPERATURE

SOLVENT QUALITY

inter-micellar bridges intra-micellar loops

Figure 11.15 – Schematic of the thermo-induced bridge-to-loop
conversion in thermo-sensitive coordination micellar gels.

Theoretically, the energy price to pay for stretching the soluble chains
between two adjacent PS cores would depend on the average distance
between the latter. To test this proposal, the same frequency sweep mea-
surements are conducted on gels at different concentrations to probe the
thermal dependence of their viscoelastic response (Figures 11.16 and
11.17). In this respect, decreasing the amount of associating copolymer
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in solution would increase the average distance between micellar aggre-
gates and hence accentuate the effect of heating on the number of elasti-
cally active chains. In accordance, the diminution in the high-frequency
plateau storage modulus is profoundly marked for the gel prepared at a
concentration of 3 %w/v (Figure 11.16). On the other hand, the same
effect is not observed for the 10 %w/v analogue (Figure 11.17), at least
in the investigated temperature range.
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Figure 11.16 – Frequency dependence of (a) elastic and (b) viscous
moduli for a 3 %w/v hydrogel prepared from PS27-b-PNIPAAm300-tpy

copolymer and Ni(II) ions, at different temperatures.

As summarized in Figure 11.18, the temperature threshold, above
which the thermal-shrinkage of PNIPAAm chains induces a bridge-to-
loop conversion within the micellar network and thus a drop in the
elastic modulus, shows a clear dependence on the concentration in asso-
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ciating copolymer. In the low-concentration regime, the dilution of the
system forces the soluble chains to adopt an extended conformation in
order to bridge two different polystyrene cores. As a result, this primary
conformational stress causes the number density of mechanically active
bridges to inevitably drop upon heating. At higher concentrations, the
decreasing average distance between micellar cores increases the con-
formational freedom of active strands which allows them to withstand
temperature changes and thus delays the thermally induced bridge-to-
loop conversion. In those situations, the threshold for the bridge-to-loop
conversion would correspond to the temperature at which the associated
gain in conformational entropy counterbalances the energy penalty for
stretching the active strand to span the hydrophobic cores.
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Figure 11.17 – Frequency dependence of (a) elastic and (b) viscous
moduli for a 10 %w/v hydrogel prepared from PS27-b-PNIPAAm300-tpy

copolymer and Ni(II) ions, at different temperatures.
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As illustrated in Figure 11.13, the low-frequency plateau value for
storage modulus is also found to undergo a sharp increase upon warm-
ing, so that the transition between the low- and high-frequency regimes
becomes less pronounced. In contrast with the high-frequency measure-
ments, the influence of temperature on the elastic response of the gels is
visible even at high concentration (Figure 11.17). On the other hand, the
same influence is not visible at low concentration since a low-frequency
plateau is difficult to achieve in this regime (Figure 11.17). This unique
thermo-response of the gels at low frequency can be further rationalized
through the progressive deswelling of PNIPAAm chains upon tempera-
ture rises, which progressively shields the transient micellar nodes and
reinforces them mechanically. The low-frequency viscoelastic response
of the materials benefits from this shielding since it limits the stress re-
laxation that occurs on the time scale of the detachment, and thus the
subsequent exchange of associating chains between micellar nodes.
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Figure 11.18 – Thermal dependence of the elastic plateau modulus
for hydrogels prepared from PS27-b-PNIPAAm300-tpy copolymer and

Ni(II) ions, at different concentrations.

11.2.4.2 Oscillatory strain sweep

The temperature dependence of the viscoelastic response of supra-
molecular hydrogels is then further investigated by carrying out am-
plitude sweeps at various temperatures. In agreement with frequency
sweep measurements, the thermal response of the present materials is
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particularly marked at low concentration. Hence, strain sweep measure-
ments performed on 3 %w/v hydrogels reveal a clear dependence of their
viscoelastic properties, both linear storage and loss moduli dramatically
falling down as temperature increases (Figure 11.19).
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Figure 11.19 – Strain dependence of (a) elastic and (b) viscous
moduli for a hydrogel prepared from PS27-b-PNIPAAm300-tpy

copolymer and Ni(II) ions, at different temperatures.

Beyond the linear response of the gels, their non-linear viscoelastic
behaviour at the onset of breaking is also found to be markedly affected
by thermal changes. At low temperature, both dynamic moduli exhibit
strain hardening followed by the Newtonian viscous flow of the material.
Upon heating, strain hardening becomes less pronounced, especially in
elastic modulus, until strain softening only is achieved under large am-
plitude oscillatory shear.
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Critical shear strains and stresses that mark the limit between supra-
molecular gels and viscous solutions are also found to be highly temper-
ature dependent. As illustrated in Figure 11.20 (a), the amplitudes of
deformation that the transient networks can withstand before destruc-
turing dramatically rise at elevated temperatures. On the other hand,
the polymer gels lose their cross-linked structures when subjected to
lower stress. The stress at which yield occurs is found to decrease lin-
early while increasing the temperature (Figure 11.20 (b)).
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Figure 11.20 – Thermal dependence of (a) yield strain and (b) stress
for hydrogels prepared from PS27-b-PNIPAAm300-tpy copolymer and

Ni(II) ions.

Those relationships clearly indicate a decrease in the cross-linking
density of the micellar network. As the cross-linking density decreases,
the average molecular weight of polymer segments between the branch-
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ing nodes indeed rises due to the formation of super-bridges, which in
turn dictates the maximum degree of stretching of the network. [24,25]
Moreover, the proposed diminution in the number of mechanically ac-
tive segments is in accordance with the thermally induced conversion
of elastically active bridges into intra-micellar loops. Upon heating, the
number of stress-bearing junctions thus drops so that the maximum
shear stress carried by the material decreases accordingly.

11.3 Summary

This chapter provided further insights in the understanding of the
rheological properties of associating polymer gels. Non-covalent net-
works were formed through the self-assembly of hetero-telechelic linear
poly(N -isopropylacrylamide)s, as a thermo-sensitive sequence. The lat-
ter were functionalized by a terpyridine ligand at one end, and carried
a polystyrene sticker at the other extremity. In aqueous solution, they
aggregated into transient micellar structures that were bridged together
in the presence of transition metal ions.

Depending on the fraction of bridging chains, the hydrophobic cores
acted as network nodes or as chain extenders, leading to the formation
of super-bridges. Hence, two distinct regimes with specific rheologi-
cal behaviours were distinguished, which correspond to sparsely and
densely connected networks (Figure 11.21). When stressed by shear
forces, the first one withstood larger amplitudes of deformation due to
the enhanced conformational flexibility, and thus stretching ability, of
the super-bridges. On the other hand, an increased cross-linking den-
sity of the network allowed the resulting material to carry higher shear
stresses. Also, the rheological behaviour of the gels at the onset of yield-
ing was markedly affected by the cross-link density of the latter. While
strain softening was only observed for a densely connected network, a
strong overshoot characterized the viscoelastic response of weakly per-
colated analogues.

As illustrated in Figure 11.21, tuning the amplitude of the viscoelastic
response of the micellar networks was addressed by controlling the pro-
portion of mechanically active bridges compared to intra-micellar loops.
In this chapter, several factors were investigated that are the operating
temperature, the length of the associating copolymer, and its overall
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or effective concentration. In this respect, decreasing the effective con-
centration in associating copolymer led to weakly percolated hydrogels
that show extended linear responses. In practice, this was achieved by
decreasing the overall content in telechelic copolymers or by replacing a
proportion of the latter with semi-telechelic copolymers.

Conc.   
T°   

T°   
Conc.   

Figure 11.21 – Tuning the cross-link density of transient network
constructed from associating polymers bearing a coordinating moiety

and a hydrophobic segment.

Additionally, the formation of active bridges between micellar cores
was favoured by increasing the length of associating copolymer chains,
which was attributed to a lower tendency for looping back in the same
hydrophobic core. Due to the thermo-induced volume change of poly(N -
isopropylacrylamide) segment in aqueous media, the same effect was
achieved by changing the external temperature. Precisely, an extended
conformation of the associating copolymers was favoured at low tem-
perature, which benefited to the high-frequency response of the gels.
On the other hand, the deswelling of thermo-sensitive chains, and par-
tial collapse onto micellar nodes, reduced stress relaxation that occurred
through the dynamic exchange of hydrophobic segments, which in turn
benefited to the low-frequency viscoelastic response. Along with the
other investigated variables, such a unique thermo-response thus allowed
an unprecedented control over the rheological properties of the gels in a
large range of frequencies.
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11.4 Experimental part

Materials

Terpyridine end-capped block copolymers are synthesized via sequen-
tial reversible addition–fragmentation chain transfer control radical co-
polymerization, as reported in a previous chapter. Nickel(II), iron(II)
and cobalt(II) chloride salts are dried, kept in a glove box, and weighted
under argon atmosphere.

Instrumentation

Shear rheological experiments are performed on a Kinexus Ultra
(Malvern Instrument) rheometer equipped with a heat exchanger and
modified with a solvent trap. Measurements are carried out at given
temperatures, using a 20 mm plate–plate geometry, in a water saturated
atmosphere in order to minimize evaporation of the solvent. The gap
is adjusted between 50 and 250 µm so that the geometry is completely
filled. Normal forces are checked to be relaxed prior any measurement.

Preparation of supramolecular gels

Hydrogels are prepared by mixing given amountst of block copolymer
with Milli-Q water. The sealed reaction vessels are placed in a fridge
and shaken periodically to form homogeneous concentrated solutions
after a few days. The gels are then readily obtained by adding the
stoichiometric amount of half an equivalent of transition metal ions (with
respect to the terpyridine content) dissolved in defined amountst of Milli-
Q water to each concentrated solutions. Lastly, the reaction vessels are
placed again in the fridge over three days to ensure homogeneous gelation
and stabilization of the gels. The final concentration of copolymers in
samples varies in the semi-diluted regime, from 3 to 10 %w/v.

Loading and testing protocol

Around 50 µL of gel is loaded onto the stationary bottom plate of the
rheometer preheated at 20℃. By stepwise lowering the gap between
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the two plates, the sample is compressed and forced to spread over the
geometry so that the gap is completely filled. Equilibration of the sample
is followed by monitoring the evolution of normal force, storage and loss
moduli with time, under small amplitude oscillatory shear. Rheological
tests are started when both moduli reach constant values and normal
force has relaxed to < 0.05 N.
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CHAPTER 12
STIMULI-RESPONSIVENESS OF METALLO-

SUPRAMOLECULAR MICELLAR GELS

Abstract

Due to the intrinsic sensitivity of constituting building blocks and
the non-covalent interactions between them, supramolecular gels can re-
spond to specific external triggers, e.g., pH or temperature. These stim-
uli are here intended to manipulate the rheological behaviour of metallo-
supramolecular micellar gels. Thanks to the large panel of synthesized
building blocks, a fine control is achieved over numerous structural as-
pects of the hierarchically assembled materials, including network for-
mation, strength, and dynamics.
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12.1 Overview

The two previous chapters respectively examined the time scale and
magnitude of the viscoelastic response of metallo-supramolecular micel-
lar gels. On one hand, control over dynamics was achieved by tuning
the strength of transient associations tethering the network through the
length of hydrophobic stickers and the nature of metal–ligand complexes.
On the other hand, the magnitude of the viscoelastic response was con-
trolled via the network structure, i.e., the proportion of metallo-bridges
in regard to elastically inactive loops. In this frame, temperature was
already used as an external factor affecting the swelling degree of the
soluble block.

In this continuity, the rheological response of metallo-supramolecular
micellar gels in reaction to the application of environmental stimuli
is herein investigated. The driving force for this chapter is that the
strength, or even formation, and dynamics of the non-covalent associa-
tions that contribute to the network structure together can be reversibly
altered by external stimuli. In material chemistry, this means that the
dynamic mechanical properties of the supramolecular hydrogels, i.e.,
shear modulus, stress relaxation, and yield strength, might be changed
in real time or in situ.

Because of the dynamic and reversible nature of non-covalent in-
teractions, supramolecular systems are inherently intelligent and adapt
to their environment at the micro-, meso- and macroscopic scales. [1]
Hence, examples of self-assemblies that respond to stimuli such as vari-
ations in temperature, [2–5] redox, [6–8] irradiation, [9–11] solvation, [12–15]
or pH, [16–20] are widely found in the literature. [21–24] Accordingly, these
intriguing systems possess a wide range of interesting properties, such
as shape-memory [25–27] and self-healing, [28–31] making them unique can-
didates for “smart” materials.

Further combining supramolecular chemistry and polymer science in
an elegant, controllable and fashionable manner, not only lead to tradi-
tional polymeric properties, but also impart stimuli-responsiveness medi-
ated by specific polymer–polymer and polymer–solvent interactions. [32]
In particular, polymers that undergo a hydrophilic-to-hydrophobic phase
transition are of great interest since their solution behaviour can promote
the formation, breaking, transformation or stabilization of aggregates in
response to, e.g., temperature, [33–38] pH, [39–42] light, [43–46] or redox. [47]
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In the frame of this project, thermo- and further pH-sensitive sequences
are incorporated into the different copolymer architectures that consti-
tute the building block for supramolecular hydrogels, therefore allowing
control over network formation and dynamic mechanical response of the
materials.

In the following, the dynamics of non-covalent associations tethering
the supramolecular materials, i.e., hydrophobic and coordinative, is first
addressed by application of chemical stimuli. Then, responsive polymer
sequences that compose the gel scaffold are specifically targeted via envi-
ronmental changes. As characterization technique, rotational rheometry
is used to monitor changes in the viscoelastic response of sheared ma-
terials upon stimulation, the focus being mainly on thermo-rheological
properties. In this regard, the three different systems, i.e., the PS-b-
PNIPAAm-tpy, PNIPAAm-b-PDMAEMA-tpy and PS-b-PNIPAAm-b-
PDMAEMA-tpy based materials, are tackled to demonstrate the possi-
bility of controlling gel dynamics, formation and viscoelastic response.

12.2 Addressing the network dynamics

In the field of supramolecular polymer gels, combining multiple non-
covalent interactions has opened the way to hierarchically assembled ma-
terials with a parallel hierarchy of dynamic processes. [48–50] Such systems
hence show multi-responsiveness with the possibility of orthogonally tar-
geting each individual association by appropriate stimulus. [17,51–54] How-
ever, only binary gel–sol transitions are generally triggered due to the
intensity of solicitation, which in return provides facile visualizations of
the response. [55–58]

Despite the effort expended so far, the possibility to use stimuli to
finely control the dynamic mechanical properties of orthogonally self-
organized materials is not clearly demonstrated yet. This finding would
however extend our fundamental understanding and technical mastery
over supramolecular polymers, which further benefits the field of mate-
rial sciences. To achieve that goal, hetero-telechelic PS-b-PNIPAAm-tpy
associating copolymers are selected as macromolecular building units.
Indeed, the viscoelastic response of PS-b-PNIPAAm-tpy based hydro-
gels reflects the individual contribution from each transient junction,
being readily tuned with the hydrophobe length and the nature of metal
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complexes. Hence, such materials constitute formidable model systems
to demonstrate the possibility of targeting the molecular dynamics of
each transient junctions and evaluate the effect on the macroscopic me-
chanical properties of the material.

To demonstrate the possibility of orthogonally addressing the dy-
namic mechanical properties of hetero-telechelic associating polymer
networks, two common stimuli have been selected, that are the pH and
a plasticizing co-solvent. On one hand, protonation of the terpyridine
ligand at low pH should compete with metal–ligand coordination pref-
erence. In this frame, Schubert et al. already investigated the stability
of different bis-terpyridine macro-complexes regarding pH variations. In
their study, [59] the possibility to open such complexes by protonation of
the macro-ligands was demonstrated under acidic conditions, suggesting
that material properties can be tuned accordingly. On the other hand,
the presence of plasticizing co-solvent species should dramatically en-
hance chain mobility in the hydrophobic domains, i.e., the micellar cores.
In this context, Tsitsilianis et al. reported on the effect of dimethylfor-
mamide (DMF) on the rheological properties of ionized hydrogels formed
by poly(acrylic acid) end-capped with short polystyrene blocks. [60] No-
tably, they showed that addition of DMF mainly affects the magnitude
and extent of the linear viscoelastic response of the self-assembled ma-
terials. However, the associating networks were characterized by long
relaxation times that could not be determined within the time of the
experiment.

At the basis of this investigation, the selected PS27-b-PNIPAAm300-
tpy block copolymer is dispersed in acidic water solutions or water–DMF
mixture to reach a given concentration ranging in the semi-dilute non-
entangled regime. To induce gelation, half an equivalent of Ni(II) ions,
as their chloride salts, are added to the concentrated micellar solutions,
with respect to the terpyridine content. This metal ion was selected
so that the dynamics of metal–ligand bonds is of orders of magnitude
distinguishable from the one of hydrophobic associations. To probe the
dynamic response of the materials, rheological characterization are con-
ducted on the different samples in the form of frequency sweeps at a
controlled, small amplitude oscillatory stress.
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12.2.1 Addressing the metal–ligand exchange dynamics

In a first series of samples, increasing molar amounts — 0.001, 0.01
and 0.1 M — of hydrochloric acid (HCl) are introduced during gel prepa-
ration while keeping the final concentration in associating copolymer
constant at 5 %w/v. As shown in Figure 12.1, acidification of the gel
media leads to a pronounced decrease in the slow relaxation time charac-
terizing the self-assembled network, τ2. Indeed, the modulus cross-over
that marks the terminal relaxation of the material is gradually shifted
by two orders of magnitude to higher frequencies as the concentration
in HCl is increased from 0.001 to 0.1 M.
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Figure 12.1 – Dynamic mechanical response of hydrogels prepared
from PS27-b-PNIPAAm300-tpy copolymers and Ni(II) ions, with

increasing concentrations in HCl.

From a chemical point of view, the pH-dependency of τ2 can be ra-
tionalized by the early determination of rate–pH profile for the dissocia-
tion of metal–terpyridine complexes in water by Wilkins and collabora-
tors. [61,62] Through kinetic measurements and theoretical calculations,
they indeed demonstrated that medium-to-high acidic conditions open
an enhanced dissociation pathway for ligand exchange, via protonation
of the pyridine units. In particular, a roughly 100-times increase in
the dissociation rates of metal–terpyridine bis-complexes has been re-
ported when increasing the concentration of HCl in the range of 0.001 to
0.1 M, [61,62] which is in extremely good agreement with results shown in
Figure 12.1. In addition, the rheological characterization demonstrates
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no significant impact on the high frequency response of the associating
networks, which attests the specificity of the selected stimuli and thus
paves the way towards orthogonal control over material dynamics.

12.2.2 Addressing the hydrophobe exchange dynamics

Following the same approach, a second series of gel samples with
increasing amount — 1, 5 and 10 %v/v — of DMF is subsequently pre-
pared, while keeping pH of the media around neutral. As shown in
Figure 12.2, the presence of the plasticizing solvent essentially acceler-
ates the fast relaxation of the gels, as evidenced by the shift of the local
maximum in G′′ toward higher oscillatory frequencies. On the other
hand, the dynamics of the sheared materials remains essentially unal-
tered in the low-frequency regime, therefore attesting the specificity of
the plasticizing agent for hydrophobic associations.
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Figure 12.2 – Dynamic mechanical response of hydrogels prepared
from PS27-b-PNIPAAm300-tpy copolymers and Ni(II) ions, with

increasing amount in DMF.

As a matter of fact, adding DMF to the gel media should predom-
inantly increase the mobility of the PS stickers, possibly due to pref-
erential absorption by the hydrophobic domains. In turn, the reduced
interfacial tension between the hydrophobic stickers and the surround-
ing media would enhance the detachment of the chain-ends from the
network nodes, [63] leading to a decrease of the fast relaxation time, τ1.
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Interestingly, such findings can be correlated to dynamic tensile measure-
ments on lightly modified polystyrenes by Hara et al. who demonstrated
that exposition to DMF also enhances chain relaxation in the bulk PS
materials. [64]

12.3 Controlling the network formation

In the field of associating copolymers, the formation of a percolated
structure is often achieved by micellar aggregation. A control over this
process can thus be easily gained provided that the copolymer architec-
ture integrates a sequence that undergoes reversible changes in response
to a certain external parameter. Such systems are typically composed of
linear triblock copolymers or star-shaped block copolymers whose chain-
ends become hydrophobic at a certain pH or temperature, thus forming
the network junctions. [65] Examples from the vast literature include but
are not limited to stimuli-responsive ABA triblock copolymers, [37,38,66,67]
ABC triblock terpolymers, [38,42,68–70] star copolymers with segmented
BA arm structure. [71,72]

In the library of building blocks synthesized here, the double hy-
drophilic, stimuli-responsive PNIPAAm-b-PDMAEMA-tpy copolymers
appear as the best candidates to demonstrate the possibility of con-
trolling supramolecular organization via temperature and pH. By hav-
ing the PNIPAAm segment water soluble but thermo-responsive, it is
possible to produce hydrogels in a stepwise manner, by first forming
metallo-supramolecular triblock copolymers, then gels by subsequent
thermo-induced block association (Figure 9.1). As supported by vi-
sual observations (Figure 9.27), the formation of a three-dimensional
micellar network from the metallo-supramolecular triblock copolymer
solutions occurs above the LCST of the PNIPAAm block. The gela-
tion process is driven by the association of thermo-responsive PNIPAAm
blocks into hydrophobic domains, forming physical cross-links within the
supramolecular network, in which the PDMAEMA blocks form bridges
among neighbouring micelles.

To investigate the gelation behaviour of PNIPAAm-b-PDMAEMA-
tpy diblock copolymers, aqueous solutions with concentrations ranging
in the semi-dilute non-entangled regime are prepared, followed by the ad-
dition of half an equivalent of selected transition metal ions, in the form



348 Chapter 12. Stimuli-responsiveness of supramolecular gels

of their chloride salts. The pH of the gels is adjusted by addition of HCl
during samples preparation to afford total, partial and no protonation of
the amine functions of the PDMAEMA block (Figure 9.14). In the fol-
lowing, the thermo-responsive behaviour of PNIPAAm-b-PDMAEMA-
tpy in solution is investigated systematically by rheology. A particular
attention is paid to the effect of pH, length of the associating segments,
and nature of added metal ions.

12.3.1 Thermally induced gelation

Oscillatory shear tests are conducted to study the thermo-induced
sol–gel transitions of aqueous solutions of PNIPAAm-b-PDMAEMA-tpy,
around neutral pH conditions. Rheological measurements are first car-
ried out by sweeping the temperature over a range that covers the phase
transition of PNIPAAm block, as evaluated by DSC (Table 9.3). In
parallel, the formation of a transient metallo-supramolecular network is
followed by frequency sweep in the investigated temperature range. In
all cases, low stress amplitudes are used to ensure that the measurements
are taken in the linear viscoelastic regime.

12.3.1.1 Oscillatory temperature sweep

As first experiment, the evolution of dynamic storage and loss mod-
ulus against temperature is monitored as an indication of the sol-to-gel
transition. During measurements, the temperature is varied between 20
and 60℃ (1st run), followed by cooling at the same rate immediately
after heating (2nd run). Each temperature ramp is performed at a stress
amplitude of 10 Pa, a fixed frequency of 1 rad/s, with a heating rate,
dT ◦/ dt, of 2℃/min.

As illustrated in Figure 12.3, the viscoelastic response of PNIPAAm-
b-PDMAEMA-tpy copolymer solutions, even in the presence of strongly
chelated metal ions, is relatively weak at temperature below 30℃. In-
deed, the values for both dynamic moduli are relatively low, G′′ being
two orders of magnitude higher than G′, which indicates a free-flowing
sol state. On further increasing temperature, the magnitude of both elas-
tic and viscous moduli rises abruptly in the range of 30 and 40℃, which
correlates very closely with DSC measurements (Table 9.3). Above a
temperature of 40℃, plateaus in both moduli tend to establish, without
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any further tremendous increase. As the increase in G′ is more sig-
nificant than G′′, the elastic response dominates over viscosity in this
plateau region, indicating the solid-like behaviour.
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and Ni(II) ions: 1st run upon heating, 2nd run upon cooling.

The results obtained from temperature sweeps are in good agreement
with visual observations made on the same materials (Figure 9.27 (b)).
Indeed, the latter indicated that the initial samples were free-flowing
transparent liquids at room temperature, and became free-standing and
well-hydrated hydrogels when heated above 35℃. In addition, the gels
formed on heating solutions reverted to sol form on cooling, which is also
observed in dynamic temperature sweep measurements (Figure 12.3).

Although the gelation process is fully thermo-reversible, both moduli
recovering their initial values upon cooling, the disassembly of the gel
phase is significantly shifted to lower temperatures, as also captured by
DSC. Being observed in repeated heating and cooling cycles, this phe-
nomenon cannot be seen as an indication of high-temperature fatigue
or changes in material properties after first heating. Instead, this hys-
teresis in the thermal dependence of dynamic moduli is rather a conse-
quence of additional inter-chain hydrogen bonds in the collapsed network
nodes. [73–75] The latter reinforce the cross-linking points of the perco-
lated structure, which delay the disaggregation of the network to lower
temperatures. In addition, mechanical stress applied to the sample dur-
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ing the measurement might also hinder the formation of the structures
building the gel when temperature rises. [69]

By combining temperature-dependent rheology with light scattering
study on dilute solutions, the sharp transition observed as a function
of temperature can be without doubt attributed to the collapse of PNI-
PAAm blocks. Above the predetermined critical solubility temperature,
these segments aggregate into hydrophobic domains that form the net-
work nodes. Although not excluded, a contribution of the partial col-
lapse of PDMAEMA block to the dynamic mechanical properties of the
gel is not apparent. Indeed, only a unique sharp transition is observed
in the investigated temperature range, which is in accordance with DSC
measurements (Figure 9.30).

As a common indicator of the sol-to-gel transition, the cross-over
of the storage and loss modulus can be used to evaluate the gelation
temperature. The latter indicates the point at which micellar aggregates
form a percolating three-dimensional network strong enough to result in
an elastic response that is in the order of the viscous loss. [42] In this
respect, one should note that the gelation temperature, as measured by
rheometry (Figure 12.3), is reached well beyond the onset of the modulus
increase. This observation suggests that, in the early stage of the thermal
transition, micelles essentially assemble into growing aggregates that are
ultimately incorporated into the network structure.

12.3.1.2 Oscillatory frequency sweep

In parallel, the heat-induced transition from viscous PNIPAAm-b-
PDMAEMA-tpy copolymer solutions to nano-structured elastic hydro-
gels is investigated by frequency sweep experiments at selected tem-
peratures. Practically, oscillatory tests are promptly performed in the
temperature range that covers the thermal transition, with a control
over stress amplitude. As illustrated in Figure 12.4, data collected from
these measurements further evidence the formation of a well-percolated
network upon temperature rise.

At temperatures below the phase transition, the storage modulus is
smaller than the viscous modulus in the entire investigated frequency
window. Moreover, both moduli exhibit power law dependencies on fre-
quency that are the typical rheological behaviour of a liquid. At 35℃,
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which is centred on the phase transition, G′ and G′′ increase by around
three orders of magnitude. However, different trends can be distin-
guished in the viscoelastic response of the gelling solution. Although
the loss modulus undergoes parallel scaling, the storage modulus indeed
clearly deviates from its power law frequency dependence of 2, especially
at high frequencies. At 40℃, which is slightly above but still very close
to the gelation temperature, G′ becomes higher than G′′ and tends to
form a plateau in the frequency range of 0.1 to more than 100 rad/s.
Well beyond the gelation temperature, both storage and loss moduli
are nearly independent of frequency, spanning five orders of magnitude,
which is a characteristic of solid-like behaviour.
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To attest the supramolecular nature of the thermo-assembled ma-
terial, frequency sweeps are further extended in a wider range spread-
ing over the low-frequency region. As shown in Figure 12.5, the pro-
nounced plateau in storage modulus finally ends at low frequencies,
where G′ drops down before crossing G′′. The cross-over between the dy-
namic moduli marks the onset of material flow, presumably via temporal
detachment of metal–ligand bridges between collapsed micellar nodes,
which is accelerated at elevated temperature. As a primary evidence,
the cross-over frequency, i.e., the rate at which the terminal relaxation of
the material occurs, perfectly matches the dissociation kinetics reported
by Hogg and Wilkins for nickel(II)–terpyridine bis-complexes at 60℃,
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precisely k−2 = 6× 10−5 s−1. [76]
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12.3.2 Effect of metal ions

In the field of associating polymers, controlling the network formation
and dynamics is essentially achieved through the same transient associ-
ation. [14,77,78] Here, the control over supramolecular network formation
and dynamics can be presumably achieved in an orthogonal fashion.
Indeed, the gel formation is ensured by the aggregation of PNIPAAm
blocks into hydrophobic nodes, whereas the relaxation of the material
can be dictated by the fast-dissociating metal–ligand bridges between
them.

To test this hypothesis, hydrogels are prepared from PNIPAAm75-b-
PDMAEMA105-tpy copolymer solutions in presence of different transi-
tion metal salts. In this respect, two metal ions are selected, namely
Co(II) and Zn(II), that form relatively labile bis-complexes in combina-
tion with the terpyridine ligand. [62,76] As first monitored by tempera-
ture sweeps, each flowing solution turns into a supramolecular gel when
heated above the LCST of the PNIPAAm block. Then, frequency sweep
experiments are performed on gels to estimate the time scale at which
relaxations of the percolated networks occur.
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12.3.2.1 Oscillatory temperature sweep

As shown in Figure 12.6 in further comparison with Figure 12.3, the
nature of metal ions in presence can substantially affects the thermo-
induced gelation of PNIPAAm-b-PDMAEMA-tpy copolymer solutions.
Although results obtained from temperature sweeps for the Zn(II) and
Ni(II) containing samples are essentially comparable, the Co(II) con-
taining copolymer solution turns into gel state at significantly lower
temperature. In addition, reversing gel-to-sol transformations by cool-
ing samples to room temperature (2nd run) indicate that hysteresis loops
are also affected by the nature of metal ions. In this regard, the less and
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more pronounced hysteresis are respectively observed for samples pre-
pared in presence Ni(II) and Co(II), while Zn(II) containing samples
constitute the intermediate category.

Depending on the selected metal ions, a control can be thus prac-
tically achieved over the transition temperature that defines the limit
between viscous copolymer solutions and supramolecular gels. In a the-
oretical point of view, this experimental conclusion can be presumably
rationalized by the interplay of still underinvestigated effects of charged
metal–ligand complexes on solvation and hydrophobic forces that direct
the formation of micelle. In essence, coordination complexes can indeed
have stabilizing or destabilizing salting effects on macromolecules, which
modulate adsorption and aggregation phenomena. [79–82] However, fur-
ther insights into the underlying mechanisms require every system to be
studied individually in greater detail.

12.3.2.2 Oscillatory frequency sweep

Alongside temperature sweeps, the dynamic viscoelastic response of
Co(II) and Zn(II) containing PNIPAAm-b-PDMAEMA-tpy hydrogels is
studied as a function of oscillation frequency. Measurements are per-
formed under controlled low shear stress, at a temperature well above
the transition region. As shown in Figure 12.7 in relation to Figure 12.4,
a shift in the cross-over point of G′ and G′′ toward higher frequency is
observed when switching from Ni(II) to Co(II) and further to Zn(II).
Interestingly, this shift is rather modest, ca. one and half frequency
decades, meaning that the terminal relaxation of the material can be
precisely controlled depending on the choice of the metal ions.

Clearly, variations in the terminal relaxation time of PNIPAAm-b-
PDMAEMA-tpy hydrogels, as a function of metal ions, follows the sta-
bility order of metal–terpyridine bis-complexes. In respect to litera-
ture data on exchange rates, [62,76] Ni(II) and Zn(II) ions indeed respec-
tively afford the more and less stable complexes in combination with the
terpyridine ligand, while Co(II) ions constitute the intermediate case.
However, the small adjustments made in the material relaxation time
scale are in contrast to the large expected variations in terpyridine bis-
complex lifetime, when switching from one metal ion to another. Nev-
ertheless, the apparent dynamics of metallo-supramolecular bonds are
known to largely vary depending on substituents on the ligand, [83] as
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well as the surrounding environment. [84] Indeed, both factors may lower
or rise the activation barrier for complex dissociation by stabilizing or
destabilizing the transition state energy relative to that of the bound
state. Here, the particularly high ionic strength and congestion of the
gels, due to quaternization of the PDMAEMA block, may clearly slow
down the dissociation of coordination complexes and subsequent diffu-
sion of dangling chain ends across the medium, which actually dominate
the relaxation of the material. Also, a plausible interaction between
metal ions or metal–ligand complexes and the tertiary amine groups
of the PDMAEMA blocks and metal or metal–ligand complexes is not
excluded. [85]
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12.3.3 Effect of block length

To achieve orthogonal control over the formation and dynamics of
PNIPAAm-b-PDMAEMA-tpy associating polymer networks, it is as-
sumed that metal–ligand associations constitute the fast-dissociating
cross-linkers. Ideally, the lifetime of hydrophobic nodes, that are formed
by the aggregation of PNIPAAm segments, must exceed by orders of
magnitude the stability of coordination bridges between them, other-
wise, relaxation of the material might be dominated by the dynamic
exchange of the associating segments between the segregated domains.

To ensure the formation of kinetically stable to “frozen” hydropho-
bic domains, nearly symmetric diblock copolymers are used that fea-
ture thermo-sensitive associating segments of several tens of units (Fig-
ure 12.5). Decreasing the length of the PNIPAAm block, e.g., from 75
to 45 repeating units, while keeping the length of PDMAEMA block
constant, significantly affects the relaxation of the material under shear.
As revealed by frequency sweep performed at 60℃ (Figure 12.8), the
cross-over of moduli indeed occurs at a higher frequency for the hy-
drogel prepared from the PNIPAAm-b-PDMAEMA-tpy copolymer with
a shorter PNIPAAm block. This observation suggests that the disso-
ciation of hydrophobic segments from micellar network nodes becomes
the relaxation determining process when the length of the PNIPAAm is
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reduced.

A closer look at the frequency dependence of both moduli suggests
that a second plateau in storage modulus tends to be achieved in the
low-frequency regime. This pseudo-plateau rapidly ends when the time
scale of the experiment exceeds the lifetime of metal–ligand bonds, as
evaluated from Figure 12.5. In this picture, both hydrophobic and co-
ordinative interactions thus contribute to stress relaxation by material
creep, similarly to what is observed for PS-b-PNIPAAm-tpy systems,
the plateau at low frequencies being interpreted as reflecting a rema-
nent network structure.

In accordance with a weaker aggregation of shorter associating seg-
ments, temperature sweeps shows a broadened gel-to-sol transition when
the length of the PNIPAAm block is reduced to 45 repeating units (Fig-
ure 12.9). Although the modulus cross-over is observed at a compara-
ble temperature of 40℃, the establishment of an equilibrium in mod-
uli is indeed only achieved at much elevated temperatures. Intuitively,
the shorter PNIPAAm blocks require a higher degree of dehydration to
form a sufficiently mechanically strong three-dimensional network. Once
formed, the hydrogel shows essentially the same viscoelastic properties,
in terms of both storage and loss modulus, than the one formed with
longer associating segments, suggesting that the final structure of the
self-assembled network is essentially the same.

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

G
',
 G

''
 [

P
a
]

6050403020

T [°C]

90

80

70

60

50

40

30

20

10

0

δ
 [°]

1
st
run 2

nd
run

     G'

     G''

     δ dT°/dt = 2°C/min
C = 20 % w/v

ω = 1 rad/s

σ0 = 10 Pa

pH = 6

Figure 12.9 – Temperature dependence of dynamic moduli for a
hydrogel prepared from PNIPAAm45-b-PDMAEMA105-tpy copolymer

and Ni(II) ions: 1st run upon heating, 2nd run upon cooling.



358 Chapter 12. Stimuli-responsiveness of supramolecular gels

12.3.4 Effect of pH

In the field of associating polymers, it is desirable to have other vari-
ables besides temperature to regulate the assembly process. To this end,
pH constitutes the most widely used stimuli to modulate or reverse the
solvophilicity of thermo-sensitive polymers. [37,40–42,69] In practice, joint
thermo- and pH-mediated assembly can be investigated either by fixing
temperature and varying pH, or by keeping pH constant and chang-
ing temperature. In the following, the second approach is exclusively
followed since temperature can be easily controlled in situ during rheo-
logical measurements.

12.3.4.1 Oscillatory temperature sweep

As monitored by dynamic temperature sweep measurements (Fig-
ure 12.10), dramatically distinct behaviours are encountered depending
on the pH of the gel medium. The latter is acidified by addition of HCl
during sample preparation, while dissolution of the polybase in pure wa-
ter directly leads to an alkaline pH of 9. Hence, the difference in the
thermo-mechanical responses of the double hydrophilic block copolymer
solutions can be discussed in detail as a function of the ionization degree
of the PDMAEMA block. Under acidic conditions, virtually all amino
groups of PDMAEMA are expected to be protonated and thus positively
charged, while the inverse situation is achieved at high pH.

At low pH (Figure 12.10 (a)), the experiment reveals a very gradual
and broad sol-to-gel transition upon temperature rise. Such an observa-
tion is in contrast with the simplistic conception of the coil-to-globule
transition expected for PNIPAAm chains in solution. [86,87] As a mat-
ter of fact, the latter is generally assumed to be sharp near the critical
solubility temperature, as also evaluated by DSC (Figure 9.30).

In the field of associating copolymer gels, however, the gelation tem-
perature is frequently reported above the critical solubility temperature.
Indeed, the gelation requires the formation of a percolated network with
sufficient mechanical strength, while the critical solubility temperature
is already reached when the thermo-sensitive blocks starts to collapse
in solution. [41] Taking into account that a large scale organization of
the initially collapsed chain segments is required for the formation of
a network, it is understandable that the high degree of ionization of
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PDMAEMA blocks sensibly delays the gelation due to impeding elec-
trostatic repulsions in the system. Once established, the self-organized
network is supposed to be stable, which accounts for the marked hys-
teresis observed when cooling the sample back to room temperature
(Figure 12.10 (a)).
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Figure 12.10 – Temperature dependence of dynamic moduli for
hydrogels prepared from PNIPAAm45-b-PDMAEMA105-tpy copolymer
and Ni(II) ions, at pH of (a) 3 and (b) 9: 1st run upon heating, 2nd run

upon cooling.

As indicated by visual observation (Figure 9.28), the formation of
a micellar network can be efficiently inhibited at high pH due to the
collapse of both blocks, resulting in phase separation instead of gela-
tion. In accordance, temperature sweep performed under even slightly
basic conditions, ca. pH of 9, shows that a viscous behaviour dominates
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in the whole investigated temperature range (Figure 12.10 (b)). Upon
heating, a rather stochastic pattern in G′ and G′′ is observed as a func-
tion of temperature, which can emerge naturally from a competition be-
tween two antagonistic phenomena, namely the network formation and
the phase separation. Although a slight increase in moduli tends to be
achieved above 30℃, it is clear that intra-micellar collapse of the outer
PDMAEMA blocks then quickly overtakes the development of signifi-
cant inter-micellar interactions that are a prerequisite for macroscopic
gelation.

12.3.4.2 Oscillatory frequency sweep

As monitored by frequency sweep on the gel at low pH and elevated
temperature, the presence of numerous charges along the polymer chain
not only contributes to broaden the phase transition, but also affects
the dynamics of the material. From Figure 12.5, two plateau in elastic
modulus are observed as a function of the oscillation frequency, which
is comparable with the situation achieved for the same system but at
around neutral pH (Figure 12.5). However, both characteristic relax-
ations of the metallo-supramolecular micellar network are promoted at
low pH, as attested by the half decade increase in the relaxation fre-
quencies.

10
1

10
2

10
3

10
4

10
5

G
',
 G

''
 [

P
a
]

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

ω [rad/s]

90

80

70

60

50

40

30

20

10

0

δ
 [°]

 G'

 G''

 δ
C = 20 % w/v

σ0 = 25 Pa

T° = 60°C
pH = 3

Figure 12.11 – Frequency dependence of dynamic moduli for
hydrogels prepared from PNIPAAm45-b-PDMAEMA105-tpy copolymer

and Ni(II) ions, at 60℃ and pH 3.
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The dependence of the first relaxation time on the degree of proto-
nation of the PDMAEMA coronal block is in agreement with results
obtained by Nicolai et al. from pH-responsive associative networks in
aqueous media. In their study on triblock copolymers with a poly(acrylic
acid) central block and random copolymer hydrophobic end blocks, [40]
they indeed evidenced a clear variation of the relaxation frequency of the
self-assembled materials with the degree of ionization of the hydrophilic
middle block. To account for an increase in the cross-over frequency,
they assumed that the energy barrier for the escape of an end-block ef-
fectively decreases with increasing charge density of the coronal chains,
which in turn leads to an enhanced exchange of the associating copoly-
mers.

Due to the high concentration of diblock copolymer in the media, pH
of the media is adjusted to about 3 by adding concentrated hydrochloric
acid solution. Even if strongly buffered by the presence of the polybase,
the acidity of the media further enhances the dissociation of metal–
ligand bridges, thus leading to a decrease in the second relaxation time
of the thermally assembled network. As already evidenced for PS-b-
PNIPAAm-tpy analogues, acidic conditions indeed open an enhanced
dissociation pathway for the ligand exchange. This alternate mechanistic
path is promoted by the protonation of pyridine units at low pH, which
directly competes with the coordination of ligands to metal ions. [61,62]

12.3.5 Effect of concentration

As last but not least parameter, the concentration of associating
copolymer in solution is varied to reveal the influence of this factor
on the thermo-mechanical properties of the supramolecular assemblies.
In the above-discussed experiments, the weight fraction of PNIPAAm-b-
PDMAEMA-tpy diblock copolymers was kept high enough to ensure, in
each case, an appreciable response of the sols to shear stress, as well as a
linear response from the gels. As demonstrated in the previous chapter,
varying the relative amount of associating groups in the gels notably
affects their extent of cross-linking, with a pronounced dependency near
the critical gelation concentration.

In practice, the effect of dilution on the thermo-induced gelation of
an aqueous solution of the selected PNIPAAm45-b-PDMAEMA105-tpy
diblock copolymer is first tested by following the evolution of dynamic
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moduli during heating-cooling cycles (Figure 12.12). Compared with the
situation at higher polymer concentration (Figure 12.9), temperature
sweep carried out at 5 %w/v clearly indicates that higher degrees of
dehydration and organization of thermo-sensitive blocks are required to
form a sufficiently percolated three-dimensional network. Indeed, the
onset of increase in G′ only occurs at 45℃. Again, this observation can
be closely correlated to DSC measurement on the same system, which
points a critical solubility temperature in the range of 40℃, as reported
in Table 9.3.
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copolymer and Ni(II) ions: 1st run upon heating, 2nd run upon cooling.

Above the gelation temperature found at around 50℃, both mod-
uli tend to reach a plateau equilibrium but remain very close in value
(Figure 12.12), which is indicative of a weakly structured gel. The low
viscoelastic response of this sparsely percolated network is further high-
lighted by frequency sweep performed on the gel formed at 60℃. As
graphically depicted in Figure 12.13, the results show a broad relaxation
process in the high-frequency range, that might be related to the dis-
sociation of the poorly associated hydrophobic segments. In contrast
with measurements at a higher concentration (Figure 12.9), no second
plateau modulus can be achieved in the low-frequency region with a
low associating copolymer content, which is coherent with the picture
draw from the rheological behaviour of PS-b-PNIPAAm-tpy associative
networks.
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12.4 Tuning the viscoelastic response

Beyond the control of supramolecular network formation, stimuli can
also be used to modulate numerous aspects of the viscoelastic response
of self-assembled materials, including the strength and dynamics of the
assembly. In the field of stimuli-responsive block copolymer gels, this
control is generally achieved through adjustments in the network struc-
ture via temperature or pH changes. [36,41] Compared with conventional
gels, such additional stimuli-response offers greater design flexibility that
can be required for many specific applications.

As suggested in the previous chapter, temperature plays an overall
role in determining the quality of water as a selective solvent for the
PNIPAAm block, thereby controlling the swelling degree of the chains.
However, the thermo-responsive behaviour of this well-studied polymer
is generally referred as the collapse of the chain, from hydrated coils into
hydrophobic globules, above the critical solubility temperature. [88,89] In
the following, this change in chain conformation is exploited to finely
tune the rheological properties of supramolecular hydrogels prepared
from both PS-b-PNIPAAm-tpy and PS-b-PNIPAAm-b-PDMAEMA-tpy
block copolymers. Although the heat induced collapse transition of PNI-
PAAm chains is reported to be extremely sharp, [86,87] the dynamic me-
chanical response of the different hydrogels are hoped to be precisely,
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reversibly, and continuously tuned in a wider temperature range.

12.4.1 Responsiveness of PS-b-PNIPAAm-tpy hydrogels

First of all, the thermo-mechanical behaviour of PS-b-PNIPAAm-
tpy based hydrogels is investigated by rotational rheometry. In a first
approach, time sweeps are performed by following the evolution of dy-
namic storage and loss moduli upon thermal variations. Then, frequency
sweeps are performed to probe the dynamic response of the gels, under
ambient conditions and around the phase transition temperature deter-
mined by DSC (Table 9.2). In practice, those measurements are per-
formed under strain amplitudes that ensure a linear response from the
material. Then, the non-linear viscoelastic behaviour of the gels is in-
vestigated by amplitude strain sweeps, at a given oscillation frequency.
In this respect, a particular attention is paid to the relationship be-
tween the applied stress and the resulting deformation, along with the
behaviour of the gels at the limit of destructuration.

12.4.1.1 Oscillatory time sweep

Time sweeps are performed on gels by following the evolution of
the dynamic moduli at different temperature plateaus, i.e., 20, 30 and
35℃. Hence, time-dependencies associated to the dynamic processes
occurring in the vicinity of the phase transition can be successfully ad-
dressed in isotherm regimes, separated by fast temperature ramps in be-
tween, with heating/cooling rates of 5℃/min. In practice, experiments
are conducted under small amplitude strain and a fixed oscillation fre-
quency of 1 rad/s. The investigated samples consist in supramolecular
hydrogels prepared from PS-b-PNIPAAm-tpy copolymers with different
block lengths, in combination with various transition metal ions. In
the following, the emphasis is first put on the influence of the size of
the polystyrene sticker, which dictates the stability of the hydrophobic
nodes within the micellar network. Finally, the influence of the nature
of metal–ligand bridges between them is discussed.

Below the critical solubility temperature of the PNIPAAm block, the
dynamic mechanical response of each hydrogel is characterized by an
equilibrium in both moduli. Under those conditions, the invariability of
their viscoelastic responses is appreciated during isotherms performed
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at 20 and 30℃, as shown in Figure 12.14. Within this temperature
range, both moduli nevertheless decline upon heating, which is due to
the thermally enhanced relaxation of the materials. As demonstrated in
a previous chapter, the dissociation of the transient PS micellar cores
indeed intensifies upon temperature rises, thus lowering the viscoelastic
responses of the gels.

When the temperature is further increased, a sharp transition in the
viscoelastic response of the materials is observed at the vicinity of the
phase transition temperature, ca. 32℃. At the early stage of the transi-
tion, the response of the gels becomes more pronounced but then declines
over time (Figure 12.14). The only exception is given by the hydrogel
prepared from the copolymer exhibiting short polystyrene segment. The
latter is indeed characterized by a very weak response to shear above
the critical solution temperature (Figure 12.14 (a)). For longer associ-
ating stickers, the instabilities of the self-assembled gels at 35℃ become
appreciable over long time scales, both moduli falling down at a rate
that depends on the length of the associating segment. In this respect,
long polystyrene stickers give rise to more stable hydrogels that tend to
maintain their strong mechanical properties above the phase transition
temperature of PNIPAAm (Figure 12.14 (c)).

Essentially, those observations point out a straight relationship be-
tween the strength of polystyrene cores and the kinetic stability of the
micellar network at 35℃. Assuming that PS nano-domains act as seeds
for the collapse of PNIPAAm chains (Figure 12.16), an increased sta-
bility of these domains would indeed prevent the network to lose its
integrity above the phase separation temperature. Indeed, the collapsed
PNIPAAm chains would preferentially aggregate onto PS cores, thus
reinforcing the micellar network whose partial hydration is presumably
ensured by the presence of charged metal–ligand complexes. Finally, the
reversibility of the phase transition is checked while both moduli recover
their original value when coming back to 30℃, then further to 20℃.

As illustrated in Figure 12.15, the thermo-mechanical behaviour of
the gels also depends on the nature of metallo-bridges tethering the mi-
cellar network. When cobalt(II) metal ions are used, no significant evo-
lution in the viscoelastic response of the gel is observed above the critical
solution temperature of PNIPAAm (Figure 12.15 (c)). When the same
associating copolymer is used in combination with nickel(II) or iron(II)
metal ions, a pronounced instability characterizes the accordingly ob-
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T° > 35°C

T° < 30°C

Figure 12.16 – Structural responsiveness of PS-b-PNIPAAm-tpy
metallo-supramolecular micellar gels.

tained hydrogels above their phase separation temperature. Precisely,
a decrease in both dynamic moduli, that is particularly marked for the
iron-containing gel, follows the primary heat-induced transition in the
viscoelastic response of the material (Figure 12.15 (a) and (b)). To ra-
tionalize these observations, it is assumed that the hydration degree of
the gel above the LCST of PNIPAAm, which is ensured by the presence
of positively charged bis-complexes, strongly depends on the nature of
the chelated ions.

12.4.1.2 Oscillatory frequency sweep

As illustrated in Figure 12.17, a drastic change in the rheological
behaviour of the gel is noticed in frequency sweeps when the external
temperature is increased from 20℃ to 35℃. Under ambient conditions
(Figure 12.17 (a)), the material shows the characteristic features of a
transient metallo-supramolecular micellar networks, as described in a
previous chapter. At high frequencies, the non-covalent network indeed
appears intact since the supramolecular junctions do not dissociate on
the experiment time scale. As the time scale of the oscillations increases,
the material relaxes stress, both storage and loss modulus curves falling
down as the frequency of the oscillations is decreased. In this respect,
two relaxation time scales are distinguished at 20℃ that correspond
to the dissociation of associating stickers and subsequent exchange of
polymer chains between hydrophobic nodes, τ1, and the dissociation
kinetics of the metal–terpyridine bis-complexes tethering the network,
τ2.
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Figure 12.17 – Frequency dependence of dynamic moduli for a
hydrogel prepared from PS27-b-PNIPAAm300-tpy copolymer and

Co(II) ions, at (a) 20℃ and (b) 35℃.

Above the LCST of PNIPAAm, the same materials behave more
solid-like, nearly as covalently bound polymer networks. Indeed, elas-
ticity clearly dominates the viscous dissipation over frequency decades.
Compared with measurements at 20℃, only a single relaxation is achieved
at 35℃, on a time scale that matches the one of metal–ligand bridge
dissociation, τ2 (Figure 12.17 (b)). Such an observation suggests that
the escape of hydrophobic stickers from micellar cores has been frozen,
which in turn would prevent the relaxation of the material over short
time scale.

Essentially, these observations might be rationalized by taking into
account the partial collapse of the thermo-sensitive chains onto the tran-
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sient micellar cores, which results in turn in the shielding of the latter
(Figure 12.16). In this picture, the core–shell type structure of the hy-
drophobic nodes would indeed prevent the network integrity from being
mechanically perturbed by shear forces. Also, the presence of remain-
ing metal–ligand bridges between collapsed micellar objects is attested
by the terminal flow behaviour of the metallo-supramolecular gel (Fig-
ure 12.17 (b)).

12.4.1.3 Oscillatory strain sweep

The change in the rheological properties of the gel in response to
heat was finally investigated by performing amplitude strain sweeps on
a selected sample prepared from PS27-b-PNIPAAm300-tpy copolymer,
in combination with Co(II) ions. Precisely, the evolution of storage
and loss moduli is checked at a given oscillation frequency of 1 rad/s,
under increasing amplitudes of deformation (1st run). In addition, the
reversibility of the phenomenon occurring under large oscillatory shear
is addressed by coming back to small oscillation amplitudes right after
the first strain sweep (2nd run).

At low strain, the micellar gel is characterized by a plateau in both
moduli, which extends over the linear viscoelastic regime, i.e., the re-
gion where stress on the sample increases linearly with the deformation.
As shown in previous chapters, the three-dimensional structure of the
network is only weakly affected by mechanical forces in this region, and
deforms elastically through entropic distortions. Due to its supramolec-
ular character, the gel however exhibits a reversible gel-to-sol transition
when stressed above the yield strength. At larger deformations, shear
stress becomes almost independent of shear strain, meaning that the
supramolecular network is mechanically disrupted, which corresponds
to the non-linear regime. In the following, the critical shear strain and
stress values, γc0 and σc0, that separate the linear from the non-linear
regime, are determined from strain–stress curves as the onset of break-
ing.

In the first experiments, strain sweeps are performed on the associ-
ating copolymer hydrogel at room temperature and at the phase tran-
sition temperature. From the comparison between Figures 12.18 (a)
and 12.19 (a), the plateau values for the storage modulus, at an oscil-
latory frequency of 1 rad/s, appear to be comparable between 20 and
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32℃. However, the loss modulus was half an order of magnitude lower
at 32℃, lowering the proportion of energy that is dissipated through
the irreversible flow of the network.
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Figure 12.18 – Strain dependence of (a) dynamic moduli and (b)
stress amplitude for a hydrogel prepared from

PS27-b-PNIPAAm300-tpy copolymer and Co(II) ions, at 20℃: 1st run
under increasing strain, 2nd run under decreasing strain.

When comparing Figures 12.18 (b) and 12.19 (b), the applied shear
strain at which the material yield occurs is found to vary significantly.
Precisely, the supramolecular hydrogel withstands larger deformations
under ambient conditions (Figure 12.18 (b) — γc0 ≈ 100 %) than at the
phase transition temperature (Figure 12.19 (b) — γc0 ≈ 50 %). More-
over, the stress–strain curve displays a maximum stress at a temperature
of 32℃ (Figure 12.19 (b) — σc,max.0 ≈ 20 Pa), before reaching an equi-
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librium stress (Figure 12.19 (b) — σc,equi.0 ≈ 10 Pa) that is one order of
magnitude lower than the equilibrium stress at 20℃ (Figure 12.18 (b)
— σc,equi.0 ≈ 100 Pa).
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stress amplitude for a hydrogel prepared from
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Beyond the limit of destructuring, the storage modulus clearly de-
viates from the linear to the non-linear viscoelastic regime, and strain
softening is finally observed at both 20℃ (Figure 12.18 (a)) and 32℃
(Figure 12.19 (a)). Coming back to small deformations, full healing of
the gel is observed at both temperatures, while storage and loss moduli
recovered their original values. Compared to the situation achieved at
20℃, a peculiar hysteresis, that is particularly marked in G′, is how-
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ever observed at 32℃ during the healing process (Figure 12.19 (b)).
This observation suggests that a certain proportion of the mechanical
energy, that is reversibly stored in the entropic distortion of the poly-
meric network, is dissipated during shear-induced flow of the gel. This
proportion is known as the hysteresis loss and is given, in respect to the
strain energy, by the area under the stress–strain loop. [90]
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Figure 12.20 – Sketches featuring the behaviour of non-covalently
bridged thermo-sensitive polymer chains under shear, (a) below and

(b) above the LCST.

In essence, the thermo-rheological response of the investigated hydro-
gel is consistent with the responsive behaviour of poly(N -isopropylacryl-
amide) chains in aqueous solution. Below the LCST, favourable in-
teractions allow the dissolution of the polymer in water, via hydrogen
bonding. Due to micellar organization, PNIPAAm chains adopt in a
fairly extended conformation at 20℃, which in turn allows them to
reversibly bind via supramolecular links. Under those conditions, the
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release of mechanical stress proceeds via activated dissociation and sub-
sequent exchange of the non-covalent bonds structuring the material, as
schematically illustrated in Figure 12.20 (a).

(a)

(b)

C = 5 % w/v

10
-1

10
0

10
1

10
2

G
' 
[P

a
]

 31°C
 32°C
 33°C
 34°C

ω  = 1 rad/s

C = 5 % w/v

10
-1

10
0

10
1

10
2

G
''
 [

P
a
]

10
0

10
1

10
2

10
3

γ
0
 [%]

 31°C
 32°C
 33°C
 34°C

ω  = 1 rad/s

Figure 12.21 – Strain dependence of (a) elastic and (b) viscous
moduli for a hydrogel prepared from PS27-b-PNIPAAm300-tpy

copolymer and Co(II) ions, at different temperatures.

During the phase transition, the hydrogen bonds are disrupted and
thus the polymer phase separates. From a structural point of view,
free macromolecular chains are expected to undergo a coil-to-globule
transition. Within the network, mechanical forces can however induce
stretching of PNIPAAm chains up to a certain extend that is lowered
in the range of the phase transition temperature (Figure 12.19). Ex-
ceeding the yield strength of the material then allows stress release and
collapse of the polymer chains (Figure 12.20 (b)). Once the network



12.4. Tuning the viscoelastic response 375

is mechanically disturbed, a certain proportion of stretched chains thus
transits to the globule conformation, which is responsible for the hys-
teresis loss. At large strain, the conformation of the collapsed chains pre-
vents the reformation of elastically active cross-links. Complete healing
of the gel is thus only observed when coming back to small deformations
(Figure 12.19), which subsequently allows the reformation of elastically
active junctions between polymer strands (Figure 12.20 (b)).

To further illustrate the thermo-sensitivity of the selected materials,
their mechanical properties are investigated more deeply in the range
of the phase transition temperature. In practice, isothermal amplitude
strain sweeps are performed on the gel with an incremental temperature
change. As shown in Figure 12.21, the linear storage modulus shows a
consistent value all over the transition temperature region, meaning that
the number of mechanically active chains tethering the micellar network
remains essentially constant. On the other hand, the equilibrium viscous
modulus gradually decreases when temperature rises. As the PNIPAAm
chains undergo a coil-to-globule transition, the volume fraction of poly-
mer in solution is indeed reduced, as illustrated in Figure 12.16, which
lowers the fraction of mechanical energy dissipated through viscous ef-
fects.
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temperatures: 1st run under increasing strain, 2nd run under
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The consistent number of stress carrying chains in the network is fur-
ther supported by the invariance of the linear strain–stress relationships
(Figure 12.22). As noted above, the onset of network breaking is how-
ever shifted to lower strain amplitude when the temperature is increased.
In the range of the phase transition, the yield strain of the material is
progressively reduced by nearly one order of magnitude. Fundamentally,
this observation reflects the will of PNIPAAm chains to adopt a globule
conformation upon heating. In agreement, the hysteresis loss evalu-
ated from strain–stress curves becomes drastically more pronounced, as
shown in Figure 12.23. Along with a decreasing yield strain, the stress
value that marks the end of the linear viscoelastic response of the mate-
rial gradually declines upon heating. On the whole, the phase transition
is responsible for a nearly one decade decrease in the yield strength of
the material.
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Figure 12.23 – Percentage of hysteresis loss for a hydrogel prepared
from PS27-b-PNIPAAm300-tpy copolymer and Co(II) ions, as a

function of the temperature.

12.4.2 Responsiveness of PS-b-PNIPAAm-b-PDMAEMA-
tpy hydrogels

Although synthetically challenging, stimuli-responsive multiblock co-
polymers produce well-defined physical gels through the triggered or au-
tonomous non-covalent association of one or more blocks. In turn, they
provide appealing flexibility for controlling the gel micro-structure and
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physical properties through variation of the block lengths and applica-
tion of proper stimuli. [36,70,91] Accordingly, the use of PS-b-PNIPAAm-
b-PDMAEMA-tpy triblock terpolymers as precursors of supramolecu-
lar gels offers here several advantages compared to their diblock coun-
terparts. For example, PS-b-PNIPAAm-tpy hydrogels tend to phase
separate and thus may lose their integrity when heated above the col-
lapse temperature of the PNIPAAm block. Contrastingly, PNIPAAm-b-
PDMAEMA-tpy based materials only behave solid-like above the same
critical temperature while, for many applications, it would be desirable
to also have a gel-like behaviour under ambient conditions instead of a
free-flowing solution.

By varying the molecular weight of the different segments consti-
tuting the triblock terpolymer chains, their solution behaviour can be
continuously varied from the one of PS-b-PNIPAAm-tpy to the one
of PNIPAAm-b-PDMAEMA-tpy diblock copolymers, thus bridging the
gap between the two above-discussed systems. In essence, the rheologi-
cal signature of PS-b-PNIPAAm-b-PDMAEMA-tpy terpolymer gels can
be thus interpreted on the basis of the thermo-mechanical responses of
both diblock copolymer counterparts. Despite being the most advanced
building blocks synthesized in the frame of this project, they thus only
bring a little contribution to the fundamental understanding of the rhe-
ology of metallo-supramolecular micellar gels.

12.4.2.1 Analogy with PNIPAAm-b-PDMAEMA-tpy solutions

When a very short PS segment is located at the extremity of the
chain, the solution behaviour of PS-b-PNIPAAm-b-PDMAEMA-tpy tri-
block copolymers is essentially similar to that observed for PNIPAAm-
b-PDMAEMA-tpy analogues. At room temperature, their solutions in-
deed behave as Newtonian liquids with characteristic frequency depen-
dences of dynamic moduli, that transit from the sol to the gel state upon
heating. However, temperature sweep experiments show that the onset
of modulus increase can occur earlier when triblock terpolymers are used
in place of double hydrophilic diblock copolymers (Figure 12.24). To ac-
count for this early transition, it is strongly believed that the presence
of PS segments in the architecture of the chains benefits to the early
formation of the micellar network, notably by serving as nucleation sites
for hydrophobic domains.
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Figure 12.24 – Temperature dependence of dynamic moduli for
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Ni(II) ions.

As evaluated by the cross-over between G′ and G′′ in temperature
sweeps (Figure 12.24), the gelation temperatures are comparable for
each formulation, i.e., involving either the diblock or triblock copoly-
mer. Hence, this observation points at a relatively poor contribution of
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the polystyrene end-group to the growing stability of the micellar nodes.
In frequency sweep tests performed after full equilibration of the sam-
ples, this negligible contribution results in comparable relaxation times
for micellar networks prepared from triblock and diblock copolymers
(Figure 12.25).

12.4.2.2 Analogy with PS-b-PNIPAAm-tpy hydrogels

When the length of the PS segment is increased, the solution be-
haviour of PS-b-PNIPAAm-b-PDMAEMA-tpy triblock terpolymers de-
viates from the one of PNIPAAm-b-PDMAEMA-tpy copolymers to the
one of PS-b-PNIPAAm-tpy copolymers. Above a critical concentration,
free-standing hydrogels are indeed obtained at room temperature, due
to the formation of active metallo-bridges among the segregated PS rich
domains. Upon heating, the structure of the triblock micellar networks
is expected to be further reinforced by the collapse of PNIPAAm seg-
ments onto the preformed micellar nodes (Figure 12.26). In contrast
to PS-b-PNIPAAm-tpy hydrogels, no phase separation is generally ob-
served for triblock copolymer gels at high temperatures. In practice,
this situation is precisely achieved as long as the PDMAEMA block en-
sures a sufficient hydration of the network, which depends on its length
relative to the other blocks, as well as environmental parameters, e.g.,
temperature and pH, as addressed above.

T° 

T° 

Figure 12.26 – Structural responsiveness of
PS-b-PNIPAAm-b-PDMAEMA-tpy metallo-supramolecular micellar

gels.

In the following, oscillatory shear measurements are conducted on
PS-b-PNIPAAm-b-PDMAEMA-tpy hydrogels to elucidate the particu-
lar effect of temperature on their rheological behaviour, around neutral
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pH. At first, the evolution of dynamic moduli upon thermal variations
is followed in the form of temperature sweeps. Then, frequency sweeps
are performed under small amplitude oscillatory shear, over a temper-
ature range that covers the phase transition of the PNIPAAm block.
Finally, the non-linear viscoelastic response of the gels is investigated by
amplitude strain sweeps operating at different temperatures.

12.4.2.3 Oscillatory temperature sweep

Due to an enhanced relaxation of the transient cross-links, supra-
molecular gels often suffer a loss in their mechanical properties when
tested at elevated temperatures. [92] In sharp contrast, PS-b-PNIPAAm-
b-PDMAEMA-tpy hydrogels show a strengthened viscoelastic response
to shear, as attested by dynamic temperature sweeps (Figure 12.27). For
both G′ and G′′, the thermal transition forms a continuum extending
over almost the entire investigated temperature range, with a net in-
crease that may approach one and a half order of magnitude depending
on the length of PS segment with respect to PNIPAAm block.
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copolymer and Ni(II) ions: 1st run upon heating, 2nd run upon cooling.

Under ambient condition, the gel strength results from the aggrega-
tion of PS segments into hydrophobic domains that are further bridged
by metal–ligand associations. Above a certain temperature, core-shell-
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corona micelles are formed with the PS blocks forming micellar cores and
the PNIPAAm segments constituting the shell layer. This temperature-
induced transition, centred around 40℃, stems from the solution be-
haviour of the thermo-sensitive middle block of the triblock copoly-
mer. When the temperature is raised above the LCST of PNIPAAm
segments, they undergo a hydration-to-dehydration that reinforce the
network structure, as illustrated in Figure 12.26. Although not clearly
evidenced, a plausible additional contribution from the partial collapse
of the PDMAEMA block is not a priori excluded at high temperature.
Then, decreasing temperature dissolves the PNIPAAm blocks and weak-
ens the network, resulting in the reverse transition with almost no hys-
teresis.

12.4.2.4 Oscillatory frequency sweep

To get further insight into the thermo-responsive behaviour of PS-b-
PNIPAAm-b-PDMAEMA-tpy triblock copolymer gels, frequency sweeps
are conducted using low stress amplitude, at selected temperatures cov-
ering the strengthening transition range (Figure 12.28). In agreement
with temperature sweep, the plateau dynamic storage modulus, obtained
from frequency sweeps, increases by around one and a half order of
magnitude upon heating. Under ambient conditions, a rubber-like be-
haviour is observed for the triblock copolymer gel, as indicated by the
weak frequency-dependent plateaus in both moduli over the entire inves-
tigated frequency range. During the transition, the increase in modulus
is however more pronounced in the high-frequency regime than in the
low-frequency region, so that a fast relaxation process becomes appar-
ent, especially around 40℃. Finally, at higher temperature, both G′

and G′′ tend to show again much weaker frequency dependencies, which
is hampered by the thermally activated terminal relaxation of the ma-
terial. For better assessment, a frequency sweep in a wider range, i.e.,
spanning 6 orders in magnitude, is collected at 60℃ where both the
plateau behaviour and the terminal flow are observed (Figure 12.29).

As already discussed above, relaxation of mechanical stress in micel-
lar gels proceeds mainly via the exchange of polymer strands between
hydrophobic nodes of the network. [93,94] To dissociate from a junction,
a chain segment must first overcome an energy barrier before diffusing
into the surrounding medium. As demonstrated for PS-b-PNIPAAm-
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tpy networks, this energy barrier can be dramatically increased by the
collapse of PNIPAAm chain segments onto micellar cores. In turn, this
suppresses the relaxation of the material via exchange of hydrophobes,
thereby benefiting to the low frequency response of the gel only. How-
ever, rheological characterization of triblock copolymer gels show that,
even in the absence of relaxation processes, both elastic and viscous
responses increase significantly upon heating (Figure 12.28).
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Figure 12.28 – Frequency dependence of dynamic moduli for a
hydrogel prepared from PS12-b-PNIPAAm75-b-PDMAEMA105-tpy

copolymer and Ni(II) ions, at different temperatures.

To explain the thermal transition in moduli, it is hypothesized that
the relaxation being observed at intermediate temperatures corresponds
to local motions of PNIPAAm segment. At low temperature, relaxation
of the chain segments in solution is extremely prompt due to micro-
Brownian motions, which do not contribute to the modulus. Being part
of the fast relaxation spectrum of the material, these motions are not
directly accessible by experiment since they involve extremely short time
scales and low activation energy barriers. Upon heating, the collapse
of PNIPAAm block onto preformed micellar cores progressively restricts
the motions of chain segments in solution. In turn, the decreasing degree
of motional freedom, caused by intra- and inter-chain association in the
collapsed state, results in a gradual shift of this relaxation mode to lower
frequencies. At elevated temperatures, the advanced dehydration of the
PNIPAAm block leads to a dramatic increase in conformational rigidity,
therefore disabling the motion of PNIPAAm segments as schematized in
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Figure 12.26.
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Figure 12.29 – Frequency dependence of dynamic moduli for a
hydrogel prepared from PS12-b-PNIPAAm75-b-PDMAEMA105-tpy

copolymer and Ni(II) ions, at 60℃.

12.4.2.5 Oscillatory strain sweep

To further look into the gel characteristics, amplitude strain sweeps
are conducted on triblock copolymer gels at various temperatures and
a given frequency of 1 rad/s. As illustrated in Figure 12.30, the stud-
ied materials display long linear viscoelastic response over the whole
covered temperature range. Under small amplitude oscillatory shear,
moduli indeed remain nearly invariant with respect to strain amplitude,
indicating no break up of the network structure. At larger deformations,
both moduli drop dramatically with strain on sample, which is highly
characteristic of non-linear response.

A first consequence of the collapse of PNIPAAm mid-block onto mi-
cellar cores is that hydrogels exhibit stronger stress robustness at higher
temperature. Nevertheless, the yield of the materials is observed around
comparable strain amplitudes in the nearly entire temperature range.
In practice, a significant deviation is only observed at a temperature of
60℃. Under this condition, a mild dehydration of the network can be
expected due to the partial collapse of PDMAEMA chains, which would
indeed result in lower stretchability. However, almost no hysteresis loss
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can be observed when coming back to small deformations (Figure 12.31),
suggesting that triblock copolymer gels remain well hydrated even at
high temperatures, at least around neutral pH.
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Figure 12.30 – Strain dependence of dynamic moduli for a hydrogel
prepared from PS12-b-PNIPAAm75-b-PDMAEMA105-tpy copolymer

and Ni(II) ions, at different temperatures.

The dynamic strain sweep study also reveals significant thermal vari-
ations in the behaviour of the gels at the limit of the linear range (Fig-
ure 12.30). At low temperatures, a hardening response to strain, that is
particularly marked in the loss modulus, is observed prior yielding. As
suggested by Tam and coworkers, [95] such a behaviour may result from
the incorporation of finite size aggregates into the percolated hydrogel,
which is possible due to reorganization of the weakly associated network
structure. As the temperature is increased, the collapse of PNIPAAm
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segments onto micellar nodes is thought to reduce the tolerance and
flexibility of the same structure against high shear deformation. As a
consequence, strain softening is only observed above 40℃, as shown in
Figure 12.30.
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Figure 12.31 – Strain dependence of dynamic moduli for a hydrogel
prepared from PS12-b-PNIPAAm75-b-PDMAEMA105-tpy copolymer
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12.5 Summary

This chapter explored the possibility of controlling the formation,
strength, and dynamics of metallo-supramolecular micellar networks in
response to specific environmental triggers. The latter included tem-
perature, pH, and the presence of co-solvent, thus targeting both non-
covalent associations tethering the supramolecular materials and the re-
sponsive polymer sequences that compose the gel scaffolds. As charac-
terization technique, rotational rheometry was used to monitor changes
in the viscoelastic response of diblock and triblock copolymer based ma-
terials upon stimulation.

At first, the dynamics of PS-b-PNIPAAm-tpy associating copolymer
gels was addressed in an orthogonal and controllable fashion, while keep-
ing their overall viscoelastic response essentially unaltered. On one hand,
the protonation of the terpyridine ligands under medium-to-high acidic
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conditions was demonstrated to promote the dissociation of the metal–
ligand complexes, thus affecting the slow relaxation of the network. On
the other hand, solvent-induced plasticization of the hydrophobic asso-
ciations enhanced the detachment of the chain-ends from the network
nodes, leading to a decrease of the fast relaxation time.

Then, the use of external stimuli to trigger the formation of mi-
cellar networks was tested on concentrated solutions of PNIPAAm-b-
PDMAEMA-tpy double hydrophilic diblock copolymers. Beyond the
temperature-dependent behaviour of PNIPAAm blocks, rheological mea-
surements showed that micellar aggregation manifests itself as a delayed
gelation, at least under neutral or acidic conditions. Besides, the for-
mation of a percolated network was effectively inhibited under basic
conditions due to the low solubility of the deprotonated PDMAEMA
block at high temperatures. In addition, the gelation temperature range
was adjusted depending on several factors including the concentration
in diblock copolymer, the pH of the solution, and the nature of metal
ions. Interestingly, an independent control over the network formation
and dynamics was notably achieved, via proper choice of the metal ions,
when long PNIPAAm segments were used. Finally, the reversible nature
of the thermo-induced sol–gel transition was verified upon cooling, the
micellar network disaggregating into individual chains.

The change in chain conformation of PNIPAAm segment was fur-
ther exploited to tune the rheological response of hydrogels prepared
from PS-b-PNIPAAm-tpy diblock copolymers. Below the critical solu-
tion temperature of PNIPAAm chain segments, the materials showed
the characteristic features of temporary micellar networks. Above the
phase transition temperature, the collapse of PNIPAAm chains caused
the shielding of transient micellar cores, thus reinforcing them kinet-
ically. As a result, the rheological behaviour of PS-b-PNIPAAm-tpy
based materials changed from the one of transient micellar gels to the
one of dynamically more stable coordination rubbery gels.

Even if a mesoscopic phase separation occurred, the mechanical in-
tegrity of PS-b-PNIPAAm-tpy hydrogels was however preserved at high
temperatures, which was attributed to the presence of charged metal–
ligand complexes. When stressed by mechanical forces, the self-assembled
materials exhibited a fully reversible gel-to-sol transition, at the collapse
temperature of PNIPAAm as well as under ambient conditions. Self-
healing of the gels was however marked by a hysteresis at the phase
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transition temperature, which was rationally correlated with the confor-
mational behaviour of the thermo-sensitive chains in aqueous solution.
In this regard, heating the gels across the phase transition boundaries
led to a more pronounced hysteresis, along with a gradual decrease in
the yield strength of the materials.

Lastly, the same thermo-rheological study was extended on PS-b-
PNIPAAm-b-PDMAEMA-tpy triblock terpolymer hydrogels. Depend-
ing on the length of the PS segment, their behaviour was in fact varied
from the one of PNIPAAm-b-PDMAEMA-tpy diblock copolymer solu-
tions to the one of PS-b-PNIPAAm-tpy diblock copolymer gels. For
short polystyrene, the association strength of the terminal sticker was
not strong enough to generate a long-lived network, but was sufficient
to assist the thermo-induced gelation of the system. For longer PS seg-
ments, well-hydrated gels were readily obtained whose frequency- and
strain-dependences of their linear viscoelastic moduli were reported as
a function of the temperature. Notably, results evidenced that the high
degree of freedom of the PNIPAAm segment in the hydrated state al-
lowed partial relaxation of mechanical stress. This wasted contribution
to the elastic response was however modulated by the solubility of the
middle block at higher temperatures. By ultimately suppressing the seg-
mental relaxation, the collapse of PNIPAAm block also led to stronger
hydrophobic associations that are less easily disrupted by mechanical
forces. Finally, the response of the gels under large oscillatory shear was
sensibly varied across the investigated temperature range. Precisely, an
overshoot in both moduli was observed below the collapse transition
temperature of PNIPAAm segment, while the same materials exhibit
strain thinning only at higher temperatures.

12.6 Experimental part

Materials

Terpyridine end-capped block copolymers are synthesized via sequen-
tial reversible addition–fragmentation chain transfer control radical co-
polymerization, as reported in a previous chapter. Nickel(II), iron(II),
cobalt(II) and zinc(II) chloride salts are dried, kept in a glove box, and
weighted under argon atmosphere.
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Instrumentation

Shear rheological experiments are performed on a Kinexus Ultra
(Malvern Instrument) rheometer equipped with a heat exchanger and
modified with a solvent trap. Measurements are carried out at given
temperatures, using a 20 mm plate–plate geometry, in a water saturated
atmosphere in order to minimize evaporation of the solvent. The gap
is adjusted between 50 and 250 µm so that the geometry is completely
filled. Normal forces are checked to be relaxed prior any measurement.

Preparation of supramolecular gels

Hydrogels are prepared by mixing given amounts of block copolymer
with Milli-Q water. The sealed reaction vessels are placed in a fridge and
shaken periodically to form homogeneous concentrated solutions after a
few days. When required, pH of the solutions is adjusted via addition
of hydrochloric acid aqueous solution of a given molarity. In this re-
spect, targeting total, half and no protonation of the amine groups of
PDMAEMA respectively lead to pH values of 3, 6 and 9. The gels or
precursor solutions are then readily obtained by adding the stoichiomet-
ric amount of half an equivalent of transition metal ions (with respect to
the terpyridine content) dissolved in defined amounts of Milli-Q water to
each concentrated solutions. Lastly, the reaction vessels are placed again
in the fridge over three days to ensure homogenization and stabilization
of the materials. The final concentration of copolymers in samples varies
in the semi-diluted regime, from 5 to 20 %w/v.

Loading and testing protocol

Around 50 µL of gel is loaded onto the stationary bottom plate of the
rheometer preheated at 20℃. By stepwise lowering the gap between
the two plates, the sample is compressed and forced to spread over the
geometry so that the gap is completely filled. Equilibration of the sample
is followed by monitoring the evolution of normal force, storage and loss
moduli with time, under small amplitude oscillatory shear. Rheological
tests are started when both moduli reach constant values and normal
force has relaxed to < 0.05 N.
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CHAPTER 13
LARGE AMPLITUDE SHEAR ON METALLO-

SUPRAMOLECULAR MICELLAR GELS

Abstract

A crucial but still not well understood aspect of supramolecular gels is
their behaviour under large amplitude oscillatory shear. Under such con-
ditions, the interactions between associating segments are mechanically
altered by shear forces, which complexify the analysis of their rheological
signature. Based on the viscoelastic response of a hetero-telechelic asso-
ciating model network over a wide range of frequency and amplitude of
deformation, a tentative picture of the non-linear phenomena is proposed
involving contributions from both associating stickers.
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13.1 Overview

As seen in the previous chapters, the linear viscoelastic response of
metallo-supramolecular micellar gels is closely related to the structural
characteristics of the transient networks. Hence, their dynamics and
cross-linking density are respectively dictated by the nature of non-
covalent associations and the fraction of metal–ligand bridges between
hydrophobic nodes. However, a still nebulous aspect, but arguably of im-
portance, of supramolecular polymer networks is their complex response
when probed at high deformation, which is often referred to non-linear
rheology. [1–4] Despite efforts devoted to that field, [5–8] a clear picture on
this feature indeed remains elusive.

In some cases, supramolecular polymer networks exhibit shear thin-
ning under continuous shear, or correspondingly strain softening under
oscillatory shear, whereas in other cases, they show shear thickening or
strain hardening. As reported by many groups, [9–11] mechanically in-
duced dissociation of the physical cross-linkers is clearly implicated in
thinning/softening behaviours, which are crucial for numerous applica-
tions as they confer injectability to the material. [12] By contrast, thick-
ening/hardening behaviours are generally attributed to network reorga-
nization under shear, which leads to mechano-induced homogenization,
and hence reinforcement of the material, [13–15] or to repulsive interac-
tion between the chains that are forced to interpenetrate one another
by the shear flow. [16] Although intimately related to the transient na-
ture of non-covalent cross-links, the mechanisms of thinning/softening
and thickening/hardening are often not clearly understood. The com-
prehension of such non-linear phenomena is even further complicated by
the fact that these ambiguous behaviours can be observed on the same
system depending on the experimental conditions, e.g., concentration or
shear rate. [17,18]

Not surprisingly, more complex LAOS behaviours, as various types
of shear thinning and shear thickening characteristics, can be observed
when increasing complexity of supramolecular polymer networks. As
pointed by Craig and coworkers, [19] all these types of shear behaviour can
be nevertheless considered as simply different end points of a continuum
of shear response, which all indicate a competition between different
time scales: the time scale of the solicitation, the time scale at which
a transient junction dissociates, and the time scale for network chain
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relaxation. For example, if the chain motion occurs faster than the
reconnection of an open cross-link, strain-hardening might occurs due
to the transformation of intra-molecular to inter-molecular cross-links.

13.2 Rheological characterization

In this chapter, the behaviour of PS-block-PNIPAAm-tpy model net-
works is examined under large amplitude oscillatory shear (LAOS), which
is central for the comprehension of complex phenomena occurring around
the yield point. Only the terminal flow of materials is considered regard-
less prior yielding that can be observed, for some particular systems, un-
der medium amplitude oscillatory shear. Depending on the relationship
between the solicitation time scale and relaxation times characterizing
the material, a weak strain overshoot, i.e., a local increase in the vis-
cous response of gels, followed by strain softening, might be observed
at the limit of network rupture. In addition, LAOS experiments allow
the probing of the contribution of each of the transient junctions, i.e.,
coordinative and hydrophobic, to the non-linear response of materials.

Our methodological approach consists in following the viscoelastic
response of materials under oscillatory shear while increasing the ampli-
tude of solicitation. To access the transient network dynamics, frequency
sweeps are performed within a large range of applied strain, spanning
from the linear to the non-linear viscoelastic responses of the material.
Hence, the evolution of dynamic moduli was recorded as a function of
both oscillation frequency (Figure 13.1) and amplitude (Figure 13.2).
In turn, this allows a three-dimensional mapping of the viscoelastic re-
sponse of the material under shear as illustrated in Figure 13.3. Al-
though LAOS measurements can provide meaningful information, [15] it
should be noted that both storage and loss moduli have arguably am-
biguous physical meaning in the non-linear region. Unlike in the linear
viscoelastic regime, the oscillatory stress is indeed no more expressed
as a linear combination of a sine wave and a cosine wave. [1] However,
the analysis of the higher harmonic contributions is significantly too
specific, [5,20,21] and is therefore not discussed here.

From Figure 13.1 (a), a high- and low-frequency plateau in storage
modulus can be distinguished under the limit of small deformations,
which is also delimited in Figure 13.3. Those plateaus are separated
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Figure 13.1 – Frequency dependence of (a) elastic and (b) viscous
moduli for a hydrogel prepared from PS27-b-PNIPAAm300-tpy

copolymer and Ni(II) ions, at different strain amplitudes.

by a transition region described by the fast relaxation time, τ1, practi-
cally identified in Figure 13.1 (b) as the local maximum in loss modulus.
In practice, the structural characteristics, i.e., hydrophobe length and
metal ions, of the investigated material are specifically selected to bring
into light the two distinct plateau regimes. As a penalty to pay, the
choice of nickel(II) metal ions makes the time scale of the terminal re-
laxation mode, τ2, difficult to achieve experimentally. As already iden-
tified in the previous chapters, this slow relaxation is indeed ascribed
to the exchange of ligands around the different metal centres, while the
fast mode is attributed to the exchange of hydrophobes between micellar
nodes.
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for a hydrogel prepared from PS27-b-PNIPAAm300-tpy copolymer and
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From the strain-dependence of storage modulus (Figure 13.2 (a)),
one can differentiate different viscoelastic regimes depending on the so-
licitation time scale and strain amplitude on sample. Practically, the
frontiers between these different regimes are determined from stress–
strain relationships (Figure 13.4) as the limit of linear regions, i.e., where
strain amplitude increases linearly with stress amplitude. At low strain
(γ0 < 50 %), dynamic moduli remain constant at a given frequency (Fig-
ure 13.2), G′ being higher than G′′, which means the deformation energy
is mostly stored in entropic distortion of network chains. In addition, the
frequency-dependence of both dynamic moduli remains constant what-
ever the strain amplitude on the gel (Figure 13.1). However, as the
applied strain exceeds the limits of the linear viscoelastic regime (1st
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LVR), a deviation toward non-linearity is observed, i.e., stress on sam-
ple becomes independent of strain (Figure 13.4).
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At the onset of the first non-linear viscoelastic region (1st NLVR),
elastically active junctions start being altered by mechanical forces,
which in turn affects the balance between the formation and dissociation
rates of transient cross-links. [21,22] As further revealed by stress–strain
relationships (Figure 13.4), a second LVR followed by non-linearity tends
to be achieved under large amplitude oscillations. This terminology de-
notes the fact that stress on sample locally recovers with strain, which is
attributed to further stretching of the associating network. Hence, it is
thought that this particular behaviour reflects the structural complexity
of the present material and can be rationalized by taking into account
the contribution of both hydrophobic cores and metallo-bridges.

In the non-linear regions, the strain energy that is transmitted to
stress-bearing junctions promotes the detachment of associating units
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and subsequent relaxation of polymer chains, as predicted by Tanaka
and Edwards. [23,24] In turn, this results in a large reduction of the num-
ber of elastically active chains within the network, as attested by the de-
crease in elastic modulus under large oscillatory shear (Figure 13.2 (a)).
Under those conditions, the frequency at which the material is stressed
also affects the magnitude of its elastic response which follows a rather
complex pattern (Figure 13.1 (a)). At a given strain amplitude, a min-
imum in G′ can for example be observed in the region intermediate
to the high- and low-frequency regimes. The complexity of such non-
linear response is the first indication of a delicate interplay between
the strain-promoted destruction and reformation of network junctions,
which depends on both solicitation time scale and amplitude. [21,22]

When entering in the 1st NLVR, a drastic decrease is observed in
the fast relaxation time, τ1, characterizing the associating network (Fig-
ure 13.5), which is classically reported for hetero-telechelic associating
polymer network. [25–28] As observed in Figure 13.1 (b) and further re-
ported in Figure 13.3, this mechanical activation is clearly visualized
by the increase in the apparent relaxation frequency of the associating
network, practically identified as the local maximum in G′′. In other
words, the apparent dissociation kinetics of hydrophobic junctions in-
tensifies with strain on sample, evidencing mechanical cleavage of the
fast-dissociating hydrophobic cores. When exceeding the 1st limit of lin-
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earity, the viscous modulus further increases in value (Figure 13.1 (b)),
which is principally marked in the high- and low-frequency regimes. Ac-
cording to Ahn and coworkers, [21,22] this increase in G′′ suggest that
both creation and loss of transient cross-links are enhanced by large am-
plitude shear. In a rheological point of view, the dissociation of junctions
is thus partially counterbalanced by their reattachment to the network,
which benefits to the large amplitude elastic response in specific fre-
quency ranges (Figure 13.1 (a)). The loss term being however dominant
whatever reformation is mechanically favoured or not, the viscous mod-
ulus finally drops when strain is dramatically increases on sample.

Not surprisingly, the response of the material at the onset of the first
non-linear viscoelastic regime is found to be highly frequency-dependent.
As shown in Figure 13.2 (b), a weak to strong overshoot in G′′ might
be observed under increasing strain, while strain softening is exclusively
observed for G′ (Figure 13.2 (a)). Precisely, this particular behaviour
occurs at frequencies higher than the characteristic relaxation frequen-
cies of each physical cross-link, and has to be discussed in regard to
their dissociation kinetics. Indeed, the relative amount of energy that
is dissipated as heat, due to relaxations that occur on the time scale
of the deformation, is maximal when the latter coincides with the life-
time of the non-covalent junctions. Despite the apparent intactness of
the hydrophobic association in the high-frequency linear regime, the ef-
fective loss modulus shows a pronounced overshoot above the limit of
linearity (Figure 13.2 (b)), which is due to strain-enhanced detachment
of hydrophobes from micellar cores. In addition, a weak strain over-
shoot in G′′ is observed in the low-frequency region as well, evidencing
a mechanically promoted cleavage of the slow-dissociating cross-linkers,
i.e., metal–ligand bis-complexes.

As evaluated from stress–strain relationships (Figure 13.4) and fur-
ther reported in Figure 13.3, the onset of the second LVR is found to
be highly frequency-dependent so that it has been only observed in the
high-frequency region. Below the 1st relaxation frequency, transient mi-
cellar cores indeed provide efficient relaxation of mechanical stress, while
metallo-bridges remain essentially intact. Since the largest part of the
deformation energy is dissipated through the dissociation of hydropho-
bic cores, the 2nd LVR is not observed except at extremely high strain.
Under such conditions, the extra strain energy actually allows the poly-
mer chains to be further stretched until stress-bearing metallo-bridges
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become in turn altered by mechanical force, which corresponds to the
onset of the second NLVR.

As the oscillation time scale is reduced, i.e., the frequency of os-
cillation is increased, the balance between stored and lost energy pro-
gressively shifts to favour the stretching of polymer chains due to the
increasing integrity of micellar cores. This apparent growing strength of
the latter is accompanied by a gradual increase in the first yield stress
(Figure 13.4). In parallel, the onset of the 2nd LVR is observed at lower
strain when increasing the oscillation frequency, as further reported in
Figure 13.3. Above the apparent kinetics associated to the fast relax-
ation mode, both linear viscoelastic regimes tend to merge into a single
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one (Figure 13.4), suggesting that kinetically “frozen” hydrophobic cores
ultimately surpass metal–ligand bis-complexes in strength. Indeed, this
allows the cores to withstand the imposed stress, at least until the com-
plexes are mechanically disrupted.

In parallel, the viscoelastic response of the material is studied by
performing amplitude strain sweeps at various oscillation frequencies.
When the stress on the sample is further reduced, the reversibility of the
non-linear phenomena is always observed while both moduli recover their
original values, indicating that the global structure after recovery is iden-
tical to that of the initial network. As illustrated in Figure 13.6 and 13.7,
a significant hysteresis might however be observed when coming back to
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Figure 13.7 – Strain dependence of dynamic moduli for a hydrogel
prepared from PS27-b-PNIPAAm300-tpy copolymer and Ni(II) ions, at

selected oscillation frequencies of (a) 3 rad/s and (b) 30 rad/s.
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small deformations, which depends on oscillatory shear frequency. The
presence of such hysteresis indicates that the LAOS imposed on the
gel results in major structural changes and that the relaxation of the
perturbed system toward its equilibrium structure is slow. [28] In prac-
tice, this situation is achieved when the stress-carrying junctions are
constrained at rates that exceed their own dissociation rates.

On short time scales compared to their intrinsic lifetimes, the stress
on the sample is indeed fully transmitted to intact, elastically-active
junctions, which in turn strongly perturbs the structural equilibrium of
the network. Under large amplitude oscillatory shear, the increasing dis-
sociation rates for cross-linkers can thus be viewed as the consequence
of the natural tendency for the system to continuously reach an equilib-
rium structure. In that sense, more frequent dissociations indeed allow
faster reorganization of the mechanically constrained material. In the
high-frequency regime (Figure 13.7 (b)), both hydrophobic and coordi-
native cross-links are mechanically altered, resulting in a profound hys-
teresis in loss and storage modulus. In the low-frequency region, only
the metal–ligand complexes are disrupted by mechanical force, which
mainly affects the elasticity of the gel (Figure 13.6 (a)). At the tran-
sition in between, the presence of transient hydrophobic junctions at
those experiment time scales ensures a dynamic equilibrium during the
structural reorganization of the gel. Hence, only a weak hysteresis is
observed, as illustrated in Figure 13.7 (a).

13.3 Summary

In summary, we have drawn here a tentative picture of the non-linear
phenomena occurring in a class of hetero-telechelic associating poly-
mer gels under large amplitude oscillatory shear. The investigated ma-
terial consisted of a terpyridine end-capped polystyrene-block-poly(N -
isopropylacrylamide) copolymer that self-assembles in aqueous solutions
toward coordination micellar gels with complex but defined network
structure. In turn, their structural complexity resulted in a rich non-
linear response that was discussed by taking into account the contribu-
tion of both hydrophobic cores and metallo-bridges between them.

The viscous response of the material showed an overshoot at inter-
mediate strain when solicited at frequencies higher than the lifetime of
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the stress-active cross-linker. This particular behaviour was rational-
ized by taking into account the effect of mechanical forces on the gel.
Above the first yield strain, mechanical stress increased the dissociation
rate of non-covalent cross-linkers. This acceleration is believed to re-
flect the tendency of the system to reach its equilibrium under LAOS,
which is consistent with the observation of hysteresis for the non-linear
phenomena.

Behind our approach, thus lies a fundamental comprehension of the
physical-chemistry, especially the mechano-chemistry, of supramolecular
soft matter. In this context, our contribution aims to understand the
mechanistic conversion of mechanical work in coordination micellar gels.
Primarily, the deformation energy is indeed elastically absorbed through
entropic distortion of the self-assembled polymer network. Then, the
transmission of shear forces to stress-carrying junctions induces a trans-
formation of the mechanical energy into chemical energy, resulting in
the activated rupture of non-covalent associations. This bond break-
ing occurred via a multi-step yielding, thereby delimiting discrete linear
and non-linear responses. In turn, this allowed the material to relax
stress through a single or multiple relaxation modes that occurred on
the deformation time scale and amplitude.

13.4 Experimental part

Materials

Terpyridine end-capped block copolymers are synthesized via sequen-
tial reversible addition–fragmentation chain transfer control radical co-
polymerization, as reported in a previous chapter. Nickel(II) chloride
salt is dried, kept in a glove box, and weighted under argon atmosphere.

Instrumentation

Shear rheological experiments are performed on a Kinexus Ultra
(Malvern Instrument) rheometer equipped with a heat exchanger and
modified with a solvent trap. Measurements are carried out at given
temperatures, using a 20 mm plate–plate geometry, in a water saturated
atmosphere in order to minimize evaporation of the solvent. The gap
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is adjusted between 50 and 250 µm so that the geometry is completely
filled. Normal forces are checked to be relaxed prior any measurement.

Preparation of supramolecular gels

Hydrogels are prepared by mixing given amounts of block copolymer
with Milli-Q water. The sealed reaction vessels are placed in a fridge and
shaken periodically to form homogeneous concentrated solutions after a
few days. The gels are then readily obtained by adding the stoichio-
metric amount of half an equivalent of nickel(II) ions (with respect to
the terpyridine content) dissolved in defined amounts of Milli-Q water to
each concentrated solutions. Lastly, the reaction vessels are placed again
in the fridge over three days to ensure homogeneous gelation and stabi-
lization of the gels. The final concentration of copolymers in samples is
7 %w/v.

Loading and testing protocol

Around 50 µL of gel is loaded onto the stationary bottom plate of the
rheometer preheated at 20℃. By stepwise lowering the gap between
the two plates, the sample is compressed and forced to spread over the
geometry so that the gap is completely filled. Equilibration of the sample
is followed by monitoring the evolution of normal force, storage and loss
moduli with time, under small amplitude oscillatory shear. Rheological
tests are started when both moduli reach constant values and normal
force has relaxed to < 0.05 N.
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Concluding remarks





CHAPTER 14
CONCLUSIONS

Through bibliographic searching, material preparation, data collec-
tion and analysis, this thesis claims chief attention in the broad field of
exact sciences. In this systematic study, the use of metal–ligand inter-
action in combination with classical macromolecular architectures has
proved to be a straightforward approach towards supramolecular multi-
responsive polymer materials with control over their structure, organi-
zation and dynamics. From this work has risen, in a broad sense, a
design strategy that will hopefully guide researchers in the development
and characterization of smart healable materials.

Since this thesis merges the fields of macromolecular chemistry, supra-
molecular assembly and polymer rheology, an overview of the character-
istic features of polymers, the tools for their synthesis, and their complex
solution behaviour was first presented in the introductory part (Chap-
ter 1). Then, fundamental principles of supramolecular chemistry were
introduced, from non-covalent bonds towards self-assembled materials
with responsive, adaptive, and self-healing abilities (Chapter 2). Fi-
nally, the rheology of soft matter, especially polymers, was described
and explained to fall between the two extremes of elastic solids and
viscous fluids (Chapter 3).

The motivation for this work arose in the context of challenging tech-
nological developments, namely smart and healable materials. In this
respect, the goal of this thesis was to access novel polymeric materi-
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als with unprecedented control over their dynamic mechanical proper-
ties (Chapter 4). To this aim, a design strategy was developed based
on the self-assembly behaviour of block copolymers in solution and the
bis-coordination of 2,2’:6’,2”-terpyridine ligands around transition metal
ions (Chapter 5).

A state of the art then summarized recent progresses achieved to
date in the field of polymer materials that are held together by coor-
dination bonds. At first, the different routes towards so-called metallo-
supramolecular polymer gels were reviewed and classified into three main
categories depending on how cross-links are formed through the networks
(Chapter 6). Then, the linear and non-linear viscoelastic responses of
this particular class of materials were addressed with recent advances
in the scientific community, highlighting the complexity but richness of
their rheology (Chapter 7).

In order to build supramolecular polymer materials, macromolecular
building blocks were essential, especially those of well-defined and tai-
lored architecture. In this respect, three libraries of linear associating
copolymers were synthesized via radical copolymerization controlled by
reversible addition–fragmentation chain transfer (Chapter 8). The first
consisted in a series of hetero-telechelic poly(N -isopropylacrylamide)s
bearing a terpyridine ligand at one extremity, and a short polystyrene
sticker at the other end. The second is composed of terpyridine end-
capped double hydrophilic poly(N -isopropylacrylamide)-block-poly(2-(di-
methylamino)ethyl methacrylate) copolymers. Finally, the third fam-
ily is constituted by terpyridine end-functionalized polystyrene-block-
poly(N -isopropylacrylamide)-block-poly(2-(dimethylamino)ethyl metha-
crylate) triblock copolymers.

Each syntheses involved the sequential polymerization of selected
comonomers, affording polymer sequences with specific features, e.g.,
weak affinity for water or thermo-responsiveness. The sequential poly-
merization processes were conducted in solution and were mediated
by chain transfer agents that have been modified with the 2,2’:6’,2”-
terpyridine ligand. Practically, control over the block length, mass dis-
tribution and functionality was confirmed by a combination of analyt-
ical techniques involving nuclear magnetic resonance spectroscopy, size
exclusion chromatography, and end-group titration via UV-Visible ab-
sorption spectroscopy.
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The synthesized macromolecular building blocks were assembled over
distinct levels of hierarchy to yield metallo-supramolecular micellar gels
(Chapter 9). In a first approach, the self-assembly of the different func-
tional building blocks was tested in dilute solutions, via a combination
of selected analytical techniques. On one hand, the possibility to estab-
lish metal–ligand bridges between two individual copolymer chains was
demonstrated by means of absorption spectroscopy and size exclusion
chromatography, showing efficient coupling. On the other hand, the so-
lution behaviour of the block copolymers was systematically studied as a
function of the structure parameters defined by the macromolecular de-
sign, namely the nature and length of the blocks, and the environmental
variables, e.g., the pH and temperature.

The effective micellization of associating copolymers bearing a hy-
drophobic sticker at one end, namely PS-b-PNIPAAm-b-PDMAEMA-
tpy and PS-b-PNIPAAm-tpy, was confirmed by dynamic light scatter-
ing measurements. Indeed, the analysis of the raw signal indicated the
presence of well-defined objects of a few tens of nanometres size un-
der ambient condition. The heat-induced collapse transition of PNI-
PAAm block in those architectures was further monitored around the
theoretical value, causing macro-phase separation of PS-b-PNIPAAm-
tpy solutions. In parallel, the complex solution behaviour of double
hydrophilic PNIPAAm-b-PDMAEMA-tpy copolymers was rationalized
taking into account the responsiveness of each constituting blocks in re-
gard to environmental changes. The micellization and macro-phase sep-
aration in those systems was triggered by heat and further controlled via
pH changes. In this respect, protonation of the PDMAEMA block was
found to delay the thermo-induced collapse transitions of both blocks.

Working in a more concentrated regime, supramolecular hydrogels
were successfully prepared from the different associating block copoly-
mers. The first level of organization was reached upon direct dissolution
of the block copolymers in aqueous media, resulting in spontaneous or
triggered assembly into micellar nano-structures. Utilizing metal–ligand
coordination as the driving force for network formation, supramolecu-
lar hydrogels were then readily prepared by adding transition metal
ions to the concentrated micellar solutions. In the case of PNIPAAm-
b-PDMAEMA-tpy copolymers, stimuli-induced gelation was reversibly
achieved by heating the metal-containing solutions, which further de-
pended on the pH of the media. In complement to visual observations,
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light was shed on the thermo-responsiveness of the different hydrogels
by means of differential scanning calorimetry.

At the core of this research, the dynamic mechanical properties of
metallo-supramolecular micellar gels were investigated in depth using
rotational rheometry measurements. Not surprisingly, the structural
complexity and hierarchical organisation of the studied materials was
accompanied by a relatively rich rheology. At first, the linear response,
i.e., dynamics (Chapter 10) and cross-linking density (Chapter 11), of
the gels was closely related to the structural characteristics of the tran-
sient networks. Their ability to respond to environmental, i.e., pH and
temperature, changes was monitored in terms of rheology and rational-
ized by the solution behaviour of the associating copolymers (Chapter
12). Finally, the rheological characterization was extended into the non-
linear regime, probing the large amplitude oscillatory shear response of
materials (Chapter 13).

The dynamics of the investigated PS-b-PNIPAAm-tpy associating
gels, as model networks, reflected the discrete contributions from each
transient cross-linkers. A first contribution to the network dynamics
arose from the self-assembly of amphiphiles in aqueous solutions. De-
pending on the hydrophilic–hydrophobic balance, stress relaxation by
network rearrangement was enabled via detachment and subsequent ex-
change of stickers between hydrophobic domains. A second contribution
was provided by the coordination bridges between associating nodes.
The latter further allowed material relaxation via exchange of ligands
around different metal centres, at a rate that matched the lifetime of
the terpyridine bis-complexes. Accordingly, an orthogonal control over
the dynamics of PS-b-PNIPAAm-tpy associating networks was achieved
by varying the length of hydrophobic segment and the nature of metal
ions.

Depending on the stability of the different associations, the viscoelas-
tic response of the self-assembled materials was varied from that of
highly elastic “hard” hydrogels to the one of more viscous “soft” mat-
ter. While the first essentially behaved as if chemically cross-linked, the
second presented the features characteristic of transient physical gels.
Due to enhanced mechanical energy dissipation, the dynamic nature of
“soft” hydrogels allowed them to withstand larger deformations com-
pared with “hard” analogues, thus showing an extended linear response.
Beyond these findings, hydrogels that exhibited a remarkable “two-step”
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gel–sol transition in response to mechanical stress were prepared via fine
tuning over the associating copolymer architecture.

The cross-linking density of hierarchically assembled PS-b-PNIPAAm-
tpy hydrogels was then adjusted by controlling the fraction of elastically
active inter-micellar bridges in the system, compared to inactive intra-
micellar loops. To achieve that goal, several factors were investigated
that are the operating temperature, the length of the associating copoly-
mer, and its overall or effective concentration. Hence, the formation of
active bridges was favoured by increasing the length of the NIPAAm
inner segment, or its degree of swelling in response to cooling. On the
other hand, decreasing the effective concentration in associating copoly-
mers, either by reducing the overall content in telechelics or by replacing
a proportion of the latter with semi-telechelics, led to weakly percolated
hydrogels.

By varying the fraction of bridging chains, two distinct regimes with
specific rheological behaviours were distinguished that correspond to
the well percolated networks, with a high cross-linking density, and the
weakly percolated networks, with a low cross-linking density. In densely
connected hydrogels, the high degree of cross-linking resulted in an in-
creased viscoelastic response, therefore allowing the material to carry
higher shear stresses. In sparsely connected networks, the hydrophobic
cores acted as chain extenders instead of network nodes, which leads to
the formation of super-bridges. In turn, these strings of bridged micelles
enhanced stress relaxation and allowed the materials to be stretched to
a greater extent.

The stimuli-responsiveness of materials elaborated from the differ-
ent functional building blocks was investigated by rotational rheome-
try. Hence, light was shed on the influence of commonly encountered
environmental variables, i.e., temperature, pH and co-solvent, on the
dynamic mechanical response of the gels. Being of transient nature, the
non-covalent junctions structuring the PS-b-PNIPAAm-tpy networks,
i.e., hydrophobic and coordinative, were targeted by the application of
proper stimuli, namely the addition of a co-solvent and variations in pH.
In this respect, an orthogonal control was gained over the material relax-
ation, each stimulus affecting the dynamic exchange of the specifically
targeted associations.

External stimuli were then used to trigger the formation of percolated
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networks from concentrated solutions of PNIPAAm-b-PDMAEMA-tpy
copolymers. In this respect, rheological measurements showed that
the thermo-induced micellization indeed manifested itself as gelation.
However, the formation of a percolated structure was evidenced to be
controlled by the supramolecular organization of the network rather
than the prior collapse of PNIPAAm segments. Besides, the thermo-
reversible gelation was readily modulated by the concentration in asso-
ciating copolymer, the pH of the media, the length of the PNIPAAm
block, and the nature of metal ions involved in the assembly process.

The thermo-induced change of PNIPAAm segment conformation was
further exploited to tune the magnitude of the viscoelatic response of hy-
drogels prepared from PS-b-PNIPAAm-tpy diblock and PS-b-PNIPAAm-
b-PDMAEMA-tpy triblock copolymers. Above the phase transition tem-
perature, the rheological signature of PS-b-PNIPAAm-tpy based materi-
als notably changed from the one of transient micellar gels to the one of
coordination rubbery gels. Even if partial hydration of these hydrogels
was preserved at high temperatures, the mesoscopic phase separation
resulted in lower stretchability and a pronounced hysteresis during the
healing process. Due to the presence of a third hydrophilic block, these
penalties were overcome in the case of PS-b-PNIPAAm-b-PDMAEMA-
tpy triblock copolymer hydrogels. Indeed, thermo-rheological measure-
ments on these systems showed that the collapse of PNIPAAm blocks
onto pre-formed micellar cores only benefits to their rheological proper-
ties, i.e., modulus and yield strength.

Finally, a closer but quick look to the non-linear rheology of metallo-
supramolecular micellar gels showed the complex behaviour they adopt
under large amplitude oscillatory shear. Depending on the relationship
between the time scales of solicitation and relaxation of the materials,
a local increase in the viscous response of gels might be observed prior
strain softening. Although elusive, a tentative picture of the non-linear
phenomena was drawn, involving distinct processes of network disassem-
bly that are core disruption and metal–ligand dissociation.

To summarize, the original contribution and significance of this re-
search to the field of exact sciences is threefold. From an applied point of
view, this thesis provides a design strategy and guidelines for the elabo-
ration of supramolecular polymer materials with control over their struc-
ture, self-organization and dynamics. From a more fundamental point of
view, this work has established clear relationships between the structure
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and rheological properties of a particular class of self-assembled mate-
rials, namely metallo-supramolecular micellar gels. Finally, this thesis
offers exciting breakthrough to drive future developments and possible
applications in the field of material sciences and engineering.





CHAPTER 15
PERSPECTIVES AND POTENTIAL

APPLICATIONS

From this research, it is clear that metallo-supramolecular micellar
gels offer a straightforward route to responsive, adaptive and tunable
inorganic/organic hybrid materials. Their properties can be tailored by
proper selection of transition metal ions and appropriate manipulation
of copolymer composition and architecture. Additionally, the hierarchi-
cal assembly and resulting behaviour of these smart materials, mainly
their linear and non-linear viscoelastic responses, can be influenced by
environmental variables, such as temperature and pH. In the following,
some recommendations for future work are thus given, followed by pos-
sible application for those materials.

15.1 Perspectives

As a matter of fact, terpyrdine ligands constitute formidable coor-
dination motifs for building well-defined supramolecular architectures
with control over structure and dynamics. Indeed, the binding strength
of metal–terpyridine bis-complexes can be varied by orders of magni-
tude depending on the chelated ions, [1,2] the substituent groups on the
ligand, [3] as well as the surrounding medium. [4] Nevertheless, the cost
of terpyridine derivatives limits their use for high-value applications,
consequently lowering attractiveness for industry. Therefore, enlarging



420 Chapter 15. Perspectives and applications

the scope of this study with less specific, but economically competitive
candidates, such as phosphate or carboxylate ligands, [5–7] would clearly
benefit to industrial perspectives including biomedical and environmen-
tal applications.

Other metal cations may also offers new possibilities to direct the
self-assembly of engineered polymer architectures into supramolecular
gels. In particular, lanthanide ions are of primary interest since they
form, in combination with terpyridine, associating motifs with a ligand-
to-metal stoichiometric ratio of 3:1. In that sense, the coordination
complexes not only act as chain extenders but rather provide branching
points and connection within the network structure. [8,9] Furthermore,
the luminescence properties of lanthanoid containing metallo-gels offer
a probe to investigate their assembly and disassembly process and make
them attractive for various applications. [10]

The possibility to follow chain motional dynamic or, at a larger scale,
material relaxation constitutes an exciting perspective. This challeng-
ing task can be tackled by introducing labelled building blocks into the
supramolecular architecture. [11,12] However, simultaneous monitoring of
microscopic chain dynamics and macroscopic material relaxation would
require more sophisticated instrumentation than expected for standard
investigation. Equipped with real-time spectroscopy probes, such as flu-
orescence, UV-Vis, Raman or infra-red, or even coupled with neutron,
X-rays or light scattering techniques, advanced rheometers can track
changes in molecular structures as a function of deformation and temper-
ature, along with changes of viscoelastic properties. [13,14] In particular,
the analysis of the spectroscopic or scattering signal would benefit the
comprehension of complex phenomena occurring under large amplitude
oscillatory shear or in the vicinity of the phase transitions.

Although useful for a broad class of complex fluids and soft matter,
large amplitude oscillatory strain tests further require a deeper analysis
of the raw signal, notably via the construction of Lissajous curves. [15]
Beyond, the separation of the non-linear signals into a superposition
of harmonic contributions can be analysed as spectra in Fourier space
with respect to their frequencies, amplitudes and phase angle. [16,17] If
strain amplitude and frequency can be varied independently in oscilla-
tory shear rheology, allowing a broad spectrum of conditions to be at-
tained, other methods are needed for quantifying the non-linear response
of the materials. [18] Along with Fourier transform rheology, steady shear
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flow experiments and orthogonal/parallel superposition rheometry can
be considered as powerful tools in the analysis of the non-linear vis-
coelastic response of the elaborated materials. [19]

Beyond classical to more advanced rheological characterization meth-
ods, other techniques have emerged as valuable tools to quantify the
mechanical properties of soft matter. Among them, nano-indentation
using modified AFM probes has allowed testing the very local mechan-
ical properties of materials, which refer to the mesocopic scale. [20,21] In
that sense, such tribological technique therefore fills the scale gap be-
tween molecular characterizations and macro-rheological measurements.
In parallel, advanced light scattering techniques, such as diffusing wave
spectroscopy, have been developed to monitor sub-nanometre displace-
ment of particles trapped within a gel network. Since particle motion is
sensitive to the rheology of the local environment, such scattering tech-
niques constitute excellent and reliable tools for studying dynamics in
non-ergodic samples. [22] Equipped with fast photon detectors, optical
instruments can further measure particle displacements at high frequen-
cies, which overcome one of the most frustrating limitation of mechanical
rheometers, i.e., the accessibility to high frequencies. [23]

By lowering the amount of solvent in the investigated systems, the
present study can be extended from supramolecular polymer gels to
nano-structured bulk materials. Precisely, self-healing multiphase poly-
mers are expected to be developed in which a percolated network is cre-
ated by dynamic coordination bonds within a soft matrix mechanically
anchored to a hard phase. [24,25] In such thermoplastic elastomers, the in-
terplay between the multiple assembly processes is expected to become
more complex. [26] For example, the presence of coordination bonds in
the soft phase may significantly influence the phase behaviour and thus
the self-healing of the hybrid polymer. In addition, ionic coacervation
of charged metal–ligand complexes may significantly improve modulus,
mechanical stability, creep resistance, and strength of the self-assembled
materials. [27,28]

15.2 Applications

Prospects for everyday to advanced applications directly arise from
the unique characteristics of supramolecular bonds and polymer se-
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quences used in the frame of this project. Along with the reversible
nature of non-covalent associations, their response to various physical
and chemical stimuli could lead to the development of new multifunc-
tional “smart” materials. Among them, mechano-sensors and soft actu-
ators are especially targeted since the presented hydrogels show a com-
plex rheological response that reflects both the intensity of mechanical
constrains and the deformation time scale. Besides, the structural and
organizational complexity of those materials can be regarded as a power-
ful tool, since it allows targeting a large number of constitutive elements
in those systems.

The autonomous healing ability and thixotropic properties of the de-
veloped hydrogels may find numerous applications including, but not
restricted to, passive dampers, shock absorbers, vibration insulators or
self-restructuring metal coatings. Indeed, they possess a certain rigidity
but are able to dissipate mechanical energy, which is function of stress
intensity and duration. For all those perspectives, an advanced con-
trol over the rheological properties of the materials is therefore crucial,
with the intention of varying them in a wide range, e.g., from viscous
liquids to hard solids. Whereas an elastic response confers ductility
to the material, a more viscous behaviour allows dissipating mechan-
ical energy when used as insulator, or healing fractures when used as
self-repairing coating. In this continuity, the presence of multiple dis-
tinct viscoelastic regimes, as a function of solicitation amplitude and
frequency, constitutes a valuable feature since it delimits a wide range
of mechano-responses that reflect the environmental constrains encoun-
tered by the material.

According to their dynamic mechanical response, the investigated
materials may find application in numerous fields including medical, en-
gineering and electronic (Figure 15.1). Integrated in the heels of damp-
ing shoes, passive shock absorbers damp the shocks on hard grounds
while keeping the rigidity that is necessary for a perfect stability. With-
out protecting the ankles from the impact of landing, the shock wave
spreads in the organism and is absorbed by the joints, the knees and the
spine, leading to pathologies such as back pain, tendinitis, and muscle
tensions. Embedded in the high-rebound head of a golf club or on the
frame of a tennis racket, the same material absorbs the excess force ap-
plied on them, allowing a comfortable feeling of impact during golf swing
or tennis serve. As a consequence, the vibration soother limits the in-
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flammation risk at the elbows of the tennis players, or the shoulder pain
of the golf players.

Shoe cushioning Electronic device Crash helmet

(a) Applications in shock absorption

Machine insulation Electronic component Percussion instrument

(b) Applications in vibration damping

Figure 15.1 – Gel materials as shock absorbers and vibration
dampers by RTOM Corporation, Sidas Technologies, and Taica

Corporation.

Applied on electronic devices such as computer boards, engine con-
trollers, cameras, smart phones or tablets, anti-vibrators ideally prevent
a maximum of damages that may occur during transportation or due to
inappropriate use or falling down. In the form of adhesive gel sticks or
sheet, the same materials can suppress vibration under precision instru-
ments and testing machines for instant and prolonged damping, which
consequently reduces noise during data acquisition. In acoustics, vibra-
tion dampers are able to absorb sound waves over a selected frequency
range, thereby specifically negating some noise pollution and reducing
hearing problems that could result. In studio, the self-assembled hydro-
gels can stick to the surface of drums, cymbals, and most percussion
instruments to diminish the higher overtones, eliminate any unwanted
resonance, and therefore obtain the exact sound the situation demands.

To target all of these possible applications, the mechanical properties
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of metallo-supramolecular micellar gels must be finely tuned to reach a
good balance between robustness and performance. For example, this
can be achieved by varying the weight fraction of associating polymers
in the gels, or modulating the strength of the non-covalent associations
tethering the networks. In addition, reinforcing the properties of supra-
molecular gels can be considered via the incorporation of mechanically
active components like, e.g., nano-tubes, fibres or particles, into the gel
scaffolds. Due to physical adsorption of polymers onto nano-particle
surfaces, the mechanical performances of these composite gels are in-
deed generally improved in comparison with those of the corresponding
native materials. [29–31]

Given the particular dynamic flexibility of their inner structure, the
presented materials integrate fast, autonomous and efficient healing abil-
ity, and thus fully recover their initial mechanical properties after high-
strain loading. By absorbing potential handling defects, this self-healing
ability dramatically simplifies the implementation of these materials in
new high performance devices, which in turn increases economic effi-
ciency. By reducing fatigue and postponing failure, this potential to
repair damage caused by mechanical usage over time also increases the
material lifetime considerably. Last but not least, the adaptiveness of
these astonishing materials confers facile processing, handling and re-
cycling, thereby embracing innovation to sustainably feed a future with
both economic and environmental challenges!
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AFTERWORD

Even if this original piece of research might be a droplet in the vast
ocean of academic production, it is however a landmark in my personal
life and learning trajectory. It marks the end of a long process of any-
thing but individual efforts, thoughts and accomplishments. From this
work has risen a line of reasoning that, to a great extent, will guide me
about how to work in the context of scientific research, especially when
it comes improving intra- and inter-group relations.

This work was accompanied by academic forms of knowledge dissem-
ination including published peer-reviewed papers, as well as poster and
oral communications in national and international conferences. In paral-
lel, conducting researches in disciplines closely related to the dissertation
subject, either in the form of fruitful collaborations or burgeoning side-
projects, constituted an other treasure of my doctoral education. Along
the way, I finally had the opportunity to transfer the legacy of knowl-
edge and skills inherited from predecessors to the young generation of
talented scientific researchers.

With these words, my hope is that I may have communicated to
my readers some of the pleasure of writing this book, whether they are
interested in specific or broad aspects of developing new materials with
functional, adaptive and tunable properties!
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