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Abstract

Associating polymers, based on the dynamic metal-ligand (M-
L) coordination, form an interesting class of materials because of the
richness in their tunable properties and the design of various self-
assembled materials. These adaptable systems have potential
applications in various domains such as tissue engineering, coatings,
adhesives or shock absorbers. Regardless of the final application, the
possible exploitation of the transient nature hinges on the rheological
behavior and resulting processability. In this respect, the design of
responsive entangled supramolecular polymers is dependent on our
fundamental understanding of their structure and dynamics in the melt
state. This thesis addresses this grand challenge, and aims at a deeper
understanding of how the combination of M-L interactions with
entanglements impacts the structure, the relaxation dynamics and the
mechanical properties of well-defined entangled metallo-
supramolecular polymers over a wide timescale or temperature range.
The structure-property relationships are established based on several
experimental techniques (RAFT polymerization, shear and extensional
rheology, DSC, DRS and X-ray scattering) combined with theoretical
tube-based models (upgraded TMA). Results showed that the
viscoelasticity of these systems are affected by both the
disentanglement process of the polymers and the dissociation
mechanism of the metal-ligand complexes. By altering the temperature,
we systematically vary the relative importance of the M-L interactions,
which allows us to determine their specific contribution to the
viscoelastic properties. Through this systematic investigation, general
guidelines are achieved to unambiguously control the design of
supramolecular materials with specific rheological features that can be
engineered over a wide window of mechanical properties.
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General Introduction

Inspired by Nature, supramolecular chemistry has become a
powerful tool to form associating building blocks with interesting
properties. There are several non-covalent interactions that can be used
in supramolecular chemistry. Among them, the metal-ligand
coordinations are particularly promising because these interactions are
stimuli-responsive and they are highly directional, meaning that the M-
L interaction occurs in specific orientation between the metal atom and
the ligand. Moreover, the dynamics of metal-ligand coordinations can
be finely tailored due to their versatilities in which various metal ions
can react with multiple ligands. These interactions were first used to
assemble small chemical entities or oligomers with relatively low molar
masses, forming supramolecular polymers in which monomers are
linked together via metal-ligand interactions. Later on this concept was
expanded to the incorporation of metal-ligand coordination into
polymers with higher molar masses.

Indeed, the use of these interactions into usual polymers has led
to the development of a broad range of associating polymers with
featuring properties that can be dynamically tuned. Thus to achieve this
complete mastery, one of the main challenge is to incorporate these
associating units within high molar mass polymeric chains in a well-
controlled way. The first used approach was post-functionalization of
already synthesized polymers. However, this method does not lead to a
total control over the inclusion of metal-ligand coordination into
polymers. The post-functionalization approach is not always fully
quantitative especially when polymers with high molar masses are used,
resulting into partially functionalized associating systems. During the
past ten years, the controlled polymerization techniques have allowed
to precisely incorporate the metal-ligand interactions within polymer
chains at specific locations. In fact, a characteristic point of these
polymerization techniques is the use of a precursor (initiator or chain
transfer agent) in which its chemical structure is embodied into the
formed polymer chains. By functionalizing these precursors with metal-
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General Introduction

ligand coordination groups, it is then possible to specifically
incorporate these associating units within polymer chains with a
quantitative yield.

The resulting metallo-supramolecular polymers can self-
assemble into well-organized nanostructures, improving the
mechanical properties of polymers. The development of such
associating systems gives access to polymeric materials with a wide
range of upgraded mechanical properties that can be engineered. In
parallel, these materials can be easily processed by tuning the
association/dissociation mechanism of metal-ligand coordination with
external stimuli such as temperature, irradiation, shear or elongation.
The reversibility of these interactions can also be exploited in the
elaboration of stimuli-responsive materials with healing features.
Plethora of studies have been reported on metallo-supramolecular
polymers. However, most of these works are essentially focused on the
healing properties of the unentangled associating materials at the
expense of fundamentally understanding their mechanical features.
Rheological properties and dynamics of these systems have not been
deeply studied and a good understanding on the topological effects
within the bulk materials is unfortunately not fully established.

In the framework of this thesis, a systematic investigation over
the fundamental relationships between rheological properties and
structures of the entangled associating metallo-supramolecular
polymers is conducted. Herein, the contribution of entanglements
originating from the high molar mass polymers combined with the
metal-ligand coordination is considered and its influence on the
structure, the relaxation dynamics and the mechanical properties of the
well-defined associating materials is studied, so that the structure-
property relationships can be well-established to provide a design
guideline of associating polymers. In this manuscript, the elaboration
of different entangled supramolecular polymeric models is reported.
The influence of the structural design of these associating polymers on
the resulting mechanical properties is systematically investigated. The
selected associating unit is based on the tridentate terpyridine ligand.
The latter is incorporated into the poly(n-butyl acrylate) polymer.
Different transition metal cations are used to modulate the dynamics of

14



General Introduction

metal-ligand coordination and consequently the mechanical properties
of the entangled metallo-supramolecular polymers under load.

Chapter 1 describes a state of the art on polymers containing
associating units based on metal-ligand coordination. The advent of
supramolecular chemistry, the incorporation of these interactions
within polymers, the resulting mechanical properties and theoretical
models on associating polymers are succinctly described.

Chapter 2 reports on the synthesis of different entangled
supramolecular poly(n-butyl acrylate) building blocks bearing
terpyridine ligands. The pre-modification approach coupled with the
RAFT polymerization strategy is explained. The influence of the
associating units and the topology of the polymers is exploited.

In Chapter 3, a systematic investigation on the linear
viscoelastic properties of the metallo-supramolecular bulk polymers is
conducted. The properties of the obtained associating systems can be
finely tailored depending on the topology, the length of the polymer
chains and the nature of added metal ions.

Chapter 4 presents a modified version of the tube-based time
marching algorithm model to describe the linear dynamics of metallo-
supramolecular polymers. The latter reveals that the dissociation events
of metal-ligand complexes occur via ligand exchange process. The
results are found to be consistent with experimental data.

In Chapter 5, the systematic investigation is extended to
nonlinear viscoelastic properties of metallo-supramolecular bulk
networks. The influence of the metal-ligand complex combined with
polymer entanglements and the fraction of uncoordinated chains on the
capacity of the transient network to resist large deformation is
established.

Chapter 6 is an attempt to experimentally determine the lifetime
of the metal-ligand complexes in the poly(n-butyl acrylate) matrix.
Dielectric relaxation spectroscopy is used to probe this timescales at
different temperatures.

In Chapter 7, early results on the linear viscoelastic properties
of binary blends based on metallo-supramolecular networks are also

15



General Introduction

investigated. Precisely, the transient networks are diluted in two
different linear poly(n-butyl acrylate) matrices. The results reveals the
influence of the length and the ratio of linear matrices over the
dynamics of the metallo-supramolecular polymers.

In the last part of this manuscript, general conclusions are drawn and
possible perspectives for future investigations are presented.
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Chapter 1
State of the art

Abstract

In this Chapter, some fundamentals on supramolecular
chemistry, polymers and rheology basics are reminded. During these
past five years, several studies have been reported in the literature on
the synthesis and the mechanical properties of supramolecular polymers
and selected examples are presented herein. A supramolecular polymer
is a complex assembly of molecules held together by noncovalent,
relatively weak and reversible associations, such as van der Waals
interactions, - stacking, hydrogen bonding, host-guest interactions or
coordinative bonds. The last few decades, great achievements have
been made in the field of supramolecular polymers, and plethora
supramolecular polymers have been designed with different synthetic
strategies. The mechanical features of these systems are also widely
investigated using a range of experimental techniques and several
theoretical models are introduced.
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CHAPTER 1

1.1 Synthesis of metallo-supramolecular
polymer

1.1.1 Supramolecular chemistry

In 1987 Jean-Marie Lehn, Charles Pedersen and Donald Cram
were awarded the Nobel Prize for their pioneering contributions to
supramolecular chemistry. Supramolecular chemistry has been defined
by Lehn' as:

“the chemistry beyond the molecule bearing on the organized entities
of higher complexity that result from the association of two or more
chemical species held together by intermolecular forces”

Hence, in classical molecular chemistry the molecules are built through
atoms connected by covalent bonds. Whereas the supramolecular
compounds are built by connecting molecules with non-covalent
intermolecular forces to form supramolecules. The formation of these
supramolecular components through reversible interactions gives
access to new chemical entities with interesting properties that behave
in entirely novel ways and respond towards external stimuli. There are
a variety of well-established non-covalent interactions which can be
distinguished by their natures or by their binding energies such as:

»  van der Waals interactions (E < 5 kJ.mol!).
van der Waals (vdW) interaction occurs from the polarization of an
electron cloud of an atom or a molecule by the vicinity of an adjacent
atom or molecule.?? Resulting in an electrostatic attraction or repulsion
between atomic or molecular entities. The vdW interaction
encompasses the electrostatic (dipole-dipole) interaction between
permanent dipoles in polar systems, the induction (dipole-induced
dipole) interaction between polar and non-polar systems and the
dispersion interaction between induced dipoles in non-polar systems.*
vdW forces are short-range, non-directional (meaning that the
interaction can occur in any orientation) and they are considered as

extremely weak interactions compared to other interactions.’

18



State of the art

= 7-7 stacking interaction (E = 2-50 kJ.mol ™).

7-7 stacking interaction is a weak, directional intermolecular interaction
in molecules with aromatic conjugated groups.® The effect of
aromaticity is that, by drawing electron density into orbitals bonded to
the carbon atoms, the hydrogen atoms of the molecules are polarized.
This results in an electron rich region linked to the m system and an
electron poor region associated with the hydrogen atoms. By
overlapping the m-electron cloud in two aromatic molecules, n-m
stacking interaction occurs where one molecule lies above the other so
that the complementary electron rich and electron poor regions match
up. There are at least three types of conformations in © stacking
interaction for the benzene dimer, parallel, displaced parallel and T-
shaped configurations as illustrated in Figure 1.1.7

o "o
& % Uo

+ + -
= ¥ - 1' — 1] .- +
i . =
L I +
+ + + +
----- Electrostatic repulsion ----- Electrostatic attraction

Figure 1.1: Three stacking patterns of benzene dimers a) parallel face-
to-face, b) displaced parallel and ¢) T-shaped edge-to face.’

= Hydrogen bonding (E = 4-120 kJ.mol ™).
The hydrogen bond (HB) is an attractive intra- or intermolecular
interaction between an electron-deficient hydrogen atom covalently
bonded to an electronegative atom (donor) from a molecule and another
electronegative atom (acceptor) in the same or a different molecule.®
The atoms, with lone pair of electrons and with electronegativity greater
than hydrogen, have the capacity to form hydrogen bonds.’ Both the
strength and the directionality of HB can be fine-tuned when multiple
hydrogen bonding arrays are used by varying the number or the order
of the donor (D) and acceptor in the arrays (A) as schematized in Figure
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CHAPTER 1

1.2. Depending on the sequences of the multiple hydrogen bonding
arrays, the binding constant can be low or significantly high.'°

a) b)

CH (¢}

H
/
H—N \\ru
Adenine
/
L\ F&
Thymine \—< >—\ _
o H

©)
H (¢} N H
H

H
\
N—H %f
/ \ \ N Guanine
N H—N
Cosine N—( Vi
o H-—N
L

Figure 1.2: a) The DNA double helix held together by HB between
complementary nucleobases. Chemical structures of b) Thymine-
Adenine and ¢) Cytosine-Guanine pairs.'!

H

= Halogen bonding (E = 10-180 kJ.mol ™).

The halogen bond (XB) arises from a net attractive interaction between
an electrophilic region associated with a halogen atom, in a molecular
entity and a nucleophilic region in another (or the same) molecular
entity as depicted in Figure 1.3.'2'4 In another words, a halogen bond
occurs through a transfer of electron density between the Lewis basic
site (i.e. XB acceptor, electron donor) and the Lewis acidic site (i.e. XB
donor, electron acceptor). The strength of XB can be finely tailored by
varying the nature of halogen atom and the moiety to which it is
covalently linked. Indeed when the electron-withdrawing capacity of
the substituent increases, it leads to an increase of halogen-bond donor
strength. '

Between a halogen Between two halogen atoms
atom and a heteroatom
) 180 b) TypeI (6, =6,) c) TypelL (6,#6,)
R,—X -A-R &
il .| @ ——— 180°
Electron-rich area ~
T ' Bleetron-deficicnt ‘\ J \— “:‘\ ’
% o 6 C
90°
o-Hol
. 05
! X Trans conformation Cis conformation

Figure 1.3: a) Halogen bond involving a XB donor and a heteroatom
acceptor. XB between two halogen atoms b) Type I and ¢) Type IL.'%!7
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= Metal-ligand coordination (E = 100-300 kJ.mol™").
The metal-ligand (M-L) coordination occurs when an orbital with lone
pair of electrons originated from an atom associated to a ligand overlaps
with an empty orbital with specific directional preferences coming from
a metal atom as illustrated in Figure 1.4. More precisely, a stable M-L
complex is formed via a transfer of a pair (or pairs) of electrons between
a Lewis base (i.e. ligand, electron-pair donor) and a Lewis acid (i.e.
metal atom, electron-pair acceptor). M-L coordinative bonding displays
high directionality and their binding strength offers great versatility due
to diverse transition metal atoms and various polydentate ligands. These

interactions, while strong, can also be labile and reversible.!®1?

_ n
VAR AT\ J |
- N
QN@#\ M ¢ N<® oM
Electron-pair donor Metal Metal-ligand coordination

Figure 1.4: M-L coordination via electron-pair transfer from a ligand
to a transition metal atom with specific directional preferences.

* Jonic interactions (E = 100-350 kJ.mol ™).

An ionic bond (IB) is a strong electrostatic attraction between two
oppositely charged ions (i.e. cations and anions). It is originated from a
complete transfer of electrons from one atom to another to form ions.
Hence, IBs are formed when there is a large difference in
electronegativity between the two atoms bonding together. A large
amount of energy is required to disrupt these interactions and to
separate the ions. Indeed complementary non-directional cation-anion
interactions can be as strong as covalent bonds. However, since the ions
are charged, they can be easily disrupted in presence of polar molecules
as shown in Figure 1.5.

----0—0@0 000
Figure 1.5: Tonic interaction between sodium Na', chloride CI ions in
absence and in presence of polar water molecules.
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In general, reversible non-covalent interactions listed in Table
1.1, allowing the association of molecules, are characterized by binding
energies smaller than those of typical covalent chemical bonds (E =
200-400 kJ.mol™"). Individually these supramolecular interactions are
often weaker than covalent bonds but their cumulative effects can drive
the formation of complex functional molecular systems with unique
properties. Both the reversibility and the flexibility of non-covalent
interactions are favored to construct supramolecular compounds which
involve molecular recognition or self-assembly of constituent
components. The existence of these multicomponent entities is due to
reversible interactions which can dissociate and reform towards
particular external, chemical or environmental stimuli. It is important
to emphasize the different levels of complexity to design high affinity
reversible host-guest interactions at molecular scale and to target
specific dynamic molecular assembly, i.e. the thermodynamic and
kinetic  reversibility of non-covalent interactions between
supramolecular components.

Interactions Directionality Binding energy (kJ.mol?)
van der Waals Non-directional <5

n-7 stacking Directional 2-50
Hydrogen bonds Directional 4-120

Halogen bonds Directional 10-180
Metal-ligand bonds Directional 100 - 300

lonic Directional 100 — 350
Covalent bonds Directional 200 - 400

Table 1.1: List of common supramolecular interactions.

Following these principles, it appears that the reversible metal-
ligand coordination complexes are excellent non-covalent candidates to
focus on because they are based on highly directional interactions that
can be dynamically tailored by varying the types of ligands or by
altering the nature of metal atoms.'® In M-L coordination, the
thermodynamic as well as the kinetic stabilities of a host-guest complex
are enhanced by the chelating effects originating from the ligands. The
donor ligand atoms are the host binding sites and the acceptor metal
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atoms act as the guests. Self-assembly of molecules through M-L
complexation is  generally spontaneous and the most
thermodynamically stable structure is formed. This is why the structural
integrity of the self-assembled macromolecules is maintained with a
constant balance between enthalpy and entropy. Hence, controlling the
dynamics of M-L coordination to dictate the molecular organization (or
recognition) is a key point in the elaboration of materials in which these
host-guest interactions are incorporated. The application of metal-
ligand complexes to materials science is an emerging domain.
Coordination bonds have been significantly developed to offer a variety
of highly functionalized polymeric materials in which it is possible to
modify the properties of supramolecular structures through the panoply
of tools supplied by the fields of organic polymers and inorganic
chemistry.

1.1.2 Supramolecular polymers

Supramolecular polymers are at the crossroad between polymer
science and  supramolecular  chemistry. Meijer’®  defined
supramolecular polymers as:

“polymeric arrays of monomeric units that are brought together by
reversible and highly directional secondary interactions, resulting in
polymeric properties in dilute and concentrated solutions, as well as in
the bulk”.

The directionality and strength of the supramolecular bonding are
important features. Due to their dynamic and reversible properties
supramolecular polymers have been studied and have brought new
vigor in material science. As previously mentioned, there is a variety of
non-covalent interactions, e.g. aromatic stacking, hydrogen bonding,
metal-ligand coordination and ionic interaction that have been
employed as driving forces to construct supramolecular polymers.
Herein, the focus will essentially be on metal-ligand containing
polymers. Metallo-supramolecular polymers (MSPs) originating from
building blocks with chelating groups linked to chains through
reversible metal-ligand coordination as depicted in Figure 1.6, have
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been extensively studied because they represent an important class of
soft supramolecular materials.?*

s Kv =@y s Kmb s K

n-1

Figure 1.6: A supramolecular coordination polymer with M as a metal
ion, and S as an organic spacer bridging two ligand moieties.

The macromolecular metal-containing systems exhibit the properties of
organic polymers but also potential redox, magnetic, electrochromic,
optical and catalytic properties of metallic complexes.?>®
Additionally, these systems can reversibly dissociate and re-associate
leading to the development of environment-adaptable materials.?*
Therefore, MSPs are promising systems for the development of
functional self-organized architectures with tunable properties. The
physical, chemical and mechanical properties of these coordinating
polymers can be tailored by (i) the structure of the polymers itself, (ii)
the choice of chelating groups and (iii) the choice of metal ions.?>%’
Due to the high variety of ligands and metal ions, the binding strength,
the coordination and the reversibility can be adjusted widely. To
achieve a high degree of supramolecular polymerization (DSP), a wise
choice of complexation system with high binding strength is necessary
along with other parameters such as solvents, temperature and
concentrations. For reversible MSPs, the degree of supramolecular
polymerization can be estimated with the following equation:

DSP o (K[M])"? (1.1)

Where K is the binding constant (or binding strength) and M is the
monomer concentration (or precursor concentration). Hence according
to equation 1.1, to obtain MSPs with a high DSP, large binding strength
and high concentration are of paramount importance. An increase of
binding constant K can be achieved by using multidentate ligands and
different metal ions. Dobrawa and Wiirthner demonstrated this strategy
by a comparison of Zn** complexation with different types of pyridine
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donor ligands in specific solvents as summarized in Table 1.2.'%28

According to different pyridine derivatives, the binding constant
significantly increased from K = 103> M™!' for monodentate pyridine-
Zn*" complex to K > 10" M for tridentate terpyridine-Zn>* complex.
Following equation 1.1, the DSP of metallo-supramolecular polymers
constructed from 1 mM solution of precursors can be estimated. In the
case of binding constant of K = 10> M™!, it is expected to obtain only
oligomers with a DSP ~ 10. Whereas in the case of binding constant K
= 10" M"!, polymers with DSP ~ 100 can be obtained. The rational
design of the molecular structure of ligands and the directionality of the
coordination bonding are of prime importance since both play a key
roles in the construction of MSPs. With the development of MSPs, a
great diversity of ligands has been designed. Among these ligands,
pyridine (monodentate, bidentate, tridentate or multidentate)
derivatives are especially interesting for their high binding affinity with
various metal cations.

In the following, several metallo-supramolecular polymers will
be presented based on the aforementioned ligands with different metal
cations. First the pyridine based monodentate ligands will be
introduced, followed by bidentate and tridentate ligands. Herein the
development of metallo-supramolecular polymers during these past
five years will be presented. The plethora examples of associating
polymers based on metal-ligand coordination and the different synthetic
strategies to elaborate these materials will be highlighted.
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Chemical structure Ligand Name Binding Solvent
constant
<\_/N Pyridine 4.1x10° M Chloroform
Q_@ Bipyridine 1013 M3 Water
N O Phenanthroline 107 M Water
N
| L , -
NN Terpyridine 2.0x 10% M~ Acetonitrile
| M M. =
R
\rt‘ | /J\f“‘ Methylbenzimidazolyl Chloroform/
Ny ethylbenzimidazoly 105 M= 1loroformy
N N pyridine Acetonitrile

Table 1.2: Binding constants of zinc(Il) complexes with different types

of pyridine based ligands.?*~?

Khlobystov et al. reported that the coordination of pyridine
based ligands to silver Ag(l) ions (Figure 1.7(a)) tends to connect two
ligands into linear one-dimensional structures because the Ag*-pyridine
complexes do not display high binding constant.3® Indeed, due to the
high lability of Ag(l) metal ion, the process of coordination polymer
formation is completely reversible. Wirthner et al. developed a highly
soluble diazadibenzoperylene-based dye capable of forming a
coordination polymer in presence of silver Ag(l) ions as depicted in
Figure 1.7(b).3* The tetraphenoxy-diazadibenzoperylene ligand forms a
complex with Ag™, as confirmed by an increased viscosity of the system
suggesting the presence of one-dimensional coordination polymer at an
equimolar ratio of the ligand and AgOTT.
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)
1

Figure 1.7: Reversible metal-ligand coordination binding molecular
33,34

components with X an organic spacer between pyridyl ligands.

Recently Martinez-Calvo et al. generated luminescent MSP by
combining pyridine-2,6-dicarboxylic acid based ligands that can bind
to lanthanides and transition metal ions as shown in Figure 1.8.%° The
ligand was designed to facilitate the formation of three-dimensional
structures of high order. The presence of carboxylic acid groups plays
an important role in the coordination of Eu(lll) or Th(lIl) lanthanides
ions by providing the necessary platform for the formation of highly
organized and large self-assembled coordinating polymer.
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Figure 1.8: a) Self-assembly of pyridine-2,6-dicarboxylic acid
derivative ligand in presence of lanthanide ions. b) Formation of high
order metallo-supramolecular polymers.®

The pyridine moiety is the simplest ligand type for the elaboration of
coordination polymers. However, monodentate pyridine ligand-metal
complexes are not strong enough to form materials with polymeric
properties. The self-assembly of MSPs can be achieved if the binding
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constants (K) are increased. To do so, additional interactions need to be
taken into account such as the chelating effect of multidentate ligands.

As already mentioned, the application of chelating complexes
is an effective method to aim higher binding constants for metallo-
supramolecular polymeric assemblies. Rehahn et al. reported the first
example of a high molar mass MSP that is soluble and inert in organic
non-coordinating solvents.® A coordinating polymer with a DSP
higher than 30 was obtained based on a bidentate phenanthroline ligand
monomer,  4,4”-bis[(9-aryl)-2-o0-phenanthroline]-2°,5’-di-n-hexyl-p-
terphenyl, which was mixed with a equimolar amount of
[Cu(MeCN)4]PFs. However, when a coordinating solvent such as
acetonitrile was added to the MSP, the resulting system decomposed
into oligomers because it became more dynamic with rapid exchange
of ligands. Based on this results, Rehahn et al. also developed a set of
MSPs based on different structures of o-phenanthroline bidentate
ligands with copper (1) ions and silver (1) ions as represented in Figure
1.9(a).%"%8

Higuchi et al. employed unsubstituted phenanthroline with a
dioctylfluorene group as spacer to elaborate a copper containing
supramolecular polymer as shown in Figure 1.9(b).3® A high molar
mass (Mn = 7600 kg.mol™?) supramolecular polymer was obtained.
Compared to substituted phenanthroline-based ligands, the
unsubstituted ones display a higher coordination affinity with metal
ions due to the lack of steric hindrance. Higuchi et al. also developed
electrochromic and ionic conductive materials based on the
unsubstituted phenanthroline ligand chelated with copper Cu(ll) ions
and with nickel Ni(ll) ions.*%4

4 M=Ag(l), Cu(l) 5 M= Cu(ll), Ni(ll)

Figure 1.9: a) Formation of MSP based on a) a ditopic substituted
phenanthroline and b) a phenanthroline with a fluorene spacer.®’3
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Since then, many excellent reviews encompass a great number of metal-
containing polymers which have been synthesized either by
incorporating ligands into the main chain or by attaching them as
pendant groups at the side chain.?*%>*¢ This chapter will essentially
focus on the emerging metallo-supramolecular polymers which have
been synthesized during the past five years. Recently Rao et al.
designed a dielectric elastomer which is achieved by incorporation of
metal-ligand coordination as cross-linking sites in the backbone of
poly(dimethylsiloxane) ~ (PDMS)  polymers.*”  The resulting
coordination PDMS (with a My ~ 70 kg.mol™, dispersity B = 2.2) is
based on the bidentate 2,2’-bipyridine-5,5’-dicarboxylic amide ligand
while the metal ions are iron Fe(l1) and zinc Zn(ll) cations as illustrated
in Figure 1.10(a). Additionally, Rao et al. also studied the effects of
coordinating counter anions which directly affect the cross-linker
dynamics and consequently the dynamic of the resulting MSPs.*8
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Figure 1.10: The structures of bpy-PDMS polymer and of metal ions-
bpy cross-linked polymers with bpy ligand incorporated a) in the

polymer backbone and b) at the polymer extremity.*’*

Williams et al. elaborated linear 2,2’-bipyridine-terminated
poly(dimethylsiloxanes)s (bpy-PDMS) with four different PDMS chain
lengths (M = 3.3 — 50 kg.mol™").*> When bpy-PDMS are mixed with
Fe(BF4)2, crosslinked PDMS elastomeric networks are obtained
through tris(bipyridine)metal complexes. While these systems resemble
to the work of Rao. et al, the major distinction is in the position of
bipyridine-based ligands located at the termini of PDMS polymers as
depicted in Figure 1.10(b). The present system allows the self-assembly
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of well-defined metal-containing polymers and it is shown that the
stiffness of these materials increases as the molar mass between cross-
links decreases.

Similar works were pursued using histidine as a promising
bidentate ligand for the elaboration of metallo-supramolecular
polymers. For instance Grindy et al. studied a model system based on
four-arm poly(ethylene glycol) (PEG) polymers with different molar
masses (10, 20 and 40 kg.mol™?) and functionalized with the histidine
(His) ligand at the extremity of each arm to obtain 4PEG-His.>° When
mixed with transition metal ions such as Ni(ll) ions at physiologic pH,
the His:Metal complexes behave as transient cross-links between
telechelic polymers to form hydrogel networks as shown in Figure
1.11(a).

Tang et al. worked on transient networks which are based on histidine-
nickel coordination bonds as pendant groups on a poly(N,N-dimethyl-
acrylamide) (PDMA) based polymer (Mn = 36.2 kg.mol™, dispersity B
= 1.06) as illustrated in Figure 1.11(b).>' When nickel Ni(ll) ions are
added to the functionalized PDMA, bis(histidine)nickel complexes are
formed in aqueous solution to give reversible metallo-supramolecular
hydrogel network with a well-characterized His-Ni?* binding

constants.>?
b) WCOOH
~ * !

N OHN" "0

a) Wf’
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Figure 1.11: Chemical structure of a) telechelic 4-arm PEG end-capped
with histidine ligand and b) PDMA functionalized with histidine

ligands as pendant groups.*>!

The chelating effect can be enhanced by using various bidentate
pyridine-based ligands such a phenanthroline (phen), bipyridine (bpy)
or histidine (his) derivatives to elaborate building blocks which are then
used for the formation of metallo-supramolecular polymers as reviewed
above. In order to improve the stiffness, the strength or the stability of
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MSPs, further investigations were conducted to form coordination
polymers based on ligands with higher chelating properties, i.e. with
higher binding constants such as tridentate (also called tweezer or claw)
ligands that are in the focus of current research.?:

The 2,6-bis(1-methylbenzimidazolyl)pyridine ligand is one of
the most important ligands which is used for fabricating MSPs. Wang
et al. reported coordination polymers consisting of poly(n-butyl
acrylate-co-methyl methacrylate)s functionalized with Mebip side
groups along the polymer chains as shown in Figure 1.12.% The P(BA-
MMA-Mebip) precursors with different molar masses (Mn = 9.8-13.5
kg.mol?, B = 1.79 — 2.14) are dynamically cross-linked by the
Zn(OTf2)2 and Eu(OTf2)3 metal ions to form a set of MSPs which
micro-phase separate. The latter was exploited to develop a triple shape
memory associating polymers combined with healing ability by heating
and cooling. Jackson et al. pursued the same work by engineering
metal-containing robust polymer films with well-defined linear poly(n-
butyl acrylate) (Mn = 77 kg.mol™, B = 1.13) backbone functionalized
with the same metal binding ligands which were randomly located
along the polymer backbone.***® P(BA-co-Mebip) polymer was mixed
with different metal ions such as Cu(ClO4)2, Zn(ClOa)2 or Co(ClO4)2to
form MSPs and the influence of metal-Mebip binding strength on the
associating systems was tested.

Figure 1.12: a) Chemical structure of a) metallo-supramolecular
poly(BA-MMA) copolymers containing bis(Mebip)-Zn complexes b)

TEM image of MSP showing microphase-separation.™
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The 2,2°,6°2”-terpyridine (tpy) ligand is one of the most
important ligands for elaborating MSPs. Tpy, which is analogous to the
Mebip ligand, contains three nitrogen atoms and each nitrogen has a
lone electron-pair, so the tpy moiety can act as a claw ligand, i.e. a
tridentate ligand. Constable et al. first proposed that MSPs can be
obtained by combining tpy-functionalized monomers with metal ions.>®
Then Colbran et al. reported a series of bis(terpyridine) ligands spaced
by small chemical entities and chain-extended metallo-polymers
through a synthetic route involving the supramolecular polyaddition
mechanism.>"*® Following the same strategy, Schiltte et al. prepared
multi layers metallo-supramolecular thin polyelectrolyte films based on
the complexation between 1,4-bis-(2,2,6,2"-terpyrid-4'-yl)benzene and
iron(11) ions.>® However, early research on these tpy ligand containing
MSPs suffered from restricted solubility and in some cases the
dissolution has to be achieved by complicated procedures or harsh
conditions. To overcome this restriction, Schubert et al. designed water
soluble MSPs using poly(diethylene glycol) or poly(ethylene oxide) as
spacers to bridge two tpy moieties as illustrated in Figure 1.13.506!
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Figure 1.13: a) Chemical structure of telechelic water-soluble a)
poly(diethylene glycol) and b) poly(ethylene oxide) both end-

functionalized with terpyridine ligands.*¢!

The addition of octahedral coordinating metal ions such as Co(ll),
Fe(Il) or Zn(ll) to these terpyridine ligands leads to the formation of
metal-containing supramolecular polymers. The reversibility of
bis(terpyridine)-metal complexes can be enhanced by changing the pH,
by applying an electrochemical potential or even thermal treatment.
Schubert et al. also developed well-defined linear metallo-
supramolecular  chain-extended  polymers  using telechelic
poly(styrene)s (PS) end-capped by terpyridine ligands at each termini,
as represented in Figure 1.14(a), with Mn = 9.5-12 kg.mol™ and D =
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1.16-1.18.%2 Since then, further studies of MSPs based on terpyridine-
metal complex system were significantly extended.

Yang et al. designed metallo-polymer networks using a set of linear
polymer (Mn = 19.4-21.2 kg.mol™) containing terpyridine acrylate
(Tpy-A) with methyl methacrylate (MMA) and butyl acrylate (BA)
with varying the molar amount of tpy groups as depicted in Figure
1.14(b).% A stoichiometric amount of NiCl; was added to the
precursors in order to form metallo-supramolecular polymer networks
displaying a gradient thermal plasticity.
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Figure 1.14: Chemical structure of linear a) telechelic PS end-capped
with tpy ligand b) random P(nBA-co-MMA) functionalized with tpy

ligands as pendant groups.®>%3

The dynamic nature of the metal—ligand coordination is one of
the key features of MSPs. Plethora M-L combination can be done using
different metal ions combined with various ligands. Hence M-L
interactions can exhibit different binding kinetics and thermodynamic
stabilities, which makes coordination polymeric systems even more
versatile. Depending on the selected combination, the resulting metal-
containing polymers display diverse interesting properties such as smart
electrochromic materials with optical memory?>%4%%, shape morphing
devices®, organic electronic accessories®® or building nanocomposites
where the reinforcing phase is ensured by reversible metal-ligand.>® In
this chapter, only a part of recent researches on MSPs based on metal-
ligand coordination is reviewed. Indeed it is important to highlight that
there is a great variety of coordination polymers with structural
diversity reported in the literature.®?* MSPs presented above are
mainly constructed by employing M-L coordination only, while in
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parallel the combination of multiple non-covalent interactions, e.g.
metal-ligand complexes combined with another supramolecular
interaction, to fabricate MSPs is emerging. Only few works are
presented below to highlight the possibility to elaborate associative
polymers with multiple driving forces.

Mansfeld et al. designed a responsive amphiphilic supramolecular
triblock copolymer by combining two of the most widely used
supramolecular moieties.”® The terpyridine ligand as well as a self-
complementary quadruple hydrogen bonding array based on ureido-
pyrimidinone (Upy) moiety have been incorporated and spaced by
polystyrene blocks of different lengths (tpy-PS-Upy). The linear well-
defined hetero-telechelic polymer (Mn = 4.8-13.7 kg.mol™®, B = 1.07-
1.18) can self-assemble via two orthogonal binding sites, as illustrated
in Figure 1.15(a, b), and gives access to extended stimuli
responsiveness materials. Furthermore, a supramolecular amphiphilic
copolymer is achieved by mixing tpy-PS-Upy with nickel Ni(ll) ions
and a chain stopper based on poly(ethylene glycol) end-capped by a tpy
ligand at one extremity (PEG-tpy, Mn = 2.1 kg.mol™, B = 1.13). The
blocks are linked together by self-complementary hydrogen bonding
and by bis(terpyridine)-metal complexes as represented in Figure
1.15(c).

Figure 1.15: Chemical structure and schematic representation of a) the
hetero-telechelic PS end-capped with terpyridine ligand at one
extremity and Upy at the other end, b) the self-assembly of the hetero-
telechelic associating polymer via the two supramolecular orthogonal
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binding sites and c) the supramolecular amphiphilic quasi-triblock
PEG-[Ni]-PS-[Upy/Upy]-PS-[Ni]-PEG polymer.”6®

He et al. elaborated a facile construction of metallo-supramolecular
diblock copolymers via a combination of self-assembled
nanostructures, m-m stacking interactions and complementary
coordination.®® More precisely, they predesigned complementary
coordination between a terpyridine ligand and an anthracene substituted
terpyridine-based ligand which are respectively mono-functionalized
on the well-defined poly(3-hexylthiophene)s (P3HT, Mn = 6.3-8.9
kg.mol X, B = 1.21-1.26) and poly(ethylene oxide)s (PEO, M, = 1.2-2.4
kg.mol™t, B = 1.08-1.13) chain ends. A set of metallo-supramolecular
rod-coil diblock copolymers P3HT-b-PEO was fabricated using ©-r
stacking interactions between anthracene moieties and the
complementary ligand pair upon treatment with zinc Zn(ll) ions.

\
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Figure 1.16: Chemical structure and schematic representation of
terpyridine-functionalized homopolymers for the construction of MS
P3HT-b-PEO self-assembled into nanostructures.%

As summarized in this chapter, the wide range of available metal ions
and ligand moieties provides a strong tool for the fabrication of
polymeric materials with diverse length, stability and reversibility.
Based on M-L coordination only or a combination or M-L complexes
with an additional non-covalent interaction, there is a variety of
synthetic methods which can be used to elaborate MSPs. From a
synthesis point of view, functionalized polymers can be classified
between (i) those obtained by post-functionalization of polymers and
(i) associating systems obtained by pre-functionalization methods.

Polymers post-functionalization methods are usually the first
strategy conducted to synthesize associating polymers. The procedure
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consists in chemically incorporating the coordinating ligands in an
already formed polymer. The synthetic route associated to this strategy
appears to be simple. But in general, it is quite complicated because the
reactivity between small chemical entities and a macromolecular
polymer strongly differs from the reactivity between two small
chemical entities. Indeed, one need to consider the steric hindrance
parameter, the high dilution effect on the active groups linked to the
polymers and also the solubility effect where the polymers are usually
non-polar and oppositely the associating moieties are polar.

In spite of this, Burnworth et al. synthesized their associating
systems via Mitsunobu reaction between the hydroxyl-terminated
poly(ethylene-co-butylene) and hydroxyl-Mebip as illustrated in Figure
1.17.9 After purification, a poly(ethylene-co-butylene) end-capped
Mebip is obtained with a molar mass of 4.8 kg.mol™ and B = 1.02. The
resulting systems are dynamic and optically healable through the
reversible formation of the metal-ligand complexes. However, these
coordination polymers micro-phase separate to form structures with
lamellar morphology where metal-ligand complexes assemble into a
hard phase surrounded by the soft phase originated from the
poly(ethylene-co-butyle) cores. Later on, Balkenende et al. extended
the development of such systems by studying the dissociation of
tris(Mebip)-Eu®* complexes upon ultrasonication and also the metal
exchange mechanism within coordination polymers.”

/

(;\ , \
N= rl— =N
”/ 3\ o M 4,000 g mol-1
p— PPh,, DEAD
Ne=

Figure 1.17: Post—functlonahzatlon of linear poly(butadiene—co—
butylene) with Mebip ligand at chain extremity.*’

Chen et al. used a two-step post-functionalization process in order to
obtain terpyridine-end-capped four-arm poly(ethylene glycol) polymer
of molar mass Mn = 5.3 kg.mol™.”* First step is to obtain an amino-
terpyridine molecule bearing NH2 group (tpy-NH2) via an alkoxylation
reaction between 4-chloro-2,2:6,2"-terpyridine (tpy-Cl) and 6-amino-1-
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hexanol. Then the tpy-NH2 moieties are coupled with an active 4-arm-
PEG N-hydroxysuccinimydil NHS ester via amidation reaction as
shown in Figure 1.18(a). The accordingly obtained light-emitting MSP
displays interesting optical properties which can be modulated by
simply tuning the lanthanide metal ion stoichiometry and also leads to
stimuli-responsive  properties  via  dynamically  reversible
bis(terpyridine)-lanthanide  complexes. For the synthesis of
poly(ethylene-co-butylene) functionalized with pyridyl groups at the
termini, Razgoniaev et al. obtained the polymer via nucleophilic
aromatic substitution of sim-trichlorotriazine with hydroxyl-terminated
poly(ethylene-co-butylene).®®> The resulting triazine-terminated
poly(ethylene-co-butylene) is subject to further nucleophilic
substitution to achieve the associating polymer with a molar mass Mp =
3.1 kg.mol? as illustrated in Figure 1.18(b). The incorporation of
pyridine-chromium Cr(lll) interactions within poly(ethylene-co-
butylene) enables the formation photo-responsive materials that can
respond to irradiation in specific ways with unique optical properties.

a A
othnm
a) + ot KOH, DMSO & b)
; Hothwn, s o on .
e N N x S
. |
oo . 5
o N "
LYY o =
V' . “ha
Df
y HNA

D 1) ipy-NH,
2) TEA, DMSO
& e
NN
-~

60°C, 4h

]f: . 5 N E 1

! H H i .
dE 0 %NMNWDM} I‘N \OMO\ W .
AR ZERC

N

Figure 1.18: Synthesis of a) a four-arm poly(ethylene glycol) end-
capped with terpyridine ligand and b) a metallo-polymer using

poly(ethylene-co-butylene) and pyridyl ligand termini.®>"!

Post-functionalization methods are sufficient and efficient to elaborate
functionalized polymers with associating moieties linked at the termini
or bonded as pendant groups along the polymeric backbone. However,
it is difficult to achieve a complete functionalization, i.e. a
functionalization yield of 100% through these techniques. Therefore
self-assembly of such associating systems may be hampered by the
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presence of non-functionalized polymers. Moreover, the post-
functionalized polymers presented here are limited in chain length and
present low molar masses, e.g. Ma < 10 kg.mol™'. Beyond this value,
the post-functionalization becomes extremely difficult, uncontrolled
and often incomplete. The limitations of post-functionalization
techniques have led to the development of a new synthetic approach
which consists in incorporating associating moieties on the monomers,
the initiators or the transfer agents before the polymerization step. Once
the monomers, the initiators or the transfer agents are chemically
functionalized with associating units, they are used in classical
polymerization techniques such as polycondensation, radical and ring
opening polymerizations. The pre-modification methods allow to easily
incorporate stickers within polymeric chains and to ensure an almost
complete functionalization with minimum fraction of non-
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Figure 1.19: Synthesis of a) norbornene monomer ﬁJnctlonahzed with
thiophene based tridentate ligand and b) copolymers with varying ratios
of PyboxONorb and norbornene repeating units.’?

For instance, Bettencourt-Dias et al. reported a set of metal-containing
polymers by using a monomer functionalization method.”? To do so,
they first functionalized norbornene (Norb) monomer with thiophene
based tridentate ligand (Pybox) in a three-step reaction as illustrated in
Figure 1.19 to yield PyboxONorb monomer. Then PyboxONorb was
copolymerized with Norb through ring opening metathesis
polymerization (ROMP) to obtain poly(PyboxONorb-co-Norb)s. The
obtained associating systems with Pybox as pendant groups along the
polymeric backbone are promising for application as light-emitting-
diode materials.
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Similarly, Enke et al. functionalized a methacrylamide monomer with
histidine ligands and the resulting associating monomers were
copolymerized via radical reversible addition-fragmentation transfer
(RAFT) polymerization.” Transient metallo-supramolecular polymeric
networks, which exhibit healing properties, are obtained based on
histidine-zinc complexes as pendant groups and poly(butyl
methacrylate) (PBMA) and poly(lauryl methacrylate) (PLMA). There
are many other examples of monomer functionalization in which
ligands with various binding constants have been used such as triazole-
pyridine ligands functionalized with methacrylate monomers’*, Mebip

5334 terpyridine ligands with

ligands with (meth)acrylate monomers
acrylamide’”> methacrylate’® or carbazole’”” monomers. Hence,
monomer functionalization seems to be an excellent method to
incorporate associating moieties within polymers. However, this
technique does not allow to precisely assign the stickers at specific
locations such as the extremity or the center of polymer chains. This is
why the functionalization of initiators or transfer agents has been

developed to overcome this limitation.

Nitroxide mediated polymerization (NMP) wuses an
alkoxyamine as an initiator that decomposes into an initiating radical
and a nitroxide one. The nitroxide radical is unable to initiate any
polymerization but it can trap the radical species by recombination. This
termination reaction is not irreversible because the covalent bond NO-
C is thermally reversible and extremely labile. Schubert et al. first
developed an alkoxyamine chemically modified with terpyridine ligand
which was then used in NMP in order to build different well-defined
tpy end-functionalized polymers with a high end-functionality.”® Later
on, they pursued the work by designing a NMP initiator containing both
the terpyridine ligand and the self-complementary quadruple hydrogen
bonding 2-ureido-4[1H]-pyrimidinone (UPy) synthesized in a three-
step reaction to prepare heterodifunctional telechelic polystyrene as
described above and as reported by Mansfeld et al.”’ Supramolecular
polymers can be obtained via the combination of hydrogen bonding and
metal-ligand complexes. Likewise, Mugemana et al. used this
polymerization technique with a tpy functionalized unimolecular
initiator to build a terpyridine end-capped polystyrene-block-poly(tert-
butyl acrylate) block copolymer with a My = 30.4 kg.mol! and B =
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1.26.%0 The latter was then used for the preparation of micellar gels in
selective solvents as represented in Figure 1.20.
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Figure 1.20: Synthetic strategy to terpyridine functionalized
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alkoxyamine NMP initiator and polymerization of polystyrene
followed by poly(tert-butyl acrylate).”*

Herein, the synthesis is well-controlled and a narrow dispersity and a
high molar mass, e.g. 30.4 kg.mol ™!, are achieved. The functionalization
of NMP initiators is an advantageous approach to obtain associating
polymers with higher molar mass compared to the post-
functionalization methods in which it is more difficult to attain such
lengthy polymeric systems. While NMP provides numerous advantages
for the elaboration of coordination polymers, several limitations such
as slow polymerization kinetics that require high temperatures or the
inability to easily polymerize methacrylate monomers in a controlled
way have led to the more widespread use of RAFT polymerization in

polymer pre-modification synthesis.®!

The development of RAFT polymerization has proven to be more
versatile and easier to carry out. Indeed, it offers faster polymerization
kinetics, lower polymerization temperatures and a broader range of
monomers to be polymerized compared to NMP technique. Thanks to
this method which relies on thiocarbonylthio based chain transfer
agents, well-defined polymers can be obtained. Hence, the
functionalization of the RAFT agent with a moiety able to self-assemble
by metal-ligand coordination can lead to the elaboration of metallo-
supramolecular polymers with high yields of functionality at the center
or the extremity of polymer chains. Harruna et al. first established the
terpyridine-functionalized chain-transfer agent (CTA) that can produce
well-defined macromolecular structures with tpy functionalities at one
chain end via RAFT polymerization.®? The tpy-modified dithioester as
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illustrated in Figure 1.21(a) is synthesized in a three-step reaction with
a relative good yield.
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Figure 1.21: a) Synthetic route of the terpyridine functionalized chain
transfer agent. b) Elaboration of bis(terpyridine)-ruthenium complex-

connected diblock copolymers.®?

The functionalized CTA was then used for the polymerization of
styrene and N-isopropylacrylamide (NIPAM) to generate respectively
a set of tpy end-functionalized and low dispersity PS (M, = 3.4-9.8
kg.mol!, B = 1.04-1.18) and PNIPAM (M, = 4.8-12.5 kg.mol’!, b =
1.06-1.11) polymers. The resulting systems were further used for the
elaboration of supramolecular diblock metallo-polymers by
bis(terpyridine)-ruthenium complexation as shown in Figure 1.21(b).
Additionally, surface observation by atomic force microscopy (AFM)
showed the presence of amphiphilic diblock metallo-polymers which
are able to form spherical particles.

Similarly, Zhang et al. developed a symmetric bisterpyridine-
functionalized trithiocarbonate (TTC) as a chain transfer agent to
synthesize higher molar mass polymers based on styrene and n-butyl
acrylate (nBA) monomers.®> As a result, a series of well-defined
telechelic PS (Mp = 25.8-44.5 kg.mol!, B = 1.12-1.16) or PuBA (M, =
12.3-31.5 kg.mol ™!, B = 1.28-1.34) homopolymers and triblock PS-

41



CHAPTER 1

PnBA-PS or PnBA-PS-PnBA (My = 38.4-309.6 kg.mol!, B = 1.14-
1.19) copolymers were obtained as illustrated in Figure 1.22.
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Figure 1.22: The synthetic strategy of bisterpyridine functionalized
poly(styrene) and formation of MSPs based on bis(terpyridine)-

ruthenium complexes.®?

In this context, O’Reilly et al. reported two bistriazolylpyridine (btp)
containing initiators for the RAFT polymerization.®* These particular
CTAs allow the growing of two polymeric chains in two active sites
bonded to a central tridentate core which has the capability to form
metal-ligand complexes at the center of the associating polymers as
depicted in Figure 1.23. Well-defined homopolymers based on methyl
methacrylate (MMA), fert-butyl acrylate or styrene monomers were
obtained with a molar mass ranging from 17.2 to 40.9 kg.mol™' and a
dispersity between 1.09 to 1.29. The coordination of the macro-ligands
to ruthenium or europium metal ions yielded respectively four- and six-
armed star-shaped metallo-polymers.
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Figure 1.23: a) Chemical structure of bis-RAFT agents. b) Formation
of 4 and 6 arm metallopolymers.®*

Piogé et al. elaborated a terpyridine-terminated trithiocarbonate agent
which was obtained in a two-step reaction.®>*¢ Several monomers such
as N,N-dimethylacrylamide (DMA), N-isopropylacrylamide (NIPAM)
and 2-vinyl-4,4-dimethyl-azlactone (VDM) were polymerized with this
functionalized CTA via RAFT polymerization. A well-defined (M, =
35 kg.mol™!, B = 1.42) thermoresponsive double hydrophilic block
copolymer Tpy-PDMA-b-P(NIPAM-co-VDM) end-capped with a
terpyridine unit was obtained and dynamic metallo-supramolecular
flower-like micelles were formed by addition of iron ions as represented
in Figure 1.24.
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Figure 1.24: Schematic representation of dynamic metallo-

supramolecular hydrogels based on the thermoresponsive terpyridine
functionalized copolymer Tpy-PDMA-b-P(NIPAM-co-VDM) %

The incorporation of associating moieties within polymers can be
achieved through several methods. Depending on the location of the
sticker, one approach can be more suitable compared to the other one.
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Indeed, the functionalization of initiators or chain transfer agents is
more appropriate in the case where the stickers are specifically assigned
at the extremity or at the center of polymer chains. On the other hand,
incorporation of associating units as pendant groups along polymer
backbones is more appropriate by monomer functionalization followed
by their polymerization. The post-modification approaches of already
synthesized polymers are also interesting. However, these procedures
are extremely limited because there is a high risk to obtain non-
functionalized chains which directly disrupt the self-assembly of
associating polymers. Plus, there is an additional limitation in terms of
polymer lengths where high molar mass polymers (Mn > 10 kg.mol ™)
cannot be correctly functionalized because the concentration of reactive
groups is extremely low.

This section briefly summarizes the possibility to synthesize
plethora metallo-supramolecular polymers with well-defined
structures. Depending on the desired chemical structure and topology
of the associating system, different synthetic routes can be considered.
Besides elementary characterizations which define the physical and
chemical properties of these materials, the rheological study of these
systems is also useful to determine their mechanical properties.

1.2 Dynamics of metallo-supramolecular
polymers

1.2.1 Rheology of molten polymers

Rheology is the science that studies the way materials deform
when forces are applied to them. It is commonly applied to the study of
liquids and liquid-like materials such as paint, ketchup, oil, blood,
polymer solutions and melts, i.e. materials that flow. But it also includes
the study of elastic materials that do not flow, such as cross-linked
materials. To investigate the rheological properties of a material, one
must either measure the force required to produce a given deformation
or the deformation resulting from a given force. Through this
investigation, rheology allows the development of relationships that
show how rheological properties such as the viscosity or the relaxation
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modulus are directly influenced by molecular structure and composition
of the molten polymers but also by temperature and pressure.

From an industrial point of view, molten polymers which are
processed as liquids are converted to end-use products by means of melt
forming operations, including profile extrusion and several molding
methods. In all these techniques, the rheological properties of the
molten polymers play a key role and must be considered in the design
of processing equipment and in the definition of operating conditions
for the development of new products. For instance, in an extruder, the
dependence of viscosity on shear rate and temperature is of interest, but
once a melt leaves a shaped die, its viscoelastic properties govern its
behavior. In the case of blow molding, the amount of swelling that the
melt undergoes as it exits the die before being expanded into the mold
is a crucial point because there are various flow instabilities that can
cause havoc in melt processing. In summary, the melt flow behaviors
are governed by their rheological properties and the latter have
important applications in molten polymer development, quality control,
and the numerical simulation of forming processes. In this work, the
general examined types of theological behavior are elasticity, viscosity,
viscoelasticity and structural time dependency that are exhibited by
molten polymers.

Elasticity corresponds to a type of behavior in which a
deformed material returns to its original shape whenever a deforming
stress is removed. This implies that a stress deformation is necessary to
generate and to maintain any deviation in shape from the original
unstressed shape. The simplest type of elastic behavior is when the
stress required to produce a given amount of deformation is directly
proportional to the strain associated with that deformation. For instance,
in simple shear this can be expressed as follows.

5=G.y (1.2)

Where o is the stress, G is the shear modulus, y is the strain and this
relationship is called Hooke’s law. For simple extension, the
corresponding form of Hooke’s law is:

O = E(L-Lo)/Lo (13)
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Where o is the tensile stress, E is the Young’s modulus, L and Ly is
the length of polymer for extensional test a time ¢ and time # = #) (i.e.
initial length) respectively. For a pure elastic material, all the produced
stress to deform the material is stored as elastic energy and it is fully
recovered when the material returns to its initial equilibrium unstressed
state as the stress is removed.

Viscosity describes the resistance of a material to continuous
deformation. In this case, the stress is related to the rate of deformation
and it is a particular property of materials that flow. The deformation is
permanent, irreversible when stress is removed and the energy
produced by the stress is completely dissipated into heat. For simple
shear, this type of behavior is defined by a linear relationship between
the shear stress and the shear rate as follows.

=1y (1.4)

Where 1 is the viscosity and y is the shear rate. A material that obeys
this relationship with the viscosity being independent of shear rate is
called a Newtonian fluid. For uniaxial extension, the net tensile stress
o is measured and is related to the viscosity as:

op =3n.¢ (1.5)

Where € corresponds to the Hencky strain rate. The latter is multiplied
by the Trouton ratio 3 which is used to normalize extensional data.
Trouton who found that the extensional viscosity is equal to three times
the shear viscosity. Hence for a Newtonian fluid, the viscosity does not
depend on the rate or amount of strain but it is dependent on temperature
and pressure.

Molten polymers are viscoelastic. Their rheological response to a
change in stress or strain is time dependent and they display both the
elastic storage of energy and the viscous dissipation. At relative long
timescale, a viscoelastic polymer will flow and consequently dissipate
all the energy originated from the generated stress or strain into heat.
At short timescale, molten polymers can behave as an elastic solid able
to restitute the given energy. The short time response to stress or strain
of flexible molten polymers with high molar mass is similar to the
response of cross-linked rubbers. This similarity highlights the presence
of temporary network that exists within the melt. Unlike permanently
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cross-linked network, herein the junctions can slip over relative long
timescale and they permit flow. In melts, this temporary network arises
from entanglements which is originated from the constraints, the
motion limitation and the degree of special overlap of one molecule by
its neighbors. Rubbery behavior takes place within molten polymers
when their molar masses are high enough to sufficiently generate the
number of entanglements necessary to mimic the effect of chemical
cross-links over a certain period of time. From a macroscopic point of
view, the effect of entanglements includes high viscosity, high elastic
recoil and the elastic properties of the transient network are related to
the elastic plateau modulus Gy as follows.

4 pRT
5 M,

0
N

(1.6)

Where p is the melt density, R is the gas constant, T is the absolute
temperature and M. is the molecular weight between entanglements.

Linear viscoelasticity can be described by the relaxation
modulus which is determined by measuring the mechanical response of
the melt to a small deformation. In small amplitude oscillatory shear
(SAOS), it can be characterized in terms of the storage (G’) and loss
(G") moduli by imposing a given shear strain and tracking the stress or
vice-versa. The resulting linear viscoelastic data are a source of fruitful
information about molecular structure such average molecular weight
and molecular weight distribution and also on mechanical flowing
properties of viscoelastic materials. In the following, the main
parameters, which are used in rheology studies to describe linear
viscoelastic properties of molten polymers, are introduced.

For instance, during stress relaxation experiment, a sample is deformed
under a constant strain y at time ¢ = 0 and the evolution of shear stress
o is tracked as function of time. In shear strain, the shear relaxation
modulus G(¥) is defined as follows.
a(t)
G(r) = 7 (1.7)

In extensional strain, the tensile relaxation modulus E(?) is defined as:
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E(f) = GET(” (1.8)

Where oy is the net tensile stress and € is magnitude of extensional
strain. In linear regime, the stress at any particular value of ¢ is
proportional to the strain in both shear and extensional.

While it is convenient to use relaxation experiments to introduce
elementary parameters, SAOS measurements are the typically used
experiments to describe the linear viscoelastic properties of molten
polymers. In a controlled strain experiment, a sample is subjected to a
constant homogenous shear deformation and the shear strain is related
to time as follows.

Y(f) = Yo.sin(w.?) (1.9)

Where y, is the strain amplitude and is ® the frequency. The shear rate
y(¢) as function of time and shear rate amplitude yo defined as:

y(t) = Vo.0.cos(m.f) =y .cos(m.f) (1.10)

If the strain amplitude is small that the response is linear, the stress
response is periodic, sinusoidal and is measured as function of time.

o(t) = ay.sin(w.f + ) (1.11)

Where gy is the stress amplitude and & is the phase shift or the loss
angle. The results obtained via an oscillatory shear measurement can be
defined in terms of the amplitude ratio G4 = g/ and of the loss angle
which are function of frequency. Hence, the results can be reported in
terms of storage and loss moduli in function of frequency as follows.

o(f) = Yo[G’(®).sin(®.f) + G"(w).cos(w.f)] (1.12)

Where G’ and G” are related to the amplitude ratio and the loss angle.
G’ = Gq.cos (d) (1.13)

G” = Ggq.sin () (1.14)

In the case of the pure elastic solid with a shear modulus G, the stress
is proportional to strain and it is defined in oscillatory shear as:

o = G.y = y,.G[sin(w.7)] (1.15)
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With G’ =G, G” =0 and 6 = 0. Therefore, stress and strain are in phase
to describe the elastic aspect of the response wave.
In the case of a viscous fluid, the stress is proportional to strain rate as:

6 =M.Y = Yo-n[cos(w.7)] (1.16)

With G’ = 0, G” = n.® and § = /2. Consequently, the strain and the
stress are out of phase which derives from the Newton’s law where the
stress is in phase with the shear rate to describe the viscous aspect of
the response wave. The ratio of the storage and loss moduli is the
tangent of the phase shift, tan(9).

tan(8) = G”/G’ (1.17)

The equation 1.17 allows to determine the ratio of dissipated lost energy
to stored elastic one. Phase shift approaches to zero when energy
storage predominates, and when dissipation predominates, the loss
angle approaches /2.

In the case of viscoelastic materials, the stress response displays a phase
shift value between 0 and 7/2 with respect to strain wave and from
equation 1.11, the response can be redefined as follows.

o(f) = op[sin(w.f).cos(d) + cos(w.f).sin(d)] (1.18)
() = %0-c05(0) sin(w.t) + %sin(9) cos(m.t) (1.19)
Yo Yo
at) ., . .
V_o =G’ .sin(w.t) + G”.cos(w.?) (1.20)

. ) Oo .
With G’ =— cos(8) and G” =— sin(J).
Yo Yo

A frequency sweep experiment consists in probing G’ and G” as
function of the frequency ® which allows one to measure the amount of
energy stored and dissipated during an oscillation cycle in the form of
linear viscoelastic moduli.

An alternative illustration of SAOS results is based on the complex
viscosity 0" which is defined as follows.
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n(e)=—r— (1.21)

Note that when the complex viscosity is plotted against frequency, it
often matches with a plot of viscosity as function of shear rate:

n’(@) =n) (1.22)

This empirical relationship is referred as the Cox-Merz rule.?” Since
measuring the viscosity at low shear rates by using a rotational
rheometer is more difficult than by employing an oscillatory shear
rheometer, the complex viscosity n°(w) is often used in the plastics
industry instead of n(y). While linear viscoelastic properties provide
the most fruitful source of information about the structure of melts of
all shear flows, non-linear behavior is more relevant to industrial
processing. Indeed, the deformations that occur during processing are
large and rapid. The response to a shear deformation does not provide
a complete description of melt rheological behavior. Several large and
rapid deformations processes such as large amplitude oscillatory shear
(LAOS), transient start up shear or uniaxial extensional flow are used
to describe the non-linear viscoelastic properties of molten polymers.

In LAOS measurements such as strain sweep tests where the
applied strain or stress on a sample is increased from small to large at a
given frequency, the shear strain amplitude is large enough that the
stress wave remains periodic but not sinusoidal anymore. Hence, the
resulting stress cannot be interpreted in terms of in phase and out of
phase components. However, the obtained responses are still relevant
to reveal diverse characteristics of the non-linear viscoelastic properties
of melts. At least four types of strain amplitude dependence can be

highlighted which are reported in Figure 1.25.58
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Figure 1.25: The types of LAOS behavior a) strain thinning, b) strain
hardening, c) weak strain overshoot and d) strong strain overshoot.

Type 1 — Strain thinning. This type of behavior, where G’ and G”
decrease upon increase of strain, is commonly observed in molten
polymers. It is originating from chain orientation or microstructure
alignment along the shear flow direction.®® For entangled polymers,
the chains disentangle and align with the flow field when the shear
strain increases and consequently the shear stress decreases.

Type 2 — Strain hardening. Oppositely to type 1, strain hardening
occurs when there are strong interactions between some segments
of the chain. The polymer chains can form complex microstructures
such as gelation, elaboration of shear induced network or strain
stiffening network components that resist to flow alignment.’® This
strong resistance is the origin of the strain hardening behavior.

Type 3 — Weak strain overshoot. Depending on the studied material,
there are different explanations on the origin of the strain overshoot
behavior in loss modulus G”. For instance, it can be a structural
rearrangement of microstructures under large shear or a balance
between the formation and the destruction of flow induced
microstructures to resist the deformation up to a certain strain where
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G” increases.’’ Then over a critical strain, the microstructures are
destroyed and the polymer chains align with the flow field.

= Type 4 — Strong strain overshoot. This type of behavior arises from
the intermolecular interactions which enable the formation of
micellar microstructures. The latter is considered as a network with
interaction energy weaker than type 2 but stronger than type 3.

Additional non-linear shear tests can be conducted to obtain
further information about the viscoelastic properties of melts. A
transient start-up shear test consists in applying a constant shear rate to
a melt during a certain time and the evolution of the stress is monitored
as a function of time. The shear stress growth coefficient (n") is then
obtained by dividing the measured stress by the imposed shear rate as
follows.

n'(ty)=o(t, ¥)/ ¥y (1.23)

At short times during which the deformation is small, it is expected that
the shear stress growth coefficient increases linearly and follows the
linear viscoelastic behavior. At longer times, the shear stress reaches a
plateau. If the shear rate is low compared to the characteristic time of
chain diffusion, the entire transient viscosity is the same as the linear
viscoelastic envelope because the polymer chain has the time to diffuse
while being sheared. Oppositely, if the shear rate is high enough that
the diffusion does not occur and consequently the entanglements
behave as permanent cross-links, the polymer coils are subjected to
strong orientation and stretch. Hence, the polymer reaches a new
equilibrium state with lower transient viscosity due to lower density of
entanglements. The resulting stress relaxation upon flow cessation
concerns the recovery of polymer coil configuration from the
orientation and stretch in non-linear shear rheology.

While many tests are conducted in shear to study the non-linear
viscoelastic properties of molten polymers, uniaxial extension tests
provide further information. The latter is different and in a way simpler
than the shear experiments since there is not rotation. Indeed, uniaxial
extension is extremely sensitive to long chain branching polymers and
it applies deformation in which strain hardening behavior is most
apparent. Uniaxial extension is an axisymmetric flow in which a tensile
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stress is applied to the melt in one direction of the axis of symmetry
usually named z-direction and the net tensile stress oy is measured.
Steady simple extension is a typical experiment which is carried out by
imposing a constant Hencky strain rate € to the melt. The latter
corresponds to the speed at which the material is subjected to
extensional deformation and is defined as:

_dlnlL

e=— (1.24)

Where L is the length of the sample. In simple extension, the sample
length increases exponentially with time at constant & such as:

L(¢) = Lo exp(£.1) (1.25)

Where L(¢) and Lo are respectively the length at time ¢ and the initial
length. During the test, the evolution of extensional stress (og) is
measured as function of time and the tensile stress growth coefficient
nF is obtained as follows.

ng(t, €)=og (t, &)/ € (1.26)

Like transient start up shear, linear viscoelastic response can be
exhibited if the Hencky strain rate is sufficiently low and is equal to
three times the viscosity obtained from SAOS measurements:

nE® =3n"() (1.27)

Similarly to transient start-up shear measurements, the nf (z, €) can be
compared to the linear response and both results are accurate if they
match at short times and low strain rates. At longer times, the molten
polymer is said to be strain hardening if the non-linear viscoelastic
response rise above the linear one. And oppositely, it is strain thinning
if they fall below the linear viscoelastic response.

Molten polymers are rheologically complex viscoelastic materials that
exhibit both viscous flow and elastic recoil. A general molecular
constitutive model to explain the entire behavior for these materials has
not been yet developed. While linear viscoelastic properties of melts are
extensively studied and well-known, it is not the case for the non-linear
viscoelastic properties where the rheological behaviors of molten
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polymers are empirical. This is why rheology of classic polymeric melts
is an interesting and challenging field of study.

1.2.2 Shear and extensional rheology of associating
polymers

Recently, with the advent of supramolecular polymers where
the incorporation of associating units able to self-assemble via metal-
ligand coordination, additional interesting rheological properties can be
obtained within these associating polymeric materials. Due to metal-
ligand dynamics, attractive features such as self-healing or shape-
memory**> properties can be achieved. Depending on the location of
the associating moieties within the polymer, the resulting mechanical
properties can differ from stickers incorporated as pendant groups,
located at the center or at the extremity of polymer chains. In section
1.1.2 the different synthetic strategies are summarized. In the following,
the resulting rheological properties of such materials will be reviewed.

1.2.2.1 Shear measurements

Fullenkamp et al. studied transient network hydrogels based on
poly(ethylene  glycol)  cross-linked via  bis(histidine)-metal
complexes.>® Histidine functionalized star PEG, e.g. compound 8
presented in section 1.1.2, were used to alter the rheological properties
of these materials. Hydrogels were formed for a fixed polymer
concentration at physiological pH and at stoichiometric ratio with
different transition metal ions such as nickel (Ni*"), cobalt (Co?*"),
copper (Cu?") or zinc (Zn*"). While the precursor polymer solution
without metal ions behaves as a free-flowing solution, gel-like materials
are formed upon addition of metal ions and their linear viscoelastic
properties are investigated by oscillatory shear. As shown in Figure
1.26, results demonstrate the formation of bis(histidine)-metal
complexes as physical cross-links to form the transient hydrogels. The
influence of the nature of metal ions on the elaboration of hydrogels is
highlighted with the relaxation times of these gels which follow the
order Ni** > Co*" > Cu*" > Zn?" when the inverse of the cross-over is
considered as the terminal relaxation time. The latter is found to be in
correlation with a previous work about divalent metal kinetics where
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Ni?* hydrogels relax more slowly than the other materials.®?
Consequently, transient networks based on bis(histidine)-nickel
complexes have the longest self-repair rate time because the healing of
the materials needs breakage and reformation of coordination bonds.

1|0 100
Angular frequency (rad/s)

e G' o G" 0.5x Zn*
=a G' =5 G" 0.5x Cu?*
a4 G' == G" 0.5x Co?*
~—+ G' = G" 0.5x Ni¢*

00

Angulz;r frequency1?radls}
Figure 1.26: Frequency sweeps of four-arm star PEG-His coordination
gels with 0.5 divalent metal/polymer end-group at pH = 7. Storage (G’)
and loss (G”) moduli are reported at a) 10°C, b) 25°C and c) 37°C.° 2

Moreover, the influence of polymer concentration is also investigated
for hydrogels formed with nickel metal ions. The concentration
dependence of the material is studied for concentrations ranging from
10 to 150 mg.mL™" of polymeric precursor. In Figure 1.27(a), it is
shown that both the relaxation time and the moduli increase when the
concentration increases. According to Fullenkamp et al., this increase
in moduli is related to the cross-linking density as the modulus is
proportional to it. The decrease in relaxation time is attributed to an
increase in chain stretching capacity as the concentration decreases
which may influence the relaxation dynamics of the coordinating
interactions. Additionally, the effect of pH on the transient gel is also
investigated in step strain measurements at a given concentration with
Ni** ions. Results reveal that the gel relaxation follows the order pH 7
>pH 8 > pH 6 > pH 9 where pH 7 seems to be the ideal pH to elaborate
gel with optimum coordination bond stability as represented in Figure
1.27(b). Beyond or below this optimum pH, it appears that the bond
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relaxation time decreases due to proton or hydroxide concentration. In
fact, at low pH, protonation of imidazole or amine from the histidine
ligand can occur and consequently the chelating effect between
histidine-metal coordination is destabilized. At high pH, it is the
hydroxide ions that can interact with metal ions and hence directly
affect the histidine-metal coordination.

(=3
~
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e G' &5 G" 25 mg/mL eepH6
=a G' == G" 50 mg/mL wapH7
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++G' =5 G" 150 mg/mL a—apH9

Figure 1.27: a) Influence of polymer concentration of four-arm star
PEG-His coordinated with 0.5 equivalents of Ni*" at pH = 8. b)
Influence of pH on gel relaxation for PEG-His + 0.50Ni**, 100 mg/mL
gel subjected to a 10% step strain.”

Grindy et al. pursued the study of such systems to provide additional
control by varying the active cross-linker concentration over or under
the stoichiometry.® More precisely, a window of highly tunable
stiffness and relaxation time can be obtained by altering the His:Ni>"
ratio. The influence of metal-ligand concentration ratios on the
viscoelastic properties of 4-PEG-His:Ni*" associating systems is
investigated with His:Ni>" ratios between 1:4 and 1:1. The mechanical
properties of the resulting systems are reported in Figure 1.28. Results
show that the concentration of nickel ions is found to strongly influence
the dynamics of the resulting hydrogels where the stiffest transient
network is achieved with a His:Ni>* ratio of 3:1 instead of 2:1 as used
by Fullenkamp et al. Compared to bis(histidine)-Ni* complex obtained
with a 2:1 ratio, 3:1 ratio leads to formation of tris(histidine)-Ni**
complex. The latter acts as a branching points with an additional active
chain that participates to the elasticity of the gel. The linear viscoelastic
properties of these transient networks are governed by the dynamics of
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metal-ligand coordination by simply adjusting the concentration of the
coordinating metal ions.
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Figure 1.28: Influence of metal ion concentration on four-arm star
PEG-His coordinated at varying His:Ni>" ratios. Frequency sweep of
the transient networks with a) storage modulus and b) loss modulus
reported at 25°C.The formation of bis(histidine)-Ni*" complex creates
one elastically active chain. A tris(histidine)-Ni*" complex creates three
elastically active chains and therefore contribute more to the storage
modulus.*

Using the same associating system with a molar mass of 10
kg.mol™!, Wagner et al. reported a redox-responsive hydrogel with
23% as cross-linkers.”* The physical state of
the formed hydrogel can be switched from self-healing viscoelastic

liquids to stable elastic solids by a simple oxidation step of Co?" into
2+/3+

cobalt ions to form His:Co

Co**. Like previous works, different ratios of His:Co ,e.g 2:1and
3:1, were used to highlight the formation of different cobalt-histidine
based cross-linkers which directly alter the viscoelastic properties of the
transient polymer networks as shown in Figure 1.29. While Co** forms
kinetically labile coordination bonds, Co>* forms kinetically inert with
high binding strength coordination bonds because d° cobalt(IIT) ion
forms complexes with higher formation constant than the d’ cobalt(II)

ion.”*?> Consequently, cross-links based on cobalt(II) ions undergo fast
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ligand exchange and the binding strength is relatively weak which
results in a viscoelastic liquid where flowing regime is probed and the
cross-over between G’ and G” is already passed as shown in Figure
1.29. Upon oxidation, cross-links formed via cobalt(IIl) ions form
stable complexes and are kinetically inert which results in an elastic
solid where no cross-over between storage and loss moduli is probed
within the measured range. The influence of polymer concentration is
also investigated because it also affects the gel properties as it controls
the cross-linking density.
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Figure 1.29: Influence of cobalt ions ratio with respect to histidine
ligand and influence of polymer concentration of four-arm star PEG-
His coordinated with Co** or Co>" ions with histine:cobalt ratio of a)
2:1 and b) 3:1 at 25°C. The 4arm-PEG-His with Co®" or Co>" results in
hydrogels with different rheological features due to the different
coordination bond properties. With the Co*>*-mediated cross-links, the
coordination bonds result in a viscoelastic liquid. In the Co>"mediated
cross-links, the coordination bonds result in an elastic solid. The
properties of the hydrogel can be switched from liquid to solid by

oxidation of the Co*" to Co>*.”?

Seiffert el al. also investigated the linear viscoelastic properties
of four-arm star PEG (My = 10 kg.mol™!, B = 1.03) end-capped with
terpyridine moieties that can transiently coordinate to different metal
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ions.”®®7 The latter was used to form temporary supramolecular
polymeric networks in aqueous media or organic solvents with
homogeneous architectures and determined binding strength. Their
studies reveal that these networks in dilute and semi-dilute solutions
display connectivity with temporal detachment of one of the star arms,
which permits its relocation within the polymeric networks. Hence, it
allows the relaxation of these systems. Depending on the nature of the
metal ions, different organo-gels or hydrogels with varying binding
strength are obtained and their corresponding relaxation times are
ranged between ten to hundreds of seconds at a stoichiometric ratio, i.e.
2:1.

While several investigations have been conducted on linear
rheology of associating polymers based on metal-ligand coordination,
only a few works are reported on non-linear viscoelastic properties of
metallo-supramolecular polymers. This is especially true for shear
rheology where LAOS measurements are commonly performed.” 102
For instance Cao et al. conducted strain sweep measurements on
metallogels originated from the coordination of the 3,6-di-2- pyridinyl-
1,2,4,5-tetrazine (DPTZ) functionalized poly(dicyclopentadiene)
(sPDCPD) macromolecular ligands with zinc and nickel salt as shown

in Figure 1.30.!03
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Figure 1.30: LAOS measurements of metallogels at f= 1Hz, T =-20°C
with varying a) crosslinking density, b) sPDCPD polymer
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concentration, c) different metal ions and d) different solvent

THF:toluene mixtures.'®

Their studies reveal that their materials displayed dynamic mechanical
properties which are characteristic of metallogels. The shear thinning
properties of such systems can be manipulated by varying different
parameters such as the crosslinking density (ratio of PDCPD with
respect to DPTZ or polymeric concentration with respect to the
solvent), the nature of the solvent (THF, THF:toluene mixtures) or the
type of metal ions (zinc, nickel). Figure 1.30 results appear to fit to type
3 of strain amplitude dependence. However, no further details were
explained by the authors on the weak strain overshoot observed with
such metallogels.

1.2.2.2 Shear and extension measurements

Besides LAOS measurements, tensile test experiments can also
be conducted to investigate the non-linear elongation viscoelastic
properties of metallo-supramolecular polymers. Liu et al. pursued such
kind of work by reinforcing covalently cross-linked elastomers based
on butadiene-styrene-vinylpyridine (VPR) with bis(pyridine)-zinc(Il)
coordination bonds.'? Since M-L bonds are capable of breaking and
re-forming, they are used as sacrificial bonds under external load to
dissipate energy. The latter also facilitates rubber chains orientation and
improves the mechanical properties of the resulting materials. First, the
authors started by performing dynamic rheological measurements at
various strain and frequency to have more information about the
network structure of the samples as show in Figure 1.31
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Figure 1.31: Dynamic a) frequency and b) strain sweeps of butadiene-

styrene-vinylpyridine rubber with and without ZnCl, ions.'%?
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From SAOS and LAOS data, the incorporation of physical
bis(pyridine)-zinc crosslinks within covalently crosslinked elastomers
increases the stiffness of the materials. This is highlighted by the
general increase in moduli (G’, G”) for the elastomer additionally cross-
linked with M-L complexes (VPR-0.5) compared to the rubber without
metal salts (VPR-0). When LAOS measurement is performed, moduli
of VPR-0.5 decreases with increasing strain and a cross-over between
G’ and G” is probed. Showing that the additionally cross-linked rubber
exhibits fluid character at high strain because of the rupture of the
sacrificial coordination bonds. Whereas for VPR-0, only a slight
decrease in moduli is observed which is due to the disentanglements of
rubber chains at high shear strain. Then Liu et al. studied the mechanical
response of these materials without ZnCl> and with different ratio of
zinc salts under tensile tests and results are reported in Figure 1.32.
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Figure 1.32: a) Tensile stress-strain curves of VPR-x and b) fracture

energy of VPR-x, x corresponding to the different ratios of zinc salts.!?

In the resulting VPR material, the elastomeric architecture is held
together by dual cross-links of covalent cross-links and transient Zn**-
pyridine complexes. While the covalent network imparts elasticity and
keeps the shape of the material, the zinc-pyridine coordination serves
as physical cross-links to increase the elasticity and improves the
modulus. M-L complexes reversibly rupture-reform and act as
sacrificial bonds to dissipate energy during stretching. After the rupture
of physical cross-links, previously protected chains by the sacrificial
bonds from the applied stress are released to sustain large deformation.
Compared to the VPR without metal ions, the modulus, the tensile
strength and fracture energy of VPR with zinc ions are significantly
improved without scarifying the extensibility of the material. Hence, it
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is demonstrated that the mechanical properties (moduli, strength,
toughness, extensibility) of biomimetic diene-rubber can be tuned by
adjusting the structural parameters of the covalently cross-linked
network. Their mechanical features is also modulated by varying the
incorporated ratio of metal-ligand coordination that act as physical
cross-links and rupture under external load.

Similarly, Guan et al. investigated the bulk mechanical
properties in shear and tensile tests of imidazole-containing polymers
(ICPs) using styrene and acrylate monomers.!** These polymers are
dynamically cross-linked by addition of cobalt(Il), zinc(Il) or
copper(Il) ions with systematic variation in the ligand/metal (L/M)
ratio. Upon addition of metal salt, an increase in the viscosity of the
material is noted in shear rheology. This indicates that dynamic M-L
cross-links are the major contributors to the viscoelastic properties of
these systems and their dynamic viscoelastic properties increase by
addition of metal salts as shown in Figure 1.33.
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Figure 1.33: Linear dynamic shear viscosities of linear imidazole-
containing polymers, a) in acetonitrile and b) in bulk, cross-linked with

different types and amounts of metal.!%*

As more physical cross-links are formed within the polymeric network,
it is expected that its resistance towards flow increases. These cross-
link properties can be tailored by the type of metal ions which directly
influences preferred coordination number (e.g. tetrahedral ML4 or
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octahedral MLg) as depicted in Figure 1.34 and ligand exchange
mechanism.
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Figure 1.34: Tuning metal-imidazole cross-links properties through

metal complex topology and ligand to metal (L/M) stoichiometry.'%

They can also be tuned by the ligand to metal stoichiometric ratio which
simultaneously adjusts the density of cross-links and the uncoordinated
ligands. The presence of unbound ligands plays an active role in
facilitating cross-links exchange dynamics depending of the M-L
complex. Specifically, the presence of dangling arms/ligands affects the
network relaxation behavior and consequently the dynamic mechanical
properties of the resulting materials. Then Guan et al. pursued their
work by investigating the extension mechanical properties of these ICP
systems in bulk using static tensile tests. While linear ICP based on
acrylate monomers are used to investigate dynamic shear rheology
properties, brushed ICP based on styrene and acrylates monomers are
designed to perform tensile tests because linear ICPs are not sufficient
to produce mechanically strong materials for such kind of experiments.
However, brushed ICP has multiphasic structure where glassy
polystyrene domains acts as physical cross-links and soft domains are
originated from poly(n-butyl acrylate). The Young’s modulus (E) and
the ultimate extensibility (eurr) are extracted from tensile data and
reported in Figure 1.35 to compare the transient networks obtained with
different types and amounts of metal ions.
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Figure 1.35: Static tensile stress-strain curves for B-ICP-M samples
with different L/M ratios, where M = a) Co>™ b) Zn** and ¢) Cu?" (strain
rate: 100mm/min at 25°C). Young’s modulus (E) and strain-at-break
(eult) plotted with cross-linking density at each L/M ratio. d) Schematic

representation of the imidazole containing polymers (ICPs). 104

For all three metals (Zn>", Cu**, Co®") the Young’s modulus
increases with increasing cross-linking density via addition of more
metal salts. For a similar L/M ratio, the Co?* networks have a higher E
compared to Zn>" and Cu?" systems due to the preference of cobalt to
form octahedral complexes MLg whereas zinc and copper prefer to form
tetrahedral complexes MLs. The ultimate extensibility (strain at break)
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changes significantly when the L/M ratio lowers from 8 to 4 for ML4
complexes and from 10 to 7 for ML complexes. This is related to the
fact that the M-L cross-links density increases upon addition of more
metal ions. Consequently, a drastic reduction of uncoordinated
imidazole groups in the bulk network occurs which dramatically slows
down the ligand exchange mechanism. The latter impedes the transient
network relaxation and dramatically increases the network rigidity.
This is why the extensibility decreases while the tensile strength
increases when L/M ratio decreases.

Through this investigation, Guan et al. show that there is a
dependence of the bulk tensile properties on the M-L content. At low
strain, the mechanical properties are governed by the structural
topology of the network, the metal content and the coordination number
of M-L cross-links. As the polymer network is stretched further, the
dynamics of ligand exchange plays a role and influences the outcome
of overstretched chains where the rupture of M-L cross-links can occur
to help relaxing chains under stress. Their results clearly demonstrate
that a large window of bulk mechanical properties under both static and
dynamic loads is accessible by tailoring the metal ion type and amount.
Indeed, it is possible to control the structure of the transient networks
and the temporal response by regulating the population of active cross-
links and the dynamics of ligand exchange rate.'%'7 However, one
must note that phase-separation occurs in their brushed ICP which
participates to the formation of physical cross-links in the bulk samples.
The authors have not compared the mechanical properties under static
and dynamic loads of the precursor system without metal ion in order
to check the contribution of the phase-separation with respect to the M-
L dynamics.

The incorporation of metal-ligand interactions within
polymeric systems clearly has an effect on the rheological properties
for the resulting materials. Transient networks can be formed with
linear telechelic polymeric precursors where the sticker functionality
has to be no less than three. In the case of telechelic branched polymeric
precursors or linear polymers with multiple stickers distributed along
their backbones, a sticker functionality no less than two is necessary to
form supramolecular networks. In general, most of the studies are
conducted on transient networks formed by these polymeric precursors

65



CHAPTER 1

(linear or branched, telechelic or randomly attached) which tend to form
large aggregates of stickers or flower-like micelles bridged by flexible
polymer chains. Hence, phase-separation is promoted due to the fact
that the stickers are hydrophilic whereas the polymeric matrix are
hydrophobic.

Despite of this, the results obtained from the rheological
investigations demonstrate that a large window of mechanical
properties is accessible by tailoring the metal-ligand interactions which
are incorporated within most of the time unentangled polymers. In order
to have a better understanding on the rheological properties of
associating polymers, the elaboration of theoretical models is also
important to consider.

1.3 Molecular models for associative polymers

1.3.1 Tube theory for classical polymers

Polymer melts and solutions display complex flow behavior
and stress relaxation in response to a deformation. In order to interpret
such behavior and understand the viscoelastic data beyond
phenomenological description, the development of a quantitative
molecular theory is needed that correlates rheological properties of a
polymer to its molecular structure. In this section, a quick overview of
molecular dynamics theories will be essentially focused on dilute
polymer solutions and entangled polymers.

The development of the tube model has been one of the most
noteworthy accomplishments in polymer physics to predict polymer
dynamics at mesoscopic scale. Developed by Doi, Edwards and de
Gennes, the tube-model theory considers that a polymer chain is
confined in a virtual tube originated from the average effect of all
topological constraints between different chains.'®®'%  These
topological constraints are usually referred to as entanglements as
illustrated in Figure 1.36.
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entanglement
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Figure 1.36: Schematic representation of a polymer chain confined by
110

entanglements to a tube region of diameter a.

The latter reflects the topological interaction between one polymer
chain and its surrounding neighbors. This interaction can significantly
hinder the motion of the chain and thus its ability to relax after a
deformation (or a stress) is applied. In presence of entanglements, the
polymer chain has to go through unusual motions to move and relax
with other polymer molecules. Because of these unusual motions,
entangled polymers can have relatively long relaxation times and high
viscosities. One of the key idea of the tube model is to investigate the
motion of the test chain which moves along the tube. Through this
study, different relaxation mechanisms are implemented to the tube
model to successfully describe the dynamics of entangled polymers.

1.3.1.1 Rouse model to entangled chains

The Rouse model was intended to describe the dynamics of a
polymer molecule in a dilute solution.!'! The model is based on bead-
spring models in which a flexible linear chain is mapped as a collection
of N beads of size b (considered to be the Kuhn length) and with a
friction coefficient {. Each bead is connected to each other by N-1
springs with Hookean spring constants equal to 3ksT/b%, where kg is the
Boltzmann constant and T the temperature.
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The bead-spring model takes into account the viscous
interaction between a solid spherical particle and a liquid medium
originated from the random movements of the small particle in a liquid
medium. As a particle explore its surrounding, it diffuses from its initial
position r(0) at t = 0 to another position r(z) at time ¢. On average, the
distance between these two positions can be defined as:

<[t — H0)]* >=6D.t (1.28)

Where D is the diffusion coefficient which characterizes the Brownian
motion. The latter is defined by Einstein relation as follows:

D=—— (1.29)

The friction coefficient { is defined by Stokes’ law for a sphere as:
{=6mn.R (1.30)

Where n is the viscosity of the surrounding liquid medium and R is the
radius of the spherical body. Hence, equation 1.29 can be written as:

kg.T
D= (1.31)
6m.n.R

Which is known as the Stokes-Einstein-Sutherland expression.The
combination of equations 1.28 and 1.31 provides the duration of a
particle to travel a distance comparable to its own size R.

R? n.R3
T ~ ——~
D kgT

(1.32)

In the case of unentangled chains, the R? is the length of the primitive
path composed of N Kuhn segments of length b* The diffusion
coefficient of the chain is equal to kg T/N.(, where N.{ corresponds to
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the total coefficient friction of the chain. Therefore, the Rouse
relaxation time is defined as:

R?> N.b? N.b? N2b2%(
T = —— = —
R~p b kBT =~ gkpT
NI

=14.N? (1.33)

Where 19 is the relaxation time of one Kuhn segment and is defined as:

_b%g
kp.T

To (1.34)

Since the entire chain is composed of N Kuhn segments as illustrated in
Figure 1.38, each portion of the chain (or sub-chain) with N/p Kuhn
segments relaxes similarly to the whole chain with a specific relaxation
time 7,, defined as follow:

T, = TO.(%)Z == (p=123,..N) (1.35)

From Equation 1.35, the relaxation time by Rouse mode associated to
p-1 mode is longer than the relaxation time of p mode (7,1 > 7p). At
time ¢ = 7, there are p unrelaxed modes which contribute kp.T to the

relaxation modulus G(?). The latter is defined at ¢ = 7, as:
G(t=1,)=kgTvp (1.36)

Where v is the number density of active chains. From Equation 1.35,
the temporal dependence of p modes is given by:

1

p=N(T—p) 2 (1.37)

To

By implementing Equation 1.37 into Equation 1.36, the following
relaxation modulus is obtained for 7y <t <1tg:

69



CHAPTER 1

1

2

G(t) = kg T.v. N(%) (1.38)

For ¢ > 75, an additional exponential term is added to the relaxation

modulus as follows:
1

G(f) = kp T.v. N(%) 2 exp (— é) (1.39)

The explicit formula for the relaxation modulus of the Rouse model is:
N

G(t) = kB.T.VE exp <—TL)
P

p=1
(1.40)
In the presence of entanglements, the Rouse mode allows the
relaxation of sub-chains shorter than the molecular weight between two
entanglements. Therefore, Me can be considered as the longest sub-
chains able to relax via Rouse process. The relaxation time of the sub-
chains between two entanglements (z,) is defined as:

_ b%g N2 = 2
To = —=N; = 13.N; (1.41)
kg.T
Where Ne is the number of Kuhn segments in the sub-chain of molecular
weight Me. For an entangled polymer melt, the global relaxation
modulus is given by:

N
.R.T t
G(t) = GI(\} + Grouse (t) = GI?I + P § exp <_ _>
M T
p=2 b
(1.42)

In oscillatory shear, the Rouse model predicts that both the storage and
loss moduli are proportional to ©*? at high frequencies. Once the sub-
chains shorter than Me have completely relaxed, the rubbery plateau
and the terminal relaxation zones are reached. The Rouse mode is not
sufficient anymore to describe these regions because the entirety of the
chains is considered. Hence, additional relaxation processes are needed.
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1.3.1.2 Reptation mechanism of de Gennes

Introduced by de Gennes, the reptation process describes how
the polymer chain escapes from its virtual tube by sliding back and forth
in it.!% This unidimensional thermal diffusion gradually evacuates the
mass of the chain outside the tube. Every time a portion of the chain is
out of its tube, the chain is free and randomly orients itself to create a
new tube section. The creation of the new tube section is random and
its correlation to the initially vacated tube portion is forgotten. Hence,
the chain progressively loses the memory of its initial orientation (or
original entanglements). When the whole chain is completely out of its
initial tube, the polymer chain is said to be relaxed. This reptation
mechanism is characterized by the curvilinear diffusion coefficient D,
and is defined as:

B kp.T

D= N.

(1.43)

Where N.( is the total friction coefficient of the chain. In order to relax,
the chain has to diffuse out of its tube and move a distance L. A
representation of a polymer chain confined in its virtual tube is
illustrated in Figure 1.37 along with its parameters.

Segment between
2 entanglements

Kuhn segment

Figure 1.37: Coarse grained model of a chain in its tube. Sub-chains of
mass M. are considered as segments of length /. N is the number of
Kuhn segments between two entanglements, L is the length of the
primitive path and a is the tube diameter.
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At equilibrium the tube diameter « is equal to the length between two
entanglements / and is determined as:

a=1=N"2b (1.44)

From Figure 1.37, the tube can be considered of being composed of
N/Ne sections of size a and each section contains Ne monomers. The
chain can be thought of as a random walk of entanglement strands, i.e.
N/Ne strands of size a, or as a random walk of monomers, i.e. N
monomers of size b. The length of the primitive path L is proportional
to the chain length between two entanglements / and it is defined as:

N N.b
L=ZIl=—I=

RN

(1.45)

The relaxation time 74 required for the center of mass of the chain to
diffuse a distance L is defined as follows:
L? N3.b%2¢ N3

T = = = T Ml
47 p, " NekgT 0N,

(1.46)

By implementing 7, from Equation 1.41 into the Equation 1.46 the
relaxation time 7, becomes:

3

3
Tg = TO.N— = 1,. (ﬁ) =1,.7°3
N N

(1.47)

Where Z is the number of sub-chains of molecular weight Me in one
entire chain or also defined as the number of entanglements per chain.

The reptation mechanism by which a chain would diffuses back
and forth along the tube axis, satisfies a one-dimensional diffusion
equation. To solve this equation, Doi and Edwards calculated the
survival probability P(s,f) as the fraction of the tube located at position
s that survives at time ¢ which is given by:
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aPrept(S' t) - D aZPrept(Sv t)

ot ¢ 0s2
(1.48)
With the following boundary conditions:
P 0,t) =P(L,t)=0
rept (0, ) = P(L, t) (1.49)
Prepe(s,0) =1 fors e€|[0,L]

The first condition means that the survival probability of the initial tube
fractions localized at the chain ends is zero. The second one involves
that the survival probability for any initial tube is one at the beginning.

The general solution for the tube survival probability is defined as:

4  pms —p%.m2.D,.t
Prept(sl t) = Z p—n.sm (T)exp (L—Z

p,odd
(1.50)

By integrating Equation 1.51, the proportion of unrelaxed segments
®(?) at time ¢ is determined as:

t 8 1 —p2.D,.t
o(t) :fO Prept(s; t).ds = ) Z p—zexp (T)

p,odd
(1.51)

This survival probability is defined as the fraction of the tube that
remains occupied by the chain at time ¢ by assuming that the whole
chain is in the tube at time ¢ = 0. By including the reptation process with
the Rouse motion, the relaxation modulus of entangled polymers is
defined as follows:

G(t) = GRouse(t) + GI(\)I LD(t) (1.52)
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, 8 1 —p%.D,.t
G(t) = Grouse(t) + Gy. 2 § 2 €Xp 2
T D L
p,odd

In spite of the success of the Doi-Edwards tube model in predicting the
linear viscoelasticity of linear entangled polymers, additional relaxation
mechanisms are implemented to refine the tube theory so that
predictions in good agreements with experimental data can be obtained.

1.3.1.3 Contour length fluctuation (CLF)

The CLF originates from the thermal diffusion that allows the chain to
meander within the tube.!'?> Consequently, the chain is shrunk in its tube
as represented in Figure 1.38. When the polymer chain pulls back its
end inside the tube, the ends of the tube are vacated and the stress
associated with the now-vacated end tube segments is relaxed. Upon re-
expansion, the chain end randomly explores new regions and creates
new tube segments. The degree of chain end shrinkage varies constantly
due to the Brownian motion. As one can already imagine, contour
length fluctuation relaxes the chain ends rapidly whereas the relaxation
of the center of the chain by this process is slow because the chain has
to be highly shrunk to vacate the center of the tube. Therefore CLF can
be divided into two different mechanisms which are:

= The early fluctuation is associated to the wrinkling of chain
ends where the chain easily fluctuates inside the tube without
any topological constraints and the retraction energy is lower
than the thermal energy kg.T.

* The activated fluctuation refers to shrinkage of the inner part
of the chain which requires deep fluctuation to reach it due to
topological constraints. Consequently, the retraction energy
exceeds the thermal energy.
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Figure 1.38: Illustration of the primitive path fluctuations, in which the

chain ends randomly wrinkle from the ends of the tube.!!

The potential energy U(x) helps to know which fluctuations process
takes place.!'* !¢ This potential corresponds to the energy generated
during the retraction of a chain which is initially at equilibrium and
whose ends are retracted to a position x. The formula of U(x) is given

by:

3kg.T
U(x) = %Z.x2 +C
(1.53)

Where x = s/L is the normalized distance at which a chain end is
retracted and C is a constant. When U(x) < k. T, the early fluctuation
process takes place and its relaxation time is defined as:

93 (My\2
Terr(x) = Tearly,fluc (x) = (

16 E) -TR,chain+X 4

(1.54)

Where M, is the molecular weight of an arm and 7g cp4in 1s the Rouse
relaxation time for an arm. The linear chains are considered as two arms
structures with M, equals to half of Mn The chain extremities are not
affected by the tube constraints. Therefore, the chain ends can freely
move and relax by Rouse process.
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When U(x) > kg. T, the activated fluctuation occurs where the chain
retraction is affected by the topological constraints of the tube and its
relaxation time is characterized by:

U(x)
TcLF (x) = Tactivated,fluc (x) = Tp.€Xp <kB T)

(1.55)

To summarize, fluctuation time for chain segment being retracted in
small depth is described by the early mechanism and fluctuation time
corresponding to deeper segment depth is described by the activated
process. In between, the segment depth xuans corresponds to the
transition between these two mechanisms where U(Xuans) = k. T. So the
general fluctuation time can be written as:

Tearly,fluc(x) for x < Xtrans

AUxtrans _’x>

kp. T

Ter(X) =

Tactivated,fluc (x).exp ( for x > Xtrans

(1.56)

From Equation 1.56, the general solution for the tube survival
probability is defined as:

—t
Pcrr(x, t) = exp (m)

(1.57)

Note that, for linear entangled polymers the time required to relax the
inner part of chain via fluctuation process is relatively long that this
fraction of the chain will have already relaxed by reptation mechanism.
Then the global proportion of unrelaxed segments ®(¢) at time ¢ is

determined as:
1

o(t) = f Prepe (¥, €). Py (x, ). dx
0

(1.58)

By including the CLF mechanism with the reptation and the Rouse
motion, the relaxation modulus of entangled polymers becomes:
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G(t) = GRouse(t) + 613 .(D(t)

1

G() = Grouse () + G- f Prape (1, £). ey (x, £). dx
0

(1.59)

The inclusion of CLF improves the prediction of the tube theory with
respect to the scaling exponent for viscosity as function of molecular
weight of the polymer chain. However, this inclusion is not sufficient
to perfectly describe the dynamics of polymer melts. This implies the
existence of other relaxation mechanisms.

1.3.1.4 Constraint release (CR)

The relaxation of a chain not only depends on its own
fluctuation and reptation but also on the relaxation of the matrix chains
surrounding the test chain in the tube which also undergo similar
motions. While the test chain is constrained by entanglements
originating from surrounding matrix chains, it also imposes topological
constraints on these chains. When the test chain fluctuates and reptates,
it releases these constraints on the matrix chains. Similarly, when the
matrix chains fluctuate and reptate, they also release their constraints
on the test chain. Hence, the CR process can be considered as a global
relaxation process where the test chain and its entire environment can
release topological constraints.

The CR mechanism can be described by the double reptation
theory developed by Tuminello, Tsenoglou and des Cloizeaux.!!711?
The latter considers a blend of two polymers A and B with v, and vg
being respectively the volume fraction of chain A and B in the blend.
P,(t) and Pg(t) are respectively the remaining fraction of the initial
tube from the chain A and B at time ¢. The total survival fraction of the

initial oriented tube segments is given by:

d)(t) = ZVA'VB'PA(t)'PB(t)
A,B
(1.60)
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Where v,4. v is the probability to have an entanglement between a chain
A and a chain B. The product P,(t). Pg(t) represents the probability
that such an entanglement still exists at time z. By implementing this
mechanism, the relaxation modulus is defined as follows:

G(t) = GY Z Va Vg Py(6). Py (t) = GY Z(VA. P(D)” =GY.o(t)?
A,B A

(1.61)

In the case of a monodisperse system, v4 = 1, vg = 0 and the Equation
1.61 can be simplified into:

G(t) = GY. P4(t)? (1.62)

The CR mechanism can also be described by the dynamic tube
dilation (DTD) mechanism which takes into account the relaxation of

the test chain environment. 212!

If a part this environment has relaxed,
then it does not contribute anymore to the stress imposed on the test
chain. Therefore, this relaxed environmental polymer fraction can be
considered as solvent for the test chain. Consequently, the test chain is
less constrained in the tube due to less entanglements that hinder the
motion of the chain. Since there are less entanglements, it means that
the size of tube confining the test chain needs to be rescaled
accordingly. Since the dimensions of the tube and M. change with time,
only the unrelaxed fraction of the polymer plays an effective role in the
relaxation mechanism. The DTD theory takes into account the rescaling
of the tube parameters such as the increase of M. due to the loss of

entanglements. The rescale of Me is defined as:

MeO
M, (t) = d)(t’)“

(1.63)

Where Mo is the molecular weight between entanglements at the initial
equilibrium state and o is the dynamic dilution exponent. The primitive
path length and the rescale of the tube diameter are redefined as follows:
L(t) = Lo(t). d(t)*/? (1.64)
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a(t) = ﬁ (1.65)

Equations 1.64 and 1.65 highlight the polymer environment
contribution increases with t where the primitive path length becomes
shorter and the tube diameter becomes wider. By implementing this
mechanism, the relaxation modulus can be written as:

p-R.T
M, o(t)

p-R.T
M. (t)

G(t) = Grouse(t) + (1) = Groyse (t) + LD(H)*H

(1.66)

Note that the Equation 1.66, which is similar to the double reptation
process, is the general formula that takes into account the constraints
release mechanism. Besides altering the parameters of the tube, DTD
also influences the reptation and fluctuation times given by:

=S5 pemq o
Trept - De - De. ( ) - Trept,o- ( )
(1.67)
alogTactivated fluc (x) M M
' =3|—x= LD(t)?
dx 3(Me>x 3 e.0 x.2(0)
(1.68)

While DTD has mainly an effect on the activated fluctuation, it has
nearly no effect on the early fluctuation process because the sub-chains
are not affected by the topological constraints, i.e. the entanglements.
This section briefly summarizes the tube theory refined with additional
mechanisms. The latter is to build an algorithm to predict the relaxation
modulus of classical/conventional polymer melts. By combining the
refined tube model with additional concepts describing the kinetics of
supramolecular interactions, it is then possible to build theoretical
models for associating polymers as well.
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1.3.2 Models for associating polymers

From the plethora systems listed above, the associating
polymers can be classified into two categories based on the chemical
distribution of the associating moieties, i.e. stickers. In one group, the
supramolecular polymers have multiple stickers attached along their
polymeric backbones. Each polymer can thus form transient cross-links
with several other polymers. In the other group, the associating
polymers have the stickers located at their extremities such as telechelic
polymers. The combination, between the dynamics of the parent
polymer chains and the breaking/reforming kinetics of the non-covalent
bonds, gives access to a wide window of rich mechanical properties
emerging from supramolecular polymers.

Theoretical models have been developed to better understand
the rheological properties of these associating polymers in accordance
with their structural classification. For instance Rubinstein, Semenov,
Leibler and Colby developed the sticky Rouse model for unentangled
associating polymer solutions with many pairwise stickers per
chain.'??!23 The model reveals that there are few unassociated stickers
at a high degree of association. Therefore it is difficult for a sticker to
find a new partner to associate with after breaking the bond with an old
one. Typically a sticker experiences many breaking and reforming
events with its old partner before finding a new one to associate with.
Consequently, it extends the effective lifetime of reversible bonds. Due
to this series of unsuccessful search for a new partner, the sticker
lifetime 7 is then normalized into tj, where tj, >> 7. The sticky Rouse
model predicts that the Rouse relaxation time is proportional to 7;, times
the square of the number of inter-chain bonds per polymer. Colby et al.
has found great success in modeling the dynamics of ionomers.!?*1%
They showed that the relaxation modulus has contributions from the
normal Rouse modes and the sticky Rouse modes. While the Rouse
modes are unaffected for segments with size smaller than the chains
between stickers, the relaxation motion of chains larger than the size of
a sticky Rouse segment is contrained by the association of the stickers.

The sticky reptation model extends this idea to entangled
associating polymer solutions, where the search for a new partner is
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further restricted by a part of the confining tube on the test chain. The
model considers that the polymer chains performs sticky Rouse motion
along the contour of the virtual confining tube.'?? The reptation time is
therefore defined as the sticky Rouse time 7;, multiplied by the number
of entanglements per chain. The sticky reptation model reveals a strong
concentration dependence of viscosity due to the increase of inter-chain
associations at the expense of intra-chain ones with increasing polymer
concentration. In these two sticky models, the kinetics of breaking and
reforming transient bonds dominates the dynamics of associating
polymer solutions. More precisely, the intermolecular associations act
as dissipative friction points dominating the long-time dynamics. At
timescales shorter than the sticker lifetime 7, the solution behaves as a
network. As stickers break and reform, the associating polymers
rearrange and begin to flow.

Besides pairwise associating moieties, the stickers are also able
to aggregate into large clusters. In this case, formation of interconnected
micelles can occur to create reversible networks. Two processes such
as chain diffusion and positional rearrangement of the micelles are
considered to collectively relax the stress. Herein, it is assumed that the
sticker hopping proceeds by dissociating from one micellar core and
reform into another core. Marrucci et al. predicted that the relaxation
time of unentangled telechelic chains has a power-law dependence on
the polymer concentration and molecular weight.!*® Similarly,
Semenov and Rubinstein showed that for unentangled and strongly
entangled associating polymers, the relaxation time has, respectively, a
power-law and exponential polymer concentration dependence.'?’
Additionally, the terminal relaxation time for these systems is governed
by the micellar positional rearrangements.

Recently, Hawke et al. suggested a model to describe the
viscoelasticity of linear entangled associating polymers with stickers
randomly attached to the polymer backbone.!?® By implementing the
idea of sticky junctions, they showed the emergence of several
relaxation steps and also the presence of a second plateau G’ at low
frequency which is attributed to the formation of stickers aggregates
having extremely long lifetime as shown in Figure 1.40.
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Figure 1.40: Representation of different relaxation regimes. The line
curve is the theoretical prediction for the storage modulus G’ and the

full symbols are the experimental data.'?3

At short timescale, zone (i) corresponds to the Rouse motion described
earlier which involves the motion of sub-chains of increasing length.
This motion is typically characterized by the slope of -1/2. The
transition into zone (ii) indicates the saturation of the Rouse modes
where the sub-chains have reached the average spacing between two
entanglements or stickers with long lifetime.

Then zone (ii) is attributed to the relaxation of linear chains and the free
dangling chains, i.e. chains that are not trapped between two sticky
junctions as illustrated in Figure 1.41. Moreover, the linear chains relax
via reptation and CLF processes.
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Figure 1.41: Illustration of test chain surrounded by free linear chains
not attached to junctions and trapped chains between two sticky

junctions.'?8

Once all the entanglements of the mobile chains are relaxed, zone (iii)
is reached and the authors attribute this section to the constraints release
Rouse (CRR) process. The latter occurs in binary blends of long and
short linear chains where the portions of the long chains located
between two long-long entanglements use the extra freedom originated
from the reptation of short chains. In such case, the fraction of long
chains undertakes local hops and renews its local conformation at the
rhythm of entanglements and disentanglement of the short chain.!2*13!
CRR process takes place for chains trapped between two sticky
junctions to partially renew their configurations. Afterwards, the final
zone (iv) corresponds to the relaxation time of the trapped chains. The
latter is delayed until the sticky junctions dissociate. However, such
time is considered extremely long in their model to properly predict the
first three relaxation zones.

During the past five years, several theoretical models have been
developed to better interpret the rheological properties of various
associating systems.'2>~13 However, most of these works are related to
associating systems that tend to form aggregates or clusters. Moreover,
the supramolecular interactions used in the associating polymers are not
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the metal-ligand coordination but rather multiple hydrogen bonding or
ionic interactions.

1.4 Objectives and structure of the thesis

The state of the art on metallo-supramolecular polymers
highlights the existence of plethora associating systems based on metal-
ligand coordination. Depending on the desired macromolecular
structure/topology and the location of the stickers within the polymeric
matrix, different synthetic strategies can be applied to synthesize
monodisperse well-defined MSPs or polydisperse uncontrolled MSPs.

Several rheological studies were conducted on these systems to
characterize their mechanical properties. Investigations reveal that the
thermodynamic stabilities and the kinetics of M-L interactions
definitely play a key role on the dynamics of metallo-supramolecular
polymers. These M-L complexes restrict the motion of the chain by
providing a second source of friction for the polymer. Hence, they lead
to a delay on the stress relaxation in associating systems compared to
their neutral polymer counterparts. However, most of these studies are
limited to unentangled associating polymers where M-L interactions
mainly dictate the mechanical properties. In the molten state, large
aggregates/clusters of hydrophilic metal-ligand stickers are formed
within hydrophobic polymeric matrix, which leads to phase separation.
The latter has also an influence on the mechanical properties by
restricting the motion of the M-L complexes and it may screen the
advantages of pairwise association effect. This is why several studies
of MSPs are conducted in solution to avoid aggregation.

In parallel, numerous models are elaborated to predict the
viscoelasticity of associating polymers. The majority of them is applied
for unentangled supramolecular systems which phase separate and form
aggregates of stickers rather than forming pairwise stickers.
Furthermore, these systems are based on multiple hydrogen bonding or
ionic interactions. The development of theoretical models for metallo-

supramolecular polymers is very limited in the literature. '3
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Only few works are reported to date on the investigations of
entangled metallo-supramolecular polymers where both the reversible
M-L interactions and the structure of the polymer matrix play a role on
the rheological features. Furthermore, the molten state is the state of
matter in which the majority of polymers are used in different
applications. Therefore, it is reasonable to consider that development of
entangled metallo-supramolecular could lead to the greatest significant
impact in polymer engineering or polymer science.

In this context, the objectives of this thesis are (i) to
fundamentally understand the structure and dynamics of entangled
metallo-supramolecular bulk polymers (MSBPs) based on well-defined
building block models. Precisely, we focus on monodisperse entangled
linear and star-like polymers of various lengths. (ii) To investigate the
role/influence of the combined effect between the dynamics of metal-
ligand coordination and the dynamics of the macromolecules on the
rheological behavior. (iii) To study the effect of external stimuli such
as shear and temperature on the dynamic responses of MSBPs.

This thesis addresses this grand challenge, and aims at a deeper
understanding of how the combination of M-L interactions with
entanglements impacts the structure, the relaxation dynamics and the
mechanical properties of well-defined entangled metallo-
supramolecular polymers over a wide timescale or temperature range.
Through this investigation, the structure-property relationships are
established, providing general guidelines to unambiguously control the
design of supramolecular polymers with specific rheological properties
that can be engineered over a wide window of mechanical properties.

To fulfill those objectives, this thesis is constructed as follows:

= In Chapter 2 the synthesis of linear and star-like associating polymeric
precursors is presented. These precursors are then used for the
elaboration of entangled metallo-supramolecular polymers.

= The linear viscoelastic properties of these associating systems is
studied in Chapter 3 using a strain-controlled shear rheometry. A
systematic investigation is conducted by varying the topology of the
building blocks and the type of metal ions under external stimuli such
a temperature.

85



CHAPTER 1

» Chapter 4 deals with the development of a theoretical model that is
capable to predict the linear flow at bulk level by using an upgraded
version of time marching algorithm (TMA). The latter takes into
account both the dynamics of the metal-ligand interactions and the
dynamics of the building blocks.

= In Chapter 5, the systematic investigation is extended to non-linear
shear and extensional rheology. To achieve this goal, viscoelastic
properties are studied by using a cone partitioned plate geometry for
shear tests and a filament stretching rheometer for uniaxial extension
tests.

= Chapter 6 is an attempt to experimentally determine the lifetime of the
metal-ligand coordination within the polymeric matrix by performing
dielectric relaxation spectroscopy measurements.

= Chapter 7 presents early results on binary blends based on metallo-
supramolecular bulk networks which are diluted in linear poly(n-butyl
acrylate) matrices. This investigation highlights the impact of the linear
chains on the viscoelastic properties on the transient networks.

Finally, few conclusions are drawn from these studies and possible
perspectives are also highlighted.
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Chapter 2

Synthesis of metallo-
supramolecular polymers

Abstract

During the last decade numerous developments have been
conducted in the research and application of supramolecular polymers.
Using different synthetic routes, a variety of supramolecular polymers
has been developed. While the majority of these associating systems are
unentangled, only few works have been reported on the synthesis of
well-defined entangled supramolecular system. Herein, this Chapter
presents the synthesis and characterization of different entangled
associating polymeric precursors based on poly(n-butyl acrylate)
building blocks and terpyridine ligands. The first set of systems is based
on linear (semi-)telechelic polymeric systems, the second set comprises
four-arm star terpyridine end-functionalized polymers and finally a
series of linear sticky copolymers is elaborated to which a random
distribution of terpyridine ligands along the polymer backbone is added.
All these well-defined precursors are synthesized using a pre-
modification approach combined with the reversible addition
fragmentation chain transfer polymerization.
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CHAPTER 2

2.1 Introduction

2.1.1 Design of associating polymers

In order to fulfill the previously defined objectives, the design
of metallo-supramolecular polymers is the first essential task to address.
Indeed, it is important to properly tailor the molecular structure of the
MSPs in which a total control over the position of the stickers, the
topology, the architecture, the molar mass and the dispersity of the
macromolecules has to be achieved. Since their mechanical features
will be systematically investigated, it is necessary to know these
structural parameters to properly establish a correlation between them
and the rheological properties. As mentioned in section 1.1.2, there are
several types of metal-ligand coordination and different methods to
incorporate these interactions within a polymeric matrix.

In the framework of this thesis, the metal-ligand interactions are based
on the tridentate terpyridine ligand and different transition metal ions
such as zinc(Il), copper(Il), cobalt(Il) or nickel(Il) ions. Initiated by
Schubert et al, the terpyridine molecule is subjected to extensive
works.! Followed by Gohy’s group who prepared a wide range of
block copolymers to form different micelles in solution.* !! Terpyridine
functionalized polymers were connected via bis(terpyridine)-
ruthenium(Il) complexes, that are as strong as covalent bonds, but also
with other transition metal ions to form weaker transient bonds. In most
of these studies, tpy moieties were incorporated in polystyrene or
poly(ethylene oxide) building blocks.

2.1.1.1 2,2°:6’,2”-terpyridine ligand

Morgan and Burstall discovered the terpyridine ligand by
heating pyridine with anhydrous iron(Ill) chloride at 340°C in an
autoclave. ' Among the twenty products of this reaction, the 2,2”:6°,2”-
terpyridine molecule (depicted in Figure 2.1) was produced at relatively
low yield. Subsequently, it was discovered that the addition of iron(II)
ions to a solution of terpyridine compounds results into a purple color.
The latter gave the first indication for the formation of a
[Fe(tpy2)]* complex. The tpy molecule acts as a “claw” chelating
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ligand which displays high binding affinity and rich coordination
chemistry with various metal ions in different oxidation states.'>'® The
ligand brings a certain degree of versatility and it gives control and

stability on the resulting supramolecular structure.l” Moreover, it is

t.18 Above this temperature, it

thermally stable up to 180°C at leas
starts to degrade. Hence, it is interesting to use it for reversible

interactions within entangled polymeric materials.

Figure 2.1 a) Chemical structure of the 2,2”:6’,2”-terpyridine ligand
with ring atom numbering. b) Overall arrangement of terpyridine metal
complex. The lone pair of electrons donors on nitrogen allows to form
strong interactions with the metal ion.

Once the nature of the metal-ligand coordination is fixed, the next step
is to select the appropriate macromolecules in which M-L interactions
will be incorporated.

2.1.1.2 Poly(n-butyl acrylate) polymer model

The poly(n-butyl acrylate) (PnBA) which belongs to the acrylic
polymer family has been selected as macromolecule model system.
PuBA as represented in Figure 2.2, is a tacky, rubbery polymer which
has a relatively low glass transition temperature (Tg = -55°C)." Its low
Tg allows us to investigate mechanical properties of molten/bulk MSPs
at low temperature, room temperature or moderate high temperature.

—éCHZ—?Ht
Cc=0
O_CHZ_CHz_CHz_CH3

Figure 2.2 Chemical structure of PnBA homopolymer.
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Hence, a wide range of mechanical responses can be covered where
both M-L and macromolecule dynamics play an effective role. If PS or
PEO were used as macromolecules, the study would have to be
conducted at elevated temperature to reach molten state, for instance, at
temperature higher than 100°C to be above polystyrene Tg or higher
than 65°C to be above the melting temperature of PEO. However, at
such elevated temperatures, the M-L dynamic contribution can be
severely weakened in such a way that these stickers will not be efficient
anymore and could be neglected.

This is why PnBA is an excellent candidate to overcome this limitation.
Moreover, the latter displays great resistance towards temperature
(stable up to 300°C) and also towards humidity and its environment,
e.g. it is unaffected by oxygen, or ultra-violet light. Unlike
polymethacrylates, PnBA does not depolymerize on heating to high
temperatures. It only degrades and decomposes slowly under extreme
conditions where the temperature is above 300°C.2° The latter can be
synthesized via controlled radical polymerizations where different
architectures and low molar mass dispersity can be achieved. Among
them, the RAFT process is preferentially used to obtain structurally
well-defined associating model systems because several works showed
that polymerization of n-butyl acrylate via this technique is well-
controlled. In order to incorporate the terpyridine ligand within poly(#-
butyl acrylate) macromolecules, a pre-modification strategy is followed
because it is more versatile and it offers a better control over the
position and the number of incorporated functional moieties.

2.1.2 RAFT polymerization

Reported by the pioneering work of Rizzardo, Moad and Thang
in 1998, RAFT has emerged as one of the most powerful
polymerization techniques in the field of reversible deactivation radical
polymerization (RDRP).2! The robust and versatile nature of RAFT
allows the synthesis of complex polymeric architectures such as
copolymers, star, branched or hyper-branched polymers. Similar to
other controlled radical polymerizations, RAFT relies on the
equilibrium between active and dormant chains which is achieved by a
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degenerative transfer.?? Its mechanism is illustrated in Figure 2.3. Since
the overall number of radicals during the activation-deactivation
process remains the same in degenerative transfer system, an external
radical initiator is required to generate radicals and to proceed to the
initiation step.

Initiation:
a) Radical source ——=
.

b) "+m — P;

Pre-equilibrium:

Re-initiation:
d) R+*M —= Pn

Main equilibrium:
. s S—P, Pn—S._e S—P, Pn—S5 s .
e) Pm + Y — \l/ — \( + P,
z

z z
M 3 5 6 M

Termination:

. . .
f) | R P, p‘m —  Termination

Figure 2.3 Reversible addition-fragmentation chain transfer (RAFT)
polymerization mechanism where a) and b) correspond to the initiation
step, ¢) is the pre-equilibrium phase, d) the re-initiation, e) the main
equilibrium and f) the termination step.

After the initiation step where the external initiator fragments
into radicals, the latter start to polymerize monomers to form P,°
radicals. Then the propagating P,* radical species add to the RAFT
agent (chain transfer agent, CTA) to form the radical intermediate 2.
The latter fragments to form a thiocarbonylthio-containing CTA 3 and
a new radical R®. The radical R® may react with 3 or polymerizes the
monomers to form a new propagating radical Pn®. Once all CTA is
consumed, the main equilibrium of activation-deactivation is
established between active propagating chains P,*/Pm® and dormant
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species 3/6. The overall process consists in the monomer insertion
between the R- and the Z—C(=S)S- groups of a CTA, which forms the
R-derivative and Z-derivative end-groups of the resulting polymeric
chains. While the chains formed via RAFT polymerization always bear
the Z—C(=S)S- group, the resulting products are with and without the
R-derivative moiety. It corresponds respectively to the fractions of
living and dead polymer chains. By living chains, it means that they can
be subjected to further extension via subsequent monomer addition and
still bear the R-derivative group.

A key parameter in RAFT polymerization, is the use of radical
initiators which directly impacts the polymerization rate and the
fraction of living chains. Indeed, the number of chains that does not
contain the R-derivative group corresponds to the number of initially
added initiators that have fragmented during the polymerization
reaction. Consequently, the fraction of dead chains can be controlled by
adjusting the number of radical initiators introduced to the reaction with
respect to the RAFT agent. More precisely, because the amount of CTA
is usually much higher than the amount of radical initiators, the fraction
of dormant thiocarbonylthio-containing chains is higher than the
fraction of chains initiated by the radical initiators. Hence, most chains
are living after the polymerization. Additionally, one must note the
possible presence of byproducts of the polymerization which are the
chains initiated by the radical initiators (Py*) and those initiated by the
CTA R-group (Pm®). However, by properly setting polymerization
conditions, the formation of targeted polymer chains can be achieved
with low yield of byproducts and dead chains. If the reaction reaches
full conversion, termination reactions can occur by disproportionation
or recombination to form dead chains.

RAFT polymerization is an attractive technique because of its
ability to polymerize a wide range of monomers such as styrenics,
dienes, vinyl esters, (meth)acrylates or (meth)acrylarnides.B*28 This
versatility in monomers with RAFT arises from the reactivity of the
CTA which can be finely tuned according to the monomer of interest.
To ensure an effective RAFT polymerization, the C=S bond of the CTA
has to be more reactive than the C=C bond of the monomer. This can
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be achieved by meticulously selecting the Z- and R-groups of the RAFT
agent. The Z-group ensures the reactivity of the C=S bond toward
radical addition and dictates the stability of the formed intermediate
radical during the polymerization. The R-group has to be a good leaving
group to form a relatively stable radical. It has to be reactive enough so
that it can rapidly re-initiate propagation to ensure that all chains are
initiated at the same time to obtain low molar mass dispersity.
Depending on the monomer, general guidelines for the selection of Z-

and R-groups are reported in the literature.%-*°

From an experimental point of view, RAFT polymerization
also has the advantages to be carried out under different conditions such
as a wide range of polymerization solvents, including water, under
biologically friendly conditions and at various temperatures ranging
from -15°C up to 180°C.3!73¢ Hence, the RAFT process will be used in
this thesis to synthesize the entangled polymers. The rest of this chapter
is organized as follows. In section 2.2 the experimental procedures to
synthesize and characterize the associating polymeric models are
summarized. Section 2.3 presents the additional UV/visible
characterization to qualitatively and quantitatively confirm the success
of incorporating terpyridine moieties within polymers. The elaboration
of metallo-supramolecular bulk polymers is described in section 2.4.
The conclusions are drawn in section 2.5 and the experimental parts are
detailed in section 2.6.

2.2 Incorporation of terpyridine ligands into
entangled polymers

2.2.1 Synthesis of modified chain transfer agents
2.2.1.1 RAFT chain transfer agents

The first stage is to synthesize different chain transfer agents in
which the Z- and R-groups are meticulously selected with respect to the
n-butyl acrylate monomer. Well-controlled polymerization reactions
can thus be conducted to elaborate well-defined and low dispersity

103



CHAPTER 2

polymers. While the R- group is fixed as a methylpropionic acid
((CH3),-C-COOH) to ensure end functionality, the Z-moiety varies
between one CTA to another depending on the architecture and on the
functionality number of the targeted associating polymers. Hence, by
carefully defining the R- and Z-groups of the RAFT agent as illustrated
in Figure 2.4, one can gain control over the structural and functionality
parameters of the polymeric precursors.

Reactive €5 double bond S Free radical leaving group R able

- - o initiate polymerization
Z-group controls reactivity )L R

of C=S bond; influences —— 7 S’\
addition—fragmentation rate Weak R—S single bond

Figure 2.4 Chemical structure of the general RAFT agent.’’

To control the polymerization of n-butyl acrylate with different
topologies, trithiocarbonates (TTC) based chain transfer agents are used
to synthesize polymers with various architectures. TTCs are the most
popular among the CTAs for polymerization of acrylate monomers
since they can balance between high propagation activity and stability
towards side reactions such as hydrolysis. Furthermore they can be
easily obtained from simple synthetic routes. For instance, a very
versatile TTC-CTA is the commercially available 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT).
The latter bears a carboxylic acid function that can be coupled with
terpyridine derivatives. In the scope of using the same strategy to obtain
other RAFT agents bearing the same carboxylic acid function but with
different topologies, 2-(2-Carboxyethylsulfanylthiocarbonylsulfanyl)-2-
methylpropionic acid (CBMAT) and pentaerythritoltetrakis-(2-(2-
Carboxyethylsulfanylthio-carbonylsulfanyl)-2-methylpropionic  acid)
(PTMAT) have been synthesized in this thesis in order to obtain
bifunctional and tetra-functional polymers respectively.

The synthesis of DDMAT, as illustrated in Figure 2.5, is

conducted following a procedure described by Lai et al.3® First,
equimolar amounts of alkyl mercaptan and carbon disulfide are
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reacted in presence of hydroxide ions, followed by an alkylation with
chloroform and acetone in a phase transfer catalyzed (PTC) reaction.
After acidification, the product is isolated in low yield from the side
products, and purified by recrystallization in a non-polar solvent. The
purity and the functionality of the synthesized CTA is checked by 'H
nuclear magnetic resonance (NMR) analysis. Using the same synthetic
route, CBMAT is synthesized according to another procedure
elaborated by Wang et al. as illustrated in Figure 2.6.%°

CqoH
(CH;»CO + CHyCl + NaOH 12 25\

COOH

Figure 2.5 Synthesis of mono-functional DDMAT chain transfer agent.

HOOC-CH,-CH,»-SH + CS, + PTC /J<
(CH;),CO + CH;Cl + NaOH o HOOC. _~ ¢ )‘L

COOH

Figure 2.6 Synthesis of bi-functional CBMAT chain transfer agent.

The elaboration of the tetra-functional TTC is inspired by the
procedure described by Mayadunne and Whittaker et al. with some
modifications.***! The method used (for the synthesis of RAFT agents
having trithiocarbonate groups) is quite simple and requires
inexpensive commercially available reagents. Figure 2.7 illustrates the
one-pot procedure to obtain tetra-functional TTC with a relatively good
yield. Although one-pot, the key point of this procedure is the dropwise
sequential addition of carbon disulfide and 2-bromo-2-methylpropionic
acid to ensure that all four arms bear trithiocarbonate moieties and
carboxylic acid groups as shown in Figure 2.7.

0
J\A 1) EtzN, CS,, CHCI5 M /{L
X CH0 SH 9y 0 CH,O COOH
\—'—1
>< Br ><

X X X HO Y
3

Figure 2.7 Synthesis of tetra-functional PTMAT chain transfer agent.
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2.2.1.2 Amino-terpyridine derivative

An amine functionalized terpyridine derivative is synthesized
according to a procedure described by Piogé et al.*> The amine group
is then used for coupling reaction with the carboxylic acid moieties of
the different TTC-CTAs. 5-amino pentanol is reacted with chloro-
terpyridine under basic conditions in dimethyl sulfoxide to yield the
desired product as shown in Figure 2.8. Its structure is evidenced by 'H
NMR analysis. The efficiency of the reaction is confirmed by a marked
downfield shift of the NMR signal of protons initially adjacent to the
hydroxyl group, after addition of 5-amino pentanol onto chloro-
terpyridine.

HO{/Z\NHZ +

Figure 2.8 Synthesis of the amino-terpyridine (NH2-Tpy) derivative.

2.2.1.3 Terpyridine modified CTAs

Once all the RAFT agents are obtained along with the amino-
tepyridine derivative, the final step of the pre-modification approach
can be performed. It consists in performing the same coupling reaction
between the CTAs bearing the carboxylic acid functions at the termini
and the amine moiety from the NH2-Tpy to yield ligand-functionalized
chain transfer agents. The formation of amide, from the corresponding
carboxylic acid by condensation with the primary amine, is mediated
by the presence of carbodiimide, following a standard methodology of
peptide coupling synthesis as summarized in Figure 2.9. The coupling
is achieved after activation of carboxyl group with 1-
hydroxybenzotriazole/N-(3-dimethyl-aminopropyl)-N’-
ethylcarbodiimide hydrochloride salt (HOBT/EDCI), in a mixture of
dimethylformamide (DMF) and 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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R. 1) HOBt, EDCI R.
shg < OH s
2) Tpy-NH,
o]
1" R= CyoHps 2" R= HOY@\ 3 R= ZXC%_HZO -
S Zz 2z
a)Linear mono-functional b)Linear bi-functional c¢)Star tetra-functional

Figure 2.9 Peptide coupling toward terpyridine functionalized CTAs.

The characterization of terpyridine-functionalized CTAs is carried out
using mass spectrometry and NMR spectroscopy. As illustrated in
Figure 2.10, the presence of a peak at a chemical shift around 6.60 ppm
in 'H-NMR, which corresponds to the amide proton, along with the
downfield shift of the peak of adjacent aliphatic protons, from 2.75 ppm
to 3.25 ppm after coupling reaction, prove the reaction efficiency.
Similar observations are noted for all modified CTAs.
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Figure 2.10 'H-NMR spectrum (500 MHz, CDCl3-d, ppm) of tetra-
functional PTMAT-tpy4 chain transfer agent.
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2.2.2 Synthesis of terpyridine modified monomer
2.2.2.1 Hydroxyl-terpyridine derivative

While the modified chain transfer agents are synthesized to
incorporate M-L interactions at the extremities, another synthetic route
is elaborated to have stickers along the polymer backbone. To ensure a
decent reactivity among monomers, the idea is to design an acrylic
monomer containing terpyridine moiety that can be polymerized via
RAFT process afterwards. To do so, a hydroxyl functionalized
terpyridine derivative is elaborated according to a procedure described
by Jochum et al.** Similarly to the amine derivative protocol, the 1,3-
propanediol is reacted with chloro-terpyridine under basic conditions in
DMSO, to yield the desired product as shown in Figure 2.11. Its
structure is identified by 'H-NMR analysis. The efficiency of the
reaction is confirmed by a marked downfield shift of the NMR signal
of protons initially adjacent to the hydroxyl group, after addition of 1,3-
propanediol onto chloro-terpyridine.

HO@OH +

Figure 2.11 Synthesis of the hydroxyl-terpyridine (HO-Tpy)

derivative.

2.2.2.2 Terpyridine modified acrylate

The hydroxyl group is then used for nucleophilic substitution
reaction with the commercially available acryloyl chloride under basic
conditions in DCM to obtain the desired terpyridine acrylate (TPA)
monomer as shown in Figure 2.12. Its structure is identified by 'H NMR
analysis. The efficiency of the reaction is confirmed by a marked
downfield shift of the NMR signal of protons initially adjacent to the
hydroxyl group, after addition of HO-Tpy onto acryloyl chloride.
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Figure 2.12 Synthesis of the terpyridine modified acrylate (TPA).

To summarize, three RAFT chain transfer agents and monomer are
synthesized. All of them contain terpyridine ligand which can form
metal-ligand complexes in presence of metal ions. These terpyridine
modified CTAs and monomer will be tested to polymerize or to
copolymerize nBA via RAFT process.

2.2.3 Synthesis of telechelic PuBA polymers

The next step is to synthesize associating polymers with the
terpyridine modified CTAs and monomer by RAFT technique. As
mentioned before, n-butyl acrylate is the monomer used in this project
and the polymerization reaction conditions are defined by taking into
account major parameters such as reasonable reaction duration but also
well-controlled reaction towards molar mass and dispersity to elaborate
well-defined associating model systems. To develop reaction
conditions for each reaction, the influence of three stoichiometric ratios
between monomer (M), CTA and initiator (I) is considered and finely

tailored to achieve a better control over the RAFT polymerization.*

Since the amount of CTA determines the number of formed
chains, the relative [M]/[CTA] ratio theoretically determines the
number average degree of polymerization (DPy) obtained in the absence
of termination or chain transfer reactions. As mentioned in section
2.1.2, the [CTA]/[I] ratio influences the functionality at polymer chain
ends. It also determines the fraction of dormant thiocarbonylthio-
containing chains and of dead chains. Finally the [M]/[I] ratio impacts
the rate of polymerization. Hence, the ratio between
monomer/CTA/initiator is adjusted to control the polymerization of the
monomer in a reasonable duration and the functionality of chain ends.
By considering these parameters, a series of linear and star poly(n-butyl
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acrylate)s end-functionalized with terpyridine ligand are elaborated
accordingly.

2.2.3.1 Linear mono-functionalized PnBA-tpy

Inspired by the works of Piogé et al. and Wang et. al., the
terpyridine-modified DDMAT is selected as RAFT agent for the
polymerization of nBA and the reaction is conducted under bulk
conditions as illustrated in Figure 2.13.*>* Indeed, nBA monomer can
also act as a good solvent for all reagents including the growing
polymer.

S | H
Cq 2H25\S)KSJ§rN§,>O
o 5 L

Figure 2.13 Synthesis of the linear mono-functional terpyridine end-
functionalized PnBA-tpy homopolymer.

As mentioned in section 2.1.2, radical species must be added
into the reaction mixture to initiate the polymerization. In this respect,
commercially available 2,2’-azobis(isobutyronitrile) (AIBN) is used as
source of radicals. By thermally decomposing, it generates two
equivalents of propagating radicals to activate the initiation step of the
polymerization. During the initiation step, a fast balance pre-
equilibrium is established between initiating radical species via
degenerative transfer. As a result, the homo-polymerization of poly(n-
butyl acrylate) is partially initiated by propagating radicals generated
by the homolytic cleavage of AIBN, and partially initiated by the R-
group originated from transfer reaction to the DDMAT-tpy. To ensure
high degree of chain-end functionalization, a minimum amount of
AIBN initiator is used with respect to chain transfer agent
([CTA]o:[AIBN]p ratio of 10:1). This amount is however sufficient to
initiate the polymerization process and to ensure acceptable
polymerization kinetics at 70°C.
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Depending on the targeted DPy, the initial [#BAJo:[CTA]o=[1]o
ratio varies accordingly which allows the preparation of different
homopolymers with different molar masses. Even though RAFT
technique ensures a relative good control over the polymerization
reaction at high monomer conversion rate (p > 90%), a precaution is
taken to set the highest p at 80% to ensure the maximum chain-end
functionalization and to prevent side reactions such as chain
termination.?!*> In practice, this conversion rate is determined by 'H-
NMR analysis of the crude reaction mixture, from the ratio between the
peak area of vinyl protons of unreacted nBA monomers to that of the
characteristic alkyl protons of growing PnBA. According to Figure
2.14, the conversion rate is defined as follows:

Polymer integral Icr

D= = (2.1)

- Polymer integral+Monomer integral - Ic+1g

a‘ \
O O O/LO
| x e |

\ |
\ 1 ) [
A | 1‘ “' " |
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ppm

Figure 2.14 '"H-NMR spectrum (300 MHz, CDCl3-d, ppm) of a linear

mono-functional PnBA-tpy polymerization crude mixture.

Note that the DP of the synthesized polymer can be evaluated
from the monomer conversion and the ratio of engaged monomers to
the total number of chains produced. Since the number of initiator-
derived chains is low in comparison to CTA-derived chains, the
contribution of propagating radicals generated by the decomposition of
AIBN is generally neglected with respect to propagating radicals
originated from CTA. Hence, the expression for the theoretical degree
of polymerization can be defined as follows:
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[nBA]o - [nBA]o
[CTA], + [AIBN],  P"[CTA],

DP, = p.
(2.2)

From equation 2.2, the theoretical molar mass (Mn) of the linear
PuBA-tpy homopolymers can be expressed as:

Mn,th = DP,.Mpga + Mcta (2.3)

Where M;Ba and Mcrta are respectively the molar masses of the n-butyl
acrylate monomer and of the RAFT chain transfer agent.

Next step is to purify the crude product by double precipitation
of the crude reaction mixture in a solvent that is selective for the
unreacted monomer, and subsequent drying of the polymer. Once the
linear mono-functional PnBA-tpy is purified, its molar mass can be
determined by chain end titration via "H-NMR analysis. The latter can
provide a quantitative checking of the terpyridine content into the
polymeric system as illustrated in Figure 2.15. Additionally, the molar
mass dispersity, i.e. D, of synthesized PnBA-tpy is determined by size
exclusion chromatography (SEC) analysis using standard polystyrene
samples. From SEC analysis illustrated in Figure 2.16, a mono-modal
peak with a narrow dispersity (P < 1.3) and a symmetrical distribution
is obtained which testify a decent control over the polymerization
reaction. Note that the hydrodynamic volume of poly(n-butyl acrylate)
is different from the polystyrene one, consequently the molar mass
determined by SEC cannot be considered as an exact value but rather
an indicative one.
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Figure 2.15 'H-NMR spectrum (500 MHz, CHCl3-d, ppm) of the linear
mono-functional PnBA-tpy.
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Figure 2.16 Molar mass distribution of linear mono-functional PnBA-
tpy of 101 kg/mol (blue peak) and of 142 kg/mol (red peak).

By varying the initial [#BAJo:[CTA]o ratio, linear mono-functional
PnBA-tpy with different chain lengths are synthesized and are reported
in Table 2.1.
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Sample DP, M, b Ty
(NMR)  (NMR) (SEC) (DSC)
PnBA (g/mol) (°O)

Mono-PnBAioik-tpy 788+15 101000 1.14 -52

Mono-PrnBA142k-tpy 1108 £20 142000 1.14 -53

Table 2.1 Characteristics of linear mono-functional PnBA-tpy
homopolymers synthesized via RAFT using DDMAT-tpy.

2.2.3.2 Linear bi-functionalized PnBA-tpy>

Under identical reaction conditions, a set of linear telechelic
PnBA-tpy: is synthesized using the CBMAT-tpy2 chain transfer agent
as illustrated in Figure 2.17. The same thermal initiator as source of
primary radicals with the same [TTCJo:[AIBN]o ratio of 10:1 is engaged
so that almost the entirety of the polymer is functionalized with
terpyridine ligand at the end.

Figure 2.17 Synthesis of the linear telechelic terpyridine end-

functionalized PrBA-tpy> homopolymer.

The composition of the obtained linear telechelic PrnBA-tpy: is
determined by '"H-NMR analysis, which further attests the presence of
tpy ligand as illustrated in Figure 2.18. The ratios between peak areas
of terpyridine protons and aliphatic protons adjacent to the
trithiocarbonate group are in good agreement with a nearly quantitative
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incorporation of the ligand. In parallel, SEC analysis on linear telechelic
PuBA-tpy2 reveals narrow and symmetrical molar mass distributions.
In addition, low dispersities (D < 1.3) are obtained for all synthesized
associating polymers attesting the decent control over the
polymerization process. As shown in Figure 2.19, the increase in molar
masses with polymerization is evidenced by the shift of the SEC traces
to low elution times, i.e. to high molar masses. Note that the molar
masses determined by SEC cannot be considered as an exact value but
rather an indicative one due to hydrodynamic volume differences
between polystyrene and poly(n-butyl acrylate).
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Figure 2.18 'H-NMR spectrum (500 MHz, CDCl3-d, ppm) of the linear
bi-functional PnBA-tpy>.
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Figure 2.19 Molar mass distribution of linear bi-functional PnBA-tpy2
of 113 kg/mol (blue peak) and of 171 kg/mol (red peak).

Two linear telechelic PuBA-tpy> with varying molar masses have been
synthesized and are reported in Table 2.2.

Sample DP, M, b Ty
(NMR (NMR) (SEC)  (DSC)
PnBA)  (g/mol) (°C)

Bi-PnBA 1 13k-tpy2 875+15 113000 1.13 -50

Bi-PnBA171k-tpy2 1327420 171000 1.18 51

Table 2.2 Characteristics of linear bi-functional PrnBA-tpy2
homopolymers synthesized via RAFT using CBMAT-tpy>.

2.2.3.3 Star tetra-functionalized PnBA-tpys

The use of a tetra-functional transfer agent remains a domain
not fully explored. Herein, the divergent approach consists in exploiting
a tetra-functional initiator as the core in which polymer chains grow
from the initiating sites to produce four-arm star tetra-functional
polymers as shown in Figure 2.20.
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Figure 2.20 Synthesis of the four-arm star telechelic terpyridine end-
functionalized PnBA-tpys4 homopolymer.

During the initiation process, the fragmentation of tetra-
functional TTC leads to the formation of a tertiary radical detached
from the core. The generated radicals add monomers to initiate
polymerization resulting in a linear propagation of chains away from
the star core. Thanks to the degenerative transfer (RAFT) process
between the propagating radical on the growing chains and the arms of
the star polymer, the growth of star polymer arms is well controlled.
Hence, this allows the synthesis of well-defined star polymers with low
molar mass dispersity and without any unwanted star-star coupling.*®
The absolute molar masses are determined by "H-NMR analysis of the
purified telechelic 4-arm star PnBA-tpys homopolymers via end-group
titration. Precisely, the calculated number average degrees of
polymerization of chains are in good agreement from the ratio between
the peak areas of the aliphatic ester proton of PnBA at 4.00 ppm, of the
terpyridine protons at 8.70, 8.60 or 8.00 ppm and that of the aliphatic
protons adjacent to the trithiocarbonate group at 3.25 ppm as shown in
Figure 2.21.
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Figure 2.21 'H-NMR spectrum (500 MHz, CDCls-d, ppm) of the
telechelic four-arm star PuBA-tpya.

Size exclusion chromatography analysis is performed on telechelic
four-arm star PnBA-tpys and results reveal narrow mono-modal peak
with low dispersities (P < 1.3) as illustrated in Figure 2.22.
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Figure 2.22 Molar mass distribution of two telechelic four-arm star

PnBA-tpys of 160 kg/mol (blue peak) and of 250 kg/mol (red peak).
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Two telechelic four-arm star PnBA-tpys4 have been synthesized with
different chain lengths and are reported in Table 2.3.

Sample My M, D Ty
(NMR) (NMR) (SEC)  (DSC)
(g/mol) (g/mol) (°0C)

4-arm star PnBA60k-tpys 160 000 40 000 1.25 -51

4-arm star PnBAosoi-tpys 250 000 62 500 1.20 -52

Table 2.3 Characteristics of telechelic four-arm star PnBA-tpys
homopolymers synthesized via RAFT using PTMAT-tpys. My is the
molar mass of the whole star macromolecule and M, is the molar mass
of a single star arm.

One way to verify that all arms of the star polymer have grown
to similar lengths is to cleave the arms and characterize the resulting
linear polymer via SEC analysis. As the trithiocarbonate link can be
cleaved with strong nucleophiles, the two star samples are treated
separately with piperidine as illustrated in Figure 2.23.

Y N
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D>§CH o s s /H\ N N Piperidine HS /H\ ‘ N
2 w/\/ T N Bo ] *’THF NBo N‘
n H n H
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\ . )

CaqHyg C4Hg

D
Figure 2.23 Cleavage of arms for four-arm star telechelic terpyridine

end-functionalized PnBA-tpys homopolymers.

As shown in Figure 2.24, SEC results still reveal a symmetrical mono-
modal peak with low dispersity (P < 1.3). The narrow P before and
after cleavage in each experiment clearly establishes that all arms of the
telechelic four-arm star PnBA-tpys have grown to similar molar
masses, attesting that well-defined associating star polymers have been
successfully obtained.
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Figure 2.24 Molar mass distribution of telechelic four-arm star PnBA-
tpy4 with a molar mass of 249 kg/mol before and after treatment with
piperidine inducing cleavage.

Besides model systems based on semi-telechelic and telechelic
PnBA polymer end-functionalized with terpyridine ligand, another set
of associating model system is designed. The latter consists on PnBA
polymer with terpyridine ligand randomly incorporated along the
polymeric chain to form the so called linear sticky chain.

2.2.4 Synthesis of PuBA-co-PTPA random
copolymers

Initially, the DDMAT has been selected as RAFT agent for the
copolymerization of nBA and TPA monomers and the reaction has been
conducted under bulk conditions. However, it was observed that the
solubility of the TPA monomer decreases with increasing its amount
within the polymer chain. Inspired by the work of Jackson et al., the
polymerization reaction has been then conducted in solution to
overcome this solubility issue.*’ Indeed, by using chlorobenzene as
solvent, a good solubilization of all reagents including the monomers
and the growing polymer has been noted (Figure 2.25). The
concentration of each species in chlorobenzene has been optimized to
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control the polymerization of the different monomers in a reasonable
time.

Chlorobenzene
o
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Figure 2.25 Synthesis of the linear random PnBA-co-PTPA copolymer.

The absolute molar masses are determined by 'H-NMR
analysis of the purified linear sticky PuBA-co-PTPA copolymers via
end-group titration. Precisely, the calculated number average degrees
of polymerization of chains are in good agreement with the ratio
between the peak areas of the aliphatic ester proton of PnBA at 4.00
ppm, of the terpyridine protons at 8.70, 8.60 or 8.00 ppm and that of the
aliphatic protons adjacent to the trithiocarbonate group at 3.32 ppm as
shown in Figure 2.26.
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Figure 2.26 'H-NMR spectrum (500 MHz, CDCl3-d, ppm) of the linear
sticky PnBA-co-PTPA copolymer.
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The SEC analysis on the linear PuBA-co-PTPA copolymers reveals
narrow symmetrical mono-modal peaks with low dispersities (P < 1.3)
attesting the decent control over the polymerization process as
illustrated in Figure 2.27.
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Figure 2.27 Molar mass distribution of linear sticky PuBA-co-PTPA
copolymers of 112 kg/mol with 11 tpy units (blue peak) and of 110
kg/mol with 15 tpy units (red peak).

Table 2.4 summarizes the different linear sticky PnBA-co-PTPA
copolymers which have been synthesized with different chain lengths
and different amounts of incorporated terpyridine ligand.

Sample DP, DP, M, b T,
(NMR) (NMR) (NMR) (SEC) (DSC)
PuBA PTPA (g/mol) °O)

PnBAsso-co-PTA 840+15  11+3 112000 1.22 51

PnBAgis-co-PTAs 814+15 15+3 110000 1.29 -50

Table 2.4 Characteristics of linear sticky PnBA-co-PTPA copolymers
synthesized via RAFT using DDMAT.
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Once all associating polymers have been synthesized,
additional composition analyses have been conducted besides NMR
and SEC characterizations. For instance, given the relative precision of
"H-NMR in the determination of the amount of incorporated terpyridine
moiety, the quantitative determination of tpy group has been further
addressed by ultra-violet (UV) visible titration in the following section.

2.3 UV/Vis spectroscopy titration of
terpyridine content

As mentioned above, the RAFT technique requires a radical
source to initiate the chain growth process. Depending on the amount
of added initiator, this may decrease the end functionality of (semi-)
telechelic associating polymers because part of the chains are directly
initiated by the primary radicals originated from the initiator. So there
is a fraction of polymer chains without terpyridine ligand at their
extremity. Hence, experimental quantification of the chain-end
functionality is essential. Note that this possible issue does not concern
linear sticky copolymers because the tpy moieties are randomly
incorporated along the polymer chains. However, it is still interesting
to quantify the number of terpyridine groups incorporated within the
copolymers.

Even though 'H-NMR analysis displays relatively decent
precision in the quantitative determination of terpyridine groups, the
degree of functionalization of synthesized (semi-)telechelic polymers
and sticky copolymers has been further evaluated by UV-visible
titration with metal cations. This additional analysis allows us to cross-
check that the terpyridine ligands are indeed present and located at the
extremities of polymer chains or along the polymer backbone. Given
the fact that the terpyridine moiety can form stable coordination
complexes with various transition metal ions, it seems interesting to
study the bis(terpyridine)-iron(II) complex because it gives rise to a

strong absorption in the visible region. 3>
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In practice, the different associating polymers are dissolved in
tetrahydrofuran (THF) at a given concentration ranging between
0.005mg/pL and 0.01mg/pL, and titrated by stepwise addition of
iron(II) chloride dissolved in THF and stabilized against oxidation by
the presence of 0.03mg/pL ascorbic acid. Indeed, the latter prevents the
oxidation of iron(Il) into iron(Ill) ions by lowering the oxidation
potential of the medium. Results from UV-Vis spectroscopy
experiments are illustrated in Figure 2.28 where the formation of
bis(terpyridine)-Fe(I) complexes is evidenced by the strong metal-to-
ligand charge-transfer band located at the wavelength (A) of 555nm.
Due to the presence of bis(terpyridine)-Fe(Il) complexes, a
characteristic pinkish to purple color of the polymeric solution is
observed. The electronic transitions associated to these absorption
bands are originated from the charge transfer of a primarily metal-
localized electron from the 3d orbital into the lowest unoccupied

molecular orbital of the terpyridine.>'?
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Figure 2.28 UV-Vis titration of terpyridine end-groups in a telechelic
four-arm star PnBA-tpys polymer by Fe(Il). a) Evolution of absorbance
at A = 555nm during the stepwise addition of Fe(I)Clz. b) Evolution of
absorbance as a function of added Fe(II)Cl» equivalents.
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Using the molar masses calculated from 'H-NMR analysis for all
synthesized associating polymers, the maximum absorbance (€max) is
reached close to the theoretical stoichiometric condition where full
complexation of all terpyridine units is achieved. The calculated
equivalence points for all systems indicate around 97+3% of
functionality for (semi-)telechelic polymers, suggesting that almost the
entirety of the chains is end-functionalized with the terpyridine group.
Similarly for linear sticky copolymers, UV-Vis experiments allow to
quantify the number of stickers incorporated within the polymer
backbone. The obtained degrees of functionalization are consistent with
the results obtained from 'H-NMR analyses, certifying the success of
incorporating terpyridine within polymeric chains with high efficiency
at different locations and with different functionalities via RAFT
polymerization combined with a pre-modification approach. The next
step is to prepare the entangled metallo-supramolecular bulk polymers
under similar conditions with few adjustments.

2.4 Elaboration of metallo-supramolecular
bulk polymers (MSBPs)

2.4.1 Formation of terpyridine bis-complexes

As mentioned before, terpyridine is well-known to form stable
coordination complexes with various transition metal ions. Precisely,
the first row of d-block metals is used to form complexes for which
theories of bonding are most successful. Crystal field theory can be used
to explain M-L complexes where a first row metal cation is surrounded
by six ligands placed on the Cartesian axes as illustrated in Figure 2.29.
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Figure 2.29 The six M-L vectors of an octahedral complex [MLs]"".
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Considering the terpyridine ligands are arranged in an octahedral
geometry around the metal, the electrons in the d,? and dxz—dy2 orbitals
directly point at the ligands and therefore experience higher repulsion
energy. Whereas the dxy, dy, and dx orbitals point between the ligands
and thus experience less repulsion. Consequently, this leads to a
splitting of the d orbitals in an octahedral crystal field. Depending on
the metal cation and the ligand field, this splitting can be large or small
resulting in higher or lower stabilization effects. Each orbital can host
two electrons at maximum and a certain amount of energy is required
to pair these electrons in the orbitals. In the case of lower crystal field
splitting, promoting the electrons to the higher orbital needs less energy
than pairing them. Thus the complex is considered high spin. On the
opposite, for higher crystal field, pairing the electrons is favored and
therefore the complex is low spin as illustrated in Figure 2.30.
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Figure 2.30 The occupation of the 3d orbitals in a weak and strong field

such as Fe(I) d *complexes.™

In general, the preferences for low-spin or high spin in 3d
octahedral complexes are defined as follows:

Aoct < P for high-spin (2.4)

Aoct > P for low-spin (2.5)
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Where Ao is the energy separation between d?, dxz-dyz orbitals and
dxy, dyz, dx, orbitals. P corresponds to the electron-pairing energy. The
use of terpyridine ligand mainly leads a strong crystal field splitting,
meaning that most of the complexes are in a low spin configuration.

Combining the crystal field theory with the molecular orbital
theory to d-block octahedral metal complexes, the construction of a
molecular orbital energy diagram can be established as illustrated in
Figure 2.31. The combinations of the metal and ligand orbitals create
six bonding and six anti-bonding molecular orbitals where the metal
2dxy, dy, and dx, orbitals are non-bonding. In an octahedral complex
based on c-bonds, the 12 electrons originated from the terpyridine
ligand occupy the ajg, tiu and e orbitals while the valence electrons of
the metal ion occupy the tog and e, orbitals.
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Figure 2.31 Molecular orbital diagram for the formation of [MLe]™"

where only o-interactions are involved in the M-L coordination.>>

Now that a better understanding on the M-L complexes is established,
the next step is to prepare the MSBPs from previously synthesized
polymeric precursors with a careful selection of first row 3d-block
metal cations.
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2.4.2 Selection of metal 1ons towards MSPBs

The synthesized model systems to form entangled metallo-
supramolecular bulk polymers are based on (semi-)telechelic linear or
star PnBA polymers end-capped with terpyridine ligand and on linear
sticky PnBA-co-PTPA copolymers. These polymers have a glass
transition below room temperature which allows to study them in bulk
over a broad range of temperatures. These building blocks are then used
to elaborate metallo-supramolecular polymeric assemblies by adding
different transition metal ions which are complementary to the
associating groups as explained in section 2.4.1. Among available metal
ions, the first row of d-block metal cations is used in this project
because relatively stable bis(terpyridine) complexes with controlled
dissociation and association rates over a large window can be achieved.
For this purpose, the Ni(Il), Co(Il), Cu(Il) and Zn(Il) cations with
chloride (CI') as counter-ion are used in this project. While the chloride
anion has a negligible coordinativity effect compared to terpyridine
groups, two tpy ligands are coordinated to one metal ion. The ions are
carefully selected based on the formation (kf) and dissociation (kais)
rates of their bis(terpyridine)-metal complexes, which are directly
related to the strength and lability of the stickers. The usual sequence
of stability, i.e. the binding constant, is Zn>" < Cu** < Co*" < Ni*" for

terpyridine bis-complexes and their values are reported in Table
5 5 49,5455

Ion K ket Kdis,1 K» keo  kaise B=KIK2
™hH s s ) s s (M)
Nil) 10107 103 1076 1ot 1053 1058 10218
Fe(ll) 107! 104 1022 10138 1070 1068 10209
Coll) 1084 1044 1040 10%9 1067 1032 10'83
Cu(l 10" 1073 - >10° - - >10'8
Zn(I) 1069 1061 1001 1052 ) ) 10!12

Table 2.5 Thermodynamic and knetic equilibrium parameters for the
formation and dissociation of terpyridine mono- and bis-complexes
with different transition metal ions in water at 25°C. 3433
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Note that, the values reported in Table 2.5 correspond to the
thermodynamic and knetic equilibrium parameters in solution. It is
expected that these values have different order of magnitude in bulk but
with the same usual sequence of binding constants as the solution one.

In practice, the metal ions are first dissolved in a good solvent.
Then they are added to a concentrated polymeric solution to enhance
the formation of metal-ligand complexes. The solvent is finally
evaporated to obtain the desired metallo-supramolecular bulk materials
as illustrated in Figure 2.32. The formation of M-L complexes provides
effective bridges between associating chains. The latter enable the
formation of associating networks with different rheological properties
ranging from viscoelastic fluids to soft elastic solids and may respond
to external stimuli conditions. Note that during sample preparation,
high polymeric concentrations, e.g. 400-500g/L are fixed to favor the
formation of inter-associations and avoid as much as possible the intra-
associations.
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Figure 2.32 Preparation of metallo-supramolecular bulk polymers
using telechelic four-arm star PnBA 160k-tpy4 with nickel(II) chloride.

As illustrated in Figure 2.32, the formation of MSBPs can be evidenced
by the inverted-tube test where the initially free flowing polymeric
solutions turn into free-standing organo-gels upon the addition of metal
ions. Additionally, the formation of M-L complexes between
associating polymer chains is accompanied by the change in color and
sometimes by the change in the color intensity because d-block metal
complexes absorb light in the visible region. This color change is
originating from the addition of the metal ions, which gives green color
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with copper(II), orange color with cobalt(Il), yellow with nickel(Il) and
no color change with zinc(II) as shown in Figure 2.33.

Ni%* Co?* Cu® Zn* Ref.

Figure 2.33 Pictures of metallo-supramolecular bulk polymers from
linear semi-telechelic PnBA10k-tpy upon the addition of different
transition metal ions.

2.5 Conclusions

In this chapter, the efficiency of using a pre-modification
approach combined with RAFT process is demonstrated. On the one
hand, different terpyridine modified chain transfer agents are used for
the RAFT polymerization of n-butyl acrylate monomer, leading to well-
defined linear (semi-)telechelic and four-arm star telechelic associating
polymers end-capped with terpyridine. On the other hand, terpyridine
modified acrylic monomer is synthesized; then copolymerized with
nBA via the RAFT technique to give linear sticky copolymers in which
terpyridine moieties are randomly located within the polymer chain.

A set of associating supramolecular polymeric precursors is
synthesized with relatively low molar mass distributions (P < 1.3). The
high functionality of these well-defined associating poly(n-butyl
acrylate)s is qualitatively and quantitatively ascertained by 'H-NMR
analysis and UV-visible titration. Furthermore they are exploited to
elaborate entangled metallo-supramolecular bulk polymers in presence
of the first row d-block metal cations. Once all MSBPs are obtained,
the next stage is to systematically investigate their linear viscoelastic
properties to demonstrate that their rheological features can be finely
tailored.
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2.6 Experimental part

2.6.1 Materials

All chemicals were purchased from Aldrich, Fluka, or Acros.
n-Butyl Acrylate (nBa) was freshly purified on an AlOx-filtration
column to remove inhibitor immediately prior to use. 2,2-Azobis-
(isobutyronitrile) (AIBN, 98% pure, Fluka) was recrystallized twice
from methanol prior to use.

2.6.2 Instrumentation

"H-NMR spectra were recorded on 300 or 500 MHz Avance
Bruker spectrometers at 25 °C. Chemical shifts are given in ppm
downfield from tetramethylsilane. Size exclusion chromatography
(SEC) was carried out on a system composed of two PSS Gram columns
(100 A and 1000 A) connected to a Waters 410 differential
refractometer and a Waters UV detector, with N, N-dimethylformamide
+ 2.5 mM NH4PFs as eluent (35 °C, 1 mL min™). Polystyrene standards
were used for calibration. UV-visible spectra are recorded on a Varian
Cary 50 Conc. spectrophotometer equipped with a Varian Cary
thermostat. The measurements are performed using a 1 cm quartz cell
at room temperature. Differential scanning calorimetry (DSC)
measurement was performed on a Mettler Toledo 822 calorimeter. The
sample was placed in an aluminum capsule (40 mL). The DSC
instrument was calibrated using an Indium standard. The sample was
initially heated from 30°C to 120°C with a heating rate of at 10°C/min
and under nitrogen atmosphere to erase the thermal history of the
material. Then, a cooling process was performed from 120°C to -80°C
with the same rate. At last the sample was again heated from -80°C to
30°C at 10°C/min under a nitrogen atmosphere. The latter measurement
was used to determine glass transition temperature (Tg). Tg were
determined using Richardson method.
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2.6.3 Synthesis of precursors

2.6.3.1 DDMAT

I-dodecanethiol (4.8 mL, 20 mmol), aliquat 336 -
tricaprylylmethylammonium chloride — (0.36 mL, 0.8 mmol) and
acetone (12 mL) are introduced in a 100 mL bicol. The mixture is left
to stir at 10°C, under argon atmosphere, during 5 minutes. An aqueous
solution (50 wt %) of NaOH (1.1 mL, 13.8 mmol) is then slowly added
(10 minutes), under argon atmosphere. The solution is stirred at 10°C,
during 15 min. Carbon disulfide (1.2 mL, 20 mmol), dissolved in 2.5
mL of acetone, is then slowly added (20 minutes) under argon
atmosphere. The solution is left to stir at 10°C during 10 minutes. The
chloroform (2.4 mL, 30 mmol) is next added. An aqueous solution (50
wt %) of NaOH (5.3 mL, 66.3 mmol) is then slowly added (25 minutes).
Additional acetone (+ 2.5 mL) can be added to ensure homogeneity as
well as efficient stirring. The solution is finally left to stir during at least
10 hours, at 10°C and under argon atmosphere. The reaction mixture is
diluted in 30 mL of water and carefully concentrated under low pressure
to remove the acetone. An aqueous solution (37 wt %) of HCl is then
added to reach pH 3. The solid is filtrated and dissolved in 100 mL of
isopropanol. The insoluble S,S-bis(1-dodecyl)-trithiocarbonate side
product is filtrated, washed with 30 mL of isopropanol. The remaining
solution is subsequently concentrated under vacuum. The obtained red
solid is finally crystallized from 15 mL n-hexane. The yellow solid is
subsequently filtrated, washed several times with cooled n-hexane, and
dried overnight in oven at 40°C under vacuum (yield = 27%).

'H-NMR (300 MHz, CHCls-d, ppm): 3.27 (t, 2H, CH>-CH,-S), 1.71 (s,
6H, -C(CHa),), 1.66 (q, 2H CH,-CH,-S), 1.41-1.23 (m, 18H, CHs-
(CHa)s-CHa-CH;-S), 0.90 (t, 3H, CH3~-(CHa)s-CH,-CH,-S).

3C-NMR (300 MHz, CHCls-d, ppm): 220.8 (C=S), 178.9 (COOH),
55.6 (S-C(CHs),), 37.1 (CH2-CH,-S), 31.9 (CH,-CH-S), 29.7 (CHs-
CH>-CH,), 29.6-29.4 (CH3-(CH,)3-(CH2)s-CHz), 29.1-29.0 (CHs-
(CH»)2-CHy-(CH,)4-CH,), 27.8 (CH,-CH,-CH»-S), 25.2 (C(CHs)y),
22.7 (CHs-CH,-CHa-), 14.2 (CH3-CH,-CHb).
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2.6.3.2 CBMAT

3-Mercaptopropionic acid (2 mL, 23 mmol), acetone (13.8 mL)
and the aliquat 336 — tricaprylylmethylammonium chloride — (0.08 mL,
0.9 mmol) are added to a round-bottom flask equipped with a magnetic
stir bar. The mixture is left to stir at 10°C, under argon atmosphere,
during 5 min. An aqueous solution (97 wt %) of NaOH (1.80 mL, 24
mmol) is then slowly added (10 min), under argon atmosphere. The
solution is stirred for 30 min prior to the dropwise addition of carbon
disulfide (1.38 mL, 23 mmol). The resulting yellow solution is stirred
at room temperature overnight. Chloroform (2.75 mL, 34.4 mmol) and
acetone (2.9 mL) were then added followed by the dropwise addition of
97 wt % NaOH solution (10 mL, 115 mmol). The mixture is stirred at
room temperature overnight. The mixture is acidified with concentrated
hydrochloric acid, and the resulting yellow precipitate is isolated by
filtration with a Buchner funnel and flask. The precipitated is washed
with distilled/deionized water. The product is then dried in vacuum at
40°C overnight to obtain a yellow powder (yield = 45%).

'H-NMR (300 MHz, CHCls-d, ppm): 12.7 (s, 2H, COOH), 3.43 (t, 2H,
CH,-S), 2.62 (t, 2H, CH,-COOH), 1.59 (s, 6H, C(CHs)).

BC-NMR (300 MHz, CHCl-d, ppm): 222.1 (C=S), 173.6
(C(CH3),COOH), 173.0 (COOH-CH,),), 57.1 (S-C(CH3)COOH), 35.0
(COOH-CH3>), 32.0 (CH,-S), 25.5 (C(CHs),).

2.6.3.3 PTMAT

Triethylamine (2.92 mL, 21.00 mmol) in 5 mL of CHCIl; is
added dropwise to a stirred solution of pentaerythritol tetrakis (3-
mercaptopropionate) (95%) (0.40 mL, 1.05 mmol) and carbon disulfide
(1.26 mL, 21.00 mmol) in CHCl; (7.5 mL) at room temperature. The
solution gradually turned deep yellow during the addition and is stirred
for 1 hour. 2-Bromo-2-methylpropanoic acid (98%) (1.75 g, 10.50
mmol) dissolved in 5 mL of CHCIs is then added dropwise, and the
solution was stirred for 2 hours. The mixture is washed three times with
an aqueous solution of HCI (0.2 M) and once with water. The reaction
mixture is concentrated, dissolved in a minimum amount of CHCl; and
precipitated in a ten fold-excess of n-hexane to afford a yellow powder
which is further dried under vacuum at 40°C (yield = 76%).
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'H-NMR (300 MHz, CHCls-d, ppm): 4.12 (s, 8H, C-CH,-0), 3.53 (t,
8H, S-CH,-CHa), 2.77 (t, 8H, S-CH,-CH,), 1.71 (s, 24H, ((CH3),-C).

3C-NMR (300 MHz, CHCls-d, ppm): 222.2 (C=S), 178.3 (COOH),
176.26 (0-C=0), 66.2 (C-CH»-0), 57.25 (S-C(CHs),), 42.4 (O-CH,-C-
CH,-0), 34.8 (CHy-CH,-S), 32.9 (CHo-CH,-S), 25.2 (C(CHs)y).

2.6.3.4 Amino-terpyridine (Tpy-NH>)

5-Amino-1-pentanol (848 mg, 8.22 mmol) is dissolved in a
suspension of potassium hydroxide (1.552 g, 27.65mmol) in dry DSMO
(13.2 mL) and stirred at 60°C for 1 hour under argon atmosphere. 4-
chloro-2,2’:6,2”-terpyridine (2 g, 7.47 mmol) are then added and the
reaction mixture is stirred overnight at 60°C. 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 (2x500 mL) and diethyl ether (2x500mL),
and dried under vacuum at 40°C (yield = 64%).

"H-NMR (500 MHz, CHCl3-d, ppm): 8.67 (dd, 2H, Haromatic, ), 8.56 (dd,
2H, Haromatic, b), 7.96 (s, 2H, H,), 7.82 (dt, 2H, H.), 7.33 (ddd, 2H, Hy),
4.24 (t, 2H, CH»-0), 2.75 (t, 2H, CH»-NH>»), 1.88 (q, 2H, CH,-CH»-0O),
1.63 (s, 2H, CH,-NH>), 1.56 (q, 2H, CH,-CH,-CH»-0), 1.54 (q, 2H,
CH,-CH>-NHo).

BC-NMR (500 MHz, CHCls-d, ppm): 167.3 (Cy), 157.1 (Cp), 156.2
(Ch), 149.3 (Co), 136.8 (Co), 123.8 (Cy), 121.4 (Cq), 107.4 (Ca), 68.0
(CH2-0), 42.1 (CH,-NH,), 33.3 (CH,-CH,-NH,), 28.9 (CH,-CH,-0),
23.4 (CH,-CH,-CH,-O).

2.6.3.5 DDMAT-tpy

Hydroxybenzotriazole hydrate (206 mg, 1.36 mmol) and 1-(3-
dimethyl-aminopropyl)-3-ethyl carbodiimide hydrochloride (262 mg,
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1.36 mmol) are dissolved in a DCM (5 mL) / DMF (0.7 mL) mixture at
0°C. Afterwards, DDMAT (415 mg, 1.14 mmol) is added and the
solution is stirred for 1 hour. Tpy-NH, (380 mg, 1.14 mmol) is added
and the reaction mixture is stirred for 24 hours. Then, the mixture is
diluted with DCM (100mL) and consecutively washed with 3x100 mL
of sodium carbonate aqueous solution (100 g/L), 3x100 mL of citric
acid aqueous solution (100 g/L), and 3x100 mL of distilled water. The
organic phase is finally separated, dried over magnesium sulfate,
filtered and concentrated under low pressure to give a yellow solid
which is further dried under vacuum at 40°C (yield = 83%).

'H-NMR (500 MHz, CHCls-d, ppm): 8.68 (dd, 2H, Haromac. <), 8.58 (dd,
2H, Haromatc. b), 8.01 (5, 2H, Haromatic, o), 7.84 (dt, 2H, Haromatic, ¢), 7.33
(ddd, 2H, Haromatic. a), 6.51 (br, 1H, NH-CHy), 4.18 (t, 2H, O-CH,-CH.),
3.29 (q, 2H, S-CH,-CH.,), 3.23 (t, 2H, CH,-CH,-NH), 1.88 (q, 2H, S-
CH,-CHb), 1.73 (s, 2H, O-CH,-CHy), 1.69-1.26 (m, 28H, CHs-(CH,)o-
CHa, (CH,)>-CH,-NH and (CHs),-C ), 0.90 (t, 3H, CH,~CHs).

2.6.3.6 CBMAT-tpy»

Hydroxybenzotriazole hydrate (271 mg, 1.8 mmol) and 1-(3-
dimethyl-aminopropyl)-3-ethyl carbodiimide hydrochloride (344 mg,
1.8 mmol) are dissolved in a DCM (5 mL) / DMF (0.7 mL) mixture at
0°C. Afterwards, DBMAT (183 mg, 0.7 mmol) is added and the
solution is stirred for 1 hour. Tpy-NH> (500 mg, 1.5 mmol) is added and
the reaction mixture is stirred for 24 hours. Then, the mixture is diluted
with DCM (100mL) and consecutively washed with 3x100 mL of
sodium carbonate aqueous solution (100 g/L), 3x100 mL of citric acid
aqueous solution (100 g/L), and 3x100 mL of distilled water. The
organic phase is finally separated, dried over magnesium sulfate,
filtered and concentrated under low pressure to give a yellow solid
which is further dried under vacuum at 40°C (yield = 79%).

'H-NMR (500 MHz, CHCls-d, ppm): 8.67 (dd, 4H, Haromaic. <), 8.58 (dd,
4H, Haromatic. v), 7.97 (s, 4H, Haromatc. ), 7.82 (dt, 4H, Haromatic, <), 7.31
(ddd, 4H, Haomate, d), 6.52 (t, 2H, NH-CH>), 4.19 (t, 4H O-CH,-CH,),
3.57 (t, 2H, S-CH,-CH,), 3.23 (m, 4H, CH,-CH,-NH), 2.77 (t, 2H, S-
CH,-CH,), 1.84 (m, 4H, O-CH,-CH,), 1.70-1.40 (m, 14H, CH,-CH,-
CH,-NH and CHs).
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2.6.3.7 PTMAT-tpya

Hydroxybenzotriazole hydrate (220 mg, 1.46 mmol) and 1-(3-
dimethyl-aminopropyl)-3-ethyl carbodiimide hydrochloride (280 mg,
1.46 mmol) are dissolved in a DCM (5 mL) / DMF (0.7 mL) mixture at
0°C. Afterwards, PTMAT (346 mg, 0.3 mmol) is added and the solution
is stirred for 1 hour. Tpy-NH; (407 mg, 1.22 mmol) is added and the
reaction mixture is stirred for 24 hours. Then, the mixture is diluted with
DCM (100mL) and consecutively washed with 3x100 mL of sodium
carbonate aqueous solution (100 g/L), 3x100 mL of citric acid aqueous
solution (100 g/L), and 3x100 mL of distilled water. The organic phase
is finally separated, dried over magnesium sulfate, filtered and
concentrated under low pressure to give a yellow solid which is further
dried under vacuum at 40°C (yield = 89%).

'H-NMR (500 MHz, CHCls-d, ppm): 8.67 (dd, 8H, Haromac. ), 8.58 (dd,
8H, Huromatic, b), 8.00 (5, 8H, Huromatic, 2), 7.86 (dt, 8H, Haromatic, ¢), 7.34
(ddd, 8H, Haromatic, a), 6.59 (t, 4H, NH-CH,), 4.21 (t, 8H, O-CH,-CH.),
4.06 (s, 8H, O-CH,-C), 3.49 (t, 8H, S-CHa-CHo), 3.23 (m, 8H, CHa-
CH,-NH), 2.71 (t, 8H, S-CH»-CHa), 1.84 (m, 8H, O-CH,-CH,), 1.67 (s,
24H, CHs), 1.56 (m, 8H, CH,-CH,-CH,-NH), 1.49 (m, 8H, CH,-CHo-
CH,-NH).

2.6.3.8 Hydroxyl-terpyridine (Tpy-OH)

1,3-propanediol (7.1 g, 93.4 mmol) and 30 mL of dry DMSO
are placed in a flask equipped with a magnetic stirrer under an argon
atmosphere. Dry potassium hydroxide pellets 85% (5.24 g, 93.4 mmol,)
are added and the mixture is stirred for 1 hour at 60°C. 4-chloro-
2,2°:6°,2”-terpyridine (5 g, 18.7 mmol) is then added. The reaction is
continued for 2 days at 60°C under an argon atmosphere. The mixture
is cooled down to ambient temperature and poured onto an ice-water
mixture, where the product started to precipitate. The pH is then
adjusted to 6 using dilute hydrochloric acid. The precipitated product is
filtered, washed with cold water and dried in a vacuum oven at 40°C
(yield = 72%).

'H-NMR (500 MHz, CHCls-d, ppm): 8.61 (dd, 2H, , Hauromatic, ¢), 8.54
(dd, 2H, 5 Haromatic, b), 795 (S, ZH, N Haromatic, a), 778 (dt, ZH, 5 Haromatic, c),
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7.26 (ddd, 2H, , Huromati. a), 4.33 (t, 2H, CH»-0), 3.88 (t, 2H, CH,-OH ),
2.05 (q, 2H, CH,-CH,-O).

2.6.3.9 Terpyridine acrylate (TPA)

Tpy-OH (5.2 g, 16.9 mmol) is dissolved 150 mL of dry DCM.
Triethylamine (4.1 mL, 28.8 mmol) is then added and the reaction
mixture is stirred for 1 hour. Acryloyl chloride (2.34 mL, 28.8 mmol)
is added dropwise under stirring at 0°C using an ice bath. After 2 hours,
the cooling bath is removed and stirring of the reaction mixture is
continued overnight. The solution is diluted with 150 mL of DCM,
transferred to a separation funnel and then washed twice with a sodium
carbonate (5% w/v) solution and once with pure water. The organic
layer was isolated and dried over sodium sulfate. The solvent was
removed in vacuum at 40°C. The residue is filtrated through column
chromatography using neutral aluminum oxide and hexane:ethyl
acetate (1 3 v/v) as eluent. After evaporation of the solvent, the solid is
crystallized from hexane:ethyl acetate (7 : 1 v/v) to obtain white fluffy
solid (yield = 65%).

"H-NMR (500 MHz, CHCl3-d, ppm): 8.61 (dd, 2H, , Haromatic, ¢), 8.54
(dd, 2H, , Haromatic, b), 7.95 (s, 2H, , Haromatic, a), 7.77 (dt, 2H, , Haromatic, ¢)»
7.25 (ddd, 2H, , Huomaic. ), 6.37 (d, 1H, CH=CH), 6.12 (dd, 1H,
CH,=CH), 5.49 (d, 1H, CH,=CH), 431 (t, 2H, CH,-O), 4.27 (t, 2H,
CH,-0-CO), 2.17 (q, 2H, CH,-CH,-O).

3C-NMR (500 MHz, CHCls-d, ppm): 167.3 (C=0), 167.0 (Cy), 156.9
(Co), 155.9 (Cy), 148.9 (C.), 137.0 (Co), 136.2 (CH,=CH), 125.7
(CH,=CH), 123.9 (Cq), 121.5 (Cy), 107.5 (C.), 64.7 (CH,-O), 61.3
(CH,-0-CO), 28.5 (CH,-CH,-CH.).
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2.6.4 Synthesis of associating polymers

2.6.4.1 Homopolymerization

A typical procedure for the homopolymerization of #BA under
bulk condition at 70°C using mono-functional TTC-tpy as RAFT agent
is provided below. AIBN (1 mg, 6.09 umol), DDMAT-tpy (42 mg, 0.06
mmol) and #BA (10.1 mL, 70 mmol) are introduced into a 25 mL
round-bottom Schlenk tube. After degassing the solution using four
freeze-pump-thaw cycles, the reaction mixture is sealed, purged with
argon and then immersed in a preheated oil bath at 70°C. The
polymerization is stopped by immediate exposure to air and cooling
with liquid nitrogen. The crude product is dissolved in a minimum
amount of acetone and purified by precipitation (two times) into cold
distilled water:methanol (50:50 v/v). A yellow tacky soft solid is
recovered and dried in a vacuum oven at 40°C. The purified mono-
functional polymer is analyzed using a combination of size exclusion
chromatography and NMR spectroscopy.

Linear semi-telechelic PnBA 1p1-tpy.

'"H-NMR (500 MHz, CHCls-d, ppm): 8.66 (dd, 2H, Haromatic, ¢) 8.58 (dd,
2H, Haromatic, b), 7.97 (s, 2H, Haromatic, 2), 7.82 (dt, 2H, Haromatic, ¢), 7.31
(ddd, 2H, Haromatic.¢), 4.02 (m, 1574H, O-CH,-CH, PnBA 011), 3.23 (m,
2H, CH,-CH,-NH), 2.26-0.93 (m, 8400H, PnB Apackbone aliphatics and TTC-
tpy, aliphatics)- Ma (‘H-NMR) = 101 000 g/mol, b (SEC) = 1.14, yield =
68%.

The same procedure is used for the other RAFT agents to obtain linear
telechelic and four-arm star telechelic poly(n-butyl acrylate)s
functionalized with terpyridine ligand at chain extremities.

Linear telechelic PnBA;3-tpy:.

'H-NMR (500 MHz, CHCls-d, ppm): 8.67 (dd, 4H, Haromatc. <), 8.58 (dd,
4H, Haromatic, v)> 7.97 (5, 4H, Haromatic, 2), 7.82 (dt, 4H, Haromaic, o), 7.31
(ddd, 4H, Haromatic. ), 4.03 (m, 1776H, O-CH,-CHs, PnBA13-), 3.23 (m,
2H, CH,-CH,-NH), 2.26-0.93 (m, 9180H, Pr2BAsackbone aliphaties and TTC-
tpY2. aliphatics). M ("H-NMR) = 113 000 g/mol, D (SEC) = 1.13, yield =
64%.
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Telechelic four-arm star PnBA so-tpys.

"H-NMR (500 MHz, CHCls-d, ppm): 8.67 (dd, 8H, Haromatic, ), 8.58 (dd,
8H, Haromatic, b), 8.00 (s, 8H, Haromatic, a), 7.86 (dt, 8H, Haromatic, ¢), 7.34
(ddd, 8H, Haromatic, a), 4.01 (m, 2486H, O-CH,-CH>, PnBA 60-), 3.23 (m,
8H, CH,-CH,-NH), 2.27-0.93 (m, 13 220H, PnBAbackbone aliphatics and
TTC-tpys, aliphatics)- Ma ("H-NMR) = 160 000 g.mol"!, B (SEC) = 1.25,
yield = 72%.

2.6.4.2 Copolymerization

A typical procedure for the copolymerization of nBA and TPA
in solution at 70°C using DDMAT as RAFT agent is provided below.
AIBN (1 mg, 6.09 pmol), DDMAT (22 mg, 0.06 mmol), nBA (10.1
mL, 70 mmol), TPA (470 mg, 1.30 mmol) and 15 mL chlorobenzene
are introduced into a 50 mL round-bottom Schlenk tube. After
degassing the solution using four freeze-pump-thaw cycles, the reaction
mixture is sealed, purged with argon and then immersed in a preheated
oil bath at 70°C. The polymerization is stopped by immediate exposure
to air and cooling with liquid nitrogen. The crude product is dissolved
in a minimum amount of acetone and purified by precipitation (two
times) into cold distilled water:methanol (50:50 v/v). A yellow tacky
soft solid is recovered and dried in a vacuum oven at 40°C. The purified
copolymer is analyzed using a combination of size exclusion
chromatography and NMR spectroscopy.

"H-NMR (500 MHz, CHCls-d, ppm): 8.66 (dd, 22H, Haromatic, ¢), 8.61
(dd, 22H, Haromatic, b), 7.97 (s, 22H, Haromatic, a), 7.84 (dt, 22H, Haromatic, ¢),
7.32 (ddd, 22H, Haromatic, 4), 4.31 (m, 44H, O-CH,-CH,-CH;-O, PTPA),
4.03 (m, 3504H, O-CH,-CHz, PnBA12-), 3.23 (m, 2H, CH,-CH,-NH),
2.26-0.93 (m, 18 026H, PnBAbackbone aliphatics, PTPA, backbone aliphatics and
PTPA O-CH,-CH,-CH»-O). M,, (‘"H-NMR) = 112 000 g/mol with 11
incorporated terpyridine units, B (SEC) = 1.22, yield = 69%.
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2.6.4.3 Summary of polymeric precursors

Sample Mp Conversionp My n b
(NMR) (NMR)  (NMR) (SEC)
(g/mol) (g/mol)
Mono-PnBAoik-tpy 101 000 0.68 100 700 1.14
Mono-PnBA 142¢-tpy 142 000 0.72 140 500 1.14
Bi-PnBAj13k-tpy2 113 000 0.64 111 300 1.13
Bi-PnBAi71x-tpy2 171 000 0.82 169 400 1.18
Star PnBA 60k-tpy4 160 000 0.72 158 600 1.25
Star PnBA2so-tpy4 250 000 0.60 248 900 1.20
PnBAgso-co-PTA1 112 000 0.69 110 700 1.22
PnBAgi14-co-PTA;;s 110 000 0.63 107 800 1.29

Table 2.6 Summary of poly(n-butyl acrylate) precursors synthesized
via RAFT polymerization.

2.6.5 Arm cleavage of star polymers

In a 10 mL round bottom flask, 4-arm star PuBA-tpys (150 mg)
is dissolved in 6 mL of THF and is stirred under air for 20 min. Then
piperidine (~200 pL) is added and the solution is left to stir for 10 hours
at room temperature. After 10 hours, the volatiles are removed under
reduced pressure and the crude residue is dried under vacuum at 40°C
overnight. After drying, the crude product is analyzed by SEC.
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2.6.6 Sample Preparation

Samples are prepared by dissolving a given amount of
associating polymeric precursors in acetone. The sealed reaction
vessels are mixed for 30 min via vortex at room temperature to obtain
concentrated polymeric solutions with a concentration ranging between
400-500g.L!. The metallo-polymers are then readily obtained by
adding 0.5 stoichiometric equivalents of transition metal ions (with
respect to the terpyridine content) dissolved in acetone or methanol. The
reaction vessels are mixed via vortex for 30 min, then left to rest for 1
hour at room temperature to ensure total complexation of the metal. The
solvent is evaporated under reduced pressure at 40°C then the sample
is dried under vacuum at 40°C for 24 hours to obtain metallo-
supramolecular bulk polymers.

2.6.7 UV-Vis titration of terpyridine content

Terpyridine-functionalized polymers are dissolved in 2 mL of
THF at a concentration between 0.005mg/uL and 0.01mg/uL. The
polymeric solution is then titrated by stepwise addition of a THF
solution of iron(Il) chloride at stabilized against oxidation by the
presence of 0.03 mg/uL ascorbic acid. After every addition, a UV-vis
spectrum is recorded after 2 min. The absorption value of the maximum
of the metal to ligand charge transfer (MLCT) at 555 nm is used to
obtain the UV-vis titration curve.
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Chapter 3

Linear rheology of entangled bulk
polymers functionalized with
metal-ligand interactions

Abstract

This Chapter studies the linear viscoelastic properties of a series
of relatively low dispersity poly(rn-butyl acrylate) chains end-
functionalized with 2,2';6',2"-terpyridine, able to self-associate by
metal-ligand coordination. Depending on the architecture and
functionality of the chains, the polymers self-assemble into different
metallo-supramolecular bulk structures once metal ions are added.
Linear building blocks (mono-functional or bi-functional) form longer
chains while four-arm stars or linear sticky copolymers form transient
networks. The properties of the obtained materials can be fine tuned
depending on the length of the polymer chains and the type of metal. In
this respect, enhanced control is gained over the dynamics of this class
of metallo-supramolecular assemblies. Hence, they are extremely
interesting for specific applications such as adhesives or mechano-
Sensors.
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3.1 Introduction

3.1.1 Supramolecular polymeric materials

The advent of supramolecular chemistry in the last decades has
provided powerful tools to form adaptable materials based on the ability
of molecules to self-assemble. It relies on (macro)molecules able to
adapt their properties and structures in response to external stimuli.!
However, most of these self-assembled materials are studied in solution
because commonly used polymers have a glass transition above room
temperature. If the material is an amorphous flexible polymer with a
glass transition below the ambient temperature, it can be investigated
without solvent in the melt state as a soft material.

While several works are reported in Chapter 1 on
supramolecular bulk systems based on metal-ligand interactions,
progress in associating polymers for the formation of bulk materials can
be highlighted with other supramolecular interactions as well. For
instance Guan’s works on polystyrene-b-poly(n-butyl acrylate) (PS-b-
PuBA) diblock copolymers end-capped with ureidopyrimidinone (UPy)
at one extremity. Upy-Upy hydrogen bonds lead to the elaboration of
PS-b-PnBA-b-PS triblock bulk copolymers.? Rozes reported a material
based on nBA copolymerized with a sulfonate acrylamide-
functionalized butyltin oxo-cluster macrocation. lonic interactions
occur between the macrocation and sulfonate groups forming
supramolecular crosslinks which provide elastomeric properties to the
resulting bulk material.* Schubert described histidine-based monomers
copolymerized with either butyl methacrylate (BMA) or lauryl
methacrylate (LMA). The polymers are crosslinked through metal-
ligand coordination by adding zinc(II) ions to the polymer solution and
a film is formed by solvent casting.’> Colquhoun and Hayes reported
supramolecular bulk materials crosslinked by n-m stacking. Using
divalent or trivalent pyrenyl end-functionalized poly(ethylene oxide)
polymers mixed with a copolymer that contains naphthalene-diimide
chain-folding and 2,2’-(ethylenedioxy) bis(ethylamine) linker.%’
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However, most of these works are essentially focused on
healing properties of the resulting materials at the expense of
fundamentally understanding their mechanical features which are
linked to self-healing. Rheological properties and dynamics of these
systems have not been deeply studied and a deeper understanding on
topological effect within bulk materials is unfortunately not provided.

3.1.2 Systematic mechanical investigations

By functionalizing flexible polymer chains with associating
units, or so also called “stickers”, reversible networks of polymers are
obtained, which constitute an interesting class of soft materials because
of the richness in their rheological behavior.® Several chemical motifs
can be used as stickers which brings the classification of associating
polymers depending on the nature of the associations.” Among those,
metal-ligand interactions are particularly interesting because of their
high directionality and the large range of binding strength achievable
according to the metal-ligand combination.!” The same polymers can
also be classified according to the number and the position of the
associating moieties. Generally, they are localized either at the center'!,
at the end'? or as pendant groups'® of the macromolecular chains.

In order to better understand the complex rheological properties
of such soft materials, where large-scale supramolecular structures are
combined with bond energy of stickers and entanglements, it is essential
to work with model systems where different parameters such as
polymer molar mass, location of the associating units on the chain, and
the number of stickers are well-defined. In this direction, the objective
of this chapter is to study the dynamics of well-defined linear and star
telechelic polymers containing stickers at chains extremities. While
they constitute one of the most studied classes of associating
polymers!#, the specificity of the systems proposed here is that they are
based on entangled building blocks. Consequently, their rheological
behavior is expected to depend on both entanglement and stickers
dynamics. Furthermore, we would like to vary their composition
parameters in a systematical way, in order to identify their exact
contribution in the viscoelastic response.
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These samples can be prepared by controlled radical
polymerization and further used as precursors to form different
supramolecular structures. Specifically, the presence of associating
groups at the chain-end allows their use as cross-linkers or chain
extenders.'>!® Following these aspects, a more comprehensive study is
carried out on the rheological properties of polymer chains with a glass
transition temperature (7g) below ambient temperature and end-
functionalized with associating moieties. In this respect, PnBA is
selected as a matrix whose glass transition is generally reported around
-55 °C."7 The tridentate terpyridine ligand (tpy) is used as sticker which
forms coordinative interactions once metal ions are added.'®

3.2 Materials and experimental

3.2.1 Materials

In this chapter, a series of terpyridine functionalized PnBA with
low dispersity D is synthesized via RAFT polymerization using ligand-
modified chain transfer agents and or ligand-functionalized monomer
as explained in Chapter 2. Molecular weights are targeted above the
average molar mass between entanglements of pure PnBA (Me = 18
kg.mol™") as reported in Table 3.1."

Samples M, system” pP Z=Mn/M©
(kg/mol)

Linear Mono-PrBA oi-tpy 101 1.14 5.6

Linear Bi-PnBA13k-tpy2 142 1.14 7.8

4-arm star PuBA js0x-tpys 160 1.25 2.2/arm

Linear PnBA10k-co-PTA 15 110 1.29 6.1

Table 3.1. Structural parameters of PrBA polymers functionalized with
terpyridine ligand. ® Molar mass determined by 'H-NMR. ® Dispersity
determined by SEC. © Number of entanglements calculated using M =
18 000 g/mol.
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Details on the model systems are schematically reported in Figure 3.1.
These building blocks are then wused to elaborate metallo-
supramolecular polymeric assemblies by adding different transition
metal ions which are complementary to the associating groups or the so
called “stickers”.

a) (|34H9
s 0]

1
C12H25\S/ ~sf

Figure 3.1. Chemical structures of a) Linear mono-functional PnBA
end-functionalized with terpyridine (PrBA-tpy) b) Linear telechelic
PnBA-tpy2 c) Telechelic 4-arm star PuBA-tpys and d) Linear sticky
PnBA-co-PTPA.

3.2.2 Experimental

To investigate the linear viscoelastic properties of associating
polymers, shear rheological experiments were performed in the linear
regime on an Ares (TA Instruments) rheometer equipped with a
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air/nitrogen convection oven that ensure an accurate temperature
control (£ 0.1°C). Dynamic meachanical measurements were carried
out at given temperatures, using stainless steel 8 mm plate—plate
geometries. The gap was adjusted between 400 and 500 pum so that the
geometry was completely filled. The sample was equilibrated in the
rheometer at 130°C for 30 min. Normal forces were checked to be
relaxed prior any measurement. Dynamic frequency sweeps were
performed at a deformation amplitude of 3% over a temperature range
of -20°C to 80°C and a frequency range of 10% — 10~ rad/s. All dynamic
measurements were performed within the linear viscoelastic region,
which was determined from dynamic strain sweep experiments. At each
temperature, the equilibration was checked with dynamic time sweep
measurements up to 1 hour. The collected data were shifted along the
frequency axis using the time-temperature superposition (TTS),
yielding master curves that were constructed at the same reference
temperature Trer = 0°C.

3.3 Linear telechelic associative PnBA

3.3.1 Linear mono-functional PnBA-tpy

The linear rheological properties of these systems are
investigated within a large range of temperatures (from 80°C to -20°C).
The properties of these materials reflect the role of both
macromolecular structures and coordinative interactions. They are fine-
tuned by varying either the structure, the length of the chain or the type
of transition metal ion used to trigger the complexation with the ligand.
The choice of metal ion allows controlling the rate at which each
physical cross-linker associates or dissociates respectively from each
other. To do so, metal ions are dissolved in a good solvent then they are
added to a concentrated polymeric solution to enhance the formation of
metal-ligand complexes and solvent is finally evaporated to obtain the
desired metallo-supramolecular bulk materials.

As a first test, different samples based on linear mono-
functional PrBA building blocks are prepared in order to investigate
the influence of first row transition metal ions on the rheological
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properties of metallo-supramolecular bulk polymers. Figure 3.2 shows
the linear rheological behavior at 25°C of the precursor alone or mixed
with different transition metal ions which are Ni(II), Co(II), Cu(Il) and
Zn(II). The ions are carefully selected based on the formation (k) and
dissociation (kadis) rates of their bis-complexes with terpyridine, which
are directly related to the strength and lability of the stickers. The usual
sequence of stability is Zn?" < Cu** < Co*" < Ni** for terpyridine bis-

complexes.?’
106 3 T T L] T T T
E | | [N
Bl === == - - - L L JdL - - - -
10"y  GP’=160kPa e
l/l I /./II
10" 5 g ¥
AT

] [N
] 1
101 LI | LI | T LR | IIIIIIIIIII
6 TrelNia)y Trel,co(ly Trel,zn(l) Trel
10 § LR | R | R | LR |
10°] " "G isorea T T T T :
o C /\7\/\:”/’/\
_m:‘ 2O
T 10" 3 e :
SPanl o
. .3 P |
(n 107 4 o ©

Ni(ll) Co(ll) Cu(ll) Zn(ll) Ref. Double

_ Nidl) - Colh Zn(i _
(o R R
101- LR | R | R | LR | T
102 10"  10° 10" 10°
o [rad/s]

Figure 3.2 Linear rheology curves at 25°C of linear mono-functional
PnBA-tpy (melts) with different transition metal ions. The diamonds
correspond to the reference polymer without metal ions and the inverse
triangles to simple linear PnBA 205 kg/mol without any tpy unit
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referred as double. Terminal relaxation times are probed within the
measurement range that are Trel = 29 ms, Trel,zn(11)-= 43 MS, Trel,Cu(ll) =
73 ms, Trel,Co(in) = 107 ms, Trel,Ni(r) = 191 ms and Trel, Double = 365 ms.

Oscillatory frequency sweeps have been performed in the linear
regime at 25 °C. As the oscillation frequency (w) is decreased, the
reference polymer, which does not have active sticker, quickly reaches
its terminal relaxation regime and flows like a viscous liquid.
Containing around 5.9 entanglements per chain, this polymer is
relaxing by reptation and contour length fluctuations (CLF), combined
with constraint release (CR), as it is well-described by tube models.???
In the terminal regime, the storage and loss moduli, G’(w) and G”(w),
respectively exhibit scaling with w? and w' as expected from Maxwell
prediction. The cross-over frequency between these curves is used to
determine the terminal relaxation time (Trel = 1/wrel) Which is around
29 ms at 25°C. In presence of active stickers, different behaviors are
observed for metallo-supramolecular polymers. In the case of Zn(Il)
ions, the resulting system shows a rheological signature extremely close
to the polymer reference with a Trel, zn(11).= 43 ms. The reason why linear
mono-functional zinc metallo-supramolecular polymer behaves nearly
like the reference one is linked to the bis-terpyridine complexes lability.
In fact, when metal-ligand coordination is formed with Zn(Il) ions, the
resulting reversible interactions are very labile.?? Therefore, the stickers
constantly switch between the associated and dissociated states at a rate
that exceed the relaxation frequency of the pristine polymer. Hence the
presence of stickers with zinc ions does not sustantially affect the
relaxation of the polymer, which mainly relaxes as a single chain
through primitive path fluctuation near the chain ends combined with

reptation of the inner part of the chain.?*

On the other hand, in presence of Cu(Il), Co(Il) or Ni(Il) ions
the cross-over between G’ and G’ is shifted from high to intermediate
frequencies. Consequently, the terminal relaxation time increases for
these systems, precisely Trelcun = 73 ms, Trel,Co(ry = 107 ms and
Trel,Ni(i) = 191 ms. Thus, in presence of less labile ions, the metal-ligand
bridges are stronger and associating units have a direct impact on the
relaxation of the supramolecular polymer. In presence of copper or
cobalt ions, more stable metal-ligand complexes are formed and the
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resulting metallo-supramolecular polymers do not relax anymore as a
single chain but rather as two polymer chains attached together with an
active sticker at the center (referred to as double polymer chain). These
double chains can relax either by reptation, or by dissociation of their
metal-ligand complexes followed by the reptation of the dissociated
chains. It is expected that the relative importance of these two relaxation
processes depends on the time needed for the reptation of the double
polymer chain, compared to the time needed for the complex to
dissociate and therefore, depends on the metal ions used to create the
complexes. In Figure 3.2, it is observed that the terminal relaxation time
of the telechelic PnBA chains in the presence of cobalt ions is closer to
the terminal time of a reference linear PnBA with a molar mass of My
= 205 kg/mol than to the terminal relaxation time of the single chain.
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Figure 3.3 a) Comparison of linear poly(n-butyl acrylate)s and poly(n-
butyl acrylate) blends at T = 25°C with linear PnBA-tpy+Ni(Il).
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Figure 3.3 b) Comparison of linear poly(n-butyl acrylate)s and poly(n-

butyl acrylate) blends at T = 25°C with linear PnBA-tpy+Co(Il).
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Figure 3.3 ¢) Comparison of linear poly(n-butyl acrylate)s and poly(n-
butyl acrylate) blends at T = 25°C with linear PuBA-tpy+Cu(Il).
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Figure 3.3 d) Comparison of linear poly(n-butyl acrylate)s and poly(n-
butyl acrylate) blends at T = 25°C with linear PnBA-tpy+Zn(II).

Therefore, we expect that the sample contains a large amount
of double polymer chains (with an average number molar mass
estimated to 202 kg/mol). However, one can also observe that despite
similar dispersity, the relaxation time spectrum of the supramolecular
chains is broader than the reference linear PnBA. Same behavior is
found with copper ions and nickel ions. This can be easily understood
by the probable presence of metallo-supramolecular chains with
functionalized end-groups in their non-associated state, which relax as
single chains while the majority of the chains are associated and have
longer relaxation times. In order to investigate experimentally if the
lifetimes of the complexes are long enough to ensure that the reptation

158



Linear rheology of entangled bulk polymers

of these double linear chains takes place before their dissociation,
Figure 3.3 compares the viscoelastic response of the different mono-
functional PnBA polymers to the storage and loss moduli of binary
blends composed of (non-supramolecular) linear PnBA-tpy polymers
of molar mass 101 kg/mol and 205 kg/mol, in different proportions.

From this figure, it is clear that only the supramolecular
polymer with zinc-ligand complexes behaves similarly to a binary
blend of single and double linear chains (see Figure 3.3.d). Its storage
and loss moduli are very similar to the covalent blend composed of 10
wt% of PnBA chains with M, = 205 kg/mol, i.e. largely dominated by
the relaxation of the single chains. With cobalt or copper as metal ions,
larger distribution of relaxation time is found, which does not fit the
behavior of any of the blends. At high frequencies, where it is expected
that most of the associated chains do not have time to dissociate, the
level of the storage modulus corresponds to an association probability
of around 70 wt% for the linear sample PnBA-tpy+Co(Il) and around
50 wt% in the linear sample PnBA-tpy+Cu(ll). However, at
intermediate frequencies (i.e. around 3 rad/s), it is observed that their
storage modulus is lower than the one of the corresponding blends
(containing 70 wt% or 50 wt% of PuBA of 205 kg/mol), indicating that
a fraction of the double chains found a way to relax faster. While a more
detailed analysis is needed in order to accurately describe the relaxation
of these double chains, this faster relaxation can be attributed to their
relaxation by dissociation followed by the reptation of the single chains.
This suggests that the dissociation dynamics of the complexes already
takes place at relatively short times, which is consistent with the
thermo-rheological complexity shown by these samples at intermediate
frequency as shown in Figure 3.4. Linear rheology of this linear mono-
functional precursor and its resulting metallo-supramolecular bulk
polymers (MSBPs) is investigated over a range of temperatures (from
—20 to 60°C). Master curves are constructed by setting the reference
temperature at 0°C for all bulk materials, and by applying the
time—temperature superposition (TTS) principle, based on the reference
polymer without metal ions. For the references, i.e. precursors without
any metal ion, superposition of the viscoelastic moduli fits well. MSBPs
data cannot be reduced into a well-fitted master curves. However, since
part of the associated chains has a terminal relaxation time similar to
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the one of the double linear chains, this also suggests that the

dissociation times of the complexes can be quite long and therefore, are

distributed over a long range of times.
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functional PnBA-tpy (i.e. Reference). The same shift factors are used

temperature at which frequency sweeps in linear regime

for PnBA-tpy with different metal ions at Trer = 0°C.

The same discussion can be applied to Ni(Il) coordination to

explain the

Maxwell mode is not obtained and the shape of its storage modulus
differs from the one obtained with cobalt or copper ions: as observed in

delayed relaxation. However, at low frequency, the
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Figure 3.2, while G”(w) displays a slope close to 1, G’(w) exhibits a
slope of 1.2 rather than 2, which means the polymeric system has not
completely relaxed yet. Furthermore, it is observed that part of the
supramolecular chains relaxes slower than a reference linear PuBA with
M, = 205 kg/mol. This suggests the possibility of other interactions
within the system such as cluster formation between associating
units.?>?6 Hence, instead of simply having a coupling of chains to
create double chains, there might be formation of aggregates toward the
creation of star-like assemblies, which tend to relax differently from
double length linear chains since these assemblies cannot reptate.?’” We
attribute this possible formation of aggregates to the difference in
polarity between the charged terpyridine metal ion complexes and the
rather apolar PuBA polymer matrix. This could favor a clustering of the
charged complexes.

Thus, the association of linear terpyridine mono-functionalized
PuBA chains with different transition metal ions allows shifting the
terminal relaxation time of the pristine polymer (trl) to lower
frequencies. However, since the metal-ligand associations can only lead
to the creation of double chains, which have a short relaxation time
compared to the association lifetime, the chains relaxation is limited by
the relatively fast relaxation of the stable assemblies and their
viscoelastic properties are close to a Maxwell behavior. In order to
obtain more complex viscoelastic behavior, linear bi-functional PnBA-
tpy2 should be considered, as proposed in the next section.

3.3.2 Linear bi-functional PnBA-tpy»

In order to obtain longer assemblies, a terpyridine function is
now grafted at each end of a linear polymer chain. Figure 3.5 shows the
linear rheological behavior at 25°C of bi-functional PnBA-tpy>, either
alone or mixed with the same transition metal ions than for the mono-
functional PnBA-tpy chains. At 25°C the reference polymer, i.e. bi-
functional polymer without metal ions, relaxes easily as it contains only
6.7 entanglements. The terminal relaxation zone is reached with Tre| =
45 ms and the latter is going through reptation combined with CLF and
CR mechanisms. However, when metal ions are added, the polymer
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with active stickers behaves quite differently. Even with zinc ions, the
bi-functionalized metallo-supramolecular bulk material has a longer
terminal relaxation time, Trelznary = 134 ms. Although zinc is
considered as a labile ion (meaning that zinc bis-terpyridine complex
lifetime is short), associating units which keep switching between free
and attached states clearly affect the rheological properties over half a
decade before going through the flow regime. This result differs from
the one observed for mono-functional supramolecular polymers, for
which adding Zn ions had only little effect. This difference can be
attributed to the larger association probability (or average lifetime) of
the bi-functional chains since they can connect via their two extremities
and since the proportion of ions in the sample is nearly twice more
important.
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Figure 3.5 Linear rheology curves at 25°C of linear bi-functional
PnuBA-tpy2 (melts) with different transition metal ions. The reference
corresponds to a polymer without metal ions. The storage modulus G’
is represented by filled symbols, the loss modulus G” by empty
symbols. Terminal relaxation times are Trel = 45 mS, Trel,zn(i)-= 134 ms

and Tret,coan = 80 s.

Supramolecular effects are emphasized when Co(II) and Ni(Il) are
used to form bis-terpyridine complexes, as shown in Figure 3.5. At high
frequency, the end of the rubbery plateau is observed. At lower
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frequency, the sample relaxation is not described by a Maxwell mode
anymore. The moduli of the sample containing cobalt ions display a
dissipative regime with G* ~ G” ~ w"° over nearly two decades, which
is similar to relaxation by a Rouse process and could come from a
Constraint Release Rouse process of a very slow relaxing architecture
blended to much more mobile chains." However, without further

analysis, one cannot exclude that this w-dependence comes from the

relaxation of specific mixtures of chains with different lengths. Then at
long time scale, the apparent onset of terminal process is observed, with
a G’ and G” cross-over corresponding to Trel,com = 80 s. The broad
spectrum of relaxation times observed with this sample can be
attributed to the different chain structures which are created from the
association of the bi-functional PnBA-tpy> chains through metal-ligand
complexes as illustrated in Figure 3.6.
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Figure 3.6. a) Idealistic schematic view of an entangled super long
supramolecular polymer loop from linear bi-functional polymers end-
functionalized with a sticker at each extremity. b) Schematic view of
different associating configurations from linear associating bi-
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functional polymers resulting in a large distribution in supramolecular
polymer sizes.

Indeed, when the stoichiometric amount of metal ions is added
to PuBA-tpy2 polymer, the idealistic case of the formation of a single
super long entangled supramolecular chain loop as represented in
Figure 3.6.a is never reached. Bi-functional associating polymers rather
self-assemble into several configurations. Supramolecular chains with
high dispersity in length are created, each of them having their own
relaxation time. For the PuBA-tpy2 polymer in presence of Co*" ions, a
large part of the assemblies relaxes similarly to the reptation of double
chains while the longest relaxation time of the supramolecular polymer
corresponds to the reptation time of an assembly containing around
seven precursors.

Furthermore, loops of different sizes can also be formed,
leading to assemblies which do not contain dangling ends. Indeed, the
two extremities of a given chain can associate and create entangled loop
from one precursor. Larger loops including several precursors could
also be formed. Entanglements between two polymer loops can only be
released after the dissociation of a supramolecular bond and opening of
the loop, followed by the relaxation by reptation of the assembly.
Therefore, if the sample contains long-lifetime stickers, their relaxation
time can be much longer than the relaxation time of a linear
supramolecular assembly with similar molar mass. While the creation
of supramolecular loops is not highly probable, only few of them are
needed to explain the long relaxation time observed in Figure 3.5 with
cobalt ions. Indeed, by assuming that these slowly relaxing chains could
only relax by constraint release process and by approximating their
contribution to the storage modulus to 3 kPa, we can estimate the
proportion of slowly relaxing chains to around 13 wt% (since the
corresponding level of the storage modulus should be a factor ¢ lower
than the rubbery plateau, with ¢ being the proportion of chains not
relaxed at time 73 such that G’(0=1/ ¢3x = 0.01 rad/s) = 3kPa), including
both long assemblies and polymer loops. This dispersity, both in size
and in shape, results in a large distribution of tre] which is emphasized
through a dissipative regime at intermediate frequency.?® The formation
of loops is one of the possibilities to interpret the obtained results.

166



Linear rheology of entangled bulk polymers

However, highlighting the presence of loops remains a challenge and
this explanation cannot be confirmed. It must be noted that another
possible origin of the long relaxation times is the presence of a few
aggregates of complexes, as it was observed for the PnBA-tpy+Ni(Il)
polymer. Indeed, the metal-ligand complexes can phase separate from
the polymer matrix due to the polar moieties of terpyridine complexes.
Hence, they can form aggregates composed of a few stacks of metal-
ligand complexes and immersed in the PrBA matrix. However, such
aggregates were not detected in the rheology of PrnBA-tpy+Co(Il)
polymer. Also, SAXS measurements on this sample did not show any
trace of cluster.

Besides dispersity, one needs to account for the associating
probability of the supramolecular units located at the extremities of
each polymer chain, the stickers switching between the free and
associated states with time. It is therefore important to consider the
probability for each sticker to be attached again once detached,?’ which
can differ in function of the sample composition.>* Indeed, the times
during which the stickers remain associated (Tass) or free (Tfree) can
change from orders of magnitude depending on the probability for a
sticker to quickly find a close neighboring associating unit or not. It
must be noted that the dissociation of a sticker, which immediately re-
associates with the same sticker before losing initial entanglements
should not counted as effective dissociation since the chains do not have
the possibility to relax. It is expected that this dissociation process of
the stickers will promote faster relaxation of highly entangled polymer

3132 since these last ones become shorter and therefore,

assemblies
more mobile. In Figure 3.5, we attribute the onset of the terminal
relaxation of the PnBA-tpy2 chains with cobalt ions to the starting of an
effective dissociation time of the stickers, which allows the relaxation

of the remaining oriented fraction of the polymer.

While with cobalt ions the onset of the terminal relaxation is
reached, as expressed by the modulus cross-over, it is not achieved in
presence of nickel ions, within the frequency range of measurement. As
stipulated above, this observation can be related to the fact that Ni(Il)
bis-terpyridine complexes are more stable (or less labile) than those
with cobalt or zinc ions.?>?* Furthermore, the possible presence of few
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aggregates, as highlighted with the mono-functional PnBA chains, can
reduce the proportion of linear self-assemblies, able to relax by
reptation at intermediate frequencies. As shown in Figure 3.5, a
transition from the plateau modulus (estimated at 160 kPa for PnBA
chains) at high frequencies to a second, low frequency, plateau (of
around 10 kPa) at long time scale is observed. By assuming that these
slowly relaxing chains could only relax by constraint release process,
the second plateau level should be a factor ¢ lower than the rubbery
plateau with @ being the proportion of chains not relaxed, which
corresponds to 25 wt% of the polymer which cannot disentangle as fast
as the majority of the chains. The first relaxation, from the rubbery
plateau to the second plateau, can be attributed to the relaxation of the
different self-assembled supramolecular linear chains composed of few
(2-3) precursors by reptation and fluctuations processes. On the other
hand, the relaxation of the second plateau, is most probably due to the
fact that part of the chains (such as polymer loops, molecular segments
trapped between two aggregates or extremely long assembly composed
of 12 precursors) are not able to relax before the dissociation of the
stickers.? Their relaxation is expected to be governed by stickers
dynamics, which, in case of nickel ions, is becoming very slow.

Furthermore, linear rheology of these polymers was investigated
over a range of temperatures (from —20 to 60°C). Master curves were
constructed by setting the reference temperature at 0°C for all bulk
materials, and by applying the time—temperature superposition (TTS)
principle, based on the reference polymer without metal ions. For the
latter polymer, superposition of the viscoelastic moduli works well, as
shown in Figure 3.7.a. Their shift factors (at) values were found to be
similar to the factors measured for pure linear poly(n-butyl acrylate)
without any terpyridine ligand attached to the extremity as shown in
Figure 3.7.c. The resulting master curve shows clear viscoelastic
properties of PnBA-tpy, over few decades and WLF relation is applied
to determine C; = 7.63 and C; = 103.8 K for the reference polymer.
These values are consistent with earlier reports on similar polymers
such as poly(ethyl methacrylate) or poly(n-butyl methacrylate).?*>* The
same shift factors are then used for the entangled MSBPs (see Figure
3.7.b). When stickers are active for linear entangled metallo-
supramolecular bulk polymers the superposition fails to fit properly:
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PuBA-tpy2+Co(Il) frequency sweeps in linear regime at different
temperature cannot be reduced to a well-defined master curve. Hence
MSBPs tend to be thermo-rheologically complex since rheological
properties do not only depend on the dynamics of macromolecular
chains but also on the stickers dynamics, i.e. metal-ligand coordination.
Increasing temperature leads to shorter lifetime of the stickers.
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Figure 3.7 G’ and G”’ Master curves for a) entangled linear PnBA-tpy>
(reference) with Tre1 = 1.62 s and b) linear entangled PnBA-tpy2+Co(1l)
at Trer = 0°C. The color of experimental curves indicates the
temperature at which frequency sweeps in linear regime are performed.
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Figure 3.7 c) Horizontal shift factors of Linear PnBA (dash line),
PuBA-tpy2 and PnBA-tpy>2+Co(Il) (symbols) at with Trer = 0°C. The
same shift factors are used for PnBA-tpy> with Zn(II) and Ni(II) ions.

Consequently, the probability of a sticker randomly selected to be
associated is smaller. Therefore, at a specific time, the supramolecular
self-assemblies are, from a statistical point of view, have shorter
association lifetime than at lower temperature and relax faster, as
observed by the shifting towards higher frequency of the G’-G” cross-
over. But the largest effect of temperature is observed at low
frequencies, where it is clear that the influence of temperature is too
important to be attributed to changes in chain mobility only. This can
be explained by the fact that terminal relaxation corresponds to the
relaxation of the longest assemblies, the size of which depends on the
lifetime of the stickers. It also depends on the polymer fraction which
requires first the dissociation of the stickers in order to be able to relax
(such as the polymer loops) and thus, which strongly depends on the
sticker lifetime. With increasing temperature, the survival probability
of the slow-relaxing assemblies strongly decreases and the second
relaxation peak becomes hardly visible. The same trend was observed
with the linear PnBA-tpy>+Zn(Il) and the linear PnBA-tpy2+Ni(Il)
materials as shown in Figure 3.8.
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Figure 3.8 G’ and G’ Master curves for linear bi-functional a) PnBA-
tpy2 + Zn(II) with Trel,znar) = 4.65 s and b) PuBA-tpy2 + Ni(Il) at Trer =
0°C using the same shift factors reported above for PuBA-tpy>+Co(1l).
The color of experimental curves indicates the temperature at which
frequency sweeps in linear regime are performed.

Thus, by functionalizing each extremity of linear PnuBA with a
terpyridine ligand unit, we have shown that the resulting materials
behave differently than mono-functionalized ones, and their dynamics
is affected by the nature of transition metal ions. Contribution of
associating moieties is underlined and can be distinguished from usual
predictions. Their complex viscoelastic behavior seems to come from
the combination of two contributions: the reptation of the linear
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supramolecular molecular assemblies made of several precursors and
the dissociation followed by the relaxation of more complex
architectures (such as polymer loops). In order to prevent the possible
relaxation of the polymer assemblies before the dissociation of their
stickers, polymer topologies containing more than two associating
functionalities (f > 2) should be used. This is the topic of the next
section.

3.4 Associative PnBAs towards transient
networks

3.4.1 Star telechelic associative PnBA-tpy,

To explore the effect of polymer topology on linear viscoelastic
properties, four-arm star polymers functionalized with stickers at each
chain end are elaborated. Figure 3.9 shows the linear rheological
properties at 25°C of tetra-functional PnBA-tpys alone and mixed with
transition metal ions, added in stoichiometric amount.
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Figure 3.9 Linear rheology curves at 25°C of four-arm star PnBA-tpy4
(melts) with different transition metal ions. The diamonds correspond
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to the reference polymer without metal ions. The storage modulus G’ is
represented by filled symbols, the loss modulus G” by unfilled symbols.

The reference polymer (see Table 3.1) is already in its terminal regime
at high frequency and terminal cross-over time is not probed at 25°C.
Despite the fact that the star polymer has the same chemical nature and
the same molar mass as the investigated linear polymers, the presence
of branching point speeds-up the relaxation process. This is due to the
fact that the present star polymers have a much shorter end-to-end
distance compared to the linear polymers, and contain only few
entanglements (2.2) per arm, see Figure 3.10.

Llinear

Llinear > Lstar

Figure 3.10 Schemic illustration of the molecular length. L is the
maximum distance from one edge of the fully extended polymer to the
most distant other edge. For the same molar mass a linear polymer has
a longer L than a star one.

Therefore, the star polymer can easily relax by contour length

fluctuation process,?*

and the slowing down of their relaxation due to
the suppression of reptation process is largely compensated by the
speeding-up of their fluctuations due to the shorter arms.>>*® Once
transition metal ions are added, the resulting polymeric systems behave
differently from one ion to the other. In case of Zn(Il), the metallo-
supramolecular polymer shows the same tendency as the reference
material except that the flowing regime is deferred. This delay can now
be related to the fact that the stickers at the extremity of the star arms
must firstly dissociate in order to allow the arms to relax through
fluctuations. Contrary to the mono- or bi-functional linear chains, star
arms cannot relax when stickers are attached. Since zinc ions are labile,
associating units have only a slight effect on the polymer material
properties, and a relaxation time of Trel,zn(r) = 52 ms is measured from
the modulus cross-over before reaching the terminal relaxation zone.
This time, which is longer than the relaxation time of an unassociated
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arm, can be seen as a measure of the sticker lifetime. Interestingly, one
can observe that the self-assemblies created from the mono-functional
PnBA-tpy chains relax before this lifetime. While one cannot exclude
that the latter have shorter sticker lifetime, it is likely that the difference
observed is due to the fact that the chains do not need to dissociate in
order to relax, as discussed earlier. On the other hand, the lifetime of
the linear assemblies created from bi-functional PuBA-tpy, chains is
very similar to the one of the telechelic star chains.

With less labile complexes such as those formed by terpyridines
and Co(Il) ions, the self-assembled material shows a rubbery plateau
spreading over at least four frequency decades. Compared to the
reference, this stability in both elastic and viscous moduli suggests the
formation of a polymeric network when stable metal ions are added,
and confirms the very long lifetime of the related stickers. However, the
obtained networks are not idealistic as illustrated in Figure 3.11.a and
may contain defects. Indeed, the storage modulus G’ decreases slightly
from high to intermediate frequencies (w = 100 — 1 rad/s), meaning that
part of the resulting systems is relaxing much faster than expected. This
proportion of relaxed polymers might come from the presence of
dangling chains, i.e. arms that could not form bis-terpyridine complexes
and/or from the formation of an intra-loop between two arms of the
same star polymer as depicted in Figure 3.11.b.8

Dangling ends can be generated either by steric hindrance
within the network after addition of metal ions, either by the possible
presence of non-functionalized arms during the synthesis or even by a
slight difference in stoichiometry among ligand and metal during
sample preparation. Hence, this portion of dangling arms and loops can
relax easily and does not participate to the polymer network.>” Then, at
low frequency, the cross-over between G’, G” is observed, presumably
followed by a flow regime. In that sense, the dissociation of metal-
ligand complexes is probed, followed by a fluctuation process from
chain end to the core to relax the system.>®® The large value found for
the sticker lifetime also confirms the assumption proposed in the
previous section, according to which linear supramolecular assemblies
rather relax by reptation than by dissociation, and breaking of the
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complexes is only needed for the relaxation of more complex
architectures such as polymer loops.
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Figure 3.11 Schematic view of ideal and real supramolecular networks
obtained from telechelic 4-arm star precursor, highlighting respectively
a regular mesh and the presence of dangling chains and loops.

In the presence of much more stable complexes such as those
formed by terpyridines and Ni(Il) ions, the effect of stickers is even
more pronounced with a rubbery plateau spreading over at least five
frequency decades. Like four-arm PnBAtpys+Co(Il), a slight decrease
in storage modulus at high frequency is still observed. This certifies the
existence of dangling chains and/or loops within metallo-
supramolecular polymeric networks when cobalt and nickel ions are
added. They contribute to the fast relaxation of the materials,
independently from one metal ion to another. Then a pronounced
plateau modulus of around 40 kPa is obtained and the terminal zone is
not reached within the measured frequency range. Despite the presence
of dangling ends and loops, the network structure obtained with Ni(II)
is stable over a relatively long timescale compared to networks formed
with cobalt or zinc. This observation can be related to the fact that stable

175



CHAPTER 3

nickel bis-terpyridine complexes do not open within the timescale of
the measurement. In turn, associated arms cannot relax their tip by arm
fluctuations, unless the stickers dissociate.® Hence, this shows that
transient polymeric networks can be obtained once metal ions are added
to four-arm star PuBA-tpys. As expected, delays in the relaxation times
are observed with trel shifting to low frequency with zinc, cobalt and
presumably nickel ions, even if a terminal relaxation is not probed yet
for the latter.

Since there is a higher sticker content in the associating star
polymer where on average four hydrophilic terpyridine moieties are
incorporated within the hydrophobic molten polymeric matrix, one can
suspect the possible formation of aggregates or clusters. In practice,
wide-angle X-ray scattering (WAXS) analysis has been performed on
4-arm star PuBA-tpy, in the presence of transition metal cations (Zn>",
Cu®", Co*" and Ni**) and results are shown in Figure 3.12.
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Figure 3.12 Wide angle X-ray scattering of telechelic 4-arm star PuBA-
tpy4 with different transition metal ions at 25°C. Only the polymer
amorphous halo is probed without any trace of aggregates at nanoscale.

Results from SAXS data display a sharp peak corresponding to the
characteristic peak of the Kapton® tape which is used to trap the sample
within the sample holder during the measurements. Besides this peak,
only the amorphous halo of the poly(n-butyl acrylate) is observed,
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suggesting the absence of clusters or aggregates within these metallo-
supramolecular bulk polymers.

To conclude, upon self-assembly, the telechelic four-arm star
precursors can form stable model transient networks with specific
dynamics, which depends on the stickers. These networks are created
from the combination of covalent cross-linking nodes originated from
the polymer cores, along with dynamic physical bridges, coming from
M-L complexes and formed at star arm extremities. In the next section,
the possible cumulative effect of stickers positioned along the same
polymer backbone is studied, allowing us to show the large versatility
of their viscoelastic response. After addition of metal ions, a transient
network is formed, only based on physical cross-links.

3.4.2 Linear sticky PuBA-co-PTPA random
copolymer

To investigate the cumulative effect of stickers over the linear
viscoelastic properties, a linear sticky PuBA-co-PTPA copolymer with
15 terpyridine side groups randomly incorporated along the polymer
chain has been prepared. Figure 3.13 shows the linear mechanical
response at 25°C of this linear sticky copolymer with and without
adding zinc(II) or copper(Il) cations in stoichiometric amounts. The
labile Zn(II) cation and less labile Cu(Il) ion have been purposely
selected for the shorter lifetime of their supramolecular bonds, which
leads to the formation of reversible dynamic networks within the
experimental time window. Indeed using M-L interactions with these
ions does not lead to the formation of a permanent network or so called
frozen network where the moduli G’ and G” are frequency independent
over a large range.

At 25°C, the reference polymer, i.e. the linear sticky copolymer
with no added metal ions relaxes as a conventional linear polymer with
6.1 entanglements. The terminal relaxation time is reached where G’ ~
®?, G” ~ ® with Tre1 = 0.58 s and the latter is relaxing through reptation
combined with CLF and CR mechanisms. In presence of labile zinc
ions, the resulting linear sticky chains display a rheological trend
similar to the one of the reference system but with a longer relaxation
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time Trel, zn(ir) = 8.55 s. This delay is related to the fact that the stickers
along the polymer chains have to dissociate in order to allow the trapped
segments to relax through reptation process. Furthermore, the fraction
of dangling ends (i.e. the molecular segments located between a chain
extremity and a first sticker) is relatively low. Therefore, only a small
fraction of the polymer chains can relax at short time, before the
dissociation of the stickers. This is confirmed by the high value of the
storage modulus, close to the rubbery plateau, found at high frequency.
So unlike the linear (semi-)telechelic precursors, the stickers along the
polymer chains need to dissociate to let the sticky polymer chain to
relax. Moreover, the retardation effect of M-L complexes with zinc ions
is more pronounced than in the case of mono-functional chains, most
probably due to the fact that more than four stickers are incorporated
within the polymer, thus enhancing the sticker cumulative effect.
Indeed, similarly to the branches in a comb polymer, these stickers act
as extra friction points in the reptation of the backbone.
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Figure 3.13 Linear rheology curves at 25°C of linear sticky PuBA10k-
co-PTPA 5 with zinc(II) ions (circles) and copper (II) ions (pentagons).
The diamonds correspond to the reference polymer without metal ions.
The storage modulus G’ is represented by filled symbols, the loss
modulus G” by unfilled symbols. Terminal relaxation times are Trel,Ref.
=0.58 s, Trel,zn(i)-= 8.55 s and Trel,cuiry = 270 s.

178



Linear rheology of entangled bulk polymers

With intermediately stable bis(terpyridine)-metal complexes
such as those formed with copper(Il) ions, the self-assembled polymeric
network displays a rubbery plateau extending over four frequency
decades. Similarly to the telechelic star system, this plateau modulus
indicates the formation of a transient network when less labile ions are
added. Then the G’,G” cross-over is reached with a terminal relaxation
time Tre, cuqry = 270 s. The cross-over frequency decreases with
increasing the stability of the metal ions as mentioned earlier.

While most of the chain segments are expected to participate to the
entangled network with the telechelic star precursors, it was found that
with stoichiometric amount of ions, only a fraction of the arms, around
60 wt%, are effectively trapped into the network (see Chapter 4). In the
case of the transient networks originated from linear sticky chains,
dangling chain ends or loops could also be present, as illustrated in
Figure 3.14.

Figure 3.14 Schematic view of the transient network obtained from the
linear sticky copolymer, highlighting the presence of network defects
such as dangling chains and polymeric loops.
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Figure 3.15 Linear rheology curves at 25°C of linear sticky PnBA 110k-
co-PTPA 15 + copper (II) ions (pentagons) and 4-arm star PuBA-tpys +
cobalt(Il) ions (triangles). The storage modulus G’ is represented by
filled symbols, the loss modulus G by unfilled symbols.

However, it seems that the fraction of dangling ends has less
effect on the rheological properties. Indeed, this can be verified when
transient networks respectively originating from 4-arm star polymers
and from linear sticky copolymers are compared as illustrated in Figure
3.15. The comparison clearly shows that the MSBN obtained from the
linear sticky copolymer has a pseudo network modulus (223 kPa) much
higher than that of the 4-arm star precursor (5.70 kPa). This can be
partially attributed to the larger proportion of metal ions present in the
sample (1 per chain of 15 kg/mol rather than 1 per arm of 40 kg/mol).
It can also be attributed to the fact that for a free sticker located in the
middle of a chain, it has no effect on the trapped chain segment if this
free sticker, e.g. sticker B or C represented in Figure 3.16, is located
between two other associated stickers. Furthermore, it is observed that
the plateau modulus of the associated sticky chains is slightly larger
than the entanglement plateau modulus. This indicates that the cross-
linking density has increased, including both the entanglements and the
sticky groups. This affords more elastically effective chains compared
to the telechelic star system or entangled non-functionalized linear
chains. Thus, a transient network can be obtained with Cu(Il) over a
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relatively long timescale by increasing the cross-linking density within
the MSBN.

As already mentioned, trapped chain segments between two
active stickers cannot relax by reptation unless the stickers dissociate.
Depending on the location of associating units and on the position (or
generation) of trapped segments within the linear sticky copolymers,
the reptation process may vary accordingly where a dependency of one
sticker dissociation with respect to another one can play a key-role as
suggested by Hawke et al.!?

A B C D

Figure 3.16 Schematic representation of different generations of
trapped segments between active stickers. The metal ions and the
associations with other polymer chains are not drawn for clarity.

As illustrated in Figure 3.16, one can easily imagine that
dangling chain ends (segments o or €) can easily relax through
fluctuations. While the stickers A and D must dissociate to respectively
let the first generation of trapped segments f and o relax, the second
generation of trapped segment y requires that A and B or C and D
stickers dissociate in order to allow its relaxation through ‘sticky CLF’.
Since the probability that two (or more) consecutive stickers are free
simultaneously is very small, such CLF process is expected to be much
slower than the relaxation of the reference sample. As the number of
generation increases, the complete relaxation of its corresponding
trapped segments through this process becomes more and more
dependent on the sticker dissociation dynamics. On the other, the chain
can also relax through reptative motion, at the rhythm of the
association/dissociation of the stickers, in a similar way as defined by

the sticky reptation model.*

But these reptation modes are also very
slow since each sticker adds extra friction to the chain diffusion. The
relative importance of these two relaxation mechanisms should depend

on the number and density of stickers along the chain as well as on the
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length of the chain. This slow dynamics dominated by the sticker
association/dissociation explains why a stable transient network can be
obtained once copper metal ions are added to the linear sticky PnBA-
co-PTPA copolymer bearing 15 tpy moieties.

Then, linear rheology of these polymers was investigated over
a range of temperatures (from —20 to 100°C). Master curves were
constructed by setting the reference temperature at 0°C for all bulk
materials, and by applying the time—temperature superposition (TTS)
principle with the same shift factors reported in Figure 3.7, based on the
reference polymer without metal ions. For this polymer, superposition
of the viscoelastic moduli fits well, as illustrated in Figure 3.17.
Whereas for transient networks, curves cannot be reduced into a well-
fitted master curve, highlighting once again the thermo-rheological
complexity of these associating polymers.

107 § bk IR LA IR ALL IR Lk B LA, LML BRI B B

1 a) PnBA ,,-co-PTPA o2
_ ! Q@g‘ _
] | O ]
1--- G°=160kPa -1- - - - - — 220@®°~- - - - _ _ 1
_10°- G= 160kPa. - M;gggg@
E ; E
.Di. ] QQGBW@ ]
:LD :1 ”]?T;iiﬂl : Tref = OOC
ED' 10%4 rj% /"/‘/ Trel Ref.= 20'S vy=3% —
§ > / . §
] J(/ . ]
§ */ 2 : 100°C 60°C 20°C -20°C §
101 ] bbbl LR ALLLL IR LLLL LA LLLL B :""I MERRALLL BELELELLLLLL LA IR B, B ]
10 10 10° 102 10*

o.a, [rad/s]

Figure 3.17 G’ (w) and G’ (@) Master curves for linear sticky a) PuBA-
co-PTPA (reference) at Trer = 0°C. The color of experimental curves
indicates the temperature at which frequency sweeps in linear regime
are performed.
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Figure 3.17 G’ (m) and G’ (@) Master curves for linear sticky b) PnuBA-
co-PTPA + Zn(Il) and c¢) PuBA-co-PTPA + Cu(Il) at Trer = 0°C. The
color of experimental curves indicates the temperature at which

frequency sweeps in linear regime are performed.

Interestingly, the comparison of the linear sticky precursor with

the linear telechelic system (Figure 3.18) in absence of metal ions,

shows that the former displays a longer relaxation time (el = 0.58 s)

with respect to the linear tele
samples have almost the same

chelic system (7rel = 45 ms). Since both
molar mass and almost the same number
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of entanglements (110 kg/mol with 6.1 entanglements for linear sticky
and 113 kg/mol with 6.7 entanglements for linear bi-functional), one
should expect that they display similar rheological trend but it is not the
case.
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Figure 3.18 Comparison of linear poly(n-butyl acrylate)s, and linear

sticky poly(n-butyl acrylate)-co-poly(terpyridine acrylate) random
copolymer at T =25°C.

From Figure 3.18, it appears that the reference linear sticky PnBA-co-
PTPA behaves similarly to a classical linear PnBA with a molar mass
of 205 kg/mol from high to intermediate frequency (@ = 100 — 3 rad/s).
Then in this intermediate frequency range, we can observe that the
moduli of the sticky copolymer are higher than the moduli of the linear
PuBA, indicating that a fraction of the linear sticky chains relaxes
slowly. This slow relaxation at low frequency can be attributed to a
possible formation of aggregates of clusters because a higher content of
sticker (~ 5 wt%) is present within the polymeric matrix. However, the
absence of aggregate is further confirmed by WAXS and SAXS
measurements as illustrated in Figure 3.19. Similarly to the telechelic
star component, only a peak belonging to the Kapton® is observed
along with the polymer amorphous halo.
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Figure 3.19 a) Wide, b) and c¢) Small angle X-ray scattering of linear
sticky PnBA-co-PTPA with and without copper(Il) ions. Only the
polymer amorphous halo is probed without any trace of aggregates at
nanoscale.
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From WAXS data, one may suggest that the onset of a peak
belonging to the aggregates might be probed when the lowest scattering
vector (q ~ 0.2 A') is reached. This is why additional SAXS
measurement has been performed on the same sample and the results
clearly reveal the absence of any peak, suggesting that there is no
formation of clusters within the linear sticky copolymer. Hence from
X-ray scattering analysis, the slow relaxation of the linear sticky
copolymer cannot be attributed to the formation of aggregates. Another
plausible explanation for this slow relaxation could be the n-n stacking
interactions between electron deficient aromatic rings of the terpyridine
ligand. As suggested by Huang et al., terpyridine molecules can indeed
form different m-stacking patterns as illustrated in Figure 3.20.*!

Figure 3.20 Different n-stacking configurations within the 2,2°:6°,2”-
terpyridine ligands showing that m-m interactions may lead to stable

structure .4 !

Since ~ 5 wt% of terpyridine ligand are incorporated
corresponding to 15 stickers randomly attached on the polymer chain,
these stickers may display m-m stacking interactions. Hence, those
interactions can lead to the formation of extended polymeric structures
in absence of metal ions. This can explain why the linear sticky
copolymer does not have the same behavior as the linear telechelic
sample, even though they have the similar molecular weight. Instead,
the linear sticky sample rather behaves as a linear polymer with a higher
molar mass of 205 kg/mol and it has a slower relaxation process at low
frequency which is probably due to n-m interactions.
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3.5 Conclusions

Well-defined structures and well-controlled molar mass poly(7-
butyl acrylate)s functionalized with the terpyridine ligand at chain
extremities or along the polymer chain were obtained and exploited to
elaborate entangled metallo-supramolecular bulk polymers (MSBPs) in
presence of metal ions. Their linear viscoelastic properties were then
characterized in presence of different transition metal ions: Zn(Il),
Cu(Il), Co(Il) and Ni(II). By varying the topology of polymeric
building blocks, self-assembled materials with different structures were
achieved. In the case of linear mono-functional PnBA-tpy, chain length
extension occurred when metal ions were added. The chains mainly
relaxed as relatively stable assemblies and their viscoelasticity was
close to Maxwell predictions. Hence, 7..i was often shifted to low
frequency. On the other hand, stickers effect was even more
emphasized with linear telechelic PnBA-tpy, system. Their complex
viscoelastic behavior came from the combination of the reptation of the
linear supramolecular molecular assemblies and the dissociation of
stickers followed by the relaxation of more complex architectures such
as polymer loops resulting in the presence of a second plateau modulus
and an increase in modulus (G’, G”). By controlling the number of
chain ends, stickers’ contribution on the system properties was clearly
distinguished from usual predictions. Four-arm star polymers self-
assembled into transient polymeric networks in presence of metal ions.
Networks were established by the combination of covalent cross-
linking nodes, which came from the polymer cores, along with dynamic
physical bridges, which originated from metal-ligand complexes
formed at star arm extremities. When metal-ligand complexes were
relatively stable, a rubbery plateau was obtained over frequency
decades due to an increase in cross-linking density confirming the very
long lifetime of stickers. The star arm extremities must, first, dissociate,
in order to allow the arms to relax through fluctuations. Hence, the
resulting entangled bulk materials were able to behave as soft solids
over a large frequency range. Last but not least, linear sticky precursors
can also lead to elaboration of transient networks based only on physical
cross-links. The latter showed that the possible network defects have
little influence on the elastic plateau of these samples, being
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compensated by the increased number of incorporated stickers within
the polymer, and their larger cumulative effect. Consequently, the
resulting reversible network has a higher cross-linking density where
most of the chains participate to the elasticity of the network upon
addition of metal ions. Moreover, the different generations of trapped
segments along the chain force the chains to move and disentangle and
the rhythm of their dissociation/association dynamics. These two
parameters allowed the formation of a transient metallo-supramolecular
network over a large frequency range by using less stable metal ions.

This study provides a better understanding of rheological
properties of entangled MSBPs. Incorporation of terminal active
stickers on polymers shows that viscoelastic properties can be finely
tailored by varying polymer topologies, the position of the sticker
within the polymeric matrix as well as the type of metal ion. Self-
assembled supramolecular linear chains relax rather by reptation than
by stickers dissociation, whereas breaking of metal-ligand complexes
is first required for associating star systems, linear sticky copolymers
or for polymer loops in order to relax. Hence, a toolkit of associating
soft materials has been successfully established and it can be transposed
towards potential applications with unique features such as healing*>*’
or shape-memory** materials, where a precise control over the
molecular structure and properties is necessary. In fact, depending on
the desired viscoelastic properties for a material, one can simply select
one of the polymeric precursor and one type of transition metal ions.
For example, the architecture of a four-arm star precursor mixed with
cobalt or nickel ions can be used to form soft elastic solids. Table 3.2
summarizes the viscoelastic parameters of metallo-supramolecular bulk
polymers at 25°C. Note that the influence of temperature on the
viscoelastic properties of MSBPs is also investigated. Therefore, one
can also select the polymeric precursor and the metal ion of interests as
function of the temperature as well.
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Chapter 4

Decoding the linear viscoelastic
properties of MSBPs

Abstract

This Chapter focuses on the linear viscoelastic properties of
entangled telechelic bulk metallo-supramolecular polymers. The latter
are based on linear and star poly(n-butyl acrylate)s functionalized with
a terpyridine ligand at each chain extremity, in presence of transition
metal ion of varying nature. The systems are investigated both
experimentally and theoretically using small amplitude oscillatory
shear (SAOS) and a modified version of the tube-based time marching
algorithm (TMA) respectively. The experimental data reveal that
sample relaxation depends on both disentanglement and association
dynamics, with the respective importance of these two processes
depending on the nature of the metal ion and on the temperature. A good
description of the data is achieved using the modified TMA model,
provided that dissociation events of metal-ligand complexes occur via
ligand exchange. The model contains two fitting parameters, i.e. the
fraction of unassociated stickers and the longest time needed in order to
ensure that all the chains were dissociated at least once. This latter time
is found to be independent of the chain architecture and is well
described by an Arrhenius equation, which allows to derive the related
activation energy. This work provides the necessary framework to
explore other metallo-supramolecular networks, built from different
chain architectures, and exploit the large richness of their dynamics.
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4.1 Introduction

4.1.1 Supramolecular polymers

Supramolecular polymers based on reversible physical
associations form an interesting class of materials because of the
richness in their tailorable properties compared to their non-associating
counterparts. Noncovalent bonds such as m—n stacking', hydrogen

34 or metal-ligand complexes® are sensitive

bonding?, ionic interactions
to stimuli such as pH, irradiation, temperature or mechanical forces and
their reversibility provides unique features such as healing®’, mechano-
sensitive and shape-memory properties.®® Supramolecular polymers
have potential applications in various domains where a precise control
over the molecular structure and properties is necessary such as drug
delivery'?, tissue engineering'!, coatings'?, adhesives'®> and shock
absorbers!#. Regardless of the final application, the possible industrial
exploitation of the transient nature hinges on the rheological behavior
and resulting processability. In this respect, the design of adaptable
materials of supramolecular polymers is dependent on our fundamental
understanding of their structure and dynamics in the melt state. The
latter are not only determined by the association/dissociation events of
the transient interactions but they are also governed by the internal
dynamics of the building blocks (entanglements). Therefore, the
influence of these two processes on the rheological properties and how
they interact need to be addressed and understood.

4.1.2 Theoretical models for associating polymers

Theoretical models on associating polymers have been mostly
focused on static properties, in particular the sol—gel transition, the
aggregation of associating groups or the flower-like micelles bridged
by flexible polymer chains.!>!® Semenov and Rubinstein have
developed a sticky Rouse model for unentangled polymers with many
pairwise associating units per chain and considering that a sticker goes
through many association and dissociation events with its old partner
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before finding a new sticker partner to associate with.'"” The sticky
reptation model has been established to extend this idea to entangled
associating polymers with many regularly spaced stickers in which
polymer chains go through sticky Rouse motion along the confined tube
to relax the stress.’’ Bedrov et al. performed standard molecular
dynamic simulations of unentangled telechelic polymer solutions where
associating groups are able to aggregate and form interlinked micellar
clusters.?! The stress relaxation in these systems was described as a
two-step mechanism. First, a decay due to the translational motion or
positional rearrangement of the end-groups inside their aggregates, and
second by the fast hopping diffusion of end-groups between one
micellar cluster into another one, which is then followed by the terminal
relaxation due to cluster disintegration. Wang et al. studied the
dynamics and rheology of unentangled telechelic polymer networks in
which stickers with finite functionality are able to form interconnected
clusters.?? Their predictions revealed that the stress relaxation of such
systems is governed by the partner exchange process rather than the
single sticker hopping mechanism. The partner (ligand) exchange
process offers the stickers the possibility to bind to another partner in a
new cluster without breaking all the sticky bonds formed in the initial
cluster.

In the aforementioned studies, the simulations are essentially
focused on unentangled associating systems or supramolecular
polymers in solution. Furthermore, the polymeric spacers in between
the stickers are relatively short and the content of stickers is relatively
high. Hence, in this type of systems, the attention focuses on the
aggregate/cluster formation. On the contrary, when the spacers between
stickers are long enough, the amount of incorporated associating
moieties becomes minor compared to the polymer matrix, and the
sticker density becomes negligible compared to the density of
entanglements. As a result, aggregation and/or cluster formation is less
pronounced and the associated domains can be seen as physical cross-
linking points for the entangled chains. Theoretical models to explain
the rheological properties and dynamics of such entangled telechelic
systems are scarce.>>** One of the objectives of this work is to provide
such a theoretical contribution, based on model polymers. In particular,
this requires using telechelic chains characterized by pair-wise
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supramolecular interactions, in order to avoid the formation of large,
ill-defined aggregates. It also requires selecting a polymer which can be
studied under a large range of temperatures in order to have access to
its full dynamics and to have many possibilities to vary the association
strength of the reversible bonds.

Here, we report on the investigation of the linear viscoelastic
properties of entangled telechelic polymers based on linear and star
poly(n-butyl acrylate) PnBA that we synthesized and functionalized
with a terpyridine (tpy) ligand (a pairwise sticker) at each chain
extremity. Once transition metal ions are added, metal-ligand
coordination occurs to form bis-terpyridine complexes which play the
role of transient junctions between the polymer chains.2> Depending on
the architecture of the polymer, rheological data show that the effect of
stickers is the retardation of terminal relaxation by several orders of
magnitude. Since the reference samples have a large molar mass and
only contain the ligands at their extremities, the weight proportion of
terpyridine in the samples is very low, ranging from 0.3 to 0.8 wt%.
Therefore, for all samples, the level of the plateau modulus stays
governed by the entanglements density. Another consequence of this
low density of ligands is the fact that we do not expect the formation of
aggregates or large clusters of terpyridine due to phase separation, as it

1.26

was observed for example in the work of Jackson et al.”> The absence

of aggregate was further confirmed by WAXS measurement.

A refined version of the time marching algorithm (TMA) is
developed to describe the experimental rheological properties. Model
predictions are compared to systematic experimental data obtained
from small angle oscillatory shear (SAOS) measurements and results
are presented herein. The rest of this chapter is organized as follows. In
section 4.2 the experimental procedures to synthesize and characterize
the associating polymeric models are summarized. Section 4.3.1
presents the assumptions made and the additional parameters applied to
TMA. The refined TMA for entangled sticky polymers is described in
section 4.3.2. Model predictions on the dynamic and rheological
properties of entangled telechelic polymers are presented and discussed
in section 4.4. The conclusions are drawn in section 4.5.
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4.2 Materials and experimental
4.2.1 Materials

The synthesis of the linear (Mn = 101 kg/mol and M, = 142
kg/mol) and four-arm star (M = 160 kg/mol and My = 249 kg/mol)
poly(n-butyl acrylate)s end-functionalized with terpyridine ligand
(PnBA-tpyx) was achieved by reversible addition-fragmentation chain-
transfer (RAFT) polymerization in bulk condition as explained in
Chapter 2. Details on the precursor samples are given in Table 4.1.

o)
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a) Linear mono-functional PnBA-tpy < v
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T
D
b) Four-arm telechelic star PuBA-tpy,
Samples Mn, systema Mn, armb Z:Mn/ Me ¢ Dd
(kg/mol) (kg/mol)

Lin100k 101 / 5.6 1.14
Lin140k 142 / 7.8 1.14
Star160k 160 40 2.2 per arm 1.25
Star250k 249 62 3.4 per arm 1.20

Table 4.1 Structural parameters of PnBA polymers functionalized with
terpyridine ligand at chain extremity. »® Molar mass of whole system
determined by 'H-NMR. ¢ Number of entanglements calculated using
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Me = 18 kg/mol. 4 Molar mass dispersity of the polymers determined by
SEC, polystyrene standards were used for calibration.

4.2.2 Sample nomenclature

All samples are prepared at stoichiometric conditions to
promote the formation of complexes made by one metal ion coordinated
by two terpyridine ligands. Terpyridine moieties and trithiocarbonate
functions are thermodynamically stable (during and after measurement)
within the temperature range of the investigation. A list of samples is

reported in Table 4.2.
Annotation Description
Lin100k+Zn Linear Mono- PnBA7ss-tpy + 0.5 eq. ZnCl,
Lin100k+Cu Linear Mono- PnBAss-tpy + 0.5 eq. CuCl,
Lin100k+Co Linear Mono- PnBA7ss-tpy + 0.5 eq. CoCl,
Lin140k+Zn Linear Mono- PnBA0s-tpy + 0.5 eq. ZnCl»
Lin140k+Cu Linear Mono- PnBA 103-tpy + 0.5 eq. CuCl»
Lin140k+Co Linear Mono- PnBA 10s-tpy + 0.5 eq. CoCl»
Star160k+Zn 4-arm star star PnBA 1243-tpys + 0.5 eq. ZnCl,
Star160k+Cu 4-arm star star PnBA 24s-tpys + 0.5 eq. CuCl»
Star160k+Co 4-arm star PnBA 24s-tpys + 0.5 eq. CoCl»
Star250k+Zn 4-arm star PnBAo43-tpys + 0.5 eq. ZnCl,
Star250k+Cu 4-arm star PnBAos3-tpys + 0.5 eq. CuCl»
Star250k+Co 4-arm star PnBA jo43-tpys + 0.5 eq. CoCl»

Table 4.2 List of sample annotations and their descriptions.

The glass transition temperatures of the reference samples and of the
supramolecular polymers were measured by DSC. No specific change
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of T; was observed with the sample architecture or with the addition of
the metal ions. Values ranging from -53°C to -51°C were found.

4.2.3 Rheological characterization

For the reference samples (i.e. precursor materials without
metal ions), master curves were built at a reference temperature of
25°C, following a WLF equation with the constant C; = 7.63 and
C2=103.8K.%" Vertical shift was applied in order to compensate for the
density effect. The vertical shift factors, b(T), can be expressed as
b(T)=(p(Trep).Trep)/ (0(T).T), where p(T) is the density (g/cm3) of the
material at temperature 7 (K), and the reference temperature 7yer = 298
K. In the case of poly(n-butyl acrylate), the temperature dependence of
the density is given by p(T) = 1.2571 — 6.89 10™* T.*®?° Then, the
same shift factors were used to shift the viscoelastic data of the
supramolecular polymers. In such a way, only the influence of
temperature on the segmental dynamics is taken into account, which
allows us to isolate its influence on the dynamics of the supramolecular
bonds. Since the association dynamics of the stickers also depends on
T, it is expected that the supramolecular polymers exhibit complex
rheological behavior.

4.3 Modelling the viscoelastic properties of
slightly entangled sticky polymers.

4.3.1 Experimental observations and assumptions
behind the model

In this section the basic assumptions behind the modified time
marching algorithm (TMA) model, which is developed in Section 4.3.2,
are detailed. As explained below, these assumptions are supported by
experimental observations.

Since a good understanding of the molecular dynamics of the
precursor samples is helpful in building a molecular picture for the
supramolecular systems, we will first discuss the modelling of the
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rheological observations of the parent materials, which has been
achieved by the use of the original TMA.?3-? The latter is a tube based
model that incorporates all the reorientation processes in the linear flow
regime, namely reptation, contour length fluctuations (CLF), and
constraint release (CR). It requires the use of three molecular
parameters, which are topology independent, namely the entanglement
plateau modulus, GJ, the entanglement relaxation time, e, and the
molecular weight between entanglements M. The model predictions
presented in Figure 1 have been obtained using the following values:
GY = 160 kPa, 7. = 2.3 10*s, M, = 18 kg/mol, consistently with
previous work.?! Moreover, the number average molecular weights and
dispersity have been optimized as followed: M, = 38.5 kg/mol per arm
and D = 1.04 for the Star160k, M, = 66 kg/mol per arm and P = 1.08
for the Star250k, M, = 101 kg/mol and P = 1.08 for the Lin100k, and
M, = 138 kg/mol and P = 1.08 for the Lin140k. These molar masses
are within the 8% of variation with the experimental values, while the
optimized P are systematically slightly smaller than the experimental
values.

Figure 4.1 compares the theoretical (lines) and the experimental
(symbols) response and phase angle of the reference telechelic star and
mono-functional linear polymers. It demonstrates that chains are
slightly entangled, since all samples exhibit a short plateau region and
have relatively short terminal relaxation times. At the reference
temperature T = 25°C, the values of the terminal times, zrel, are = 0.01
s for samples Star160k and Lin100k, and = 0.1 s for samples Star250k
and Lin140k. Moreover, the comparison reveals that linear chains are
short enough to relax their orientation, mainly by means of CLF as the
star chains do. For example, the Lin140k sample, which contains
around 7.8 entanglements, has very similar zrel to the Star250k sample.
The fact that both linear and star chains are slightly entangled will be
taken into account in assumption A2 below.
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b(T) [Pa]

G.

b(T) [Pa]

G

10° 10° 10° 10° 10 10
®.a(T) [rad/s]
Figure 4.1 Storage modulus (a), loss modulus (b) and tan 6 curves of
the reference star and linear polymers (cyan ¢: Starl60k, red A:
Lin100k, green o: Linl40k, blue 0O: Star250k). Symbols are
experimental data and lines are model predictions. Master curves have
been built at 25°C.

In Figure 4.2, the black symbols show the viscoelastic response
of the Star160k+Cu supramolecular sample with a stoichiometric
amount (0.5 Eq.) of Cu ions as well as with an excess of ions (1 Eq.).
Despite the fact that the sample comprises metal-ligand interactions the
value of the (apparent) plateau modulus stays close to the value of the
entanglement plateau, i.e. 160 kPa, of the precursor poly(n-butyl
acrylate) chain.3! This observation is typical for melts of associating
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chains in which the number of active functional groups per chain is
lower than the number of entanglements per chain.’>** Hence, rather
than reinforcing the plateau modulus, the main effect of the stickers
(while active/associated) is to delay chain disentanglement, i.e. the
terminal relaxation.

106 T LR T T UERERRRARL T RN T T LR A S A LA |

10°

G',G"b(T) [Pa]

10 25°C 0°C
¢ AV Starl60k+0.5 Eq. Cu === Theoretical
107} AV Starl60k+1.0 Eq. Cu .
10° 107 10" 10" 10 10> 100 10"

o.a(T) rad/sl

Figure 4.2 Experimental storage (filled symbols) and loss (open
symbols) moduli of Star160k+Cu containing 0.5 Eq. of Cu ions (black
symbols), or 1 Eq. of ions (grey symbols). The data have been measured
at 25°C (A) and 0°C (V) and shifted to the reference temperature of
25°C. The continuous red curves in panel are the theoretical viscoelastic
response of sample Star160k with 0.5 Eq. of Cu ions, assuming that 45
wt% of arms are unassociated and considering an association time, zass,
equal to 60 s.

From the same curves of sample Star160k containing 0.5 Eq. of Cu ions,
it is evident that at intermediate frequency, the storage modulus
undergoes a gradual decrease. The corresponding frequency range is
comparable to the one of the relaxation of the reference polymer (see
Figure 4.1). This suggests that part of the ligands is initially dissociated,
i.e. they do not form transient interactions with metal ions, and have
time to relax. Thus, despite the fact that the metal ions have been added
in a stoichiometric amount in order to fulfill all the complexes, a large
fraction of star arms are free and do not participate to the
supramolecular network. This difficulty to create metal-ligand
complexes is attributed to the low density of metal ions present in the
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sample, which reduces the probability of a chain end to meet a free ion
and another free end in its surrounding. In order to reduce the amount
of free dangling arms, the Cu ions must be added in excess, as it is
illustrated by the grey curves, which were obtained by adding 1 Eq. of
Cu ions. In this last case, a longer and higher plateau is observed in the
storage modulus curve. Thus, since a stoichiometric amount of metal
ions has been added to the different supramolecular samples studied in
this work (see Table 4.2), we expect the proportion of dangling arms to
be larger than the proportion obtained if we only account for their
association/dissociation probability and equilibrium state.

Figure 4.2 also reveals the presence of polymer fractions (arms) having
relaxation times much longer than the reference sample. This is because
disentanglement of such fractions is prevented as long as their
extremities are involved in metal-ligand complexes. Consideration of
the two aforementioned experimental facts allows us to make the
following assumption:

Assumption Al. Initially, i.e. at time ¢ = 0, there are two different
populations of ligands: the associated ones and the dissociated (or free)
ones. Hereafter, these two populations will be referred to as population
A and population F, respectively. For a schematic representation of the
system at ¢ = 0 see Figure 4.3. The same applies to the system made of
mono-functional linear chains. Roughly speaking, the weight fractions
of the two populations are similar.

Figure 4.3 Schematic representation of telechelic star polymers with
the presence of two different ligand (sticker) populations.
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As explained above (c.f. discussion of Figure 4.1) the star arms are
slightly entangled, therefore they renew orientation relatively fast. By
utilizing this fact we can safely consider the following:

Assumption A2. The star arms that belong to population F will fully
relax by CLF before they associate. In other words, we assume that the
fluctuation time for a full retraction is shorter than the average time a
sticker spends in the dissociated state. Similarly, it is considered that a
star arm which is initially associated and which dissociates at any time
t will have enough time to fully disentangle before its sticker associates
again.

The solid lines in Figure 4.2 correspond to model prediction
found when (1) the weight fraction of free arms at time ¢ = 0, i.e. of
population F, is 45 wt%, and (2) all stickers of population A have a
single association lifetime, 755 The latter is defined by the inverse of
the G’/G” crossover frequency, therefore it is much longer that the
terminal relaxation time of the precursor material. To avoid possible
confusion, we stress that the model predictions here do not correspond
to the original version of the TMA for non-associating chains, but to a
special case of the modified TMA for associating chains, which is
presented below. Comparison of the model predictions and the data
demonstrates two points. First, in the frequency range 10* - 10! rad/s,
the slow decrease of the moduli is well captured by the fast relaxation
of'the free arms that are bearing a ligand of population F. In other words,
the arms that are ended by a free ligand. Second, the terminal response
cannot be reproduced by assuming a unique association lifetime 745 for
all the ligands of population A. Such an assumption results in a
Maxwell-like terminal relaxation characterized by a single exponential
decrease of the form exp(-t/74ss), which is clearly not the case for the
experimental data, which show large relaxation time spectrum. This
result was not expected since all the metal-ligand complexes are of
same nature, and therefore should have a similar bonding energy and
association time. In order to explain this departure from a Maxwell-like
behavior, we consider that a chain end never dissociates by itself, but
rather dissociates thanks to a process of ligand exchange around the
ions. It is similar to the mechanism suggested by Wang et al. to describe
the dynamics in supramolecular polymer networks formed by
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associating telechelic chains.?? There, it was demonstrated that, in the
case of unentangled telechelic polymers, the energy related to sticker
(ligand) exchanges is much lower than the energy cost to dissociate a
sticker from an ion through hopping process, without replacing it by
another one. Thus, the necessary time for a sticker to dissociate by
ligand exchange is expected to be much shorter than the dissociation
time of a sticker unable to benefit from the presence of free dangling
arms in its surrounding. This is in agreement with the results of Figure
4.2 where it is observed that the star arms are relaxing much slower
when the proportion of dangling arms is reduced. Therefore we adopt
the ligand exchange mechanism in our systems containing a
stoichiometric amount of metal ions. This leads to the following
assumption regarding our modified TMA model:

Assumption A3. The association/dissociation events are achieved via
ligand exchanges between free and associated populations (see panels
a and b of Figure 4.4 for a schematic representation). Nevertheless, we
anticipate that most of the ligand exchanges are inefficient in allowing
new arms to relax. In other words, it is likely that ligand exchange
occurs among arms that have been already relaxed and therefore, such
event cannot further contribute to the polymer relaxation. For example,
consider the case illustrated in panel ¢ of Figure 4.4 (red dotted circle):
here, the ligand exchange takes place between a ligand of population F
and a ligand that initially belonged to population A but had the
possibility to fully relax in a previous step (see panel b).
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Relaxing at high
frequency

..W Newly relaxed after

ligand exchange at t;

AL Newly relaxed after

ligand exchange at t,

Figure 4.4 Schematic representation of ligand exchange mechanism in
telechelic star polymers a)att=0,b) att=t; and c) att =1t > t1.

In this respect, it seems realistic to consider that the number of
these inefficient exchanges increases with time since the fraction of
relaxed material increases with time as well. Moreover, some stickers
could be trapped around a specific metal ion, meaning that they
dissociate and associate again with the same ion, cancelling in this
manner their dissociation step. Such stickers do not have the possibility
to easily find another ligand in the surrounding. In either case, it is
expected that the probability for new arms to relax is becoming
extremely low through time. In consequence, the time needed for the
stickers initially associated to dissociate for the first time exhibits very
broad polydispersity, which explains the strong deviation from a
Maxwell-like terminal relaxation behavior. To quantify this
polydispersity in the model we will make the following assumption:

Assumption A4. Since a ligand exchange taking place when a fraction
1/n of the arms are unrelaxed is approximately n times less efficient
than an initial exchange, herein we assume that the times needed for the
associated stickers to dissociate for the first time (and thus, to start
contributing to the polymer relaxation) are equally distributed on a log
time scale. It should be stressed that this time distribution does not
represent the distribution of times after which a sticker will dissociate,
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but it rather represents the distribution of times after which a sticker
attached to an unrelaxed arm will dissociate. Somehow, it represents
the distribution of the effective association times. As shown in Figure
4.5, we consider these times to be distributed between Zexchange and inai.
The first time represents the minimum waiting time needed to observe
the dissociation of some arms. It can be seen as the ‘internal clock’ of
the supramolecular bond dynamics, which dictates the rhythm at which
the ligand exchanges are observed. The second time, 7inal, corresponds
to the longest effective association time of the stickers. Notice that
Texchange MUst be rather small since before this time none of the
associated ligands can dissociate. Therefore, a large value would lead
to the appearance of a second plateau in the storage modulus at
intermediate frequency as observed in Figure 4.2, with single, long
association time. Herein, we consider a constant value for Zexchange,
which governs the onset of the ligand exchange process (see discussion
below for explanation of this choice). Thus, the parameter znas is the
only parameter which must be defined in order to determine the
distribution of effective association times of the stickers. While
considered as a fit parameter in the model, it will be shown in Section
4.4 that this relaxation time has a physical meaning and follows an
exponential dependence with activation energy.

This way of determining the effective association time
distribution allows us to simply account for the fact that the majority of
the arms are dissociating at short times (i.e. after few Zexchange), wWhile
allowing some of them to have very long association times.
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Probability of dissociation

“exchange  Tfinal .
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Effective t___ [s]

ass

Figure 4.5 Example of distribution of effective association times taken
in the model, assuming that Texchange = 0.01 s and tfinal = 6 s. This
distribution represents the probability for an associated sticker to detach
for the first time at the corresponding effective association time.

The influence of Zexchange and inai is shown in Figure 6. In this example,
we consider that the proportion of associated arms, pass, is equal to 60
wt%. A detailed discussion concerning pass follows further down in this
section. The predictions shown in Figure 6 are based on the model
described in Section 4.3.2.
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Figure 4.6 Influence of Zexchange and tfinai. (a) The value of Zexchange 18
fixed to 0.01 s and the value of 7 is equal to 6 s (--), 60 s (-), 600 s
(—) or 6000 s (—); (b) The value of zfna is fixed to 600 s and the value
of Zexchange 18 equal to 10*s (--), 1073s (), 10%s (—) or 10" s (—).

While it is clear that the predictions are strongly sensitive to the value
of zinal, the results obtained for different values of Zexchange are similar
when this parameter is becoming short. Generally, one can estimate
Texchange Dy looking at the experimental data, in particular at the
frequency at which the storage modulus starts to decrease faster than
expected if we consider that the star arms cannot exchange their ligands.
It was found that it should be around 0.01 s. Based on Figure 4.6.b, we
do not expect a large influence of this parameter, therefore we consider
it as a constant, i.€. Zexchange = 0.01 s for all the samples at T = 25°C. In
a way, this time can be seen as the ‘clock’ of the supramolecular
dynamics, i.e. which fixes the rhythm at which we are observing the
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ligand exchanges, while the ratio (1/zna) is related to the amount of
exchanges observed at each time step.

Thus, the model contains only two unknown parameters: the
longest association time of the stickers, znq, and the proportion of
associated arms pgss. It must be noted that the longest association time,
Tinal, cannot be determined from the G’-G” crossover at low frequency.
Indeed, as discussed in Section 4.4, the terminal relaxation time of these
samples includes both dissociation dynamics and disentanglement
dynamics. Therefore, its value is expected to be larger than zfnq. We
now turn our attention to the latter parameter, i.e. pu, for which we
make the following assumption:

Assumption A5. The average fraction of associated arms, pus, 1S
constant through time (the arms of population A initially). This means
that each time an arm becomes free, another one becomes associated,
in agreement with the idea of ligand exchanges. Note however that the
arm that becomes associated might have already relaxed through a
previous ligand exchange event.

The parameter pass, is fixed from the experimental data, by
determining the proportion of arms which are able to relax at short
times, i.e. at high frequency. Since the predictions are quite sensitive to
this parameter, its value can be fixed with an accuracy of around 5%.
Usually, values around 50 wt% are found, which are quite low. This
means that the average time during which a freshly/newly dissociated
sticker will stay free is quite long. This also means that at each time step
(Texchange), only few of the free stickers are able to create an exchange
of ligands. As already mentioned, this can be understood by considering
the low density of stickers and the slow diffusion process of the chains,
leading to the presence of dangling arms which do not find a metal-
ligand complex in their surroundings. The presence of a small fraction
of non-functionalized arms must also be envisaged. It must be noted
that in case of an entangled telechelic polymer, the fact that two arms
of a same star can associate and create a polymer loop is not expected
to enhance the proportion of fast relaxing polymers. Indeed, in order to
disentangle, polymer loops must also dissociate. The values of pass and
Trinal are discussed in Section 4.4. In the next section, we assume that

210



Decoding the linear viscoelastic properties of MSBPs

they are known, and present the model we developed in order to account
for the sticker dynamics.

All assumptions described above are applied to linear mono-
functional polymers as well. Nevertheless, in the case of the mono-
functional chains, the terminal relaxation times are limited by the
possible reptation of the whole self-assembly, which is composed of
two linear chains associated through metallo-supramolecular bonds at
the center as depicted in Figure 4.7.

X, =0 =
d-lin Xd-/i@'l X41in=0 Xgin=1
M/\/\»" e .
L/
NN N . (‘)\J\/\/\p"’

L)
"’\/\/\/\» Va _ terpyridine Q- metalions

- Q =~ ligand ~ (Zn*, Co*, Ni** etc...)
poly(n-butyl acrylate)
Figure 4.7 Self-assembly of associating linear semi-telechelic
polymers.

4.3.2 Modified TMA model

Based on the assumptions presented in Section 4.3.1., we can
now extend our TMA model to the specific case of slightly telechelic
entangled chains. A specificity of the systems studied in this work is the
fact that the relaxation time of a free arm is shorter than the time during
which a sticker stays free. Therefore, the model is based on the idea that
once an arm is dissociated, it has enough time to relax (see assumptions
A2 and A5). In case of very long and well entangled polymers, this
would not be the case anymore. So one should also consider the
situation in which an arm is able to fully relax only after several
dissociation/association blinking events.

4.3.2.1 TMA model

We first briefly describe the main equations behind the TMA
, as it is used for describing the viscoelastic properties of the

reference samples and serves as the starting point of our modified
3035

model**

model. A more detailed explanation can be found in the literature.
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It must be noted that in TMA, linear chains are considered as 2-arm
stars, which are able to relax by reptation.

In this model, the relaxation modulus as a function of time,
G(t), accounts for both the high frequency Rouse process, Gr(?), and the
disentanglement modulus Ga(t)*®:

G(1) = G (D) + Gy(1) (4.1)
with
_SURT L ol P ) S e - 2Pt
GR(t) _Zk: Marm,k {4;exp( TR (Marm,k)]+ P;ﬂexp( z-R (M arm,k)J}
(4.2)

In Equation 4.2, vx and wr(Marm k) represent the weight fraction and the
Rouse time of an arm of chain k, respectively. Z; represents the number
of entanglements in an arm of chain &; the parameter pis the monomeric
density, R is the gas constant and T is the temperature.

The disentanglement modulus and the plateau modulus G are

defined as:
G, (t) = Gro' ({p()}" (4.3)
4 pRT
Gy =-"" ,
"5 M, (44

with ¢’(?), being the unrelaxed fraction of initial tube segments and a,
the dynamic dilution exponent, which is fixed here to 1.37 Constraint
Release mechanisms (CR) are taken into account by the dilation factor
¢(1) , which defines the diameter a of the dilated tube (a = ao- ¢(2) %>,
with ag, the initial tube diameter). As long as the polymer relaxation
occurs gradually, the dilation factor ¢(?) is equal to the unrelaxed
fraction of initial tube segments, ¢’(¢).>> This last parameter can be
determined by looking at all molecular segments Xgmk, from xgrm ik = 0
at the extremity of an arm to xqmm i = 1 at the middle, of all arms (in
proportion vx), and by determining if they are still moving in their initial
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tube or not, i.e. if they are not yet relaxed through reptation or contour
length fluctuations mechanisms:

1
(pl (t) = Zuk L pfluc(xarm,kt) prept (Xarm,kt) dxarm,k (45)
k

In this equation, the survival probability related to the reptation process,
DPrept(xarmi,t) 1s either fixed to 1 in case of a star molecule (since it
cannot reptate), either determined, based on the Doi and Edwards
equation in case of a linear chain’®:

2
prept (Xarm,k ’t) = Z iSin( pﬂxzarm,k JeXp[ P t ] (46)

p odd pﬂ- z-rept (2Marm,k)

In such a case, since linear chains of molar mass My, are described as 2-
arm stars which are able to reptate, they contain two arms of molar mass
Marm ik = Mi/2, and their corresponding reptation time is described as:

3
Trept(Mk =2 Marm,k) =31, (21\/11;%1() 4.7)

On the other hand, the survival probability related to the fluctuations
process, pruc(Xarm k1), is considered as equal to exp(-t/tfuc(Xarmk)), in
which the fluctuation time is determined by taking into account both the
early fluctuations of the chain ends, and the deeper, activated, retraction
of the arms:

4
971'3 M 4
Tearly,arm (Xarm,k ) = F Te (M—a;mJ Xarm k (483)
M arm a

Tactivated (Xarm,k) =In Tactivated (Xarm.k - é‘Xarm) + 3[Mj Xarm.k ¢(Xarm,k) . (6Xarm)
(4.8.0)

T activated,arm (Xi)
T flucarm (Xi ) = z-early,arm (Xtr) eXp(MJ (480)

Z-ac'rivated,arm (Xtr)

In Equation 4.8.b, it is considered that the molecular segment located

just before the segment Xarmk is positioned at(x,, , —X,,). The

arm k
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function ¢(xarmi) represents the polymer fraction which is not yet
relaxed at the time the segment X « of the arm is relaxing.>® Note that
in case of monodisperse sample, we would have ¢(xagmx)= ¢(xXarm)=[1-
Xarm/. In Equation 4.8.c, the position x; represents the position of the
arm segment at which the potential is equal to k7, i.e. at which the
transition between early fluctuations and deep retraction is taking place.

4.3.2.2 Telechelic star molecules

In order to predict the linear viscoelastic properties of the
telechelic star molecules, we start from the fact, that at time ¢ = 0 there
are two different populations of arms: A fraction pgss of arms which are
associated (and belong to population A), and a fraction (/-pass) of
dissociated arms (which belong to population F). Following
assumptions Al and A2, the free arms will be able to relax before
becoming associated. Their fluctuation times are determined, based on
Equations 4.8. It must be noted that in this case, the parameter ¢ (xarm, i)
in Equation 4.8.b must be determined by accounting for the fact that
part of the arms cannot relax. Thus, in case of monodisperse stars, we

would have ¢(xarmk) = ¢(Xarm)= [Passt(1-Pass)- (1-Xarm)].

On the other hand, the associated arms have first to dissociate,
before being able to fluctuate and relax. Since the storage modulus is
mainly dominated by the entanglements and since the arms forming
intra-associations are also entangled, it is expected that these last arms
contribute to the sample relaxation in a similar way as the arms inter-
connected. As described in Section 4.3.1., a distribution of effective
associated times, (7Zeffass), Ueffiass;) must be considered in order to
account for the time decreasing probability to detach an unrelaxed arm
through exchange of ligand and thus, to correctly describe the relaxation
of these telechelic systems. Therefore the survival probability of a
specific segment xarm k of an arm of mass My is described as:

—max(O, (t_Tff ))
Xammir 1) = Y Vit ass.: EX SLas ] (4.9)
pfluc( arm k ) ; eff ,ass, j p[ Tﬂuc(xarm'k)
By adding the condition according to which (t—reff ass, j) is always

positive, this equation can also be used at time shorter than the effective
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association time 7efass,;. Indeed, in such a case, the survival probability
of the associated arms is simply equal to 1. Then, by using Equation 4.9
in Equation 4.5, the unrelaxed fraction of initial tube segments at time
t 1s determined, which allows us to calculate the relaxation modulus
G(t) based on Equation 4.3.

4.3.2.3 Mono-functional linear chains

Mono-functional linear chains can only be associated at one
extremity, on which a terpyridine ligand is attached. Therefore, chains
can only relax either as simple (dissociated) chain, or as double
(associated) chains. Since the average times during which a chain stays
associated or free are rather long, and since the reptation time of a
double chains (i.e. a pair of associated single chains) is only around 8
times slower than the single chains, it is expected that most of the
molecules do not have time to change their association status before
being fully relaxed.?®> However, there is a small fraction of the double
chain, which will relax by dissociation followed by the reptation of the
single chains, especially when a weaker metal ion is used. Therefore, it
is important to account for the possibility of the chain extremity to
dissociate.

To this end, the same approach as proposed for the star
polymers is followed. However, there are specific points which must be
included in the model. The first point is the fact that the length of the
relaxing chain can vary, from single to double. Therefore, it is important
to define a common coordinate system to localize a specific molecular
segment. Here, as illustrated in the cartoon in Figure 4.7, we take the
double chain as reference chain, with (x4.zi» = 0) at one of its extremity,
to (xd-in = 1) for its middle segment. This means that in the case the
chains are dissociated and relaxing as single chains, since the reference
system stays the one of the double chains, one needs to consider that
these double (unassociated) chains are able to relax from their middle
in order to keep consistency between the two statuses. Indeed, if the
double chain is dissociated, its middle segment is becoming an
extremity of the single chain, i.e. its relaxation time, Ze(xsiin=1) is
shorter than the relaxation of the middle segment of the single chain,
Tel(xain=0.5). A second specificity of the mono-functional chains is the
fact they can always relax, as double or single chains.

215



CHAPTER 4

Therefore, if a chain £ is associated at time ¢ = 0, it belongs to
the population A and the survival probability of one of its molecular
segment X4-in, k at time ¢ can be described as:

i) s

et (Xa_iings 2My,) Trt (Xaiing: M)
(4.10)

p(xd—lin,kltlA):teff,ass,j . exp(
i

In this Equation, we use the relaxation times, 7w/, rather than the
corresponding reptation and fluctuations times in order to keep the
model simple. Thus, approximating the survival probability prep(x,t) by
-t

a single exponential, exp ( ), rather than using Equation 4.6. Note

Trept
that the error in this approximation is negligible. As long as the double

chain stays associated, the relaxation time zei(Xd-link, 2My) of its
molecular segment xq.in k, is then described as:

-1
1 1
TTBl(xd_lin'k' ZMW) B (Trept(xd—lin,erMW) * Tfluc(xd—lin,kJZMw)> (@.11)
with the reptation time and fluctuation time determined as for a covalent
double chain (see Equations 4.7 and 4.8) relaxing in a blend composed
by a fraction pass of double chains and (7-pass) of single chains.

Same expressions can be used for the single chains relaxation,
but this requires first determining the corresponding reptation and
fluctuations time in the usual coordinate system of a single chain, i.e.
from (xs.iin = 0) at the extremity of the single chain, to (xs.iin = 1) at the
middle, and then by transposing the results in the reference coordinate
systems, x4-iin, based on the double chains:

Trel(xd—lin,kt Mw) = Trez(xs—zin,k =2 'min{xd—lin,k: (1- xd—lin,k)}'Mw)
(4.12)
In order to illustrate Equation 4.10, the evolution through time of the
survival probability p(X,_;;,,,t, A) is shown in Figure 4.8, for single
chains of molar mass M, of 101 kg/mol, i.e. with a relaxation time of
0.15 s, while the relaxation time of the double chain is equal to 1.22 s.
In this example, the distribution of effective association times has been
built by considering either zua = I s in Figure 4.8.a or iuar = 100 s in
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Figure 4.8.b (while Zexchange has a fixed value, equal to 0.01 s). By
considering zfina = 1 s, which is slightly shorter than the reptation time
of the double chain, part of chain relaxes thanks to the dissociation of
the ligand followed by the relaxation of the single chains (see Figure
4.8.a). On the other hand, we observe that the chains characterized by a
longer effective association time, zfina = 100 s, will basically relax as a
binary blends composed of single and double chains (see Figure 4.8.b).

Q 10: | /\ (a)ﬂ m ®)

10

: : : : : : 10 ! : : - : :
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Xd-Iin Xd-lin

Figure 4.8 Survival probabilities p(X, ;,,t, A) of the molecular

segments of mono-functional monodisperse linear chains associated at
time ¢ = 0, from x4.1i» = 0 at the extremity of the double chain to x4.jin =
1 at the middle. The corresponding single chains have a molar mass M,
of 101 kg/mol (i.e. a relaxation time of 0.15 s, while the relaxation time
of the double chains is 1.22 s), and pass = 0.5. The distribution of
effective association times is built by considering either zfinai = I s (a),
or Tfinai = 100 s (b).

On the other hand, we assume that the chains which are not
associated at time ¢ = 0 (thus, which belong to the population ) have
time to fully relax before their association. Therefore, their relaxation
time can be determined as described in Equation 4.12, following
assumptions Al and A2:

p(xd—lin,k’t’ F) =exp[ ~t J (4.13)

Trel (Xd—lin,k’ M,)

Finally, the survival fraction of initial tube segments at time ¢z, ¢’(?), is
determined, based on Equations 4.10 and 4.13:
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P'(t) = passzukLl PXgoiinks A Xy + (1_ pass)zukj‘: P(Xg_sink b F) Xy jink
(4.14)

Together with Equations 4.1 to 4.4, we can determine the relaxation
modulus G(#) of these samples, and compare the theoretical results to
the experimental data (see Section 4.4). As already mentioned, this
model contains two unknown parameters, pass and Tfinal. They will be
first considered as fit parameters. Then we will analyze their value in
order to understand how they are varying.

4.4 Results and discussion

Generally, the dynamics of these associating polymers are
affected by both the disentanglement process of polymer chains and the
dissociation process of the stickers. Depending on the architecture of
the macromolecules, the temperature and the strength of metal-ligand
complexes, one process is dominant compared to the other one. Below,
we will examine each case systematically, starting from the influence
of the temperature.

4.4.1 Influence of the temperature

Figure 4.9 presents the experimental data of the telechelic
Star160k+Cu and Star250k+Cu samples at different temperatures. As
shown in Figure 4.9.a, at high temperature (T = 60°C), the stickers are
weak and consequently the relaxation process is mainly governed by
the disentanglement mechanism of contour length fluctuations, which
are longer for the Star250k+Cu material since it has arms longer than
the other star polymer (see Table 4.1).

At lower temperatures, however, the sticker lifetime becomes
longer than the fluctuation time of the arms, therefore the process of
sticker dissociation dominates the terminal relaxation of the star
systems (c.f. Figure 4.9.b and 4.9.c). Thus, similar terminal times are
observed for the two telechelic star samples, despite their difference in
arm lengths. As it will be seen below the longest effective association
time is identical for both star polymers. However, the influence of the
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arm length is noticeable at intermediate frequencies, where we observe
that the star arms which are not associated are able to relax. This
influence is highlighted in Figure 4.9.d which represents the tan o
curves of these samples. This is consistent with Assumption 1,
according to which part of the arms are free and can relax at short times.
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Figure 4.9 Storage (filled symbols) and loss (open symbols) moduli of
the telechelic Star160k+Cu (o) and Star250k+Cu (O), at (a) T = 60°C,
(b) T=40°C and (c) T =25°C; (d) tan d curves of Star160k+Cu at 40°C
(o) and 25°C (A), and of Star250k+Cu at 40°C (0) and 25°C ([7).The
data have been shifted to a reference temperature of 25°C, based on the
shift factors determined for the reference samples.

Figures 4.10 and 4.11 compare the predictions of our modified
TMA model (lines) with the experimental data (symbols), for these two
star polymers, in the presence of a stoichiometric amount of copper ions
at several temperatures. From those Figures it is evident that the model
captures well the viscoelastic behavior of the samples. Concerning the
two model parameters, namely the longest (effective) association time,
Tfinal, and the fraction of associated arms, pass, we find that identical
values can be used for both systems, i.e. independently from the chain
length. Furthermore, we notice that pgss, is temperature independent,
whereas tfinq varies with temperature, from 5 s at high temperature (T
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= 60°C) to 5000 s at low temperature (T = 0°C). We anticipate these
values to follow an exponential decrease with temperature (see the
analysis of this parameter below). The fact that p.s is temperature
independent whereas tfna is temperature dependent confirms our
hypothesis that these two parameters are not directly related, as
suggested in Section 4.3.1, due to the presence of dangling arms, which
could not find any partner in their surroundings to associate. Also, if the
fraction of associated stickers was only dependent on the association
and dissociation kinetics of the stickers, we would expect pass to
decrease with T, which is not observed here. This is again attributed to
the dominant effect of the dangling arms unable to find a free ion, which
does not seem to be affected by the temperature.

In Figure 4.11, it is observed that at high temperature, T = 80°C,
the sample mostly relaxes as the reference sample (see Figure 4.1.a),
i.e. with a negligible effect of the supramolecular association. On the
other hand, the influence of associated sticker is clear at low
temperature.
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Figure 4.10 (a) Storage modulus, (b) Loss modulus and (c) tan o curves
of the reference sample Star160k (black, [>) and of the telechelic

Star160k+Cu measured at temperature T = 60°C (dark green, o), 40°C
(green, 0), 25°C (cyan, A), 0°C (blue, [1) and -20°C (magenta, V). The
experimental data (symbols) have been shifted to a reference
temperature of 25°C, based on the shift factors determined for the
reference samples. The theoretical curves (continuous and dashed
curves) have been obtained by fixing pass= 0.45 and tfinai= 5 s at 60°C,
50 s at 40°C, 250 s at 25°C and 5000 s at 0°C.
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Figure 4.11 (a) Storage modulus, (b) Loss modulus and (c) tan o curves
of the reference sample Star250k (black, [>) and of the telechelic

Star250k+Cu measured at temperature T = 80°C (orange, %), T = 60°C
(dark green, o), 40°C (green, 0), 25°C (cyan, A), 0°C (blue, ) and -
20°C (magenta, V). The experimental data (symbols) have been shifted
to a reference temperature of 25°C, based on the shift factors
determined for the reference samples. The theoretical curves
(continuous and dashed curves) have been obtained by fixing pass = 0.45

and tfnal = 1 s at 80°C, 5 s at 60°C, 50 s at 40°C, 250 s at 25°C and
5000 s at 0°C.
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4.4.2 Influence of the chain architecture

In this section we discuss the influence of the chain topology
on the viscoelastic response. For this reason we compare the response
of star and linear molecules associating via copper complexes. Figure
12 shows such a comparison for Lin100k+Cu and Star160k+Cu (see
Table 4.2). One has to keep in mind that the arm molecular weight of
the stars (40 kg/mol) is smaller than half the molecular weight of the
linear chains, which leads to a faster relaxation of the reference star
sample. However, the situation is inverted once the ions are added to
the polymer. From Figure 4.12 it is evident that the polymers based on
the mono-functional linear chains relax much faster than the telechelic
star molecules. This behavior suggests that, contrary to star polymers,
there is an upper limit in the terminal relaxation time of the linear
chains. In theory, this upper limit would correspond to the relaxation
time of the double linear chain, i.e. two mono-functional chains linked
together through transient bonds. In other words, even if some of the
transient associations have an effective lifetime that is much longer than
the terminal time of the precursor, the sticker effect will not translate to
further retardation of the terminal relaxation since the supramolecular
chains can reptate as doubled linear chains.

To examine this behavior further, we plot together in Figure
4.13 the experimental data for samples Lin100k+Cu and Lin140k+Cu
at several temperatures. We observe that data nearly overlap, despite
the large difference observed in the viscoelastic response of their
reference samples. This indicates that the relaxation of the
supramolecular chains is dominated by the association dynamics. We
also see that the sample Lin100k+Cu is relaxing significantly slower

than the reference sample (green, [>), but faster than the corresponding

double chains. It is indeed relaxing similarly to the reference sample
Lin140k. We therefore expect that the effective association times of the
stickers are localized between the relaxation time of the single chains
and the relaxation time of the double chains. On the other hand, the
influence of the stickers on sample (Lin140k+Cu) is very weak. Again,
this suggests that the lifetimes of the stickers are quite short compared
to the relaxation time of sample Lin140k, and thus the dominating effect
in this case is the disentanglement of the chain.
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Figure 4.12 Storage modulus (a) and tan  curves (b) of the reference
samples Lin100k (green, [>) and Star160k (black, [>), and of the

supramolecular samples Lin100k+Cu (green) and Starl60k+Cu
(black), measured at T = 60°C (0), 40°C () and 0°C (LJ). The data have
been shifted to a reference temperature of 25°C, based on the shift
factors determined for the reference samples.
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Figure 4.13 Storage modulus of the reference samples Lin100k (green,
[>) and Lin140k (black, [>), and of the supramolecular samples
Lin100k+Cu (green) and Lin140k+Cu (black), measured at T = 60°C
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(0) and 0°C (UJ). The data have been shifted to a reference temperature
of 25°C, based on the shift factors determined for the reference samples.

We now move on to provide a quantitative account using our
modified tube model. Figure 4.14 compares model predictions and data.
Solid lines refer to model predictions when ligand exchange is
considered while dashed lines are the corresponding predictions when
sticker dissociation/ association events are disregarded. In the latter
case the single and double chains present at time ¢ = 0 stay in the same
state during the whole frequency range, meaning that they are not
allowed to dissociate or associate. This allows us to evaluate the
influence of chain dissociation, going from double chains to single
chains. Figures 4.14.a and 4.14.c reveal that at high T the model
compares better with the data when ligand exchange is accounted for.
Nevertheless, the ligand exchange effect is not as important as in the
case of telechelic star molecules in which it is clearly visible. The
influence of ligand exchange also explains why a well fitted master-
curve cannot be constructed with the data of the star complexes at
different temperatures. There, the sample relaxation depends on the
longest association time zfna, Which strongly varies with the
temperature, in a different way as the Rouse time of an entanglement
segment, 7. This is further discussed in the next section.

Interestingly, same values of the longest relaxation time, inal,
have been used for all these samples, i.e. for the two linear and the two
star polymers, suggesting that the average effective lifetime of an
associated bond does not depend on the chain architecture, but is only
a function of the temperature. On the other hand, the fraction of
associated arms, pass, is found to be identical for the two telechelic stars
(pass = 0.45), while it differs for the mono-functional linear chains (pass
=0.65 for Lin100k and pass = 0.25 for Lin140k). This can be understood
by the fact that these samples have different density of ions and
different chain mobility which should affect the ability to create
efficient bis-terpyridine complexes. The low fraction of associated
chains of sample (Lin140k+Cu), with an effective association time zfina
of 5 s at 60°C also explains the small influence of the stickers found in
Figure 4.13 for this sample.
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Figure. 4.14 Storage modulus, Loss modulus and tan 3 curves of the
mono-functional sample Lin100k+Cu (Panels a and b, respectively) and
Lin140k+Cu (Panels c and d, respectively). The experimental data have
been measured at temperature T = 60°C (dark green, o), 40°C (green,
0), 25°C (cyan, A), 0°C (blue, [J) and -20°C (magenta, V). The
experimental data (symbols) have been shifted to a reference
temperature of 25°C, based on the shift factors determined for the
reference samples. The theoretical curves (continuous and dashed
curves) have been obtained by fixing pass = 0.65 for Lin100k+Cu and
0.25 for Lin140k+Cu, and using the same values of Tfina1= 5 s at 60°C,
50 s at 40°C, 250 s at 25°C and 5000 s at 0°C. The dashed lines
represent the predicted moduli if we exclude any sticker dissociation or
association.

4.4.3 Influence of the ion nature

While in Sections 4.4.1 and 4.4.2, the viscoelastic properties of
the telechelic molecules in presence of copper ions have been analyzed,
we now vary the nature of the ions. An extreme case is found with the
star systems associated with zinc ions, which leads to weaker bonds
compared to the copper ions.*’ Results obtained with the two star
polymers are shown in Figure 4.15. Despite the fact that these samples
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have similar effective association time, zjina (see below) and that the
associated arms cannot relax before the dissociation of their stickers, it
is observed that the two samples have very different terminal times,
contrary to the results found with copper (see Figure 4.9).
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Figure 4.15 Storage modulus of the reference samples Star160k (green,
[>), Star250k (black, [>), of the supramolecular samples Star160k+Zn

(green) and Star250k-+Zn (black), measured at T = 40°C (0) and 0°C
(7). The data have been shifted to a reference temperature of 25°C,
based on the shift factors determined for the reference samples.

This can be explained by the fact that, in the specific case of
Star250k+Zn, the lifetime of the metallo-supramolecular bonds is
relatively short, in comparison to the relaxation time of Star250k by
CLF and arm retraction mechanism. Therefore, their terminal relaxation
stays dominated by the disentanglement time and is found to be only
slightly longer than the terminal relaxation time of the reference sample

(black, [>) due to slight effect of zinc bis-terpyridine complexes. On

the other hand, the terminal relaxation time of the Star160k+Zn is
clearly longer compared to the relaxation of the Star160k reference.
This indicates that the relaxation of this shorter sample is dominated by
the dissociation time, as it is found with the other ions. In this case, the
dissociation time is significantly longer than the relaxation time of the
corresponding reference sample. From this example, it is expected that
the dissociation time for zinc bis-terpyridine complex is around 1 s.
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Figure 4.16 below presents a summary of the data based on
telechelic samples with zinc ions. Again, same values of the parameter
Zinal could be used, independently from the chain architecture.
Furthermore, the parameter pass was also found to be the same for these
four different sets of associating samples. The low values of the
association times are consistent with the fact that the zinc complexes
are very labile as discussed earlier.
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Figure 4.16 Storage modulus of samples Starl60k+Zn (a),
Star250k+Zn (b), Lin100k+Zn (c¢) and Linl140k+Zn (d), and their

corresponding reference samples (black, [>). The experimental data

have been measured at temperature T = 60°C (dark green, o), 40°C
(green, 0), 25°C (cyan, A), 0°C (blue, [1) and -20°C (magenta, V). The
experimental data (symbols) have been shifted to a reference
temperature of 25°C, based on the shift factors determined for the
reference samples. The theoretical curves have been obtained by fixing
Pass = 0.4 for all the samples, as well as Trna = 0.07 s at 60°C, 0.3 s at
40°C, 1 s at 25°C and 6 s at 0°C.

We also see in Figure 4.16 that temperature has only a small effect on
the terminal relaxation time, compared to the samples with copper ions.
This is due to the fact that the contribution of the disentanglement time
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to the total relaxation time of the molecules (see Equations 4.9 and 4.10)
becomes important. Therefore, since this part does not depend on
temperature, the data being shifted in the same way as the reference
sample, the difference between the different terminal relaxation times
is reduced.

On the other hand, if a stronger metal ion is used such as cobalt
ions, the thermo-rheological complexity of the sample is enhanced.
This is shown in the Figure 4.17 for the telechelic Star250k+Co as well
as the two mono-functional linear chains Linl00k+Co and
Lin140k+Co. Here again, same values of the association time could be
used for all these samples. However, a larger discrepancy is observed
between the experimental and the theoretical data, especially in the low
frequency window of the tan o curves. In particular, it is observed that
a small fraction of sample Linl40k+Co relaxes slower than the
predicted relaxation of linear chains with twice the molecular weight of
Lin140k, i.e. 280 kg/mol (see the dashed curves on Figure 4.17.f). As
discussed earlier in Chapter 3, this could be due to the presence of few
small aggregates (not detectable by WAXS measurement).
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Figure 4.17 Storage modulus and tand curve of samples Star250k+Co
(a, b), Linl00k+Co (¢, d) and Linl40k+Co (e, f), and their

corresponding reference samples (black, [>). The experimental data

have been measured at temperature T = 80°C (orange <), 60°C (dark
green, o), 40°C (green, ©), 25°C (cyan, A), 0°C (blue, [1) and -20°C
(magenta, V). The experimental data (symbols) have been shifted to a
reference temperature of 25°C, based on the shift factors determined for
the reference samples. The theoretical curves have been obtained by
fixing pass = 0.65 with the Star250k and Lin140k, and pass = 0.85 with
the Lin100k. For all samples, tfinai= 0.4 s at 80°C, 7 s at 60°C, 70 s at
40°C, 1200 s at 25°C and 4 10*s at 0°C.
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4.4.4 Value of the effective association time Tfipal

Since the theoretical curves have been obtained by determining
the longest effective association time zna by best fitting procedure, it
is interesting to analyze how this parameter depends on temperature for
the different ion complexes. The influence of temperature on the local
dynamics of the molecules has been taken into account by shifting the
experimental data following the WLF equation determined for the
reference sample. Therefore, the variation of zuas is only related to the
supramolecular dynamics of the reversible bonds. Results are shown in
Figure 4.18 and we observe that all sets of data fall into a line, when
plotted in a semi-log graph as a function of the inverse temperature.
This is consistent with Arrhenius dependence, which is known to well
describe the temperature dependence of most of the associative
systems:

Eq
Trinat(T) = Trina (T = 25 %C) exp (22) (4.15)

-ZJOC ’

2.8 3 3.2 34 3.6 3.8
T [KY x10°

Figure 4.18 tfinal versus inverse temperature for the systems based on
Cu ions (blue o) or Zn ions (green [1) and Co ions (orange V).

This figure clearly shows that the influence of temperature on
the dynamics of the reversible bonds follows an Arrhenius equation,
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while its influence on the local mobility of the molecules is well
described by a WLF equation. These two different dependences allow
us to explain the thermo-rheological complexity of the samples. While
at high frequency, the relaxation moduli are only governed by the local
mobility of the molecules and thus follow a WLF equation, the moduli
are governed by both dynamics at low frequency. It is also important to
note that the experimental terminal relaxation time does not correspond
to Zfinal, but is influenced by both zinq and the disentanglement time of
the molecules. Since these two times vary differently with temperature,
their relative importance is also a function of T (as shown and discussed
with Figure 4.9).

From Equation 4.15, we can determine the activation energy E, of the
complexes with the different ions. It is found that £, = 168 kJ/mol for
Co?", 125 kJ/mol for Cu®*, and 81 kJ/mol for Zn?>*. These relatively
high values, especially with cobalt, are consistent with the fact that
metal-ligand associations are quite strong associations.*' Since the
effective association time 7finq, and thus the activation energy was
found not to depend on the chain architecture, one should be able to
determine these values for other polymers based on the same
terpyridine-ion complexes. Thus, if 7fina can be determined in advance,
the only unknown parameter of the model is the average fraction of
associated stickers, pass. However, it is important to remind that these
results are valid as long as the samples contain a stoichiometric amount
of metal ions, and that association/dissociation events are achieved via
ligand exchanges, as mentioned in assumption A3. If an excess of ions
is considered, the fraction of free dangling ends will be strongly reduced
and longer association times will be found.

4.5 Conclusions

In this chapter, we investigated the linear viscoelastic behavior
of entangled telechelic star PnBA and mono-functional linear PnBA
which are able to associate through metal-ligand interactions.
Terpyridine was used as ligand and several ions of different lability
(Co**, Cu*" and Zn*") were added to the samples, in stoichiometric
amount. Based on the experimental data, we could show that the

232



Decoding the linear viscoelastic properties of MSBPs

relaxation of the samples depends on both disentanglement and
association dynamics. By playing with temperature, we could vary the
respective importance of these two processes and analyze their impact
on the terminal relaxation time of the samples. It was found that the
latter mostly depends on the slower process. By looking at sample
relaxation in the intermediate range of frequencies, we also pointed out
the presence of a large amount of unassociated stickers in the samples.

Based on these observations, we developed a modified version
of our tube-based TMA model, in order to account for the dynamics of
the stickers. In particular, inspired by the recent work of Wang et al.?%,
we considered dissociation of a metal-ligand complex to take place via
ligand exchange. The model contains two unknown parameters, i.e.
Pass, the fraction of associated stickers, and 7fina, the longest time
needed to ensure that all the chains were dissociated at least once. We
could determine these two parameters by best-fitting procedure and
obtain a very good description of the experimental curves. It was found
that 7finar is not dependent on the chain architecture and is well
described by an Arrhenius equation. The corresponding activation
energy could be determined, which let the model with only one
undetermined parameter. Thus, with this work, we have now the
necessary framework to explore other metallo-supramolecular
networks, based on different architectures. In particular, we would like
to study the viscoelastic behavior of blends of two kinds of telechelic
polymers as well as blends of telechelic and covalent molecules, and to
be able to control the modulus of these samples.
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Chapter 5

Nonlinear rheology of transient
polymeric networks

Abstract

In this Chapter, we investigate the linear, nonlinear shear and
uniaxial extensional viscoelasticity of telechelic low-disperse (below
1.3) entangled poly(n-butyl acrylate) chains functionalized with
terpyridine ligands. Upon self-assembly, the telechelic four-arm star
precursors form model networks with minimum fraction of defects.
Most of the chain segments participate in the entangled network,
contrary to networks originating from linear chains with metal binding
ligands along their backbone, which contain a large proportion of
dangling chain ends or loops. These model systems are therefore perfect
to investigate how the dynamics of metallo-supramolecular bulk
networks (MSBNS) is affected by both the dissociation kinetics of M-L
complexes and the disentanglement process, and how these two
mechanisms are coupled. The measurements are performed on a
filament stretching rheometer and on a strain controlled rotational
rheometer equipped with a cone-partitioned plate geometry. In
extension the MSBNs show strain hardening at extension rates below
their respective terminal relaxation times. Since the transient viscosity
of MSBNs is measured at low strain rates, the strain hardening is
attributed to the physical crosslinks which comprise M-L coordination.
On the other hand, strong shear thinning behavior is observed at similar
deformation rates in nonlinear shear flow. By altering the temperature,
we systematically vary the relative importance of the M-L complexes,
which allows us to determine their specific contribution to the network
properties. Moreover, the properties of these systems can be finely
tailored with varying the type or the nature of metal ions.
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5.1 Introduction

5.1.1 Towards a complete mechanical investigations

Transient polymeric networks with dynamic cross-links are an

important class of smart materials based on reversible, relatively weak

133 hydrogen

9-11

and noncovalent interactions such as n-m stacking
bonding™’, host-guest complexation® 8, metal-ligand coordination
and ionic interactions.'?>"'* The advent of dynamic metal-ligand (M-L)
coordination has emerged as a powerful strategy for the design of
various self-assembled materials with stimuli-responsive properties.'®
Among them, reversible polymeric networks obtained by
functionalizing flexible polymer chains with M-L coordination are a
promising avenue to engineer soft materials with tunable mechanical
properties.'® Contrary to covalently cross-linked networks, metallo-
supramolecular bulk networks (MSBNs) have transient associations
with relatively weak binding energy with respect to covalent
counterpart!’, so that external stimuli or thermal fluctuations enhance
dissociation and re-formation of M-L coordination at different
timescales suitable for material engineering.'® This reversibility

19,20

provides unique properties such as healing ", stimuli-responsive or

2123 Moreover, these metal-containing

shape-memory features.
polymeric systems may give access to additional magnetic, redox,
optical or electrochromic properties.>*?> As finely tunable materials,
MSBNSs can be found in numerous applications such as optoelectronic

27

materials®®, adhesives?’, smart coatings>®, energy conversion and

storage devices.?’

The linear rheology of associating polymeric networks bearing
dynamic junctions has been the topic of several studies.!®3°% In
general, due to the delayed diffusional motion of polymer chains, three
effects are often highlighted, (i) the longer terminal relaxation times,
(i1) the increase in plateau modulus and consequently, (iii) the increase
of viscosity which is several orders of magnitude higher with respect to
the polymer melts. Under linear deformation, these systems behave as

soft elastic solids at times shorter than the lifetime of the sticky
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junctions but they also exhibit viscous liquid-like behavior on longer
timescales during which M-L cross-links dissociate. In absence of
aggregates, the dynamic moduli of metallo-supramolecular networks is
modulated by the exchange rate of physical cross-links as long as the

exchange timescale is faster than that of polymer diffusion.>*

Under large shear deformation, only limited works have been
reported on the nonlinear viscoelastic properties of metallo-
supramolecular networks which are more challenging. In shear, Craig
et al. reported the nonlinear rheological properties of MSNs formed by
reversible  cross-links of semi-dilute unentangled poly(4-
vinylpyridine), i.e. PVP solutions.>> The physical junctions were based
on palladium(Il) or platinum(Il) coordinated to the pyridine group of
PVP. Under steady shear, both shear-thinning and shear thickening
were observed on metallopincer-crosslinked PVP networks. Usually,
systems with fast dissociation kinetics display a shear-thinning
behavior which is attributed to the shear induced disentanglements of
associating and dissociating network chains. Whereas for systems with
slower dissociation kinetics, a shear-thickening behavior is observed,
due to the network reorganization above a critical shear rate. The latter
enhances shear-induced reorganization of the transient network which
transforms intra-chain cross-links into inter-chain ones, resulting in a
reinforced polymeric network. Later on, Craig et al. pursued their work
in the semi-dilute entangled regime and results reveal various types of
shear-thinning or thickening which depend on the polymeric
concentration, on the cross-link density and its efficiency (rate of
dissociation and association).’® The divergent steady shear behavior
was related to a competition between two different timescales: the
average time during which a sticker remains associated or dissociated
and the local relaxation time of a polymer chain.

In contrast, molten transient networks have been extensively
studied in tensile tests with a wide selection of metal-ligand
coordination as physical cross-links. For instance Guan et al. elaborated
a hard/soft two-phase brush copolymer based on polystyrene as the
backbone from which imidazole modified poly(n-butyl acrylate)
brushes were grown.>” The addition of zinc(II) ions was enhancing the
formation of MSBNs with Zn*-imidazole interactions acting as
physical cross-links which ameliorated the mechanical response toward
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stretching. While numerous studies are reported in the literature on
MSBNs, the majority of these works are focused on the high
performances, e.g. improved strength and toughness along with the
healing properties at the expense of fundamentally understanding the
mechanical features of transient networks based on M-L

interactions.?%3841

Regardless of the application, the possible
industrial exploitation of transient networks hinges on their
processability under large deformation and on their rheological
behaviors. In this respect, the design of smart materials of
supramolecular network is dependent on our fundamental
understanding of their structure and dynamics in the molten state. The
mechanical responses are not only governed by the
association/dissociation events of the metal-ligand complexes but they
are also modulated by the internal dynamics of the building blocks
(entanglements). Therefore, the influence of these two processes on the
rheological properties and how they interact need to be addressed and
understood.

This chapter is the continuity of a systematic investigation on
viscoelastic bulk properties of terpyridine containing poly(n-butyl
acrylate)s dynamically cross-linked with different transition metal
jons.>* Precisely, a unique combined extensional and shear rheological
experimental data set is provided on well-defined entangled telechelic
star polymer as model system. The tridentate tpy ligand is used due to
its ability to easily form complexes of different binding constants with
a wide range of metal ions, thus allowing a decent control over the
complex strength. The zinc(Il), copper (II) or cobalt(Il) cations are
selected because of their thermodynamic stabilities and kinetics to form
bis(terpyridine) complexes.*> Moreover, they have the same charge and
similar ionic radius, making them suitable for comparison. Upon
addition of metal salts, dynamic MSBNs are obtained where metal-
ligand complexes act as physical cross-links. Results show that the
combination of M-L complexes along with polymer entanglements
dictates the resistance capacity of the transient network under load. The
amount of metal loading is systematically varied to control the ratio of
uncoordinated stickers. These unbounded ligands play an active role on
the network stress distribution and relaxation which occurs via ligand
exchange mechanism.>* Herein, the bulk rheological properties of
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reversible networks are not only dependent on the dynamics of physical
cross-links and building blocks but also on the presence of
uncoordinated stickers. They influence the rate of ligand exchange, the
stress redistribution under load and thus the transient network
mechanical features under large deformation. By altering the
temperature, we systematically vary the relative importance of the M-L
complexes, which allows us to determine their specific contribution to
the network properties. Moreover, the properties of these systems can
be finely tailored by varying the type or the nature of metal ions. In
section 5.2 the experimental procedures to elaborate transient networks
and the methods are summarized. The obtained experimental results are
explained in section 5.3 for shear rheology and in section 5.4. for
uniaxial extension rheology. The conclusions are drawn in section 5.5.

5.2 Materials and methods

5.2.1 Materials

The synthesis of the telechelic four-arm star (Mn = 249 kg/mol)
poly(n-butyl acrylate) end-capped with terpyridine ligand (4-arm star
PnBA-tpys) was achieved by reversible addition-fragmentation chain-
transfer (RAFT) polymerization in bulk condition as explained in
Chapter 2.* Details on the precursor sample are provided in Table 5.1.

b b 0
D cH0 -~ S S

D
Samples Mn, systema Mn, armb Z:Mn/ Me ¢ Dd Tge
(kg/mol)  (kg/mol) °O)
Star250k 249 62 3.4 per arm 1.20 -52

Table 5.1 Structural parameters of telechelic 4-arm star PnBA-tpys
polymers.*® Molar mass of whole system determined by 'H-NMR.®
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Number of entanglements calculated using Me = 18 kg/mol.d Molar
mass dispersity of the polymers determined by SEC, polystyrene
standards were used for calibration. ¢ Glass transition temperature
measured by DSC.

5.2.2 Highlights on cone partitioned plate (CPP)

Nonlinear shear measurements were performed on an Ares (TA
Instruments) rheometer equipped with a force rebalance transducer
(2KFRTN1), using a home-made stainless steel cone-partitioned plate
geometry designed by Vlassopoulos et al.***® Pioneered by the work
of Meissner et al.*’ and Schweizer et al.*** the latter is built to
properly fit into the ARES convection oven, ensuring an accurate
temperature control (+ 0.1°C). The tools have specific characteristics as
depicted in Figure 5.1.

Inner parallel plate
(0 = 6 mm)

Outer hollowed parallel plate
(Opoiiry = 6.2 mm, 0 = 15 mm)

Polymer sample

Cone geometry

Figure 5.1 Scheme of the cone-partitioned plate setup.*®

An inner measuring parallel plate with a diameter of 6 mm is directly
connected to the transducer and an external hollowed parallel plate with
an inner diameter of 6.2 mm and an outer diameter of 15 mm is used to
protect the measured part of the sample. Once aligned, the gap between
the two partitions is around 100 pm. A standard 50 mm diameter cone
with an angle of 0.04 rad and a truncation of 58 um was used as bottom
geometry to reach high strain value as explained by Vlassopoulos et
al.* Rheological measurements under large deformation of entangled
polymeric systems are often challenging due to the presence of flow
instabilities at high shear rate such as wall slip, shear banding or edge
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fracture. The use of the CPP geometry can postpone the latter anomaly
which allows us to collect more reliable data until the fracture that
appears at the extremity of the sample propagates into the measured
surface.

Dynamic meachanical measurements were carried out at given
temperatures, using stainless steel 8 mm plate—plate geometries. The
gap was adjusted between 400 and 500 pm so that the geometry was
completely filled. The sample was equilibrated in the rheometer at
130°C for 30 min. Dynamic frequency sweeps were performed at a
deformation amplitude of 3% over a temperature range of -20°C to
100°C and a frequency range of 10° — 107 rad/s. All dynamic
measurements were performed within the linear viscoelastic region,
which was determined from dynamic strain sweep experiments. At each
temperature, the equilibration was checked with dynamic time sweep
measurements up to 1 hour. The collected data were shifted along the
frequency axis using the time-temperature superposition (TTS),
yielding master curves that were constructed at the same reference
temperature Trr = 25°C. The temperatures for the nonlinear
measurement were fixed in such a way that both the terminal flow and
the rubbery plateau region can be observed in the frequency range from
100 to 0.1 rad/s.** Step-strain measurements were conducted with CPP
at several shear rates (100 — 0.1 s™') and at different temperatures from
60°C to 40°C. Samples were equilibrated at 130°C for 30 min. Fresh
samples were loaded when measurement reproducibility was beyond
the experimental error.

5.2.3 Highlights on filament stretching rheometer

Nonlinear uniaxial extensional measurements were performed
on a filament stretching rheometer (FSR) VADER 1000 with a force
transducer of 5 Newton.>® The device consists of a top and a bottom
cylindrical stainless steel plates with a diameter of 6 mm between which
the sample is sandwiched. A laser micrometer monitors the midfilament
plane of the sample. The top plate moves upward, leading to a stretching
of the filament and a load cell is mounted on the bottom plate as
illustrated in Figure 5.2.
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Upper geometry
(motor)
Laser beam source

Polymer sample

Lower geometry
(transducer)

Figure 5.2 Scheme of the filament stretching rheometer VADER 1000.

The sample was molded in the instrument at 130°C. At such
temperature, the MSP can flow to form a cylindrical shape with a fixed
radius of Ro = 3.0 mm and an initial length Lo when the top plate was
brought into contact with the sample. Once shaped, the sample was pre-
stretched to a radius Rp =2.7 — 2.8 mm at 130°C prior to the extensional
measurements. The temperature was then decreased to the experimental
temperature T and uniaxial stretching was performed under air and at
constant Hencky strain rate (£). The Hencky strain (¢) and the
corresponding mean extensional stress difference in the midfilament
plane <o,, — 0,,> are defined as follows"!

e(t)=-2 In 2O (5.1)
Rp
and
r-—L2 E
<Oy =0 >= —3 (t) X o 3 - (5.2)
1+ 5o ] exp|572

Where R(t) is the midfilament radius at time ¢ during a stretch
experiment, mris the filament weight, g is the gravitational acceleration,
F(t) is the force measured by the load cell, Ao = Lo/Ro is the initial aspect
ratio of the sample and it ranged between 0.4 and 0.5. The extensional
stress growth coefficient is defined as 77:1 =< 0,, — 0y >/E.
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5.3 Shear rheology

5.3.1 Influence of metal ion amount on the linear
viscoelasticity of MSBNs

From the systematic investigation on the linear viscoelastic of
metallo-supramolecular bulk networks formed with different transitions
metals, a focus is put on transient polymeric networks obtained with
zinc(I1), copper(Il) and cobalt(I) ions because they display interesting
dynamics with a decent compromise between frozen and labile
networks as presented in Chapter 3. While the influence on the nature
of metal ions over the linear rheology of MSBNSs is highlighted, another
factor such as the amount of added metal ions can also impact the
mechanical properties of the resulting metal-containing system. For the
following investigation, different amounts (0.50, 0.75 and 1.00 eq.) of
cations were added to the polymeric precursors to form transient
networks. Figure 5.3 shows the linear rheological properties at 40°C of
telechelic 4-arm star PunBA-tpys alone and mixed with different
amounts of metal ions. The reference precursor without metal ion is in
its terminal relaxation region. The latter is characterized by the cross-
over between the storage and loss moduli, G’(w) and G”’(®w) and
respectively exhibits scaling with w? and w' as expected from Maxwell
prediction. The cross-over gives a characteristic terminal relaxation
time (Trel = 1/®re1) which is around 27 ms at 40°C for the precursor.

245



CHAPTER 5

107 g""l T T T T R SRR |
106_5 T - 40°C Tre\,l.ODe?: 9.58's TreI,O.ISOeq: 267 mls‘ ]
e e By ey
10°§  Gl=160kPa 1 | ,mmmEEE :Lé;%
£ ] ARl e AT
— 4 iy e e
103 T W O/O:Q/g/ P 3
o 11 /D/ ./ O/O/././O/ ‘/ X
. 3] 7.° / o071 @ < i 1
o 10 3 0O /. O/ / % L . E
E a S s c e E
] n /. . ’/ & - Reference
10°3 o ~®--0- 0.50eq. -
E 2 1 0.75 eq. E
] 1 -m--0- 1.00 eq. ]
10" ' L .l

10° 10* 10" 10° 10" @ 10°

o [rad/s]
Figure 5.3 Linear rheology curves at 40°C of telechelic 4-arm star
PuBA-tpys (melts) with different amounts of copper(Il) ions. The
diamonds correspond to the reference polymer without metal ions. The

storage modulus G’ is represented by filled symbols, the loss modulus
G” by unfilled symbols.

Once different amounts of copper(Il) ions are added, the resulting
transient polymeric systems behave differently from one mole ratio to
the other. Initially, with 0.5 equivalents of Cu(Il) ions (which
corresponds to the stoichiometric amount of ions), the onset of the
plateau modulus is probed and the terminal relaxation time Trel, 0.5¢q =
267 ms is shifted to intermediate frequency. These observations certify
the formation of transient MSBN upon addition of metal ions where
metal-ligand complexes act as physical cross-links. As the amount of
added metal ions increases, the rubbery plateau is extended over two
and three decades of frequency with respectively 0.75 eq. and 1.00 eq.
Their terminal relaxation times are also shifted to lower frequency with
Trel, 0.75¢q = 3.34 s and Trel, 1eqg = 9.58 s, highlighting the formation of
more stable reversible networks where the majority of the M-L cross-
links dissociates at the timescale of the rheological experiment.

It must be noted that adding an excess of metal cations (0.75 or 1.00
eq.) compared to the theoretical stoichiometric ratio of 0.50 eq. gives
access to higher cross-linked polymeric systems with a higher rubbery
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plateau, which reaches a value close to the plateau modulus of
entangled PnBA polymers, 160 kPa. We attribute the lower plateau
level found with a lower amount of ions to the low density of metal ions
in the polymeric matrix, making part of the cations unable to coordinate
with terpyridine groups. Hence, at 0.50 eq. of metal ions, there is a
fraction of uncoordinated chains that is not participating to the
formation of the network. These dangling chains are relaxing at very
short time. By adding an excess of metal ions, this fraction decreases
because more transient junctions are formed and consequently the
number of chains participating to the elasticity of the MSBNSs increases.

The linear bulk rheological properties of MSBNs are strongly
influenced by the thermodynamic stability and the kinetics of exchange
of the M-L cross-links. As explained in Chapter 4, the ligand exchange
mechanism is considered in presence of uncoordinated chains for the
network relaxation.>* At low content of metal ions, e.g. 0.50 eq., the M-
L junctions can rapidly exchange due to the relatively high fraction of
uncoordinated terpyridine end-capped chains which is estimated around
40%. Hence, this fraction has a direct impact on the mechanical
properties by influencing the rate of cross-links remodeling under
deformation. As the amount of metal ions is approaching 1.00 eq.,
almost all tpy units are coordinated to metal ions reducing the fraction
of unbounded chains. The absence of uncoordinated tpy moieties
further slows down the ligand exchange process which hinders the
network remodeling and increases the network relaxation time. Note
that, the presence of high cross-linking density also leads to higher
fraction of entanglements trapped between two M-L junctions which
also participate to the elasticity of the transient networks. Since the
sample relaxation is governed by both the dissociation of the
supramolecular bonds and the disentanglement of the chains, thermo-
rheological complexity is observed at low frequency as shown in Figure
5.4, which presents the linear rheology of the telechelic 4-arm star
precursor and its resulting metallo-supramolecular bulk network over a
range of temperatures (from 80 to -20°C). Master curves are
constructed by setting the reference temperature at 25°C for all bulk
materials, and by applying the time—temperature superposition (TTS)
principle, based on the reference polymer without metal ions.
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Figure 5.4 a) Master curves for the reference sample Star250k and of
the Star250k + Cu(Il) measured at temperature T = 80°C (orange, %),
T = 60°C (dark green, o), 40°C (green, ¢), 25°C (cyan, A), 0°C (blue,
(1) and -20°C (magenta, V). The experimental data have been shifted to
a reference temperature of 25°C, based on the shift factors determined
for the reference samples. Additionally data are vertically shifted for
clarity. The storage modulus G’ is represented by filled symbols, the
loss modulus G” by unfilled symbols.
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Figure 5.4 b) The same horizontal shift factors (ar) are used for the
Star250k and for the Star250k + Cu(Il) with Trer = 25°C.
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To summarize, the uncoordinated terpyridine end-capped
chains can impact the relaxation of the transient networks and their bulk
properties. As more metal ions are added to the system, the polymeric
network becomes more cross-linked, the rate of ligand exchange
mechanism is reduced, and the resulting network further displays a
collectively higher resistance towards flow, i.e. longer relaxation time
and higher rubbery plateau. At some point, there should be a critical
amount of metal ions above which the ligand exchange mechanism is
becoming very slow because all stickers are associated and therefore
the fraction of uncoordinated chains reaches zero. This proposed picture
is supported by WAXS analysis reported in Figure 5.5, which shows
that there is no formation of metal cation aggregates or clusters from
the hydrophobic polymer matrix.

3 T T T T T T T T
Kapton Amorphous halo
tape peak l
E 2 i i
°
@
N
® 1 i
£
S )
2 1 1| ——1.00cuCl,
0.75CuCl,
0+ 4| ——o0.50Cucl,
Reference
Kapton
T T T T T T T T
0,0 0,4 0,8 1,2 1,6
q(A")

Figure 5.5 Wide angle X-ray scattering of telechelic 4-arm star PuBA-
tpy4 with different amounts of Cu(II)Clz. Only the polymer amorphous
halo is probed without any trace of aggregates at nanoscale.

By adding different amounts of transition metal ions to form
bis(terpyridine) complexes, it is possible to engineer the bulk linear
viscoelastic properties of metallo-supramolecular bulk networks.
Depending on the quantity of metals added, the latter directly influences
the density of active M-L cross-links (i.e. the structure of the transient
network) and the rate of metal-ligand exchange (i.e. the temporal
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response towards flow). It is expected that the nonlinear viscoelastic
properties of MSBNSs can be tailored using the same approach.

5.3.2 Influence of metal ion amount on the nonlinear
viscoelasticity of MSBNs

Start-up deformation is the most commonly applied
measurement to explore nonlinear rheological responses of molten
polymers. Herein, the startup shear data of a telechelic 4-arm star
precursor and its resulting reversible networks with different amounts
of copper(Il) ions are systematically measured at 40°C by using the CPP
geometry. For instance, Figure 5.6 illustrates typical transient shear
viscosity results for the precursor material and the transient network
obtained with 0.50 equivalents of copper(Il) chloride.

The precursor material exhibits a linear response when the
shear rate () is smaller than 31.62 s™', because the entanglement state
of the chains is left intact. In a dimensionless form, this deformation
rate corresponds to a Weissenberg number (Wi = y.7,.,;) below unity
and in this case homogeneous deformation is expected to prevail. Under
the condition Wi > 1, i.e. shear rate higher than the reciprocal relaxation
(fluctuations) time of the star precursor, a slight viscosity overshoot is
observed. The latter corresponds to a yield point delimiting the end of
an elastic deformation and the onset of an irreversible deformation.
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Figure 5.6 Transient shear viscosity at 40°C of a) telechelic 4-arm star
PnBA-tpys and b) telechelic 4-arm star PnBA-tpys + 0.50eq. of
Cu(I)Cl, at different shear rates ranging from 0.1 to 100 s™.
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Figure 5.6 Stress relaxation upon cessation of simple shear flow at
40°C for c) telechelic 4-arm star PnBA-tpy4 and d) telechelic 4-arm star
PnBA-tpys + 0.50eq. of Cu(II)Cl; at different shear rates ranging from
0.1to 10057

252



Nonlinear rheology of transient polymeric networks

While the precursor shows typical linear responses with a slight
hump at high shear rates, the transient networks with 0.50 eq. of
copper(Il) clearly displays four different regions. At relatively short
time the viscosity increases linearly which corresponds to the elastic
deformation region (i) as mentioned above. Note that the transient
viscosity does not overlap well with the linear viscoelastic envelope at
relatively short times, which is probobaly due to a time resolution issue
of the instrument itself. A clear overshoot region (ii) is probed when Wi
is above unity. The latter is attributed to the collective orientation and
stretching of the entangled transient network towards the deformation
which produces yielding.”?>* Below the yield point (or the maximum
transient shear viscosity), the sample undergoes complete elastic recoil
and can nearly fully recover its initial equilibrium state. The degree of
elastic recovery is related to the structural integrity of the entangled
MSBN. On the contrary, the recovery is impeded and cannot be fully
completed when the sample is far beyond the yield point. Right after
the overshoot, another region (iii) may appear, especially during high
shear rate startup measurement that reveals an undershoot in the
transient shear viscosity. The latter is attributed to the shear-induced
motion of the chains, i.e. the tumbling motion of entangled polymers as

suggested by Costanzo et al. %6 55,56

and confirmed by other studies.
Precisely, the chains initially stay aligned to the shear direction and then
they suddenly flip direction by a shear-induced rotation. Finally, the
steady state region (iv) is reached where the transient viscosity stays
constant with increasing shear strain. In this region, the deformation is
dissipative where the chains have remodeled themselves into less

entangled or no longer entangled structures in their deformed states.

Similar nonlinear investigations were conducted under the
same conditions, at different imposed shear rates (ranging from 0.1 to
100 s™') on dynamic reversible networks obtained with 0.75 and 1.00
eq. of CuCl; and results are reported in Figure 5.7.
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Figure 5.7 Transient shear viscosity at 40°C MSBNs obtained with a)
0.75eq. of CuClz and b) 1.00eq. of CuCl; at different shear rates ranging
from 0.1 to 100 s™".
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Figure 5.7 Stress relaxation upon cessation of simple shear flow at
40°C for MSBNs obtained with a) 0.75eq. of CuCl; and b) 1.00eq. of
CuCl, at different shear rates ranging from 0.1 to 100 s\

In order to compare the nonlinear data between the reference sample
and the transient networks cross-linked with M-L interactions, the

maximum transient shear viscosity (i.e. the yield point, 71;,,4,) and the
steady state shear viscosity (1]s¢eqqy ) are extracted from the results. For

instance, the empirical Cox-Merz rule is applied on the steady state
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shear viscosity of the 4-arm star precursor along with the transient

networks and results are shown in Figure 5.8.%
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Figure 5.8 Cox-Merz rule for telechelic 4-arm star PnBA-tpya (black,
0), with different amounts of copper(Il) ions 0.50eq. (blue, o),
0.75eq.(green, A) and 1.00eq.(red, [7) at 40°C.

The latter consists in comparing the complex viscosity obtained
from linear oscillatory shear rheology with the steady state transient
shear viscosity and checking if the following rule is validated.

() = 1" (@lw=y (5.3)

While the empirical rule can be applied and is validated for the 4-arm
star precursor which behaves as a classical branched polymer, it is not
valid anymore for the polymeric networks with M-L cross-linking
nodes. Indeed a deviation between the complex viscosity and the steady
transient viscosity is clearly observed and this discrepancy is beyond
the experimental margin error. Moreover, this difference in viscosities
is also consistent with the thermo-rheological complexity of these
MSBNs where both the entanglement/disentanglement processes of the
building blocks and the association/dissociation mechanisms of the M-
L complexes directly impact the resulting mechanical properties of the
materials. Indeed, since the empirical rule works for the precursor, the
Cox-Merz failure observed with the reversible networks can be

256



Nonlinear rheology of transient polymeric networks

attributed to the formation of M-L complexes with different density. To
confirm the aforementioned assumption, startup shear measurements
are also performed at higher temperature (e.g. 60°C). As the
temperature increases, the dynamics of M-L complexes is expected to
weaken because its thermodynamic stability and kinetic exchange are
altered compared to the values at 40°C. Consequently, the deviation in
the Cox-Merz rule should be less pronounced for data obtained at 60°C.
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Figure 5.9 Cox-Merz rule for telechelic 4-arm star PnBA-tpy. (black,
0), with different amounts of copper(Il) ions 0.50eq. (blue, o),
0.75eq.(green, A) and 1.00eq.(red, [7) at 60°C.

As expected, the empirical rule is still valid for the precursor material
at 60°C. Interestingly, Figure 5.9 shows that the discrepancy between
the complex and steady state viscosities decreases as the temperature
increases. Especially for transient networks obtained with 0.50eq. and
0.75eq. of copper(Il) ions, the gap becomes smaller, whereas for the
polymeric network obtained 1.00eq., a clear deviation is still present.
Thus, these results confirm the assumption that M-L complexes
originate the failure on the empirical Cox-Merz rule.

Additionally, the steady state shear viscosities are normalized
with respect to the dynamic zero shear viscosity which is given by:

No = GI(\)I- Trel (5.4)
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Where G 1(\), is the plateau modulus and T,; is the terminal relaxation
time. The ratio is plotted against the Weissenberg number based on the
terminal relaxation time which is defined as:

W, =7.Tre (5.5)
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Figure 5.10 Comparison of the normalized steady state shear
viscosities as function of the Weissenberg number based on the terminal
relaxation time for the 4-arm PnBA-tpys (black, ©), with different
amounts of copper(Il) ions 0.50eq. (blue, 0), 0.75eq.(green, A) and
1.00eq.(red, [) at 40°C.

From the dimensionless plot represented in Figure 5.10, it is observed
that all the steady state viscosities collapse into a universal trend for all
the systems with and without metal ions, displaying a shear thinning
behavior. The value of the slope (e.g. -0.79) is consistent with the values
reported in the literature on shear thinning polymers.***° For
example, Costanzo et al. reported similar slope value with linear
entangled polystyrene melts and solutions. Snijkers et al. also found that
the normalized steady shear viscosity data exhibit a slope smaller than

-1 for entangled 4-arm and 8-arm star polyisoprene melts.

Besides steady state viscosity, additional information can be
obtained by analyzing the maximum transient shear viscosity which is
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normalized to facilitate comparisons. For instance the Nmax/MNsteaay
ratio plotted against the shear rate can indicate the capacity of a material
to resist deformation as represented in Figure 5.11. Precisely, this ratio
can be seen as a measure of the cohesive strength of the entangled
transient network before its partial destruction in order to accommodate
large deformation.
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Figure 5.11 Comparison of the normalized maximum transient shear
viscosity as function of the shear rate for the 4-arm PnBA-tpy4 (black,
0), with different amounts of copper(Il) ions 0.50eq. (blue, o),
0.75eq.(green, A) and 1.00eq.(red, [1) at 40°C.

The entangled reference sample displays a viscosity ratio close to unity
with an extremely small increase that is weaker than the power law
slope of 0.20 at 40°C, meaning that the material does not exhibit any
significant resistance towards large deformation. This slope value of
0.20 is consistent with early report on linear entangled polystyrene
melts and solutions from Costanzo et al.*® Upon addition of metal ions,
this ratio starts to increase. Both the formation of a denser polymeric
network through the M-L complexes and the contribution of
entanglements trapped between these transient junctions enable the
resulting material to have a capacity to resist deformation. As the
amount of added metal ions increases, this resistance capacity increases
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as well due to the fact that more physical cross-links with a longer
lifetime are formed via M-L complexes as explained in Section 5.3.1.
Consequently, more chains are participating to the elasticity of the
network as illustrated in Figure 5.12, resulting in a higher collective
resistance towards deformation. This is why the highest maximum
viscosities are obtained when 1.00eq. of copper(II) ions is used to form
a transient network. For instance at ¥ = 56.23 s™', the Npax/ Nsteady
ratio has increased by 73% with 0.50eq., by 134% with 0.75eq. and by
248% with 1.00eq. of ions compared to the reference. Note that at the
highest shear rate (e.g. y = 100 s™), a decrease of this ratio is observed,
which can be attributed to the sample breakage at high shear rate.

[ v | T e X
- % - ] .
@ a & @ a & @
C v % 10 @° “la

M-L cross-linking density A

Figure 5.12 Schematic view of metallo-supramolecular networks
obtained from telechelic 4-arm star precursor, highlighting the
influence of physical cross-linking density.

This larger resistance to flow observed with increasing the amount of
metal ions can be validated by checking the stress component during
startup shear measurements. Precisely, the maximum transient shear
stress (04 ) 18 extracted and plotted against the shear rate as illustrated
in Figure 5.13. It is observed that when one equivalent of copper ions
is used to form a transient network with higher cross-linking density,
the stress needed to reach the overshoot is indeed higher than that
obtained with 0.75eq. or 0.50eq., which confirms the influence of M-L
junctions on the capacity of the material to withstand deformation.
Furthermore, it is observed that the stress component varies linearly in
a log-log scale as function of the shear rate with respectively a power
law of 0.4 for MSBNs and 0.6 for the reference. To our knowledge,
these values are unfortunately not reported in the literature. So no
further comparison or discussion can be elaborated.
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Figure 5.13 Comparison of the maximum shear stress component as
function of the shear rate for the 4-arm PnBA-tpys (black, ¢), with
different amounts of copper(Il) ions 0.50eq. (blue, 0), 0.75eq.(green, A)
and 1.00eq.(red, [1) at 40°C.

Last but not least, the effect of temperature is investigated in
nonlinear shear rheology of these systems. Precisely, the temperature is
increased up to 60°C and startup measurements are performed at
different shear rates. Figure 5.14 summarizes the maximum transient
viscosity results obtained at higher temperature. While the M;0x/
Nsteady ratio remains close to one for the 4-arm star precursor due to
entropy elasticity, the MSBNSs still exhibit a certain capacity to resist
deformation but the latter has clearly decreased when compared with its
behavior at 40°C. As mentioned above, this decrease is attributed to the
fact that the dynamics of M-L complexes weaken with increase in
temperature. More precisely, the binding strength of the bis(terpyridine)
complexes decreases and kinetic exchange increases, resulting in less
stable and more labile cross-linking junctions within the polymeric
network. These results are consistent with the fact that M-L complexes
originate from and dictate the capacity of the material to resist
deformation. In fact, compared to the ratios at 40°C, the latter have only

261



CHAPTER 5

increased by 20-22% for 0.50 and 0.75eq. and by 53% for 1.00eq. at a
similar shear rate of 56.23 s™. Hence, besides the amount of metal ions,
the ability of a transient network to withstand large deformation can
also be engineered by varying the temperature. While the increase in
temperature leads to more labile and less stable complexes, decreasing
the temperature will result into a transient frozen network where the
dynamics of the stickers and of the macromolecules can be significantly
slowed down.
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Figure 5.14 Comparison of the normalized maximum transient shear
viscosity as function of the shear rate for the 4-arm PnBA-tpy4 (black,
0), with different amounts of copper(Il) ions 0.50eq. (blue, o),
0.75eq.(green, A) and 1.00eq.(red, [7) at 60°C.

5.4 Uniaxial extensional rheology

5.4.1 Effect of metal ion amount on the nonlinear
viscoelasticity of MSBNs

It is then envisioned that the M-L mechanism can also be
exploited to tune mechanical response towards tensile stress where
larger deformation can be achieved. To do so, the mechanical properties
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of MSBNs are investigated using the filament stretching rheometer
(FSR) VADER 1000 where strong unidirectional flow can be achieved
and the tumbling effect cannot occur due to the absence of any
rotational component. The nonlinear uniaxial extensional responses of
the MSBNSs obtained with different ratios of copper(Il) ions are reported
in Figure 5.15.

Indeed, in absence of the tumbling effect, the extensional
response at different Hencky strain rates (€) shows a strain hardening
behavior for all samples stretched at 40°C. As a preliminary
comparison, one can focus on the applied € for each transient network.
For instance with 0.50eq. of CuCly, the highest Hencky strain rate (¢ =
3 571 can be applied to stretch the material, whereas with 0.75eq. and
1.00eq. of metal ions, such deformation rate cannot be applied because
it will generate important normal forces exceeding the highest limit of
the force transducer (5 Newton). Similarly, a deformation rate of € = 1
s! cannot be applied as well for MSBN obtained with 1.00 equivalent
of copper. On the contrary, the lowest Hencky strain rate that can be
applied with 0.75eq. or 1.00 eq. of cations is ¢ = 0.03s". Below this
rate, the mechanical response of the material is not strong enough as the
transducer sensitivity limit is reached.

The limited range of elongation rates applied to a material can
give preliminary insights about its mechanical behavior. Indeed, for
instance the transient network obtained with 1.00eq. of copper exhibits
higher collective resistance to deformation due to its high cross-linking
density. As a direct consequence, the stress needed to deform the
network for a given strain is more important at 1.00 eq. than for 0.75¢q.
or 0.50eq. This is why the upper limit of the force transducer is
exceeded with deformation rate of ¢ = 1 s”'. The same rate can be
applied to the two other reversible networks with lower cross-linking
densities. Note that for the reference system, the mechanical responses
are very weak even at the highest shear rate, displaying extremely noisy
data. Hence, no decent data have been collected for the telechelic 4-arm
star polymeric precursor, indicating once more the key role of the M-L
complexes. The combination of both the supramolecular junctions and
the entanglements trapped in the transient network directly impacts the
resistance ability of the material under load.
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Figure 5.15 The extensional stress growth coefficient n7 at different
constant Hencky strain rates and at 40°C for transient networks
obtained with a) 1.00eq. b) 0.75¢eq. and ¢) 0.50eq. of copper(Il) ions.
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Figure 5.15 The extensional < g,, — 0, > at different constant
Hencky strain rates and at 40°C for transient networks obtained with d)
1.00eq. e) 0.75¢eq. and f) 0.50eq. of copper(Il) ions.
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From the uniaxial extension data reported in Figure 5.15,
MSBNs exhibit a large strain hardening behavior, attributed to the
significant chain stretch in extensional flow which cannot be obtained
in shear flows. Precisely, strain hardening highlights the resistance of
the reversible polymeric networks, which prevent the disentanglement
process during extensional tests, until reaching the point at which the
complexes cannot resist further to the chain stretch and dissociate. It is
thus observed that the final collapse of the entanglement network is
effectively delayed with increasing the cross-linking density. Such
postponed behavior can be favorable for film blowing or fiber spinning
process. In order to compare the transient extensional viscosities of the
different networks, the steady elongational viscosity (7 5.) parameter
is extracted from different rates of deformation. They are then plotted
against the deformation rate and results are reported in Figure 5.16.
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Figure 5.16 Comparison of the elongational steady stretch viscosity
(Mg se) and the dynamic complex viscosity (solid lines, multiplied by
the Trouton ratio 3) as function of the Hencky strain rate for the 4-arm
PnBA-tpys with different amounts of copper(Il) ions 0.50eq. (blue, 0),
0.75eq.(green, A) and 1.00eq.(red, [7) at 40°C.

It appears that this extensional hardening tendency follows a pattern in
which the magnitude of the strain hardening increases when the
deformation rate increases. Indeed, 7 5, decreases linearly in a log-log
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scale with increasing the Hencky strain rate with a slope of -0.50 for all
MSBNSs. This pattern is consistent with earlier reports on associating
polymers that form transient networks or for slightly branched
polymeric systems.”®> In uniaxial extension, the model MSBNs
display strain hardening behavior even at Hencky strain rates below
their respective reciprocal terminal relaxation times (see Table 5.2),
highlighting the contribution of the physical M-L cross-links.

Samples Tret () Trel ' (s)
Star250k + 0.50eq. Cu(II) 0.27 3.74
Star250k + 0.75eq. Cu(Il) 3.34 0.30
Star250k + 1.00eq. Cu(I) 9.58 0.10

Figure 5.2 Terminal relaxation times of the metallo-supramolecular
bulk networks formed with different ratios of Cu(Il) ions. The
timescales are obtained from the SAOS measurements.

Even though it is not the main objective of this chapter, it is noteworthy
to mention that melt fractures are observed when the imposed Hencky
strain rate is larger than the reciprocal of the terminal relaxation time of
the viscoelastic transient network during uniaxial extensional tests.%
This is why at € = 3 s”! the steady stretch elongational viscosity could
not be probed before the melt fracture occurs for MSBNs formed with
0.75eq. of copper(Il).

As expected, the transient network obtained with 1.00eq. of
metal ions exhibits the highest 1y ;. because more transient junctions
are formed. Similarly to the shear rheology presented above, the bulk
tensile mechanical features of MSBNs can also be modulated by
varying the amount of added metal ions. For instance, when the metal
ratio is increased from 0.50 to 0.75 equivalents of copper ions, the
steady elongational viscosity is impressively augmented by a factor of
10. This result can be understood by the fact that the density and
lifetime of the transient cross-links increases with increasing the
amount of metal ions. Indeed, with 0.50eq. of copper ions, the
proportion of dangling arms, i.e. the arms which are not participating to
the transient network, has been estimated to 40% based on the linear
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viscoelastic data. This means that in average, a star molecule has 2.4
connections with its neighboring molecules. On the other hand, with
0.75eq. ions, the dangling arms only represent around 20% of the
sample, which corresponds to an average of 3.2 connections per
molecules. Therefore, in this last case, the network connectivity is
significantly increased. The formation of a larger number of transient
junctions also leads to a larger contribution from the entanglements as
more chains segments are trapped. In order to relax, the stickers have
to dissociate first to let the chain arms relax through fluctuations.

Then, it is observed that increasing the amount of metal ion
from 0.75 to 1 equivalent does not lead to another significant increase
in ng s. but rather a slight gain of 2, despite the fact that the cross-
linking density is increased from 80% of cross-linked arms with 0.75
eq. ions to 100% of cross-linked arms with 1.00eq. of ions. A transition
from a very extensible network to a more rigid material is obtained. A
possible explanation for this difference in bulk extensional properties is
related to their respective ligand exchange mechanism. Indeed, from the
analysis of the LVE data (see Chapters 3 and 4), we know that the ligand
exchange process allows a faster relaxation of the transient network.
Similarly, it is expected that the presence of free ligands enables a faster
destruction/reconstruction of the complexes under extension, thus
leading to a material able to withstand high deformation, as illustrated
in Figure 5.17. On the other hand, a drastic reduction of uncoordinated
tpy units in the bulk network (as observed with 1.00eq. of ions) would
severely slow down this rate of exchange, altering the stress release
within the sample. Consequently, the network cannot adapt to the
deformation anymore and breaks at lower strain.
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Figure 5.17 Scheme of the MSBN a) at equilibrium and b) under
mechanical stress where chains are initially stretched. At a certain
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critical deformation, the M-L junctions rupture to release the stress,
protecting the network from any breakage of covalent bonds.

As mentioned earlier, the uncoordinated chains have an active role on
the bulk mechanical properties of MSBNs. Herein, from the theoretical
model explained in Chapter 4, the proportion of dangling chains (i.e.
uncoordinated terpyridine ligand) is estimated to be around 40% when
0.50eq. of ions are added, 20% with the ratio of 0.75 equivalents and
0% in the case where 1.00eq. of copper chloride ions is used. Therefore,
based on the above explanation, we could have expected a very large
deformability of the transient network containing 0.50eq. of ions since
the complexes can easily break and reform. But in average, its
connectivity number of 2.4 is not sufficient to correctly form well cross-
linked polymeric network. It rather gives an extremely loose and
slightly cross-linked material. Under extension, the resulting system is
initially stretched and exhibits strain-hardening behavior till the M-L
complexes dissociate. While breaking, the stress is released and the
initially connected chains are not stretched anymore and the whole
system collapses due to the lack of connected star arms. In the case of
the reversible network formed with 0.75eq. of Cu(Il), the MSBN has in
average 3.2 associated arms, allowing the formation of a relatively well
cross-linked material with 20% of uncoordinated arms. So, during the
M-L dissociation, the material remains sufficiently cross-linked, letting
the connected arms to withstand further stretch before collapsing.
Hence, the transient network exhibits a larger strain hardening
compared to the one formed with 0.50eq. of copper.

Another way to explain this large strain hardening observed
with 0.75eq. is the finite extensibility argument. Since the 0.75eq.
sample still contains a large fraction of dangling ends (20%), the
average molar mass between two cross-linking points is increased
compared to the 1.00eq. network. This provides a larger “reservoir” of
deformation, before reaching the maximum stretch at which the
complexes break. These dangling ratios are consistent with the
interpretation of the experimental extensional results, indicating that the
M-L complexes along with the uncoordinated ligands do impact the
kinetics of the ligand exchange. The latter ultimately influences the
transient viscosity, the extensibility and the rigidity of the polymeric
material.
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5.4.2 Effect of metal ion type on the nonlinear
viscoelasticity of MSBNs

Besides varying the amount of metal ions, the extensional
properties of metallo-supramolecular bulk networks can also be
engineered by changing the nature of the transition metal ions. Similarly
to the linear shear rheology data, it is envisioned that nonlinear
extensional viscoelastic properties can be finely tailored as well. It is
established that the capacity of a network to resist large deformation is
originated and dictated by the M-L complex coupled with
entanglements and its ligand exchange mechanism. Then, changing the
nature of the transition metal ions should directly affect the dynamics
of these reversible junctions and ultimately the nonlinear extensional
viscoelasticity of the material. Figure 5.18 summarizes the nonlinear
extensional data of MSBN obtained by adding 0.50eq. of cobalt(II) ions
instead of copper(Il). While both transient networks formed with
0.50eq. of copper(I) and 0.50eq. of cobalt(Il) exhibit almost similar
complex viscosity in linear rheology, a significant difference between
these two materials is spotted in uniaxial extensional measurements. In
fact, it is observed that the transient steady stretch viscosities of MSBN
with 0.50eq. of Co(Il) are always higher compared to the network
formed with Cu(Il) ions with the same ratio. This difference can be first
explained by the fact that bis(terpyridine)-cobalt complexes have a
higher binding constant and are kinetically less labile than
bis(terpyridine)-copper complexes.*?
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Figure 5.18 a) Comparison of the extensional stress growth coefficient
nj at different constant Hencky strain rates and at 40°C for transient
networks obtained with 0.50eq. of copper(Il) and 0.50eq. of cobalt(II).
b) The extensional < 0,, — 0, > at different constant Hencky strain
rates and at 40°C for transient networks obtained with cobalt(II) ions.
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For all deformation rates, the MSBN formed with cobalt exhibits the
highest steady elongational viscosities 7, indicating that the material
displays higher capacity to resist deformation. While the proportion of
free ligands is the same at 0.50eq. for both copper and cobalt, the
longest effective association time differs from one ion to another. It is
indeed shown in Chapter 4 that cobalt complexes have the longest
effective association time Tf;,q; Which is equal to 70s at 40°C, whereas
for copper complexes, Trinq; = 50s at the same temperature. However,
this difference in timescales does not significantly affect the mechanical
properties since both MSBNs have similar complex viscosities. So
presumably it is the stability of the bis(terpyridine)-metal complexes
that plays a major role. Herein, the cobalt complexes display high
binding strength and are more stable than copper ones.*? Therefore
MSBN formed with Co(Il) ions can support larger deformation and
more stress is required for all the stickers to be dissociated at least once.
As a direct consequence, the material can resist longer and exhibits
better resistance toward extensional deformation than copper
containing network because the rate of exchange and the stability differ
from one type of metal ion to another. Hence, it is expected that under
load the bis(terpyridine)-copper junctions will be the first to break down
compared to cobalt based physical cross-links to release the stress.

On the contrary, if a more labile (or less stable) metal ions is
used such as zinc(Il) to form MSBN, one can easily expect that the
resulting material exhibits a resistance capacity lower than transient
networks obtained with copper(Il) and cobalt(Il) ions. Because the M-
L junctions are relatively weak and will easily succumb to deformation.
In fact, results shown in Figure 5.19 confirm that the physical cross-
links formed with zinc(Il) ions are too weak to provide any additional
mechanical strength to the material due to the fact that they keep on
associating and dissociating very fast with time.
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Figure 5.19 The extensional stress growth coefficient n7 at different
constant Hencky strain rates and at 40°C for transient networks
obtained with a) 1.00eq. b) 0.75¢eq. and ¢) 0.50eq. of zinc(II) ions.

Experimentally, a set of acceptable extensional data has been collected
only at the highest Hencky strain rate of 3 s™! or 1 s and yet the results
are noisy, confirming the formation of a weak labile network unable to
provide strong enough mechanical responses. This lability can be
slightly compensated by increasing the loading of metal ions. As shown
in Figure 5.19, adding more zinc(Il) leads to slightly better mechanical
responses of the transient networks toward extensional tests because the
number of elastic chains participating to the network formation
increases, but their resistance ability still remains weak compared to the
other reversible networks formed with more stable metal salts such as
Cu(II) or Co(Il). These results indicate that the mechanical response in
uniaxial extension can be finely tailored not only by varying the amount
of added metal ions but also by changing the nature of the transition
cations. Depending on the identity of the cations, the stability and
kinetics of the physical cross-links vary accordingly, enabling to
achieve a very versatile and reversible network with tunable transient
viscosity, extensibility or resistance capacity under load. Ultimately the
network formed with these physical cross-links displays dynamics with
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a superior mechanical adaptability under load compared to covalently
cross-linked materials.

Note that from linear rheology, it was previously reported that
the telechelic star polymers cannot relax when the stickers are
associated. The M-L complexes must first dissociate in order to allow
the star arms to relax by fluctuation mechanisms.3*** In nonlinear
rheology, if the deformation rate is higher than the reciprocal of the M-
L dissociation time, then the breakage of the stickers can be accelerated
by the imposed deformation. Therefore these M-L junctions can rupture
at the timescale of the deformation, dissipating energy and facilitating
the chain orientation.

5.4.3 Effect of temperature on the nonlinear
viscoelasticity of MSBNs

The influence of temperature on the mechanical responses of
MSBNSs is also investigated for different transient networks obtained
with different loadings of copper(Il) ions. The temperature is increased
up to 60°C and uniaxial extension measurements are performed at
different Hencky strain rates. The results reported in Figure 5.20. show
that at elevated temperature, the mechanical responses under
extensional load are completely different from these at 40°C.
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Figure 5.20 The extensional stress growth coefficient n7 at different

constant Hencky strain rates and at 60°C for transient networks
obtained with a) 1.00eq. b) 0.75¢eq. and ¢) 0.50eq. of copper(Il) ions.

Precisely, it is first observed that an acceptable set of data can be
collected only at high deformation rates where the material gives strong
enough mechanical response under load. Below a deformation rate of
0.6 s, the sensitivity limit of the transducer is reached, resulting in
extremely noisy data which are not considered here (data not shown).
While the results are slightly noisy even at high &, the strain hardening
tendency is still present and is attributed to the M-L complexes. This
indicates that the stickers remain active but their effectiveness is clearly
weakened with increasing temperature as mentioned in section 5.3.2.
As a direct consequence, the level of transient steady elongational
viscosity is lowered at 60°C with respect to 1y 5, obtained at 40°C for
all reversible networks. These results indicate once more the
dependence of the bulk nonlinear extensional viscosities on the strength
and stability of the M-L complexes. The dynamics of these physical
cross-links can also be engineered by varying the temperature which
directly impacts the relative importance of the M-L complexes.
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5.5 Conclusions

In this Chapter, a systematic investigation of the nonlinear
shear and extensional viscoelastic properties was conducted on well-
defined telechelic four-arm star PnBA-tpys. The latter can associate via
metal-ligand coordination where bis(terpyridine) cross-links of
different stability are formed with several transition metal ions (Zn%*,
Cu?* and Co?*). From the experimental data, the possibility to tailor the
rheological properties of model MSBNs was demonstrated by
controlling both the structure and the mechanical response of metallo-
supramolecular bulk networks. Under deformation, the bulk
mechanical properties of these transient networks are significantly
modulated by the cross-linking density and also by the stability of the
M-L complexes. Both in shear and in uniaxial extension, it was
observed that M-L complexes originate and dictate the ability of the
network to withstand large deformation. While the formation of metal-
ligand cross-links is enhanced by addition of metal salts, the transient
junctions also enhance the contribution of trapped entanglement to the
mechanical properties of the material under load. Both the M-L
complexes and the entanglements have a strong impact on the
rheological properties of the transient networks under deformation.
Additionally, the presence of uncoordinated chains, which directly
influences the ligand exchange mechanism, also plays an active role
and modulates the bulk mechanical properties of MSBNS.

We demonstrated that the bulk rheological properties of these
systems can be engineered by varying the nature or the amount of added
metal ions to form complexes. Particularly, we observed the evolution
of the mechanical responses over a wide range when different ratios of
metal ions were incorporated. In fact, the polymer network becomes
more cross-linked with an increase in metal loadings and consequently
more chains participate to the elasticity and connectivity of the network.
This is why an increase in transient viscosities with increasing metal
loadings was observed during shear and uniaxial extension
measurements. In uniaxial extension, the model MSBNs display strain
hardening behavior even at Hencky strain rates below their respective
reciprocal terminal relaxation times, highlighting the contribution of the
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physical M-L cross-links. In presence of a rotational component, strong
shear thinning behavior is obtained at similar deformation rates in
nonlinear shear flow. Herein, increasing the amount of added metal ions
significantly reduces the fraction of uncoordinated chains from 40% for
0.50eq. of ions down to zero for 1.00eq. As a direct consequence, the
rate of ligand exchange is decreased under deformation. The latter is
considered extremely important since it governs the stress distribution
and the chain relaxation within the reversible networks. Ultimately the
extensibility or the capacity to resist deformation are influenced by this
rate of remodeling the physical cross-links, allowing us to obtain a very
extensible polymeric network or more rigid materials.

This ligand exchange process can also be modulated by varying
the nature of the transition metal ions or by altering the temperature.
For instance, zinc(ll) metal ions lead to the elaboration of relatively
weak MSBN with low transient viscosities, whereas networks formed
with copper(11) or cobalt(I1) ions lead to superior mechanical properties.
This is attributed to the fact that more stable and less labile
bis(terpyridine) junctions are formed with Cu(ll) and Co(ll) compared
to Zn(1l). Similarly, by altering the temperature, we systematically vary
the relative importance (stability and kinetics) of the M-L complexes,
which allows us to tailor their specific contribution to the network
properties. Increasing the temperature results in materials with lower
transient viscosities and lower resistance capacity because the M-L
interactions are considerably weakened. It was previously reported that
in linear rheology, the associating star polymers cannot relax when the
stickers are attached. The M-L complexes must first dissociate in order
to allow the star arms to relax by fluctuation mechanisms.3*4* However,
in nonlinear rheology, the sticker dissociation can also be altered by the
deformation rate. For instance if the deformation rate is higher than the
reciprocal of the sticker dissociation time, then the rupture of stickers
might be accelerated by the imposed deformation. Consequently these
M-L cross-links can rupture prior to covalent bonds at the timescale of
the deformation, dissipating energy and facilitating the chain
orientation. To summarize, the incorporation of terpyridine ligands
within well-defined four-arm star polymers allows the elaboration of
dynamically tailorable transient networks with improved mechanical
properties (viscosities, extensibility, and resistance capacity). Precisely,
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the dynamics of the metal-ligand complexes and entanglements control
the structural and the temporal parameters of MSBNs. Additionally,
these M-L complexes can also be used as sacrificial bonds to protect
the covalent network from dramatic failure when the material is
exposed to large deformation.

Note that under large deformation, flow instabilities such as
shear banding or wall slip can occur at high rates of deformation.
Precisely, if the shear rate is higher than the reciprocal characteristic
relaxation time of the polymeric material, there might be a coexistence
of different shear rates along the internal sample structure.
Consequently, the polymeric material cannot respond uniformly during
startup deformation, leading to unreliable set of data. In the case of
entangled supramolecular polymers, it is assumed that flow instabilities
happen if the deformation rate is higher than the sticker lifetime instead
of the terminal relaxation time. Herein, we consider that the inverse of
the sticker lifetime is higher than the range of deformation rate
examined. Hence, flow instabilities should not occur. To confirm it, we
tried to experimentally determine the metal-ligand lifetime via
broadband dielectric relaxation spectroscopy (DRS). Details on the
DRS analysis of MSBNs will be presented in Chapter 6. Results from
DRS indicate that indeed the reciprocal of the sticker lifetime is higher
than the deformation rate, confirming the absence of any flow
instabilities during the nonlinear rheology measurements.
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Chapter 6

Dielectric relaxation spectroscopy
of transient polymeric networks

Abstract

In this Chapter, the entangled telechelic four-arm star poly(#n-
butyl acrylate) end-capped with terpyridine was used to form metallo-
supramolecular bulk networks (MSBNs) upon addition of copper(Il)
ions with different ratios. Their dielectric responses were measured via
dielectric relaxation spectroscopy (DRS) to experimentally determine
the lifetime of the metal-ligand coordination. DRS results reveal a high
frequency a-relaxation which is attributed to the segmental motion of
the chains close to the thermal glass transition temperature, followed by
a low frequency ap-relaxation which is presumably associated to the
dynamics of the M-L complexes. These timescales are then compared
with the linear viscoelastic properties of MSBNs to confirm the peak
assignment and the consistency of the results.
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6.1 Introduction

Supramolecular polymeric networks based on metal-ligand
coordination as physical cross-links represent a promising class of
materials in the field of associating polymers. The metal-ligand
coordination is particularly interesting because these interactions are
highly directional and versatile. The associating strength of these non-
covalent interactions can be tailored by varying the nature of the ligand
or the nature of the metal ions.!? The use of weak metal-ligand
coordination within polymer systems leads to viscous liquid-like
materials. On the contrary, relatively stable and strong M-L interactions
give access to rubber-like polymeric networks. Moreover, these
reversible complexes display a thermal dependence. At high
temperatures, M-L interactions are weakened and the associating
polymers behave as Newtonian fluids because the thermodynamic
stabilities and the association/dissociation kinetics of M-L complexes
are altered. On the other hand, at low temperatures, metallo-
supramolecular polymers behave as soft elastic networks in which a
rubbery plateau covers many decades in frequency.

While lots of studies have been reported on designing metallo-
supramolecular polymers with various structural building blocks, the
fundamental understanding on the reversibility of these interactions and
its impact on the local and the global dynamics of the metallo-
supramolecular polymers is not fully established. Hence, understanding
the rich mechanical properties of such metallo-supramolecular
polymers is indeed challenging.® It can offer great opportunities to
engineer the dynamics of such associating systems in the field of smart
soft materials. In this Chapter, the dielectric behavior of a well-defined
entangled model system is reported. The latter is based on an entangled
telechelic four-arm star poly(n-butyl acrylate) end-capped with
terpyridine ligand with low dispersity (P < 1.3).* Upon addition of
different transition metal ions with various ratios (from stoichiometry
to excesses), reversible metallo-supramolecular bulk networks
(MSBN:Ss) are formed. They appear completely amorphous with a glass
transition temperature around -52°C and thus can be used as model
systems to study their dynamics over a wide range of temperatures and
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frequencies. The formation of transient networks is confirmed in
rheology (small amplitude oscillatory shear measurements).

This work is inspired by the great investigations conducted by
Colby et al. on ionomers to provide a molecular level understanding of
dynamics of these associating systems combining several experimental
techniques such as X-ray scattering, oscillatory shear and dielectric
relaxation spectroscopy (DRS).5® Their DRS results showed that the
associating ionomers display two dipolar relaxations, one relaxation is
assigned to the segmental motion of the polymer and the other one is
attributed to the ionic interaction rearrangement between isolated pairs
and ionic aggregates.”!'® Similarly, this work is a continuation of the
efforts to fully understand how the process of association/dissociation
of the reversible M-L complexes and the mechanism of
entanglement/disentanglement of the building blocks control the global
dynamics of the metallo-supramolecular bulk networks. Dielectric
relaxation spectroscopy is used to independently determine the lifetime
of metal-ligand complexes. The dielectric spectrum of the MSBNs
typically displays a prominent o relaxation at high frequencies,
attributed to the segmental motion of the polymeric chain. It is followed
by a slower a2 relaxation associated to the reversible metal-ligand
coordination, which is defined as the (possible) sticker lifetime. The
general rheological and dielectric behavior of the entangled metal-
containing transient networks is further discussed.
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6.2 Materials and methods

6.2.1 Materials

D\\/D (J:i N \
D oo, o~ s sl Ao Lo Ny <
/ N oA :
E‘[ O’I‘OLT H i] =
| e
1 N
D
Samples Mn, systema Mn, armb Mn/ Me ¢ Dd Tge
(kg/mol)  (kg/mol) °O)
Star 250k 249 62 3.4/ arm 1.20 -52

Table 6.1 Structural parameters of telechelic 4-arm star PnBA-tpys
polymers. »° Molar mass of the whole system determined by 'H-NMR.
¢ Number of entanglements calculated using M. = 18 kg/mol. ¢
Dispersity of the polymers determined by SEC, polystyrene standards
were used for calibration. © Glass transition temperature determined by
DSC."

6.2.2 DRS measurements

The dielectric measurements of the MSBNs were performed
using dielectric relaxation spectroscopy. Samples were prepared for
measurement by allowing them to flow and cover a 40 mm diameter
freshly polished brass electrode at 130°C under vacuum. To control
sample thickness, a silica spacer of 50 pm thickness was placed on top
of the 40 mm diameter electrode before placing the sample. Then a 10
mm diameter freshly polished brass electrode was placed on top to form
a parallel plate capacitor cell which was squeezed to a gap controlled
by the spacer. The MSBN/electrodes sandwiches were positioned in a
Novocontrol GmbH Concept 40 broadband dielectric spectrometer,
after being in a vacuum oven at 60°C for 12 h. Each sample was then
annealed in the instrument at 120°C in a heated stream of nitrogen for
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1 h prior to measurement to remove moisture acquired during sample
loading. The dielectric permittivity was measured using a sinusoidal
voltage with amplitude 1.5 V over a 10!-10° Hz frequency range during
all experiments. Data were collected in isothermal frequency sweeps
every 5°C, from (Tg + 170°C) to (Tg.- 100°C).

6.3 Results and discussion

6.3.1 Dielectric relaxation

Broadband dielectric spectroscopy is a technique which relies
on the interaction between the electric dipole entities in the sample and
an external field.!> The relaxation process is related to the molecular
fluctuations of dipoles originating from the movements of molecules in
an electric field. Experimentally, frequency sweep measurements are
typically conducted at given temperatures to measure the complex
permittivity which is defined as follows:

e*(0) = ¢’ (w) —ie”(m) (6.1)

where €’ is the storage permittivity and €” is the loss permittivity. Figure
6.1 depicts the dielectric spectrum of the telechelic four-arm star
precursor without metal ions at various temperatures.
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Figure 6.1 (a) Storage permittivity and (b) Loss permittivity as a
function of frequency for the reference sample Star250k measured at
temperature T = 100°C (red, «), T = 80°C (orange, %), T = 60°C (dark
green, 0), 40°C (green, o), 25°C (cyan, A), 0°C (blue, [), -20°C
(magenta, V) and -40°C (black, X). A sharp decrease of the dielectric
imaginary part with a slope of -1 is observed from low to high
frequency, corresponding to strong electrode polarization effect.

While the storage permittivity decreases with increasing  till reaching
a frequency-independent region, the loss permittivity exhibits a
maximum peak with increasing «. This maximum permittivity €’ max is
then probed at temperatures close to the Tg The frequency
corresponding to the maximum loss permittivity, f,, determines the
characteristic relaxation time, 7,..; = 1/2nf,. From this result, it seems
that the star precursor only shows one single relaxation peak with a
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corresponding relaxation time. This single relaxation mode is attributed
to the a-relaxation process which corresponds to the segmental motion
of the chain near the glass transition temperature. The empirical Vogel-
Fulcher-Tammann (VFT) equation is used to certify that the £’ max peaks
probed at temperatures close to the Ty correspond to segmental motions
of the chains.'*!* To do so, the peak relaxation frequencies (®max) are
plotted as a function of the inverse temperature and are compared with
the VFT function as reported in Figure 6.2.

& Star250k

o VFT parameters A

S W =5.72x 105ms! |

= D=6.37 4
Ty,=161K

max

log ®

- T,(DRS)=220K -~

5 | 6

1000/T (K™)

Figure 6.2 The structural a-relaxation rates for the telechelic four-arm
star PuBA-tpy4 as function of the inverse temperature. The solid line is
a fit using the VFT equation. The green pentagon data point represents
the Ty defined from DRS. The Ty (DRS) is obtained from dielectric
measurements by extrapolating the VFT fit of the a-relaxation process
to a value of 100 s.

The empirical VFT equation is defined as follows:

DT,
Wmax = W €XP (_ T—;o) (6.2)

Where w,, is the high-temperature limiting frequency, D is the strength
parameter and To is the Vogel temperature.
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For the star precursor, the peak relaxation frequencies ®max of the DRS
a-relaxation process follows the VFT temperature dependence with a
Vogel temperature To equals to 161K, a strength parameter D equals to
6.37 and w, equals to 5.72 x 10° ms™!. Ty is also called the ideal glass
transition and its value should be found to be 30-70K below Tg, which
is the case here.!® Extrapolating the o-relaxation time to 100 s using the
VFT equation gives a Tg of 220 K. This value is consistent with the
result of differential scanning calorimetry measurement (Tg = 221 K).
This consistency confirms the assignment of the high-frequency
process to the structural a-relaxation of the telechelic star precursor.

Similarly, those analyses have been performed under the same
conditions for the metallo-supramolecular bulk networks obtained with
different ratios of copper(Il) ions. Figure 6.3 displays the storage and
the loss permittivity as a function of frequency for the MSBN obtained
with 0.50 equivalents of Cu(Il). From low to high frequency, a sharp
decrease of the dielectric imaginary part with a slope of -1 is observed
in Figure 6.3.b. This sharp decrease originates from the strong electrode
polarization (EP) effect. The latter is an unwanted side effect during the
experiment because it screens the dielectric response of the material,
influencing the dielectric properties at low frequencies.!®!® This side
effect is due to the blocking of charge carriers at the interface between
the sample and the electrode. Hence the positive and negative charges
are separated, leading to an additional polarization.'”” In order to
overcome this issue, a derivative analysis of the real part €’ is used,
which eliminates the conductivity contribution from the imaginary part
¢”. The derivative function is defined as follows'”:

2 der(w)

_nalogw

€derivative = (6.3)

From the derivative functions presented in Figure 6.3.c, one peak is
clearly observed and the onset of a second peak is highlighted. The first
peak located at high frequency and probed at temperatures close to the
Ty is labeled as the a-relaxation, corresponding to the segmental motion
of the chains as mentioned above. One must note that in the presence of
metal ions, the a-relaxation peak shows a broadening compared to the
star precursor. This broadening is typical and can be considered as a
characteristic of cross-linked polymers, confirming the formation of the
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reversible polymeric network.'? This broadness is due to the difference
in relaxation times for segments close to and far from the transient
network junctions.?**! The onset of the second maximum located at
lower frequencies and measured at higher temperatures is referred to as
the op-relaxation. The latter is presumably attributed to the possible
metal-ligand complexe dynamics, i.e., the sticker lifetime. However,
the electrode polarization effect still masks the dielectric response of
the material even though a derivative analysis is performed to minimize
its effect. This is probably due to the fact that the MSBN is not a highly
conducting material but rather an insulating one. Consequently, when
the polarization occurs, the dielectric constant €’ increases and masks
the weak dielectric response of the MSBN.

7 LELILLALL IRRLRLLRLLLI P "8"| LELRRLLLUINRNLILLLLL BB RLLL. BLLLLL) B LLL) IR RLRRLLL
a) Star 250k + 0.50Cu(ll) |
6 B "-'v.'ly!f.v;‘n-v'.. N
. 5- ]
w | <t00°c ]
| s0°C |

4 O 60°C

16 40°C

FREIT::.

SR eanion,

10" ) ) ‘ Vo

w% 4 ]

10_3 0;-relaxation
Frequency [Hz]

Figure 6.3 (a) Storage permittivity, (b) Loss permittivity, and (c)
Derivative as a function of frequency for the reference sample Star250k
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+0.50eq. CuCl, measured at temperature T = 100°C (red, «), T =80°C
(orange, %), T = 60°C (dark green, ¢), 40°C (green, o), 25°C (cyan, A),
0°C (blue, ), -20°C (magenta, V) and -40°C (black, X).

Additionally, the scaling of the temperature dependence of the
a-relaxation also fits relatively well with the VFT equation (see Figure
6.4), indicating that the peak observed at low frequencies does
correspond to the segmental motion of the chains. The Tg (DRS) which
is equals to 216K is consistent with the value obtained from differential
scanning calorimetry (Tg, psc = 222K).

8 T T
8 O Star250k + 0.50Cu(ll)
6 _
- 4 VFT parameters A
“-g ] e =3.01x 10°ms!
= 2 D=3.94 ,
5 T,=170K
£
CI _
(=]
2 4
D e -- T, (DRS) = 216K .-
'4 T T T T T
3 4 5 6
1000/T (K ™)

Figure 6.4 The structural a-relaxation rates for the telechelic four-arm
star PnBA-tpys + 0.50Cu(Il) plotted as a function of the inverse
temperature. The solid line is a fit using the VFT equation. The green
filled circle data point represents the Ty defined from DRS. The Tg
(DRS) is obtained from dielectric measurements by extrapolating the
VFT fit of the a-relaxation process to a value of 100 s.

While the a-relaxation can be scaled with the VFT fit, the same
procedure cannot be applied to the ap-relaxation because there is no
distinctive maximum in the second relaxation process. Hence, it is not
possible to unambiguously determine any timescale. This is probably
due to the weak dielectric response of the transient network. Note that
herein, the content of the stickers is evaluated to be 0.5 wt% with
respect to the polymeric matrix. Moreover, at 0.50eq. of copper(Il) ions,
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only 60% of the terpyridine ligands are coordinated and active, so in the
end there is only 0.3 wt% of efficient metal-ligand complexes which
contribute to the dielectric response. This is why when EP manifests
itself, it obscures the weak response of the material. Therefore this
second relaxation mode cannot be exploited and the Havriliak-Negami
(HN) fitting function cannot be used due the absence of clear peaks .*

In order to overcome this issue, one can simply add more metal
ions to increase the number of active stickers. As shown in Chapter 5,
the percentage of active stickers has increased up to 80% when 0.75eq.
of copper ions are added. Figure 6.5 displays the storage, the loss and
the derivative permittivity as function of frequency for the MSBN
obtained with 0.75 equivalents of Cu(Il).

T T Ty —rvvq—v—arrrm]—v—rmm]—v—rrrmr'—l—rmnr'—v-rrmrq—v—rrmn
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Frequency [Hz]
Figure 6.5 (a) Storage permittivity, (b) Loss permittivity, and (c)
Derivative as a function of frequency for the reference sample Star250k
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+0.75eq. CuCl, measured at temperature T = 100°C (red, «), T =80°C
(orange, %), T = 60°C (dark green, ¢), 40°C (green, o), 25°C (cyan, A),
0°C (blue, ), -20°C (magenta, V) and -40°C (black, X).

Unfortunately, the dielectric response is still not sufficient even with
0.4 wt% of active metal-ligand coordination. Once more, only the -
relaxation can be distinctively processed and fitted with the VFT
equation (data not shown), whereas the second peak is shadowed by the
EP effect. The same systematic investigation is pursued on the
reversible network formed with 1.00eq. of copper(Il) to check if decent
dielectric responses can be achieved with the maximum fraction of
active and efficient metal-ligand interactions. Figure 6.6 presents the
dielectric spectrum of the Star250k + 1.00eq. Cu(Il) at various
temperatures.

T T T

T LSl MELELLLLLL, IR UL, IR LLLL, IELELLELLL, L
a) o i “ Star 250k + 1.00Cu(ll)
6 - - XY 4
"W <100°C
446 60cc O 0°C .

T-20°C X -40°C  "9580s0eq

-------
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10%  10°. 10>  10°
Frequency [Hz]
Figure 6.6 (a) Storage permittivity, (b) Loss permittivity, and (c)
Derivative as a function of frequency for the reference sample Star250k
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+1.00eq. CuClz measured at temperature T = 100°C (red, <€), T =80°C
(orange, %), T = 60°C (dark green, ©), 40°C (green, o), 25°C (cyan, A),
0°C (blue, ), -20°C (magenta, V) and -40°C (black, X).

With 1.00eq. of copper(Il) ions, the second peak is still masked but it
gives a strong enough dielectric response, allowing it to be further
analyzed to get the lifetime of the stickers. While the a-relaxation peak
can be clearly determined at various temperatures, the empirical
Havriliak-Negami®? (HN) function is needed to properly analyze the o2-
relaxation peak. Indeed, since the latter is not well defined and well
separated from the electrode polarization effect, it is difficult to crudely
determine directly the maximum from the derivative permittivity. This
is why the HN function is used. The HN function is defined as follows'?:

ae (6.4)

e (@) = £ + (A+(iwtgNn)*)P

where &4, is the high frequency limiting of the real part of the dielectric
permittivity, Ag is the relaxation strength, tyy is the characteristic
relaxation time, ® is the angular frequency, a and B are the shape
parameters describing, respectively, the symmetric and the asymmetric
broadening of the distribution of the relaxation times. An example of
the fitting procedure using HN function is shown in Figure 6.7.

© ¥4 star 250k +1.00Cu(ll) -
o¥*d 1
o ¥4 ]
< ..
O —— -
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10° 1 80°C % # g 1
o O 60°C oY
= 40°C %%ﬂ
z 25°C LN
] | doMe R qq o) i
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‘,' %‘ M
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Figure 6.7 Diclectric derivative spectrum fits (dashed lines) using the
Havriliak-Negami function for the oz-relaxation at temperature T =
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100°C (red, <), T = 80°C (orange, %), T = 60°C (dark green, 0), 40°C
(green, o) and 25°C (cyan, A).

The shape parameters a and § in Equation 6.4 are on average o = 0.81
and B~ 1.21 where 0 <a <1 and 0 < a.p < 1 conditions are respected.

From the HN fitting, the peak relaxation frequencies (®max) are
extracted for the ap-relaxation and they are plotted as function of the
reciprocal temperature (see Figure 6.8).

r 5 T r T r
. ®, A Star250k +1.00Cu(ll)
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@ 2
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2 3 4 5 6
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Figure 6.8 The structural a-relaxation and op-relaxation rates for the
telechelic four-arm star PnBA-tpys + 1.00Cu(Il) plotted as a function
of the inverse temperature. The solid line and the dashed line are fits
using the VFT equation. The green filled hexagon data point represents
the Ty defined from DRS. The Ty (DRS) is obtained from dielectric
measurements by extrapolating the VFT fit of the a-relaxation process
to a value of 100 s.

Metallo-supramolecular bulk networks obtained with 1.00eq. Cu(Il)
display two dipolar relaxations that can be further analyzed. The first
peak located at high frequency is assigned to the usual segmental
motion of the polymer and is labelled as the o-relaxation. At lower
frequency, the second peak which is obscured by the EP effect is
attributed to the metal-ligand rearrangements and is referred as the ax-
relaxation, corresponding to M-L dissociation/association process.
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These attributions can be confirmed while performing the VFT fits.
Figure 6.8 clearly shows that the scaling of the temperature dependence
of the a and o relaxations fits with the VFT equation. This indicates
that the peak observed at high frequency does correspond to the
segmental motion of the chains and the second one at lower frequency
is presumably related to the dynamics of the M-L coordination.
Moreover, the temperature value at which the relaxation time reaches
100 s, i.e. Tz (DRS, equals to 217K) shows a good agreement with the
corresponding calorimetry value (Tg = 224K). This consistency
supports the peak assignments in which one peak corresponds to the
segmental motion of the chain close to the glass transition and the other
one to the dynamics of the M-L complexes. The VFT parameters for
the Star250k + 1.00eq. Cu(Il) are tabulated in Table 6.2.

W, (ms™h) D To (K)
o-relaxation 3.23x10° 3.83 173
op-relaxation  2.53 x 10° 3.72 173

Table 6.2 The Vogel-Fulcher-Tammann parameters for the o and o2
relaxations of Star250k + 1.00eq. Cu(Il).

These parameters are later on used to determine the M-L complex
lifetime and will be compared with the linear viscoelastic rheology data
in Section 6.3.3 to verify the consistency of the results.

6.3.2 Static dielectric constant

From these dielectric measurements performed on the
precursor sample and the transient networks with different loading
ratios, another parameter is also worth to mention, which is the static
permittivity &. The latter is defined as the low frequency plateau of the
storage permittivity €’ before the onset of the electrode polarization.
Figure 6.9 displays the static dielectric constant for the four-arm star
precursor and the MSBNs formed with different amounts of copper(Il)
ions as function of the inverse temperature. The reference system
exhibits & = 5.1 at room temperature whereas the MSBNs have &5 =
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5.2 in average, indicating no significant difference between the systems
with or without metal ions. The temperature dependence of &5 for all
systems follows the Onsager equation across the entire temperature
range. Precisely, from (Tg + 175K) to (Tg + 35K) in which the static
permittivity decreases with increase in temperature due to the thermal
randomization.?® The Onsager equation is defined as follows>®1223;

(es—€00)(265—Ec0) _ 1
£5(E00+2)? 9¢g0.kg.T

Yivi.m? (6.5)

where vi is the number density of dipoles and m; is their dipole moment.
From a physical point of view, the permittivity defines the ability of a
material to polarize in response to an applied field and can be expressed
as:

& = &. & (6.6)

Where &, is the relative permittivity and &, the permittivity of vacuum.
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Figure 6.9 Temperature dependence of the static dielectric constant &
for the telechelic four-arm precursor and for the MSBNs formed with
different loadings of CuClz. Data are shifted for clarity.

If a material develops a large polarization in an applied field, then its
static dielectric permittivity value will be high. Herein, the reference
sample and the reversible networks exhibit low &g, confirming the
insulating properties of the associating systems. For conductive
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polymers such as ionomers, these systems usually display static
permittivity values ranging from 20 to 80.%° The telechelic four-arm
precursor and the metallo-supramolecular bulk networks are considered
as insulators even though they contain aromatic groups originating from
the terpyridine ligands. This is probably due to the low content of
incorporated tpy moiety within the polymeric matrix (only 0.5 wt%).
The latter is not sufficient to compensate the electrical insulating
property of the poly(n-butyl acrylate) block which has a dc conductivity
of 2.88 x 107! S/cm at 25°C.

6.3.3 Comparison between viscoelastic and dielectric
responses

Last but not least, it is also interesting to compare the linear
viscoelastic data with the dielectric responses. Figure 6.10 presents the
linear viscoelastic master curves to a reference temperature of 25°C for
the reversible network obtained with 1.00eq. of copper(Il) ions. For
comparison, the frequency dependence of the permittivity derivative
Ederivative 18 also included.
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Figure 6.10 Comparison between linear viscoelastic and dielectric
responses of Star 250k + 1.00eq. Cu(Il) at T = 25°C. The dark blue
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pentagon points represent the DRS data. The experimental linear
viscoelastic data have been measured at temperature T = 80°C (orange,
%), 60°C (dark green, 0), 40°C (green, o), 25°C (cyan, A), 0°C (blue,
[J) and -20°C (magenta, V). The experimental data have been shifted to
a reference temperature of 25°C, based on the shift factors determined
for the reference samples. The storage modulus G’ is represented by
filled symbols, the loss modulus G by unfilled symbols.

From the comparison, it is clear that the dielectric a-relaxation
(indicated by the vertical dashed line) does correspond to the
mechanical segmental motion of the chains close to the glass transition
temperature. The latter is related to the relaxation time of the monomer,
i.e., the shortest relaxation time 7y which is indeed located in the glassy
region. The reciprocal of w, obtained from dielectric measurements is
indeed located in this monomeric relaxation region from the linear
viscoelastic properties.

In Chapter 3 and 4, it was established from the linear rheology
that the M-L complexes must first dissociate in order to allow the star
arms to relax by fluctuation mechanisms.* While the lifetime of the
sticker cannot be extracted from the rheological data, the dielectric
measurements allow the determination of this timescale which
corresponds to the dynamics of the metal-ligand complexes. In fact, the
lifetime of the sticker (7s) is evaluated as the inverse of the frequency
at which the &gpripative €xhibits the op- relaxation peak (1/21mw 7).
Experimentally, this sticker lifetime is estimated to T4 = 15 ms. From
Figure 6.10 in the plateau region, it is indeed observed that the storage
modulus G’ starts to decrease from the moment w = wg;. It is assumed
that the first metal-ligand complex dissociation occurs at this timescale,
allowing the star arms to fluctuate and partially release some stress until
the sticker re-associates again. This is why a decrease in the storage
modulus can be seen starting from w 5.

Since there is no uncoordinated chain at 1.00eq. of copper(1l),
the ligand exchange mechanism (described in Chapter 4) is excluded.
Most probably, the stickers have to perform several hopping processes
to release the stress. In this case, it is difficult for the ligand to find a
new partner to coordinate with after dissociating from the old one.?
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Therefore, the ligand re-associates with its old partner and undergoes
several unsuccessful searches for a new one. This failure to find a new
ligand to associate, can extend the effective lifetime of the metal-ligand
coordination over few orders of magnitude in frequency. Herein, the
effective lifetime is at least extended to four decades in frequency if
W, and w,.; are considered. Ultimately, mechanical properties of the
transient networks exhibit a plateau modulus extended over a wide
range of frequency with a terminal relaxation time shifted to relatively
low frequency.

6.4 Conclusions

In this chapter, we have attempted to correlate morphology,
viscoelasticity and dielectric response of metallo-supramolecular bulk
networks based on poly(n-butyl acrylate) blocks and terpyridine
associating units with different amount of copper(ll) ions. From the
dielectric relaxation analyses, it is clearly observed that the star
precursor simply displays an a-relaxation peak at high frequency and at
temperatures close to Tg. This latter follows a Vogel-Fulcher-Tammann
(VFT) temperature dependence and is referred to as the segmental
motion of the chains near the glass transition temperature. Upon
addition of metal cations, this a-relaxation peak broadens, indicating
the formation of the transient networks. Moreover, the onset of an ap-
relaxation peak is probed at lower frequencies, which is presumably
labelled as the dynamics of the M-L complexes. This second peak
cannot be properly distinguished from the electrode polarization (EP)
effect which obscures the ap-relaxation peak. This masking is still
present even though a derivative of the real permittivity is performed to
remove the conductivity contribution from the imaginary permittivity.
This highlights the insulating features of the systems which give
relatively weak dielectric responses.

However, when 1.00eq. of copper(ll) ions is used to obtain the
transient network, the ap-relaxation peaks are slightly more visible and
can be exploited to determine the lifetime of the M-L coordination.
Since these peaks are still not well-defined, the empirical Havriliak-
Negami (HN) function is used to analyze them. Similarly, the oo-
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relaxation also displays a VFT temperature dependence, confirming
that the ay is related to the dynamics of the M-L interactions. When
those dielectric data are compared with the linear viscoelastic
measurements, both inputs are consistent and the peak assignments are
confirmed. Hence, the metal-ligand coordination lifetime can only be
experimentally determined via DRS for the transient network formed
with 1.00eq. of Cu(ll) which is evaluated to 7, = 15 ms. It is also
observed that the incorporation of bis(terpyridine)-copper complexes
within the polymeric matrix has no effect on the dc conductivity and
the static dielectric permittivity. This indicates that the incorporation of
0.5 wt% of aromatic-containing terpyridine ligand within polymeric
matrix are clearly not sufficient to counter-balance the insulating
properties of the poly(n-butyl acrylate) block.

Dielectric relaxation spectroscopy is a powerful method to
investigate the molecular dynamics of polymeric systems over a very
broad frequency range. Depending on the studied polymeric system,
different relaxation processes can be investigated. Herein, DRS is an
excellent complementary tool to not only experimentally determine the
lifetime of the M-L coordination but also to confirm and to check the
consistency between different characterization methods. For instance,
the combination of the DRS with the different scanning calorimetry
analysis and the oscillatory shear measurements can be very insightful.
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Chapter 7

Relaxation process of transient
polymeric networks moving in a
linear polymer matrix

Abstract

This Chapter focuses on the linear viscoelastic properties of
entangled metallo-supramolecular bulk networks diluted in linear
poly(n-butyl acrylate)s with two different molar masses. Binary blends
with various ratios of the transient network are investigated both
experimentally and theoretically using small amplitude oscillatory
shear (SAOS) and a modified version of the tube-based time marching
algorithm (TMA) respectively. The experimental data reveal that
reversible network relaxation depends on both disentanglement and
association dynamics, with the respective importance of these two
processes depending on the nature and the amount of the metal ion or
on the temperature but also on the length and the ratio of the linear
matrix. A good description of the data is achieved using the modified
TMA model. The latter contains two fitting parameters, i.e. the
probability of an initially associated arm to dissociate and the time
during which the dissociated arm remains free. This work provides
early results on binary blends based on reversible networks diluted in
linear matrices. The interpretations of the results can be reconsidered
and are completely open for discussions.
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7.1 Introduction and Objective

As presented in the previous chapters, metallo-supramolecular
networks composed of entangled telechelic star molecules display
highly tunable rheological properties, which are sensitive to
temperature as well as to the nature and proportion of the metal ions
added to the system. The objective of the present work is to explore
how the dynamics of such transient networks can be altered if we dilute
them in a matrix of linear polymer, in various proportions.

Based on our previous works, we first expect that the linear
matrix will affect the probability of a ligand to be involved in the
supramolecular network.! Indeed, blending the telechelic stars to non-
sticky molecules will decrease the amount of added metal ions and
therefore, should favor the presence of dangling ends. We would like to
investigate the consequence of this dilution effect, and see if it can be
compensated by using an excess of metal ions, compared to this
stoichiometric amount. In addition to decreasing the proportion of metal
ions present in the sample, mixing the telechelic star in a linear matrix
will also lead to a reduction of the proportion of supramolecular groups.
Therefore, it should also affect the associating probability of a ligand
since this last one will have a lower density of ligands in its
surrounding, with which it can form new complex. It is thus interesting
to investigate how this variation in ligands and metal ions density will
influence the dynamics of the resulting transient network.

Second, an important point that we would like to address in this
chapter is the role played by the motion of the linear matrix on the
dynamics of the transient network. Indeed, several works on binary
blends of linear polymer chains have shown that for such blends, the
relaxation process of the long polymer is highly governed by the motion
of the short chains, with the long chains moving at the rhythm of the
entanglement/disentanglement process of the short component.>* In a
way, a similar picture can be used here: before its relaxation, the
entangled supramolecular network will move at the rhythm of the
reptation of the linear matrix, leading to its partial relaxation through
Constraint Release (CR) process. Furthermore, it is presently not clear
if the mobility of the linear matrix influences the capability of the
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dissociated arms of the stars to move around in order to create new
supramolecular associations. In such a case, the lifetime of the transient
network should depend on the length of the linear matrix, which offers
another way to control the dynamics of the supramolecular network.

In order to address these questions, three different sets of
samples have been prepared, as illustrated in Figure 7.1: The first set is
composed of the pure supramolecular telechelic four-arm star PnBA
‘Star250k’, which has been already used in Chapters 5 and 6. Different
samples have been prepared, by varying the amount and the nature of
the added metal ions to the polymeric material. In the second set of
samples, these telechelic star molecules are blended to a relatively well
entangled linear PrBA polymer with a molar mass of 100 kg/mol in
various proportions. Finally, the third set of samples comprisse the
mixture of the Star 250k with the short unentangled linear matrix, of
molar mass 18 kg/mol.

Telechelic
4-arm Star 250k

Entangled
Linear 100k

Unentangled
Linear 18k

Figure 7.1 Schematic representation of the three sets of samples
analyzed in this work with (a) Transient network composed of pure
telechelic star polymer, (b) The supramolecular stars are blended to an
entangled linear matrix, and (c) The supramolecular stars are blended
to an unentangled short chains matrix.
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The rest of this chapter is organized as follows. In section 7.2 the
experimental procedures to synthesize and characterize the associating
four-arm star mode and the linear polymers are described. In the same
section the methods are summarized. Section 7.3 presents the linear
viscoelastic properties of the studied materials via small amplitude
oscillatory shear (SAOS) measurements. Several conclusions are drawn
from the experimental results and they are further used in the next
section. A tube-based model is developed in Section 7.4 to describe the
viscoelastic properties of these transient networks blended to a linear
polymeric matrix. In section 7.5, we use this model to analyze further
the experimental data and discuss the influence of several parameters,
such as the amount or the nature of metal ions, the proportion and the
length of the linear matrix but also the temperature. The conclusions are
drawn in section 7.6.

7.2 Materials and methods

7.2.1 Materials

The synthesis of the telechelic four-arm star (Mn = 249 kg/mol)
poly(n-butyl acrylate) end-capped with terpyridine ligand (4-arm star
PnBA-tpys) was achieved by reversible addition-fragmentation chain-
transfer (RAFT) polymerization in bulk condition as explained in
Chapter 2.° Similarly, the linear PuBAs (Mp = 100 kg/mol and M, = 18
kg/mol) were synthesized via RAFT polymerization. Details on the
studied polymeric samples are provided in Table 7.1.

310



Relaxation process of transient polymeric networks moving in linear polymer matrix

a) Telechelic four-arm star PuBA-tpy,

N

C12H25\S
b) Linear (un-)entangled PnBA

COOH I ety g,

Samples Mn, Systema Mn, armb Mn/ Me ¢ Dd
(kg/mol)  (kg/mol)

Star 250k 249 62 3.4/ arm 1.20
Lin100k 100 / 5.6 1.16
Lin18k 18 / 1 1.09

Table 7.1 Structural parameters of the telechelic 4-arm star PuBA-tpys
polymer and the linear PnBAs. ®® Molar mass of whole system
determined by "H-NMR. ¢ Number of entanglements calculated using
M. = 18 kg/mol. ¢ Molar mass dispersity of the polymers determined by
SEC, polystyrene standards were used for calibration.

7.2.2 Sample preparation

7.2.2.1 Metallo-supramolecular bulk networks

Samples were prepared by dissolving a given amount of the
telechelic four-arm star PnBA-tpys in acetone. The sealed reaction
vessels were mixed via vortex for 30 min at room temperature to obtain
concentrated polymeric solutions with a concentration of 500g.L™'. The
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metallo-polymers were then readily obtained by adding different
equivalents of transition metal ions (with respect to the terpyridine
content) dissolved in acetone. The reaction vessels were again mixed
via vortex for 30 min and left to rest for 1 hour at room temperature to
ensure total complexation of the metal. The solvent was evaporated
under reduced pressure at 40°C then the sample was dried under
vacuum at 40°C for 24 hours to obtain metallo-supramolecular bulk
networks (MSBNS).

7.2.2.2 Binary blends of MSBNs and linear PnBA

Binary blend samples were prepared by dissolving a given
amount of linear PuBA in acetone then a given amount of MSBNs was
added. The sealed reaction vessels were mixed via vortex for 30 min
and left to rest for 1 hour at room temperature to form concentrated
polymeric solutions with a concentration of 500g.L!. The solvent was
evaporated under reduced pressure at 40°C then the sample was dried
under vacuum at 40°C for 24 hours to obtain metallo-supramolecular
bulk networks blended to linear poly(n-butyl acrylate) at various weight
percent (wt %) ratio.

7.2.3 Methods

The linear viscoelastic properties of the materials were
investigated by performing shear rheological experiments in the linear
regime on an Ares (TA Instruments) rheometer equipped with a
air/nitrogen convection oven that ensure an accurate temperature
control (= 0.1°C). Dynamic meachanical measurements were carried
out at given temperatures, using stainless steel 8 mm plate—plate
geometries. The gap was adjusted between 400 and 500 pum so that the
geometry was completely filled. Normal forces were checked to be
relaxed prior any measurement. Dynamic frequency sweeps were
performed at a deformation amplitude of 3% over a temperature range
of -20°C to 80°C and a frequency range of 10% — 107 rad/s. All dynamic
measurements were performed within the linear viscoelastic region,
which was determined from dynamic strain sweep experiments. At each
temperature, dynamic time sweep measurements of 1 hour were
performed. The collected data were shifted along the frequency axis
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using the time-temperature superposition (TTS), yielding master curves
that were constructed at the same reference temperature Trer = 25°C.

7.3 Experimental Results

7.3.1 Influence of the ion content

For the following systematic investigation, different ratios of
copper(Il) ions (from 0.25eq. to 1.00eq.) are incorporated into the
telechelic four-arm star precursor to from the transient networks with
different cross-linking densities. Figure 7.1. demonstrates the large
influence of the amount of metal ions added into the sample to form the
reversible network. In particular, by adding a stoichiometric amount of
copper ions (i.e. 0.50eq.), a large fraction of the sample relaxes at high
frequencies. As discussed in Chapters 4 and 5, it corresponds to
uncoordinated arms which are not participating to the network
formation.

6

107 T,=25°C

F Y, = 160kPa i oo ]

3 Taliaiaeitets = rf»r':-'ﬂﬁﬁﬂf#"-’ --------
T et and 2 50eq. ]
%104_- ‘::r 1.25¢eq. ]
2 F u |
10°; 0.75¢q. ]

: A 0.50eq. ]

10° 102 10" 10" 10 10 10 10" 10
®.a [rad/s]

Figure 7.1 Storage modulus versus frequency at a reference
temperature of 25°C. Data have been measured at Tref = 25°C (cyan),
0°C (blue) or -20°C (magenta) for the Star250k with different ratio of
copper(Il) ions with 2.50eq. (V), 1.25eq. (%), 1.00eq. (), 0.75eq. (0),
0.50eq. (A) and 0.25¢eq. (0).
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Only with 1.00eq. of ions or more, the curves reach the level of
the entanglement plateau modulus, of 160 kPa, which means that most
of the sticky arms are involved in the supramolecular network. This last
one is close to a well cross-linked transient network, containing a low
amount of dangling arms. Furthermore, we see that adding a larger
amount of metal ions strongly influences the terminal relaxation time
of the network. As previously mentioned in Chapters 4 and 5, the
metallo-supramolecular bulk networks relax via ligand exchange
mechanism in which a fraction of uncoordinated has an active role in
the stress relaxation. It was observed that this fraction of dangling arms
decreases with increasing the amount of added copper(Il) ions because
more arms are cross-linked to form the reversible network. Hence, the
rate of the ligand exchange is reduced, extending the relaxation time of
the resulting materials. Therefore, the fraction of uncoordinated arms is
an important parameter to control.

In Figure 7.1, one can also observe that with Cu(Il) ions, the
samples containing 1.00eq., 1.25eq. or 2.50eq. have their respective
storage modulus superimposed relatively well at high frequency, e.g.
from 10° to 10? rad/s. This means that at time shorter than 0.01s, the
data are mostly not affected by the dynamics of the metal-ligand
complexes. It is therefore tempting to consider this time as an
estimation of the association lifetime of the complexes, which is
consistent with the timescale found by dielectric relaxation
measurement (reported in Chapter 6). This is further discussed in
Section 7.5. From these first results, we conclude that a minimum of
1.00eq of cations must be added to the pure star precursor in order to
ensure that most of the telechelic arms are involved in the elaboration
of the reversible network. Since blending the star molecules in a linear
matrix reduces this weight fraction of added metal ions, it was decided
to perform the experiments with 2.50eq. of ions to compensate this
dilution effect and to ensure that the majority of the chains are
coordinated.

7.3.2 Influence of the temperature

Figure 7.2 shows the influence of temperature on the relaxation
of the transient networks obtained by adding 1.00eq. of copper(II) ions.
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As explained in Chapter 4, the curves have been shifted according to
the shift factors found for the reference sample. In such a case, the
temperature effect on the segmental dynamics is taken into account.
Obviously, based on these shift factors, the data cannot be shifted into
a well-fitted master-curve. This demonstrates the large influence of
temperature on the dynamics of the supramolecular interactions, e.g.
metal-ligand coordinations.

10°,
10°,

b_ [Pa]

10

G'(o)

10’

10°F

Ref. gample

S 1 1 Il

10* 10% 10° 10° 10" 10
®.a [rad/s]

Figure 7.2 Storage modulus as function of the frequency measured at
different temperatures (from 80°C to -20°C) for the Star250k
containing 1.00eq. of Cu(Il) ions. For comparison, the storage modulus
of the reference sample without metal ions (black, o) is also plotted.
The symbols represent the experimental data while the solid lines have
been obtained based on the Equation 7.2.

However, one can notice the possibility to build a superimposed master-
curve by using different shift factors. Such behavior was already
observed in literature.®® In fact Chen et al. showed that by defining the
necessary shifts to build a master-curve and by removing the
contribution from the segmental dynamics, the authors could determine
the activation energy related to the supramolecular bonds.® In the
present work (as discussed in Chapter 4) using the same approach to
perform data shifting is more delicate since the molecules are entangled.
Therefore, it is preferable to incorporate this effect directly in the
modelling part.
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Since the main effect of the stickers is an overall delay of the
star relaxation, i.e., the stickers are acting as extra friction points located
at the arm extremity, this can be taken into account in our model by
considering that the star arms can effectively relax only during a short
fraction of time, i.e., the time during which their end groups are
dissociated. Consequently, the survival probability of a molecular
segment x (going from 0 at the arm extremity to 1 at the branching
point) relaxing by Contour Length Fluctuations (CLF), which is usually
defined as (see Chapter 4):

-t
x,t) =ex , 7.1
P( ) p (szuc(x)) (7.1)
with mye(X) being the fluctuations time of the segment x, is now re-
defined as follows:

_ —Dfreetl
p(x, t) - &P (Tfluc(x)> (7.2)
Thus, in Equation 7.2, the parameter pj. takes into account the overall
delay of the star relaxation. It is one of the two parameters required in
the modelling to model the supramolecular dynamics of the telechelic
stars. As already shown in Figure 7.2 (and further discussed in Section
7.4), by taking into account this overall delay as function of the
temperature, it allows us to correctly describe the relaxation modulus
of this specific sample. It is considered as a fitting parameter and further
analyzed in detail and discussed in Section 7.5.

The viscoelastic responses of the transient networks become much more
complex when the amount of added metal ions is above 1.00eq. As
illustrated in Figure 7.3, the relaxation time spectrum broadens and the
storage moduli cannot be described by simply shifting the data to lower
frequency. While the data are presented with copper ions, similar results
have been obtained with other metal ions such as the cobalt ions.
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Figure 7.3 Storage modulus as a function of frequency measured at

G'(0).b, [Pa]

10°F
10%

10°

different temperatures for the Star250k containing (a) 1.00eq., (b)
1.25eq. and (c) 2.50 eq. of Cu(Il) ions. Experimental data are measured
at T = -20°C (magenta), 0°C (blue), 25°C (cyan), 40°C (green), 60°C
(dark green) and 80°C (orange). For comparison, the storage modulus
of the reference sample without metal ions (black, o) is also plotted.
The symbols represent the experimental data while the solid lines have
been obtained, based on the Equation 7.2. Same values of pfice(7) have
been used for the three samples.
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We attribute this complex relaxation to the fact that the time during
which a supramolecular end group stays free, ree, IS extremely
reduced. The latter time is so short that it starts to compete with the
fluctuations time of the arm. Indeed, an arm which dissociates from the
transient network is then able to disentangle and relax its carrying
stress. However, this requires that the corresponding sticker stays free
during a time longer than the fluctuations time of the deeper arm
segments. Otherwise, as illustrated in Figure 7.4, the latter (i.e. deeper
arm segments) will not be able to relax in a single dissociation step and
may need several steps instead.

Entanglements
Remaining initial
entanglements
Loss of initial
entanglements

Creation of new
entanglements

® ®© o O

Figure 7.4 Cartoon which represents the relaxation of an arm by
fluctuations (a) at t = 0, (b) at t = t; and ¢) at t = t2 > t1. The relaxation
can takes place only during the time the chain end is dissociated from a
complex. If this dissociation time is relatively short, a new complex will
be formed before the arm had relaxed its deeper segments.

As detailed in Section 7.4, depending on the ratio between the
fluctuation time and the free time, the relaxation by fluctuations of the
deeper arm segments can require several dissociation/association
events before taking place. In an extreme case, the relaxation of these
deeper arm segments may never occur.
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7.3.3 Influence of the linear matrix

In this section, we investigate the influence of the proportion
and the length of the linear matrix on the relaxation of the transient
network. Experimentally, the transient network formed with 2.50eq. of
cobalt(II) ions is mixed with linear PnBAs at various weight ratios. The
linear viscoelastic results are presented in Figure 7.5 for the
supramolecular network blended into linear matrices at a reference
temperature of 0°C. Similarly, Figure 7.6 presents the experimental data
at a reference temperature of 40°C for the transient network mixed with
linear matrices (Lin18k or Lin100k). Same x- and y- scales have been
used in the two figures in order to facilitate the comparison between the
viscoelastic properties of these two sets of samples.

(a) Star250k + 2.50Co(II) / Lin18k

Sr- v VEVFVYFEVEVEYY
10°F ."",...o'f

GY . = 160kP3

E 4 :l' mmE » Star content
=10t S o V¥ 100 wt % 1
& | aat PO 4 @ 70wt % |
O 410 o % W 50 Wt % |
- T=0°C ,* ¥ A 30wt %

2( + x 2 @ 10 wt % |

10 3 . * * 0wt % 3

esso®p Gy = 160kPa

‘© . am® " “ Star content 1

o Arm B AL o 1

=107, oa4 % V100 wt % |

N » @ 70 wt % |
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Figure 7.5 Storage modulus as a function of frequency at a reference
temperature of 0°C for the Star250k + 2.50eq. Co(Il) diluted in the
linear matrix (a) Lin18k and (b) Lin100k with different proportions:
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100 Wt% (V), 70 wt% (0), 50 wt% (1), 30 Wt% (A), 10 wt% (0) and 0
Wt% (%).
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Figure 7.6 Storage modulus as a function of frequency at a reference
temperature of 40°C for the Star250k + 2.50eq. Co(Il) diluted in the
linear matrix (a) Lin18k and (b) Lin100k with different proportions:
100 wt% (V), 70 wt% (0), 50 wt% (L), 30 wt% (A), 10 wt% (¢) and 0
wt% ().

With both sets of samples, we can highlight the relaxation of
the linear matrix at intermediate frequency range, leading to a first
decrease of the storage modulus from the entanglement plateau (G
=160 kPa) to lower values. Additionally, this decrease is dependent on
the proportion of the linear chains. At low frequency, this first
relaxation is followed by a slow decrease of G’(®). On the other hand,
in the low frequency region, most of the samples show a secondary
plateau, which can be attributed to the fraction of the unrelaxed
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transient network. The importance of this fraction increases with
increasing the proportion of telechelic stars. In case of 100 wt% of star
molecules, the sample displays a fully elastic behavior, with a module
close to 160 kPa, i.e. the entanglement rubbery plateau. It must be noted
here that for all samples, the density of entanglements (1 per 18 kg/mol)
is much more important than the density of strands located between two
branching points in case of a perfect network (of 1 per 2Ma, Ma being
the molar mass of a star arm) for the pure telechelic star polymer).
Therefore, the corresponding storage and loss moduli indicate the
disentanglement process of the telechelic stars rather than the
dissociation mechanism of the stickers.

By comparing the relaxation of the transient network in the two
different linear matrices, an interesting difference is observed at 40°C.
At this temperature, the metal-ligand complexes become more labile
and less stable. Hence, at the same proportion, the transient network
relaxes much faster in the short unentangled chains matrix (Linl8k)
than in the matrix composed of entangled linear chains (Lin100k).
Indeed, the terminal regime or a significant decrease in the storage
modulus can be observed with all the blends obtained with the short
matrix. On the other hand, the second plateau remains constant at low
frequency for the blends composed of the long linear matrix. Even if
the network is composed of only 10 wt% of telechelic stars, one can
observe that the transient network based on the metal-ligand cross-links
does not reach its terminal relaxation within the experimental frequency
window.

From this result, it is thus concluded that the mobility of the
linear matrix has a large influence on the relaxation dynamics of the
supramolecular network. While the origin of this difference is not clear,
we attribute it to a stabilizing effect coming from the entangled matrix
which can hamper the motion of a dissociated arm. Thus it reduces the
surrounding that a dissociated arm can explore within its free time, ce.
In consequence, a newly dissociated ligand will have a larger
probability to stay at the same vicinity of the other free ligand,
increasing its probability to associate again and reform the complex
which has been just destroyed (i.e. with the same old partner). This is
further discussed in section 7.5.
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By heating the samples, faster relaxation of the transient
network diluted in the Lin100k matrix is expected (as shown in Figure
7.7. panel (a). However, while temperature strongly affects the blend
composed of 70 wt% of star polymer, it has only a tiny influence on the
two other blends containing 30 wt% or 50 wt% of stars. This result
differs from the viscoelastic behavior of the blends based on the
unentangled matrix, in which a large temperature effect is observed for
low concentration of telechelic stars (see Figure 7.7 panel (b)).
Furthermore, when the long linear matrix is used, no terminal flow is
reached even at 100°C. Instead, the storage modulus slowly decreases
with decreasing the frequency. This behavior is further investigated and
discussed in Section 7.5.
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Figure 7.7 Storage modulus as a function of frequency for (a) the
Star250k + 2.50eq. Co(Il) diluted in the linear matrix Lin100k, at 70
wt% (0) or 30 wt% (A), (b) the Star250k + 2.50eq. Co(II) diluted in the
linear matrix Lin100k (A) or Linl18k (1) at 30 wt%. Data have been
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measured at different temperatures: T = -20°C (magenta), 0°C (blue),
25°C (cyan), 40°C (green), 60°C (dark green), 80°C (orange) and
100°C (red).

7.4 Modelling

7.4.1 Linear viscoelastic properties of a transient
network composed of telechelic monodisperse star
molecules

Based on the experimental results described in Section 7.3, we
now extend our tube model in order to describe the relaxation of binary
blends composed of entangled transient networks (formed with
telechelic star precursors) diluted in a linear matrix. As explained in
Section 7.3, the main influence of the supramolecular end group on the
relaxation of the star molecules is an overall delay of their fluctuations
time. The functional group acts as an extra friction point that the arm
has to carry in order to move and relax. The effect of supramolecular
groups is somehow similar to the effect of the branches of a H-like
polymer. Precisely, the relaxation of its inner backbone is strongly
slowed down by the presence of the branches. In the present model, this
overall delay is taken into account by using Eq. 7.2, through the
parameter pfiee. This first parameter which informs us about the
probability for a sticker to be free. Additionally, one needs to define a
second parameter which is related to the frequency at which the sticker
is blinking between dissociated and associated states. To this end, we
define the parameter s, as the average time during which a
dissociated end group will stay free before re-associating again.

Based on zfe, we can now determine the total time zei(x)
during which an arm segment will be free before being considered as
relaxed. If a sticker has to blink several times between associated and
dissociated states, zi(x) is thus obtained by summing up the different
free times of the different events. To do so, assuming that zj.. is known,
we first statistically determine the probability that the time during
which a sticker stays free before associating again is equal to a specific
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time ¢z. Even if on average, this time is equal to zfee, the real free time
can significantly differ from this value and therefore this polydispersity
effect must be accounted for. The distribution of free times is
determined by considering a large ensemble of stickers and assuming
that they all became free at time ¢ = 0. For each sticker, we then go step
by step through time, with a very small time steps of Af (<< zfee) and
look if the stickers stay free during each of these steps. This is easily
achieved by generating random numbers between 0 and 1 and
comparing them to the probability pscefice that a free sticker stays free
during a step of At:

—At

Pfree—free = exp( ) (7.3)

Tfree

As soon as a sticker associates again, the total time during which it has
stayed free is stored. Later on it is used to build the distribution of free
times. An example of such distribution is shown in Figure 7.7 panel (a).
On the other hand, the fluctuation times of the segments x belonging to
an unassociated arm are determined, based on our usual TMA model
(see Figure 7.7 panel (b)). This allows us to compare each of these
fluctuations times with the distribution of free times. As illustrated in
Figure 7.7, we can then determine what is the probability that a single
dissociation event suffices to allow the arm segment x to relax by
fluctuations. The latter is defined as preracr. This probability is
represented by the blue area below the distribution curve. Otherwise, if
the dissociation time is shorter than the fluctuations time of the arm
segment (see the white area below the distribution curve), the relaxation
of the arm segment cannot take place. Then the arm will have to
associate again and to do go through a second attempt, a third attempt
and so on till finding a dissociation event long enough to allow the arm
segment to relax.
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Triuc(X, free arm)
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p (free time = t)
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10°  10° 107 100 10’

t[s]
Figure 7.7 (a) Fluctuations time of the arm segments for the Star 250k,
considering that it is unassociated. (b) Distribution of free time
determined by considering that z5.. = 0.1 s. The red line represents the
fluctuation time of the segment x which has been chosen as example.
The blue area represents the probability presac: that this segment can

relax during one dissociation event.

This simple mechanism, which is illustrated in Figure 7.4, is
taken into account in the model by increasing the relaxation time of an
arm segment x, Zr/(x), which represents the total time during which an
arm must stay free in order to observe the relaxation of the arm segment
x. It is then required to determine on average the number of dissociation
events that the M-L complex has to go through, before the arm segment
x can relax:

1

#events (x) = (7.4)

Pretract
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Adding this parameter to the fluctuations time of the arm segment x, the
total time during which an arm must stay free before relaxing is then
equal to:

Trel(x) = (#events(x) - 1)- Trree + Tfluc(x) (7-5)

This extra penalty on the segment relaxation must be added to the
overall delay of the relaxation. Therefore, the survival probability of an
arm segment X (see Eq. 7.2) is now defined as:

—Pfree t)
Trel(x)

p(x,t) = exp (7.6)
This last equation contains the two new parameters of the model, zfee
and pfiee, Which are needed to describe the dynamics of the
supramolecular bonds. In section 7.5, their values, which are
determined by best-fitting procedure, are presented and discussed.

It must be noted that in the case of a brief free time e, it is
possible that some arm segments will never manage to relax. Because
the corresponding fluctuation time zc(x) of these segments is longer
than the whole distribution of possible free times, leading to (presracr =
0). This is illustrated in Figure 7.8, where the relaxation times of the
arm segments are represented while using two different values of .
It is seen that if 7. is equal to 1 s, the retraction of arm segments from
x = 0.75 to x = 1 requires an extensive time to make it possible.
Therefore, such situation will lead to the appearance of a second low
frequency plateau in the storage modulus curve.
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Figure 7.8 Relaxation times of the arm segments for the Star250k,
considering that Tfree >> Triuc(X) (see the dashed red curves — in such a
case, Tfree = Tfluc), Tfree = 0.1 s (continuous red curve), or Tfree = 1 S
(continuous green curve).

Then, knowing the survival probability of each arm segment, the
relaxation modulus of the transient network can be determined, as
usually done with our TMA tube model (see Section 7.4.3).

7.4.2 Linear viscoelastic properties of telechelic star
polymer blended with an unentangled matrix

Similar approach as the one for the monodisperse telechelic star
polymer can be used in case of a binary blend of telechelic stars diluted
linear chains. However, it is required to take into account the relaxation
of the short chain matrix. Furthermore, since the relaxation of the
transient network is much longer than the relaxation of the linear
matrix, it is expected that the reversible network relaxes part of its stress
by a Constraint Release Rouse (CRR) process, in a similar way as it has
been described by Hawke et al.” This process is illustrated in Figure 7.9:
before its relaxation by dissociation of the stickers, the transient
network relaxes first by intrinsic Rouse process, until molecular
segments of size M. are relaxed. Then, it relaxes by CRR process, i.e.
Rouse relaxation which can take place only at the rhythm of the motions
of the linear matrix. Therefore, these Rouse modes, which concern the
Rouse relaxation of molecular segments of molar mass between M, and
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Me, trapped = Me/Ustar (With Ustar, the proportion of star molecules), are
slower than the intrinsic Rouse modes and are assumed to be delayed
by a specific delay factor, Gnariv. Once the segments of mass Me, trapped
are relaxed by CRR, the transient network cannot relax further and
needs to wait until its transient bonds start to dissociate, allowing the
star arms to slowly disentangle.

Figure 7.9 Rouse Relaxation of the molecular segments: while the
segments shorter than M, relax by their intrinsic Rouse mechanisms,
the relaxation of longer segments by CRR, from M. to Me, trapped can
only take at the rhythm of the short linear chains (represented in green).

Thus, for the blends obtained with the matrix Lin20k, the relaxation
modulus G(?) can be modelled as'®

G(t) = Gspar(t) + Gpn(t) (77)
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Where Giin(t) describes the contribution of the unentangled linear
matrix:

Glin(t) = Viin [PRT . ( g=1 exp (i) )] (7-8)

Miin TRouse Miin)

and Gg(t) takes into account the contribution from the telechelic stars
to the modulus:

Gstar (t) = GRouse,star (t) + Gd,star (t) (7-9)

The first term of the right part of this equation describes the Rouse and
Constraint Release Rouse relaxation of the star polymer:

2Marm TRouse(2Marm)

Z -2 p?t )
2p=Ztrapped exp (ematrix TRouse(2Mgrm) )l (710)

_ PRT N -2 p2%t
GRrouse,star (t) = Vstar I_ . < p=z+1 €XP (—) +

where Z is the number of entanglements and star-star entanglements per
arm and Zsyapped = Z. Usiar. ON the other hand, the second term of Eq. 7.9
describes the relaxation by dissociation and disentanglement of the
transient network:

Gd,star(t) = GI(\} -Ustar2 ;:}/100 p(x: t) Ax, (7-11)

with Ax = 1/100 and the survival probability p(x, t) is described as for
monodisperse telechelic star (see Eq. 7.6). The parameter GJ is the
plateau modulus, which accounts for both the entanglements and the
branching points of the transient network:

Myx = (ZMgrm)/Vstar (7-12)

4 PpRT PRT

0 _
Gy =
5 Me Mxx

(7.13)
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While (GY . Useqr2) is the level of the second low frequency plateau,
considering that all the telechelic arms are participating to the transient
network and that they all had the time to relax by CRR process before
starting to relax by sticker dissociation and fluctuations process.

The influence of the CRR process illustrated in Figure 7.10 for
the blend composed of 30 wt% of telechelic stars in 70 wt% of the short
chain matrix Lin18Kk. Predictions are compared to experimental data in
Figure 7.10, while considering that the transient network is permanent
(Gastar(t) = GY . Vsear?). In the case of such a short linear matrix, the
delay factor Guanix is expected to be small since the matrix is almost
unentangled (M. = 18 kg/mol). From the experimental data, one can
observe a second Rouse regime, characterized by a slope of %, at
frequencies between 107 and 10° rad/s. Since this regime appears after
the relaxation of the linear matrix, it can be attributed to the longest
Rouse relaxation modes of the network, corresponding to molecular
segments of mass between M. to Me, sappea (Se€ Figure 7.9). If this CRR
regime is predicted without considering delay in the long modes of
Rouse relaxation (Guamix = 1), the star network is predicted to relax
immediately after the relaxation of the matrix, which is too fast
compared to the experimental data (see the dashed curve). In order to
well capture the viscoelastic data, these long Rouse modes must be
delayed by a factor Gnuix = 4 (see the continuous curve). Since this
parameter does not depend on the weight fraction of the telechelic star
polymer, this value is used for all blends based on the short chain
matrix.
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10° [ Star250k + 2.50Co(IT) / Lin18k (30 Wi%) .
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= o't .
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Figure 7.10 Storage modulus as a function of frequency for the
Star250k + 2.50eq. Co(Il) diluted in the linear matrix Linl8k, at 30
wt%. Data have been measured at different temperatures: T = -20°C
(magenta), 0°C (blue), 25°C (cyan), 40°C (green), 60°C (dark green).
For comparison, the viscoelastic response of the matrix is plotted (%,
grey, 25°C). The theoretical curves have been obtained by assuming
that the star network is permanent, and Gurix = 1 (dashed black curve)
or Gnarrix = 4 (continuous black curve). The solid and dashed lines in
orange show the contribution from the star polymer only to the storage
modulus.

7.4.3 Linear viscoelastic properties of telechelic star
polymer blended to an entangled matrix

For the star polymer diluted in the long, entangled matrix, the
relaxation modulus is determined, following the usual equation of the
Time Marching Algorithm (TMA)':

G(t) = Gprouse (t)+G,8(p'(t)¢(t)a (7.14)

The function Grouse(?) describes the high frequency Rouse relaxation
and the function ¢’(?) represents the survival fraction of molecular
segments which are still in their initial tube:

Q') = Ulin(p{in(t) + Ustar(p;tar(t) (7.15)
331



CHAPTER 7

The survival fraction of the linear matrix, @i (#) accounts for both
reptation and CLF relaxation (see Section 7.3), while the survival
fraction of the telechelic star, gy ’'(2),1s described based on Eq. 7.6:

= -p t
O star = Z;:i/mo exp (ﬂ) Ax (7.16)

Trel(X)

On the other hand, the dilation factor ¢@®)¢ is the number of
entanglement segments per dilated segment and corresponds to a tube

diameter of a(t)=a(t=0) ¢ *°. In this case, the CRR process is taken
into account by adding the condition that the chains cannot explore their
surrounding faster than a Rouse process:

t

¢(t) = max ((p’(t), o (t — At) (t_At)E> . (7.17)

7.5 Results and Discussion

7.5.1 Reference polymer melts

In order to determine the material parameters for the model, we
first compare the experimental and the theoretical data of the reference
samples (see Table 7.1). Following our previous works on PrnBA
polymers, the entanglement plateau modulus and the molar mass
between two entanglements are fixed to 160 kPa and 18 kg/mol,
respectively. The last parameter, which is the Rouse relaxation time of
an entanglement segment, z, is fixed to 5.10* s at a reference
temperature of 25°C. In order to easily extend this approach to the
viscoelastic properties of a transient network, the reference samples are
considered as monodisperse. Figure 7.11. shows that there is a very
good agreement between the predicted curves and the experimental
results.
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Figure 7.11 Storage and loss moduli as a function of frequency for the
reference samples Star250k (V), Lin100k (7) and Lin18k (o) measured
at different temperatures: T = 80°C (orange), 60°C (dark green), 40°C
(green), 25°C (cyan), 0°C (blue) and -20°C (magenta). Symbols are
experimental data and solid lines are model predictions. Master curves
have been built at 25°C.

7.5.2 Transient networks composed of telechelic star
polymers

We then focus on the viscoelastic properties of the transient
networks obtained with pure telechelic stars, while considering
different amount of metal ions. As mentioned in Section 7.3, a
minimum of one equivalent of ions must be used in order to ensure that
most of the star arms are involved in the formation of the transient
network. As shown in Figure 7.3, the main influence of adding leq.
Cu?" or 1.25eq. Cu®" into the telechelic star polymer is an overall delay
of the data, which is taken into account by the parameter ps.e in Eq. 7.6.
However, in addition to this overall shift of the data, broadening of the
relaxation time spectrum has been observed at lower temperatures (T <
40°C). We attributed this effect to a too short average times e during
which a free sticker stays free, which forces the arm to dissociate and
associate again several times. Until the arm reaches a dissociation event
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long enough to allow the fluctuation of the deeper arm segments. By
taking into account this effect (see Eq. 7.6), a good description of the
experimental curves can be obtained as presented in Figure 7.12.

| Star250k + 1.00 eq. Cu(ll)

T, = 25°C ®C o°C

10 10° 10° 10° 10°
®.a [rad/s]

7
(6) 10 rearasok + 125 eq. Cu(ll)
10°}

Gy. = 160kPa

10°F

10°]
103_ ol

G'(n),G"(w) [Pa]

1024

I

10'}
10" 107 10’ 10° 10"
o-a [rad/s]

Figure 7.12 Storage and loss moduli as a function of frequency for (a)
Star250k + leq. Cu(Il) and (b) Star250k + 1.25eq. Cu(Il) measured at
different temperatures: T = 80°C (orange), T = 60°C (dark green), 40°C
(green), 25°C (cyan), 0°C (blue) and -20°C (magenta). The
experimental data (symbols) have been shifted to a reference
temperature of 25°C and they are compared with the theoretical curves
(solid lines).
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The influence of a short zje. is even more pronounced when
2.50eq. of copper or of cobalt ions are added. In such a case, the
transient network does not reach its terminal flow regime within the
accessible experimental frequency window and a second low frequency
plateau is observed at low frequency, as discussed in section 7.3.
Furthermore, as shown in Figure 7.13, when 2.5eq. Co*" ions are added
to the telechelic star polymer, an extra relaxation peak appears at
intermediate frequency around 10 rad/s.

10°L Star250k + 2.50Co(ll)

T
a,
O
5 Gl G” ?
40°C ]
10°  10* 102 10" 10* 10°

o-a [rad/s]

Figure 7.13 Storage and loss moduli as a function of frequency for the
Star250k + 2.5eq. Co(Il). Experimental data (o) have been measured at
0°C (blue) and 40°C (green). Theoretical results have been obtained
with (--) or without (—) considering that the segments cannot relax

before the average association time of the complexes, zompiex.

There are several possibilities to explain the origin of this extra
relaxation peak. First, it could be attributed to dangling arms. Indeed,
since the sample has a large excess amount of metal ions, the formation
of mono-complexes could be favored, leading to free arms unable to
form junctions with another arm. However, the relaxation peak is
slightly too quick to well match the relaxation time of free arms.
Furthermore, adding dangling arms would lead to a fast decrease of G’
and a lower G” peak at low frequency, which is not the case observed
herein. Therefore, we rather attribute the extra relaxation peak to the
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association time of the complexes, zomplex. Before this time, which is
estimated to be around 0.25 s in the case of Star250k + 2.5eq. Co*", the
associated complexes are stable. Since these complexes link two arms
together, they allow an extra strand to carry some stress (see Figure
7.14) and participate to the modulus for an amount of pR7/(2Marm). But
as soon as these complexes open, the associated extra stress vanishes.
Therefore, their contribution to the modulus through time can be

expressed as equal to pRT/(2Murm) exp (_t/Tcomp lex).

Figure 7.14 Cartoon, which represents in green the extra strand able
to carry some stress when the complexes are formed. As soon as the
complex opens, the corresponding stress is lost.

Besides affecting the modulus, zcomplex also fixes a minimum time
before which the relaxation of the arms cannot take place. Therefore, it
is considered that the arm relaxation start at zcomplex rather than at time
(t = 0). As shown in Figure 7.13, taking into account the association
time of the complexes allows a better description of the data at
intermediate frequency. However, further tests should be performed in
order to validate this explanation.

In Figure 7.15, this approach is applied to the transient network
at different temperatures. As it is shown, a good agreement between

experimental and theoretical curves is obtained if zcompiex 1S assumed to
decrease exponentially with the temperature T:

-T
Tcomplex = 1.5 €xp (Z) (7.18)
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Figure 7.15 Storage and loss moduli as a function of frequency for the
Star250k + 2.5eq. Co(Il) measured at different temperatures: T = 100°C
(red), 80°C (orange), 60°C (dark green), 40°C (green), 25°C (cyan) and
0°C (blue). The experimental data (symbols) have been shifted to a
reference temperature of 25°C and they are compared with the
theoretical curves (solid lines).

Same approach can be applied to the transient network
containing 2.5eq. Cu**. However, in such a case, the association time of
these complexes seems too short to strongly influence the data. Only at
low temperatures, its effect can be observed, as it is shown in Figure
7.16 for the data measured at 25°C. In this case, zcomplex has been fixed
to 16 ms, as suggested by the dielectric relaxation spectroscopy results
(see Chapter 6). In contrast to the networks containing Co" ions, the
transient network formed with 2.5eq. Cu?" exhibit no clear plateau in
the G’ curve at intermediate frequencies, as it is predicted by the model.
Moreover, the G” relaxation peak at low frequencies is much less
pronounced than expected (see the red dashed curves). From these two
observations, we conclude that this sample contains a larger amount of
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dangling arms, most probably related to the formation of mono-
complexes. The fact that the formation of mono-complexes is more
promoted with copper ions than cobalt ions is probably due to the
difference in their binding constants to form mono- (Ki) and bis-
complexes (K2 and B). Co(Il) ions display a Ki = 1054 M™' which is
lower than Kz = 10°° M! and p = 10'®3 M™, indicating that the
formation of bis-complexes is indeed more promoted. For Cu(Il) ions,
K1 =10"2M" is still lower than p> 10'8 M2 but its value is higher than
K> > 10° M!, meaning that the mono-complexes tend to remain in this
state once they are formed. Good agreement with the theoretical data is
obtained if 15 wt% of mono-complexed dangling arms are considered
(see Figure 7.16).

10°L Star250k+ 2.50Cu(lI) T,s=25°C
Gl GH
25°C
5| @O 0°C
r @ -20°C

G(0).G"(w) [Pa]

— = With Toomplexr = Without Toomprex

— With Teompier & 15% dangling arms

10 ”
10

102 10 10° 10*
®-a [rad/s]

Figure 7.16 Storage and loss moduli as a function of frequency for the
Star250k + 2.5eq. Cu(Il) measured at T = -20°C (magenta), 0°C (blue)
and 25°C (cyan). The experimental data (symbols) have been shifted to
a reference temperature of 25°C. Theoretical results (solid or dashed
lines) have been determined with (--, red) and without (—, black)
considering the complex association time zcompiex and no dangling arms,
or by considering both zcompiexr and 15% of dangling arms (—, blue
grey).

At higher temperatures, the same amount of dangling arms was
found, based on the modelling (see Figure 7.17), while the association
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time of the complex is too fast to significantly affect the data. From this
result, it is concluded that the transient network based on copper ions
has a larger tendency to create mono-complexes, compared to the
network built from ligand-cobalt complexes.

" Star250k + 2.50Cu(ll)
T, ;= 25°C

® O 60°C]

25°C]}
@O 0°C]
10 4 2 0 2 .O-'zfc
10 10 10 10 10
o.a [rad/s]

Figure 7.17 Storage and loss moduli as a function of frequency for the
Star250k + 2.5eq. Cu(Il) measured at different temperatures: T =-20°C
(magenta), 0°C (blue), 25°C (cyan), 40°C (green), 60°C (dark green),
80°C (orange) and 100°C (red). The experimental data (symbols) have
been shifted to a reference temperature of 25°C. Theoretical results are
shown by the continuous curves.

In these results, the two model parameters pfiee and zsee are fixed by
best-fitting procedure, it is then interesting to look at their dependence
on temperature and density of metal ions. Results are presented in
Figure 7.18. Both parameters seem to increase exponentially with
temperature.! With Co*" ions, much lower values of pfie are found. This
last parameter decreases even more when a higher amount of ions is
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added, indicating that the overall delay on the arm relaxation strongly
depends on both the nature and amount of ions.
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Figure 7.18 Evolution of (a) pfiee and (b) zsee as function of temperature

for the pure transient network by varying the nature and amount of
metal ions.

7.5.3 Transient networks composed of telechelic star
polymers blended with an unentangled linear matrix

We now apply the model proposed in section 7.4.2 on the
transient networks diluted in an unentangled matrix. In the case of
monodisperse telechelic star polymer with 2.5eq. Co(Il), an extra
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contribution to the modulus, Usir PRT/(2Marm) exp (_t/-[complex), is

considered in addition to the relaxation modulus described in Eq. 7.7.
The latter is considered in order to take into account the contribution of
the additional segment which are formed by the association of two
arms. Moreover, it is assumed that the relaxation of the transient
network does not start before zcomplex, allowing to correctly capture the
data. The exact value of this time could not be determined due to the
low sensitivity of the model. But also due to the lack of experimental
data in the frequency range where this process takes place. Therefore,
we fix it to 0.015 s for all samples.

Results are shown in Figure 7.19 for all the blends, composed
of 30 wt% (panel a), 50 wt% (panel b) or 70% (panel c) of telechelic
stars, while the corresponding parameters used to describe the data are
shown in Figure 7.20. First, it is observed that the parameter pfice
strongly decreases with decreasing the proportion of the linear matrix.
This is expected since the transient network is more and more diluted,
therefore the probability for a ligand to find another ligand in its
surrounding becomes lower. Compared to the pure transient networks
(with 100 wt% star), the values of pfce, are significantly larger for all
the blends. Moreover, the maximum value (pfe. = 1) is reached at high
temperatures. This suggests that diluting the network in a short chain
matrix also largely decreases the overall delay effect originating from
the association/dissociation of the stickers. This is confirmed by the fact
that all these blend samples reach their terminal regime, contrary to the
pure transient network.

On the other hand, it is found that the parameter 7. only
depends on the sample composition (see Figure 7.20) and it is
temperature independent. This suggests that 7. is affected by
temperature exactly as the linear matrix, i.e. only depends on the
segmental dynamics of the chains. Precisely, the time during which a
sticker stays free depends on how fast the dissociated arm and its
surrounding can move. Since this effect is already taken into account in
the WLF shift factors which were used to present the data at a reference
temperature of 25°C, it leads to a constant zs... However, the fact that
Tfee InCreases with increasing the proportion of telechelic stars is a
priori counter-intuitive, but in the context of unentangled linear matrix,
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increasing s also largely affects the entanglement state and thus, the
fluctuations times of the telechelic stars. Therefore, even if zfee
increases with increasing Uswr, the ratio zpee/Tfuc(x) decreases as
expected. The latter ratio governs the number of
association/dissociation events (#evens) needed before the relaxation of
an arm segment.

10° [Blends Star250k 2.50Co(ll) / Lin18k (30 : 70) g B

T, = 25°C o=

GY . = 160kPa_ o i 0.50 (a)

G'(w),G"(w) [Pa]

G'(0).G"(0) [Pa]

100 10° 10
o.a, [rad/s]

Figure 7.19 (a) Storage and loss moduli as a function of frequency for
the Star250k + 2.5eq. Co(Il) diluted in the short chain matrix Lin18k at
30 wt%. Experimental data (symbols) have been measured at different
temperatures: T = -20°C (magenta), 0°C (blue), 25°C (cyan), 40°C
(green), 60°C (dark green), 80°C (orange) and 100°C (red). The
experimental data have been shifted to a reference temperature of 25°C.
Theoretical results are shown by the continuous curves.
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Figure 7.19 Storage and loss moduli as a function of frequency for the
Star250k + 2.5eq. Co(I) diluted in the short chain matrix Lin18k at (b)
50 wt% and (c¢) 70 wt%. Experimental data (symbols) have been
measured at different temperatures: T = -20°C (magenta), 0°C (blue),
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25°C (cyan), 40°C (green), 60°C (dark green), 80°C (orange) and
100°C (red). The experimental data have been shifted to a reference
temperature of 25°C. Theoretical results are shown by the continuous
curves.
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Figure 7.20 (a) Evolution of pfe as function of the temperature for the
transient network diluted in the short chain matrix (Lin18k) at different

proportions: 30wt% (V), 50wt% (A), 70wt% (1) or 100wt% (<1). (b)

Evolution of zjee as function of the star proportion.

7.5.4 Transient networks composed of telechelic star
polymers blended with an entangled linear matrix

As presented in section 7.3, blending the transient network in a
longer linear matrix strongly affects the relaxation of the reversible
network. In this section, we model the experimental data and discuss
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the obtained results. Comparison between theoretical and experimental
curves is shown in Figure 7.21. Here again, it is possible to determine
the parameters pfiee and zfee to well capture the experimental data.
However, at low frequencies, a large discrepancy is observed. The fact
that this discrepancy does not appear in the storage modulus seems to
indicate that the sample is still slightly evolving through time, i.e. it did
not reach its full equilibrium prior to measurements, despite a long
waiting time of 10 hours as shown in Figure 7.22. Thus, this indicates
that a transient network diluted in a long matrix takes an extensive time
to equilibrate when compared to the corresponding case in a short linear
matrix.
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Figure 7.21 (a) Storage and loss moduli as a function of frequency for
the Star250k + 2.5eq. Co(Il) diluted in the short chain matrix Lin100k
at 30 wt%. Experimental data (symbols) have been measured at
different temperatures: T = -20°C (magenta), 0°C (blue), 25°C (cyan),
40°C (green), 60°C (dark green), 80°C (orange) and 100°C (red). The
experimental data have been shifted to a reference temperature of 25°C.
Theoretical results are shown by the continuous curves.
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Figure 7.21 Storage and loss moduli as a function of frequency for the
Star250k + 2.5eq. Co(Il) diluted in the short chain matrix Lin100k at
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(b) 50 wt% and (c)70 wt%. Experimental data (symbols) have been
measured at different temperatures: T = -20°C (magenta), 0°C (blue),
25°C (cyan), 40°C (green), 60°C (dark green), 80°C (orange) and
100°C (red). The experimental data have been shifted to a reference
temperature of 25°C. Theoretical results are shown by the continuous

curves.
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Figure 7.22 Storage and loss moduli as a function of frequency for the
Star250k + 2.5eq. Co(Il) diluted in the short chain matrix Lin100k at 30
wt% measured at 25°C. The second dynamic measurement does not
overlap well with the first run at low frequencies, indicating that the
system keeps evolving despite a long waiting time of 10 hours which is
the duration of one frequency sweep experiment.

Furthermore, it is also observed in the case of entangled linear
matrix, none of the blend samples reach their final relaxation regime at
high temperatures. This long relaxation process is reflected in the values
of pfiee: as shown in Figure 7.23. While pfice is larger than the value
found with pure telechelic stars, it is much lower than the values found
with the unentangled matrix (see Figure 7.20) with the same blend
proportion. This means that the relaxation of the star arms are much
more affected by the sticker dynamics when an entangled linear matrix
is used. A possible explanation is that the long entangled matrix around
the sticky arms combined with the slow fluctuations of the dissociated
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arms tend to decrease the probability of the metal-ligand complexes to
dissociate efficiently.

On the other hand, it is observed in Figure 7.23 that pfe. and
Tvee for the blends composed of 30 wt% or 50 wt% of star polymer do
not exhibit a large temperature dependence. This is consistent with
Figure 7.7, where it was shown that the viscoelastic data of these blends
nearly superimpose. This may suggest that the complexes are extremely
stable, due to the low proportion of ligands in their surroundings to form
new complexes combined with the low mobility of the chains. It must
be noted that these results must be further validated. In particular, the
importance in reaching the equilibrium state of the transient network
prior to any experimental measurements.
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Figure 7.23 Evolution of (a) pfiec and (b) e as function of temperature

for the transient network diluted in the long entangled chain matrix
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(Lin100k) at different proportions: 30wt% (>), S0wt% (o), 70wt% (L)
or 100wt% (<).

7.6 Conclusions

In this chapter, we discussed the viscoelastic properties of a
transient network based on the telechelic star molecules able to
associate through metal-ligand coordination at the extremities. We first
investigated the influence of the amount and the nature of the metal ions
used to build the reversible network on the dynamics of the resulting
material. It was shown that an excess of metal ions must be used in
order to reduce the proportion of dangling arms. The dynamics of these
transient bonds lead to two major effects on the viscoelastic behavior
of the network. First, they induce an overall delay on the network
relaxation, which is well captured by decreasing the efficiency of time
via the parameter psee. Second, they broaden the relaxation time
spectrum. Sometimes they even lead to the appearance of a second low
frequency plateau in the storage modulus. This effect is attributed to the
competition between the time needed for a free arm to relax by
fluctuations and the time during which the arm stays free, ree.

Based on these observations, we developed a model in order to
describe the data and quantify these two parameters. It was found that
they both increase exponentially with the temperature. Then, we
investigated the influence of diluting the transient network in a linear
matrix. Specifically, two different matrices were used: one was
unentangled and the other was entangled in order to investigate the
influence of the network environment on its relaxation. It was found
that this environment has a significant impact on the network stability.
Indeed, the network diluted in the short chains matrix relaxed much
faster than the one mixed in the long chains matrix.

We then extended our model to describe the relaxation of these
blends. When the short chain matrix was used, it was found that the
average time during which a sticker stays free, zree, mostly depends on
the dynamics of the linear chains, while pree is strongly affected by the
strength of the supramolecular bonds, as reflected by its large
dependence on temperature. On the other hand, the results found with
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the longer linear matrix showed very different trend with low or high
proportion of telechelic star polymers. Therefore, we need to further
validate these results before drawing more conclusions to deeper
understand the linear viscoelastic properties of metallo-supramolecular
networks diluted in linear matrices (e.g. the dilution effect with linear
unentangled matrix and the double network effect with linear entangled
matrix). Hence, the interpretations of these results are open to further
discussions.

Note that the model presented in this chapter exhibits few similarities
and differences with the theoretical model described in Chapter 4. In
fact, the upgraded TMA model alpha reported in Chapter 4 might be
used to predict the linear viscoelastic properties of associating star
polymers with an excessive amount of metal ions by changing the
values of the fitting parameter pass, i.€., the fraction of associated
stickers. These values should be close to 1 since more metal ions are
added to form the bis(terpyridine) complexes. However, there is a
possibility that the alpha model fails to predict the broad relaxation
spectrum due to the fact that the whole star arm fully relax during one
dissociation event. Moreover, this last model does not take into account
the transient network environement, e.g. the dilution effect while
blended with linear (un-)entangled matrices. Hence it cannot be
exploited to model the linear viscoelastic properties of blends. Whereas
using the upgraded TMA model beta of Chapter 7 to predict the linear
rheology of associating systems with (sub-) stoichiometric amounts of
metal ions should be feasible by cancelling the network environment
effect (Guarix) and also by reducing the number of association-
dissociation event to 1, allowing the star arm to fully relax during one
dissociated state. One should also metion that the alpha model was used
as a reference to build the upgraded TMA beta model.

350



Relaxation process of transient polymeric networks moving in linear polymer matrix

Bibliography

)] Zhuge, F.; Hawke, L. G. D.; Fustin, C.-A.; Gohy, J.-F.; van Ruymbeke,
E.J. Rheol. 2017, 61, 1245-1262.

2) Watanabe, H.; Matsumiya, Y.; van Ruymbeke, E. Macromolecules
2013, 46, 9296-9312.

3) van Ruymbeke, E.; Shchetnikava, V.; Matsumiya, Y.; Watanabe, H.
Macromolecules 2014, 47, 7653—7665.

4) Read, D. J.; Jagannathan, K.; Sukumaran, S. K.; Auhl, D. W. J. Rheol.
2012, 56, 823-873.

®) Zhuge, F.; Brassinne, J.; Fustin, C.-A.; van Ruymbeke, E.; Gohy, J.-F.
Macromolecules 2017, 50, 5165-5175.

(6) Zhang, Z.; Huang, C.; Weiss, R. A.; Chen, Q. J. Rheol. 2017,61,1199—
1207.

7 Gold, B. J.; Hovelmann, C. H.; Lihmann, N.; Wischnewski, A.;
Richter, D. J. Rheol. 2017, 61, 1211-1226.

®) Zhang, Z.; Chen, Q.; Colby, R. H. Soft Matter 2018, 14, 2961-2977.

) Hawke, L. G. D.; Ahmadi, M.; Gondansaz, H.; van Ruymbeke, E. J.
Rheol. 2016, 60, 297-310.

(10)  Ebrahimi, T.; Taghipour, H.; GrieBl, D.; Mehrkhodavandi, P.;

Hatzikiriakos, S. G.; van Ruymbeke, E. Macromolecules 2017, 50,
2535-2546.

351






Conclusions and Perspectives

In this thesis, a systematic investigation on entangled
associating polymers based on metal-ligand (M-L) coordination has
been conducted to address the link between the molecular level and the
macroscopic properties of associating polymers for material designs
and tailoring rheological features. This investigation was achieved by
combining the synthesis (RAFT polymerization), the rheology (linear
shear, nonlinear shear and uniaxial extensional), the dielectric
relaxation spectroscopy, the structural characterizations (DSC, X-rays
scattering) with theoretical models (upgraded TMA models). In the
state of the art, it was shown that there are several synthetic strategies
to build supramolecular polymers. Among a plethora of techniques, a
combination of a pre-modification approach with a controlled radical
polymerization is used to elaborate metallo-supramolecular polymers
(MSPs). In particular, entangled supramolecular poly(n-butyl acrylate)s
(PnBAs) were obtained via reversible addition-fragmentation chain
transfer (RAFT) polymerization. Different chain transfer agents
(CTAs) bearing terpyridine (tpy) ligands were synthesized and further
used for the polymerization of n-butyl acrylate monomers. After
polymerization, the chemical structure of the CTA was included within
the polymeric system, allowing the incorporation of tpy moieties at
specifically targeted locations of the polymer chains. Hence, a set of
well-defined entangled linear (semi-)telechelic and telechelic four-arm
star PnBAs functionalized with tpy units at chain ends with various
molar masses was synthesized. Furthermore, a terpyridine acrylate
(TPA) monomer was also elaborated and polymerized with nBA
monomers via RAFT process to obtain a set of entangled linear sticky
copolymers with the terpyridine groups randomly located along the
polymer backbone. All these associating polymeric precursors were
synthesized with low dispersity (B < 1.3) and with molar masses
ranging from 100 to 250 kg/mol.

These polymeric precursors were then used to form metallo-
supramolecular bulk polymers (MSBPs) upon addition of transition
metal ions. While linear (semi-)telechelic PnBAs form longer chains,
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the telechelic four-arm stars and the linear sticky copolymers self-
assemble into reversible networks in which M-L complexes act as
physical cross-links. Different metal cations were used such as zinc(II),
copper(II), cobalt(Il) or nickel(II) with the same counter anion which is
the chloride. These metal cations have the same charge and similar ionic
radius, making them suitable for comparison. What differs from one
metal ion to another ion is its binding strength and kinetics to form the
bis(terpyridine)-metal complex.

The linear viscoelastic properties of these MSBPs were
systematically investigated via small angle oscillatory shear (SAOS).
The results obtained from linear rheology highlight the impacts of M-L
complexes combined with entanglements on the mechanical properties.
In the case of linear mono-functional PnBA, in which chain length
extension occurred, the chains mainly relaxed as relatively stable
assemblies and their viscoelasticity was close to Maxwell predictions.
For linear telechelic PnBA systems, their complex viscoelasticity
originated from the combination of the reptation of the linear
supramolecular molecular assemblies and the dissociation of stickers.
Then, it is followed by the relaxation of more complex architectures
such as polymer loops resulting in the presence of a second plateau
modulus and an increase in modulus. In the case of four-arm star
polymers, transient networks were formed by the combination of
covalent cross-linking nodes, which came from the polymer cores,
along with dynamic physical bridges which originate from the metal-
ligand complexes. The star arm extremities must first dissociate,
allowing the arms to relax via fluctuations. Depending on the
thermodynamic stability and kinetics of the M-L complexes, the
reversible bulk networks were able to behave as soft solids in a large
frequency range. These experimental data reveal that the relaxation of
MSBPs depends on both disentanglement and association dynamics,
with the respective importance of these two processes depending on the
nature of the metal ion and on the temperature. Hence, the incorporation
of terminal active M-L complexes in polymers shows that the linear
mechanical responses of the MSBPs can be finely engineered.

These systems were also theoretically investigated using a
modified version of the tube-based time marching algorithm (TMA). A
good description of the linear viscoelastic properties was achieved by
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using a modified TMA model in which the dynamics of the stickers was
taken into account. Particularly, it was considered that the M-L
dissociations occur via a ligand exchange mechanism. The original
TMA is a tube based model which comprises the reptation, the contour
length fluctuations and constraints release mechanisms and can be used
to describe the polymeric precursors without metal ions. In order to
provide a good description of the MSBPs experimental viscoelastic
data, two additional fitting parameters, such as the fraction of
uncoordinated ligand and the longest time required to ensure that all
chains were dissociated at least once, were introduced to the TMA
model. The latter time was found to be independent of the chain
architecture/topology and was well described by an Arrhenius equation,
which allows us to derive the related activation energy. Therefore, it is
possible to determine in advance this timescale for polymers based on
the same terpyridine-ion complexes, leaving the modified TMA model
with only one unknown parameter which is the average fraction of
associated arms. One should mention that these results are valid as long
as the samples contain a fraction of uncoordinated arms and that M-L
association/dissociation events occur via ligand exchanges.

To achieve a systematic investigation of the rheological
behaviors of the associating polymers based on M-L interactions,
nonlinear rheological studies were conducted on the metallo-
supramolecular bulk networks (MSBNSs). Precisely, start-up shear
measurements were performed using a home-made cone-partitioned
plate (CPP) geometry and uniaxial extension tests were conducted on a
filament stretching rheometer (FSR). In extension, the MSBNs
exhibited strain hardening at extension rates below their respective
terminal relaxation times. Since the transient viscosity of MSBNs was
measured at low strain rates, the strain hardening was attributed to the
physical crosslinks originated from the M-L complexes. On the other
hand, strong shear thinning behavior was observed at similar
deformation rates in nonlinear shear flow. From the experimental data,
it was observed that M-L complexes dictate the ability of the reversible
network to withstand large deformation. While the formation of M-L
cross-links was enhanced by addition of metal salts, the transient
junctions were also enhancing the contribution of trapped
entanglements on the mechanical properties of the material under
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deformation. Both M-L complexes and entanglements have a strong
impact on the rheological properties of the transient networks under
deformation. Additionally, the fraction of uncoordinated chains plays
an active role in the stress distribution and modulates the bulk
mechanical properties of MSBNs. The nonlinear viscoelastic properties
of these associating systems can be tailored by varying the nature or the
amount of added metal ions to form complexes. But also by altering the
temperature which directly influences the relative importance of the
metal-ligand complexes within the polymeric materials.

For covalently bonded polymers, if the applied shear rates are
higher than the reciprocal characteristic relaxation time of the polymers,
flow instabilities might be present. In the case of entangled
supramolecular polymers, it is assumed that the deformation rates
should be compared with the M-L coordination lifetime instead of the
terminal relaxation time. Hence, dielectric relaxation spectroscopy
(DRS) experiments were conducted on the MSBNSs to experimentally
determine the sticker lifetime. DRS results revealed a high frequency
a-relaxation which was attributed to the segmental motion of the chains
close to the thermal glass transition temperature. It was followed by a
low frequency ap-relaxation which was presumably associated to the
dynamics of the M-L complexes. These timescales were then compared
with the linear viscoelastic properties of MSBNs to confirm the peak
assignments and the consistency of the results. However, the metal-
ligand coordination lifetime was only experimentally determined via
DRS for the transient network formed with 1.00eq. of Cu(ll) which was
evaluated to 74 = 15 ms. For the other transient networks, the electrode
polarization effect was masking the majority of the oz-relaxation,
prohibiting the determination of the metal-ligand coordination lifetime
at 0.50 and 0.75eq. of copper(Il). Therefore, it was shown from the DRS
data that the sticker lifetime was higher than the deformation rates,
suggesting the absence of flow instabilities during the nonlinear
rheology tests.

Additionally, the influence of diluting the transient network in
a linear polymeric matrix was investigated. Two different matrices were
used, one is unentangled and the other one is entangled, to study the
influence of the network environment on its relaxation. It was found
that this environment has a significant impact on the network stability.
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Indeed, the network diluted in the short chains matrix relaxes much
faster than the one mixed in the long chains matrix. When the short
chain matrix was used, it was found that the average time during which
a sticker stays free, zree, mostly depends on the dynamics of the linear
chains, while pse is strongly affected by the strength of the
supramolecular bonds.

To summarize, we have developed model metallo-
supramolecular networks functionalized with transition metal-ligand
coordination complexes. Particularly, the rheological properties of
terpyridine end-functionalized four-arm star poly(n-butyl acrylate)
polymer are readily modulated over a wide spectrum by varying the
temperature, the transition metal ion stoichiometry or the type of metal
cation which directly affect the binding strength of the resulting M-L
complexes. Furthermore, the dynamic nature of these transient
coordination bondings lead to a promising pathway for engineering
stimuli-responsive polymeric materials. With this work, it is hoped that
a fundamental understanding on the structure-properties relationships
of the entangled metallo-supramolecular bulk polymers has been
gained. More precisely, on how the entanglements combined with M-L
interactions influence the structure, the relaxation dynamics and the
mechanical properties of different metallo-supramolecular entangled
polymers over a wide range of timescales or temperatures. With this
framework, we should be able to explore other transient networks based
on M-L complexes and provide general guidelines for the design of
novel MSPs with specific and tunable mechanical features. In
particular, it would be interesting to have a complete study over the
viscoelastic behavior of a reversible networks formed with only
transient cross-links, for instance, the linear sticky copolymers
presented in Chapter 3. The latter exhibited promising rheological
behavior in which the cumulative effect of the stickers was highlighted,
allowing the elaboration of relatively stable transient networks using
bis(terpyridine)-zinc complexes as physical junctions. The linear
viscoelastic properties of these reversible networks is studied and the
results are reported in the Figure S1.
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To the contrary, the nonlinear rheology of these systems still
needs to be performed in order to achieve a complete systematic
investigation over the mechanical properties of the transient networks
formed with only physical M-L cross-links. Then, it would be
interesting to compare the dynamics of the MSBNs formed with the
telechelic four-arm star polymer with the ones obtained with the linear
sticky copolymers. The experimental data may be further characterized
using the modified TMA model presented in Chapter 4 as a starting
point to describe the linear viscoelasticity. In a next step, it would be
interesting and challenging to develop a tube based model to
characterize the complex nonlinear viscoelastic properties of these
metallo-supramolecular bulk polymers. Once the dynamics of these
MSBPs are well characterized and well understood, it would be also
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interesting to study the viscoelastic behavior of binary blends of two
types of telechelic polymers as well as blends of telechelic precursors
with linear sticky copolymers, and to be able to modulate the modulus
of these associating systems on demand. Similar approach can be
exploited by adding binary blends of metal ions to form metallo-
supramolecular bulk polymers with M-L interactions displaying double
dynamics. Other metal cations such as lanthanide ions can also be
extremely interesting to use for the elaboration of light-emitting
metallo-supramolecular polymers. In fact, the formed complexes not
only act as transient junctions but they also exhibit luminescence
properties, allowing one to track changes in molecular structures as a
function of deformation or temperature. This optical property can be
particularly promising to visually track the structural evolution of a
material under small or large deformation.

Note that, for the linear sticky copolymers, zinc ions were
purposely selected for their ability to form labile M-L complexes.
Moreover, Zn(Il) cations do not exhibit any toxicity, allowing the
resulting MSBNs to be applicable for concrete applications such as
coatings or adhesives. Indeed, the utilization of the metal-ligand
interactions within poly(n-butyl acrylate) can be promising for the
elaboration of the supramolecular adhesives with advanced
functionalities such as stimuli-responsive features and reversible
association/dissociation events. On one hand, the adhesive forces at the
interface of two substrates can be engineered. On the other hand, the
mechanical and the stimuli-responsive bulk properties of these
materials can also be finely tailored. Therefore, it is possible to obtain
supramolecular adhesives exhibiting a wide range of adhesion strengths
in which dissociation can be triggered on demand with various external
stimuli such as temperature or irradiation. However, one should note
that these adhesives properties are highly complex and involve several
mechanisms spanning different length scales. Hence, fundamental
studies are needed in order to be able to exploit the use of the MSPs as
supramolecular adhesives. For instance, macroscopic adhesive
properties can be characterized by several experimental methods
ranging from probe tack, tape peel or shear tests. Additionaly, it is also
important to study the fracture of reversible networks for understanding
how these materials fail under large deformation.
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