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Abstract

Dynamic polymer hydrogels crosslinked by dynamic bonds are
capable of a controlled lifetime, enhanced toughness, self-healing
properties or responsiveness to external stimuli. Dynamic bonds
generally fall into two categories: supramolecular interactions and
dynamic covalent bonds, which can break and reform spontaneously or
in response to external stimuli. Supramolecular interactions (e.g.,
hydrogen bonds, metal-ligand coordination bonds, host-guest
interactions) are labile and reversible, and usually under (fast)
continuous equilibrium between associated and dissociated forms. In
comparison with supramolecular interactions, dynamic covalent bonds
(e.g., C=N bonds, disulfide bonds, boronic ester bonds) are much more
robust but also exhibit slower exchange. The pros and cons of these two
types of linkages make them a promising complementary toolbox for
the design and fine-tuning of the properties of hydrogels. The focus of
this dissertation is the development of dynamic polymer hydrogels by
the orthogonal combination of dynamic covalent bonds and
supramolecular interactions, and the investigation of the contribution of
the two types of dynamic bonds to the properties of the hydrogels.
Metal-terpyridine coordination bonds (zinc(I1)-terpyridine and iron(l1)-
terpyridine bis-complexes) and reversible C=N bonds (acylhydrazone
and oxime) were selected and employed as crosslinks to form
hydrogels.

First, we sought to design four interpenetrating polymer network
(IPN) hydrogels with tunable combinations by leveraging the
differences in lifetime and stability of the two types of dynamic bonds.
The dynamic, oscillatory mechanical properties and pH responsiveness
of the four hydrogels were systematically investigated using oscillatory
rheological methods. Second, we prepared hydrogels with three
topological strategies, namely, IPN, dual-crosslinked network (DCN)
and double network (DN), using a combination of zinc(Il)-terpyridine
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bis-complexes and oxime bonds. The dynamic and linear rheological
behaviors of hydrogels prepared by these three strategies that allow the
integration of two dynamic bonds into one system were explored and
compared. Finally, we prepared and compared the rheological
properties of two DN hydrogels made from a combination of labile
zinc(I1)-terpyridine bis-complexes and stable oxime bonds, as well as a
combination of less stable acylhydrazone bonds and long-lifetime
iron(I1)-terpyridine bis-complexes. Overall, this work has demonstrated
the feasibility and interest in combining dynamic covalent bonds and
supramolecular interactions for the preparation of dynamic polymer
hydrogels, and has explored the pros and cons of three network
topologies for combining the two crosslinks into a polymer hydrogel.
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Chapter 1
Objectives

Abstract

Complementary interactions are, in nature, central to all biological
processes and are usually mediated by several reversible chemistries.
Inspired by these reversible systems, multiple orthogonal dynamic
bonds are incorporated within hydrogel networks to interact in a
synergistic manner towards superior properties. In this chapter, the
strategies to develop a series of novel dynamic hydrogels with two types
of dynamic crosslinks, i.e., reversible C=N bonds and metal-ligand
coordination bonds, will be presented. The goal, strategy and

methodology of this thesis will be discussed.
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1.1. Introduction

In the past decades, dynamic bonds have emerged as a powerful
synthetic tool in the preparation of hydrogels.t* 2 Dynamic bond can be
described as any kind of bond which can break and reform
autonomously or in response to external stimuli.’®! Dynamic bonds can
be classified into two main categories: non-covalent/supramolecular
interactions and dynamic covalent bonds (DCB).[*81 By virtue of their
labile and reversible nature, supramolecular interactions are usually
under (fast) continuous equilibrium between associated and dissociated
forms, which allows supramolecular hydrogels to exhibit high
sensitivity to environmental stimuli, and to be capable of self-healing.[”-
1 The thermodynamic equilibrium of dynamic covalent bonds is
usually much slower than typical supramolecular interactions since the
intrinsic covalent linkages are more stable than supramolecular
interactions. Thus, most DCB require external stimuli (e.g., addition of
a catalyst, heating, light) to achieve equilibrium within acceptable
timescales.[** On the other side, the slow kinetics allows DCB to have
greater chemical stability and to be more robust than supramolecular
interactions. The pros and cons of these two types of interactions make
them promising complementary candidates for synthesizing dynamic
hydrogels with tunable properties.

Introducing dynamic bonds into polymer networks can confer them
desirable characteristics such as self-healing, shape memory,
printability, adaptability, enhanced mechanical properties (such as high
compressibility, tensile strength or elasticity).***") Up to now, a broad
range of dynamic hydrogels have been investigated, based on either a
single type of supramolecular interaction, a single type of dynamic
covalent bond, or a combination of two types of supramolecular
interactions.[*821 Very few reports, however, focused on multiple
dynamics hydrogels based on DCB, i.e., the combination of two types
of DCBs, or of DCB and supramolecular interactions.! DCB-based
crosslinked polymer networks with multiple dynamic bonds have been

2
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developed within the last decade,?? but most of these efforts have
focused on solid state systems (elastomers, thermosets).[?*! Therefore,
fundamental and applied investigations on gel-like soft and wet
materials®?*! remain to be developed.

((a) N -H,0 _ R )
R R R ~ TH,0 R..> R
Aldehyde or Ketone Acylhydrazine Acylhydrazone
-H,0 R"
N + HaN. R 2 s -~ R">=N\0,Fl
\Aldehyde or Ketone Hydroxylamine Oxime /

+ 0.5 equiv. Zn** —~—~— R

wyridine ligand Iron(ll)-terpyridine bis-comply

Figure 1.1. Schematic representation of dynamic bonds used in this work: (a)
acylhydrazone and oxime reversible C=N bonds; (b) metal-ligand coordination
bonds.

As two types of dynamic Schiff base bonds!?®! formed by “click”
reactions!?®! upon the condensation between a
acylhydrazine/hydroxylamine and a carbonyl group (aldehyde or
ketone), acylhydrazone/oxime bonds (Figure 1.1a) are one of the most

3
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successful DCB used so far in dynamic covalent chemistry.?”-2%1 Due to
the improved hydrolytic stability over an imine bond,
acylhydrazone/oxime bonds are able to form strong but reversible
networks and hydrogels. The integration of these reversible C=N bonds
into networks can provide gels with desirable properties including
stimuli-responsiveness,% self-healing,®" injectability®? and high
mechanical strength,¥ allowing them to be used in areas such as
biomedicine and 3D printing.* 3!

Among supramolecular interactions, metal-ligand coordination
bonds are particularly interesting because their characteristics (lifetime,
strength) can be tuned over several orders of magnitudes simply by
changing the metal ions (or the ligand) used,® they can be used in a
range of solvents, and they may confer additional useful properties
(catalytic, magnetic, photoactive,...) to the materials.F”! Terpyridine
ligands (Figure 1.1b) will be used in this project since several
derivatives are commercially available, allowing for easy
functionalization of the polymers, and they are able to complex a very
broad range of transition metal cations.®®4% Combination of
acylhydrazone/oxime bonds with the terpyridine-metal interactions
may bring hydrogels with interesting properties for practical
applications.

1.2. Goal and strategy

This thesis therefore aims to investigate the effects of the
orthogonal combination of two types of dynamic crosslinks
(acylhydrazone/oxime and metal-terpyridine bis-complexes) on the
hydrogel properties, and to further understand the impact of network
topologies on these hydrogels. To achieve this, one network topology
has first to be chosen to build a series of dynamic hydrogels based on
various crosslink combinations. This will allow us to evaluate the
contribution of each crosslink type to the final hydrogel properties. On
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this basis, we will be able to select two of these crosslinks as a
representative orthogonal combination, and, based on this combination,
to construct hydrogels with various network topologies to study the
influence of network topologies on the hydrogel properties.

Our design will have the following advantages: 1) the hydrogels
will be based on simple and easily accessible building blocks; 2) the
hydrogels could respond to a wide range of (orthogonal) stimuli, which
will be crucial for further applications; 3) the design strategy will allow
the introduction of a large variety of functional groups to confer
additional properties. This strategy will lead to the property/function-
driven generation of new adaptive systems that could be further
developed for practical applications in diverse fields.

As discussed above, different network topologies will be prepared
combining acylhydrazone/oxime and metal-terpyridine bis-complexes
in one hydrogel system. The first system is an interpenetrating polymer
network (IPN)B (Figure 1.2a), which comprises two sub-networks,
both of which completely fill the available space and mutually
interpenetrate, but, structurally at least, appear not to interact or
influence one another. Therefore, the two sub-networks will be based
on acylhydrazone/oxime crosslinks and on metal-terpyridine bis-
complexes crosslinks. Another possibility is to fabricate a dual-
crosslinked network (DCN) (Figure 1.2b), which is a single network
built from two different crosslinks (acylhydrazone/oxime bonds and
metal-ligand bonds).
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(a)% . oo )

‘ di-hydrazide /

Ketone modified bis-hydroxylamine

polymer
+ O
Terpyridine modified Metal ions
polymer )
o % \

di-hydrazide /
bis-hydroxylamine

=

Ketone & Terpyridine @
modified polymer

Metal ions

Figure 1.2. Schematic representation of interpenetrating polymer network (IPN)
hydrogels (a), and dual-crosslinked network (DCN) hydrogels (b), based on the
acylhydrazone/oxime bonds and metal-terpyridine bis-complexes.

As shown in Figure 1.2a, IPN hydrogels are fabricated from two
polymers, each bearing a different type of functional groups. In
comparison, DCN hydrogels are made from only one polymer
containing the two types of reactive groups (Figure 1.2b). The IPN
hydrogels were chosen as the first topology to understand the impact of
the different types of crosslinks on the gel properties, because IPNs
allow the combination of the desired properties of each network (e.g.
stimuli-responsiveness),*?l and even more, because they may show
enhanced mechanical properties due to synergistic interactions between
the sub-networks that transfer the stress and dissipate mechanical
energy upon deformation.**!
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Figure 1.3. The Schiff base bonds and metal-ligand bonds used for preparing IPN
hydrogels.

In order to obtain IPN hydrogels with different combinations of
crosslinks, we selected two Schiff base bonds and two metal-terpyridine
bis-complexes (Figure 1.3). The first polymer bears ketone pendant
groups and will be crosslinked by di-acylhydrazine/bis-hydroxylamine
compounds to form acylhydrazone/oxime bonds to obtain the DCB sub-
network. The second polymer bears terpyridine side groups and will be
crosslinked by the addition of transition metal cations (Zn?* or Fe?*) to
form zinc(I1)-terpyridine bis-complexes (Zn?*-Tpy) or iron(ll)-
terpyridine bis-complexes (Fe?*-Tpy) to obtain the supramolecular sub-
network.

Due to the different nature of the crosslinkers, the bond strength
and kinetic stability of the DCB (acylhydrazone or oxime) and of the
supramolecular interaction (Zn®*-Tpy or Fe?*-Tpy) can be
independently tuned. As shown in Figure 1.3, four IPN hydrogels can
thus been obtained by combining these interactions in different ways.
First, a more stable (i.e., characterized by a high equilibrium constant)
DCB is combined with a long-lifetime supramolecular interaction
(Oxime + Fe?*-Tpy) or with a labile supramolecular interaction (Oxime
+ Zn**-Tpy). Second, a less stable DCB is combined with the long-
lifetime supramolecular interaction (Acylhydrazone + Fe?*-Tpy), or
with the labile supramolecular interaction (Acylhydrazone + Zn?*-Tpy).
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After an in depth understanding of the contributions of these
various combinations of crosslinks on the IPN properties, we selected
the combination of Oxime + Zn*-Tpy to prepare hydrogels with
different topologies. By comparing the properties between DCN and
IPN hydrogels with the same dynamic bond combination, we can
explore how the network topology affects the properties of the
hydrogels.

1st network ‘ ' 2nd network

Rigid and brittle Rigid and tough Soft and strechable
«Short chain G ~ 1000 J/m? «Long chain
*Dilute *Dense
G~ 1)/m? G ~ 10 J/m?

Figure 1.4. Schematic representation of double network by combining two
interpenetrated polymer networks. 3

In addition, as a special case of IPN hydrogels, double network (DN)
hydrogels will be also prepared. These hydrogels have received
immense interest since Gong and co-workers developed them in 2003
due to their high strength and toughness.[“4471 As shown in Figure 1.4,
the traditional DN hydrogels consist of two interpenetrating and
asymmetric covalently crosslinked polymer sub-networks with
contrasting mechanical properties. The first highly stretched and
densely crosslinked network is stiff and brittle, and acts as the energy-
dissipating sacrificial component. The second flexible network is
sparsely crosslinked, and acts as a stretchable network maintaining the
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hydrogel integrity during deformation. However, the rupture of the first
network on successive loadings will lead to permanent internal damages
due to the irreversibility of covalent bonds, making DN hydrogels show
stress-induced softening and poor fatigue resistance. To improve the
fatigue resistance of DN hydrogels, non-covalently crosslinked sub-
networks have been used to design hybrid physically and chemically,
or fully physically, crosslinked DN hydrogels.5-*°1 Nonetheless, there
are still some challenges to design DN hydrogels with superb
mechanical properties and versatility.

—\,—(o./\: zinc(ll)-terpyridine bis-complexes
densely crosslinked network

e-a—-_—: Oxime bonds
loosely crosslinked network

——@-e~_~: Acylhydrazone bonds
densely crosslinked network

) : iron(ll)-terpyridine bis-complexes
loosely crosslinked network

Figure 1.5. Schematic representation of double network (DN) hydrogels based on
labile metal-terpyridine bis-complexes with oxime bonds (a), and long-lifetime
metal-terpyridine bis-complexes with acylhydrazone bonds (b).

Inspired by the concept of DN hydrogels, our IPN systems could be
modified to develop two types of novel dynamic DN hydrogels as
shown in Figure 1.5. The first system could be prepared from a short
chain highly terpyridine-functionalized copolymer crosslinked by zinc
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ions to get labile associations as the first network, and a long chain
sparsely ketone-functionalized copolymer crosslinked by bis-
hydroxylamine to form stable oxime bonds as the second network
(Figure 1.5a). In contrast, the second system could employ a short
chain highly ketone-functionalized copolymer crosslinked by di-
acylhydrazine to obtain the less stable acylhydrazone bonds as the first
network, and the second network could be made from a longer chain
sparsely terpyridine-functionalized copolymer crosslinked with iron
ions to give long-lifetime associations (Figure 1.5b). Developing these
two types of DN hydrogels and comparing their properties will facilitate
our understanding of how the location of the different types of dynamic
bonds in the double networks influence the properties of the hydrogels.
This will be significant for the design of dynamic DN hydrogels with
outstanding properties.

1.3. Research methodology

The first step is the synthesis of the different building blocks
bearing the desired binding motifs. In this study we have chosen
poly(N,N-dimethyl acrylamide) (PDMA) as the backbone polymer for
fabricating hydrogels, because PDMA is a hydrophilic biocompatible
polymer with good mechanical and film-forming properties, and has
numerous applications in molecular biology, DNA sequencing, medical
and pharmaceutical fields including contact lenses and drug delivery.[*”]
The commercially available and nontoxic monomer of diacetone
acrylamide (DAAM), which contains a ketone group that can react with
di-acylhydrazine/bis-hydroxylamine compounds to form
acylhydrazone/oxime bonds, will be employed to create DCB-based
networks. A hydrophilic terpyridine-functionalized monomer will be
synthesized to form metal-terpyridine bis-complexes with various
strengths and labilities in combination with transition metal ions. The
copolymers will be prepared by copolymerizing the functionalized
monomers, only one of them or both of them, with DMA as the base
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monomer. Reversible addition-fragmentation chain transfer controlled
radical (RAFT) polymerization will be used to this aim.

In this thesis, the crosslinks used to form reversible C=N bonds
(acylhydrazone/oxime) are formed by a condensation reaction between
copolymers bearing ketone side groups (electrophilic carbonyl moiety)
and succinic dihydrazide/O,0’-(propane-1,3-diyl)bis(hydroxylamine)
crosslinkers (a-nucleophile). As shown in Figure 1.6, the resulting
acylhydrazone or oxime bonds differ from typical Schiff base ligands
(Figure 1.6b), which have an aryl group bonded to the carbon or
nitrogen of the C=N bond.5 As a result, our designed acylhydrazone
or oxime bonds do not form stable complexes with metal ions. This
implies that these acylhydrazone or oxime bonds will essentially not
compete with the strong terpyridine tridentate ligands for metal ions in
the same system. In other words, the acylhydrazone or oxime bonds in
this thesis can co-exist with metal(ll)-terpyridine bis-complexes
without affecting each other.

(a)
(o] o
NH NH
H (o}
.-N'NNE'N\H( ~N,O\/\/O~N—Jj<
o
NH NH

1 «J

Crosslinking of acylhydrazone bonds Crosslinking of oxime bonds

(b)
C=N/ sz C=N/-\N=C
\ \ / \/
— M — M — i
x/ x/ \ o/ Yo
X 7 X g X/

X=0, N, S; Y = a functional group

Figure 1.6. Schematic representation of (a) reversible C=N bonds used in this thesis,
and (b) typical Schiff base ligands.B
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The IPN systems are based on two ‘short-chain’ (My: 40 ~ 50 kDa)
copolymers: The first one bears ketone pendant groups and can be
crosslinked by di-acylhydrazine/bis-hydroxylamine compounds to
form acylhydrazone/oxime bond-based DCB networks. The second one
bears terpyridine side groups and can be crosslinked by the addition of
transition metal cations to obtain metal-terpyridine bis-complexes-
derived supramolecular networks. The DCN system is based on one
copolymer, which bears both ketone and terpyridine groups on the same
chain. In order to be comparable to the IPN systems, the copolymer
used for DCN should have a comparable molecular weight and
functionalization ratio than the two copolymers used for IPN. For the
DN hydrogels, a short-chain highly terpyridine-functionalized
copolymer (Mn: ~ 50 kDa) and a long-chain sparsely ketone-
functionalized copolymer (Mn: ~ 130 kDa) will be used for the system
based on a labile densely crosslinked metal-ligand sub-network and a
stable loosely crosslinked DCB sub-network. In a contrasting way, a
short-chain highly ketone-functionalized copolymer (Mn: ~ 50 kDa)
with a long-chain sparsely terpyridine-functionalized copolymer (Mn: ~
130 kDa) will be used for the system having long-lifetime metal-
terpyridine bis-complexes with acylhydrazone bonds. The dynamic
mechanical properties of all hydrogels and networks will be
characterized by rheology.
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The works in this thesis provide some fundamental understanding
for the development of novel dynamic hydrogels with tunable
properties, not only in the selection of dynamic bonds but also in the
design of network topologies. These are essential to design adaptive
materials based on multiple dynamic bonds towards potential
applications in materials science or mimic biological systems. The
detailed work carried out during this thesis is described the next four
chapters. In brief, they include:

Chapter 2 is a literature review that will discuss the synthesis,
properties and applications of hydrogels of different topologies
containing multiple dynamic bonds. To conclude this chapter a special
focus will be made on hydrogels based either on reversible C=N bonds
or on metal-terpyridine coordination bonds.

In Chapter 3, the contributions of four combinations (Oxime + Fe?*-
Tpy, Oxime + Zn?*-Tpy, Acylhydrazone + Fe?*-Tpy, Acylhydrazone +
Zn?*-Tpy) of crosslinks on the hydrogels properties of IPN will be
discussed.

In Chapter 4, the characteristics of IPN, DCN and DN hydrogels
made up of oxime bonds and Zn?*-Tpy will be compared and discussed.

In Chapter 5, the two novel DN hydrogels illustrated in Figure 1.5
will be compared and discussed.

Finally, the conclusions and future perspectives of this thesis will
be discussed.
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Chapter 2
State of the art

Abstract

Developments in dynamic chemistry have provided scientists with
a powerful toolbox based on both supramolecular interactions and
dynamic covalent bonds for the fabrication of dynamic crosslinked
polymeric materials, especially hydrogels. There is a growing interest
in using multiple dynamic bonds as crosslinks to enhance the
functionality of hydrogels or to provide some clues for mimicking
nature. This literature review provides an introduction to how multiple
dynamic bonds can be introduced into hydrogel network structures
from the viewpoint of dynamic bonds and network topologies. In
particular, hydrogels of different topologies based on metal-terpyridine
coordination bonds and reversible C=N bonds will be presented in
more details regarding the synthesis methods, properties and

applications.
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2.1 Introduction

This chapter consists of two main parts. In the first part, we discuss
some basic concepts that are relevant to this thesis. This part covers
dynamic hydrogels, dynamic bonds, supramolecular interactions and
dynamic covalent bonds (in particular, metal-terpyridine coordination
bonds and reversible C=N bonds, which are directly relevant to this
thesis). We then discuss available topologies for constructing polymer
hydrogel networks using dynamic bonds as crosslinks, and notably the
classification of network topologies for incorporating two different
dynamic bonds into one hydrogel system. Finally, we discuss one of the
popular characterization tools that can be used to systematically study
the viscoelasticity, oscillatory mechanical properties, self-healing
properties, etc., of dynamic hydrogels, namely rheology. In the second
part, we review in detail hydrogels based on metal-terpyridine
coordination bonds or reversible C=N bonds. We present a detailed
review of the design, properties and developed applications of these two
types of dynamic hydrogels, mainly from the perspective of synthetic
polymers, dynamic bonds and topologies.

Polymer hydrogels are a type of hydrophilic crosslinked three-
dimensional macromolecular networks, which are capable of absorbing
and entrapping a large volume fraction of water. Since Wichterle and
L m reported the first hydrogel of poly(2-hydroxyethyl methacrylate)
(PHEMA) in 1960, hydrogels have become the subject of intense
research in agriculture, food and cosmetics industry as well as in
biomedical and biotechnological fields due to the high water absorption
capability that resembles natural tissues.'>*! Hydrogels are therefore
valid candidates for water treatment,> "1 nutrient/drug delivery,1% cell
culture, %2 wound healing,!**4! and tissue regeneration.*>!6 Because
polymer hydrogels are made of a liquid portion (water) and a solid
portion (crosslinked network), their unique physicochemical properties
can hence be tuned and optimized by modulating the polymer
compositions and by using different types of crosslinks.*"]
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(A

(

functionality /
A

Figure 2.1. Schematic representation of possible structures existing in hydrogel
networks. Mxx is the number-average molar mass of a network strand (between
crosslinks).

For an aqueous polymer network, many potential structural
parameters (Figure 2.1) can be used for characterizing the hydrogel.*®
%1 For example, the length of the strands (v) between crosslinks and the
mesh size (§) are relevant for the swelling behavior of hydrogel.?% The
elastic modulus of a hydrogel can be estimated from v and ¢ by applying
the affine or phantom network models.?! Understanding and
controlling the network composition and structure allow the
manipulation of the hydrogel properties from a (macro)molecular
level.l*®1 However, the structure is usually difficult to modify or alter
once a percolated network is formed by permanent covalent bonds.
Another simple way to regulate the properties of the gels is to introduce
dynamic crosslinking. Traditionally, hydrogels can be classified into
chemical and physical hydrogels based on covalent and non-covalent
crosslinking mechanisms respectively.[??2l  As dynamic covalent
chemistry (DCC) develops, an increasing number of reactions are being
found to be reversible.[?® 241 Scientists are now integrating dynamic
covalent bonds (DCBs) into polymeric network materials such as
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gels,?®  elastomers,?6-281  thermosets,*  thermoplastics,?!  and
vitrimerst® to give to these materials dynamic properties such as self-
healing or stimuli responsiveness. Thus, chemical (covalent) hydrogels
actually include both permanent covalent and dynamic covalent
hydrogels. Depending on the reversibility of crosslinking, therefore,
hydrogels can be further divided into two main families: conventional
(permanent/static) gels and dynamic gelst®Y! (Figure 2.2).

Permanent c ‘i I
/__,, covalent onventiona
Chemical 4 ;
y .
d

/ BN Dynamic  §
Hydrogels ¢ covalent
\ e — p:  Dynamic
| ' ; non-covalent/ Pl

Figure 2.2. Classification of hydrogels based on the nature of crosslinking.

The conventional hydrogels are 3D networks crosslinked with
permanent covalent bonds and swollen in water. These networks are
formed by chemical reactions between complementary functional
groups (between polymer chains or between polymer chains and
crosslinkers) or by free radical polymerization of vinyl monomers in
the presence of crosslinkers.*2 Due to the formation of permanent
covalent bonds during the gelation, the processability of this type of gel
is very poor.®l Despite being permanently covalently crosslinked,
conventional hydrogels without topological optimization are not always
strong (fracture energy < 10 J/m?).4 Besides, static networks often
prevent the spontaneous healing of the hydrogels after external damage.
These drawbacks restrict the scope of their usage in real-world
applications.

In the case of dynamic hydrogels, the networks are crosslinked by
at least one type of dynamic bond (DB).*>1 Such hydrogels can
undergo topological rearrangement of the network either spontaneously,
or under given stimulus conditions by reversible crosslinking formation,
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breakage or exchange.®® *°1 Because the network can efficiently
dissipate energy under deformation through the breakage and
reformation, or exchange of DBs, these hydrogels sometimes possess
high mechanical strength.”*®) More importantly, the nature of DBs also
endow gels with desirable properties such as stimuli-responsiveness,
shape-memory, self-healing, degradability, or injectability. Integration
of these properties with anti-freezing, adhesive, bio-compatible, bio-
active, conductive, tough, flexible or stretchable polymer constituents,
make hydrogels useful materials for applications such as 3D or 4D
printing,”*! bio-sensor,®? soft machine and actuator,®! wearable and
implantable device,*l nanogenerator,® flexible energy storage
device, 1 artificial skin, muscle and nerve. 748l

The DBs used for dynamic hydrogels, can be described as any kind
of bond which can break and reform spontaneously or in response to
external stimuli.[*1 These bonds can be classified into two main
categories: non-covalent/supramolecular interactions (e.g., hydrogen
bonds, metal-ligand coordination bonds, hydrophobic associations,
crystallization, etc.) and dynamic covalent bonds (DCBs) (e.g.,
reversible C=N bonds, boronic ester bonds, disulfide bonds, Diels-
Alder reactions).®® 51 Due to the weak non-covalent character,
supramolecular interactions usually exchange rapidly under ambient
conditions, but this fast kinetics can also make polymer networks
susceptible to irreversible creep.[®? DCB involves reversible but robust
covalent bond, with slower formation/cleavage Kinetics than
supramolecular interactions, facilitating the formation of strong
networks.>31 Although these two types of bonds are considered as
interesting crosslinks for producing dynamic networks, the use of a
single type of bonds limit hydrogels to a comparatively narrow range
of properties, making them unsatisfactory for the desired applications.
To tackle this shortcoming, crosslinking strategies such as DB
combined with permanent covalent bonds and multiple DBs have been
designed for tailored networks during the last decade. ¢!
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Incorporating two or more types of bonds into one hydrogel system
to obtain the desired functionality requires addressing several points.
The first issue is: how to select suitable DBs as crosslinks to build the
polymer networks? The following question that needs to be answered
is: what kind of topology can be chosen to construct networks based on
multiple bonds. In this literature review, we will begin by discussing
the chemistry of DB, especially the metal-ligand bonds and reversible
C=N bonds used for this thesis. We will then turn to the topologies that
could be used for dynamic hydrogels. Finally, possible applications and
the future perspectives of the area are discussed.

2.2 Dynamic Bonds

2.2.1. General considerations

The behavior of the aqueous polymer network will depend on the
nature of the dynamic bond (DB), which is related to the
thermodynamic/kinetic parameters and to the bonding mechanism.
These parameters and mechanisms also determine, to a large extent, the
type and manner in which the hydrogel realizes its dynamic response. [4°!
Therefore, the understanding of the dynamics and chemistry of DB is
of importance to understand the way in which these DBs contribute to
the final properties of dynamic hydrogels.

As shown in Figure 2.3a, the association (i.e., bonding reactions to
form DB) of functional moieties on linear polymers can lead to inter-
chain crosslinking, and thus the formation of a 3D network of hydrogels.
Conversely, dissociation of the DBs can lead to disruption of the
network structure, causing changes in the volume, shape or color of the
hydrogel, or even a complete gel-sol transition.!®>% Thus, the intrinsic
reversibility of DB can confer controllable mechanical properties,
stimulus responsiveness, shape memory, etc. to hydrogels. The
reversibility of DB also facilitates the exchange of functional moieties
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on polymer chains under certain conditions, thus bringing self-healing
properties to the hydrogels.** %! Dynamic exchange of DBs can occur
through either associative or dissociative pathways.®! In an associative
pathway, bond breakage and reformation occur simultaneously (Figure
2.3b, 1), keeping the network at a constant crosslinking density
throughout the dynamic exchange process. In a dissociative pathway,
the bond first dissociates, and after a period of time forms a new linkage
(Figure 2.3b, I1). In this pathway, due to the reduction in the number
of linkages, the network crosslinking density decreases dramatically
and even in the most extreme cases depolymerises into linear chains.
The mechanical strength of the hydrogel is therefore likely to change
significantly in the process.

g
)}g () Dissociative exchange
/’z’-:—_la»*’
’FJ
J

“e'y
o)

Figure 2.3. (a) Schematic representation of the crosslinking and rearrangement of
dynamic networks, which are governed by the thermodynamic and Kinetic
parameters of the dynamic bonds. (b) Schematic representation of associative and
dissociative exchange of dynamic bonds (DBs).

23



Chapter 2

The gelation process of a dynamic hydrogel occurs upon the
formation of crosslinks, which is governed by the reaction equilibrium
of the DB. To achieve the creation of a network, the thermodynamic
and kinetic parameters of the DBs must be taken into account. The
thermodynamic equilibrium constant (Keq) (Figure 2.3) quantifies the
amount of associated DBs compared to the initial functional moieties.]
In other words, Keq directly reflects the degree to which DBs are
effectively formed in the crosslinking of polymer networks, and
determines the relative stability of the dynamic hydrogels. Because the
DBs are reversible bonds, the bond stability and strength are affected
by many environmental parameters such as temperature, pH, ionic
strength, etc.581 Besides, the stability of DBs in the networks depends
on the number of functionalities, crosslinking density, polymer
molecular weight, and polymer concentration.®® As shown in Figure
2.3, the kinetic parameters are the DB association (formation) (ka) or
dissociation rates (kq), and are related to the equilibrium constant by the
equation Keq = Ka/ks. The ks of DB is primarily responsible for the
formation of networks or self-healing kinetics of the hydrogels. The kg
depicts the dissociation rate of DB and greatly impacts the stress
relaxation of the polymer networks. Therefore, these kinetic parameters
are related to crosslinking kinetics and they play an integral role in
determining the response speed of hydrogels. Since Keq is the ratio of
Ka to kq, a high Keq usually indicates a network with sluggish exchange
between crosslinks and a low Keq means a faster exchange.®”

To understand the role of DB dynamics in determining the behavior
of hydrogel networks, it is necessary to know the driving forces for the
formation and dissociation of DB. For DBs, either supramolecular
interactions or dynamic covalent bonds, the processes of formation,
dissociation and reconstruction of reversible bonds are driven by
thermodynamically controlled process under the given environmental
conditions.® %91 The equilibrium constants of DB and the crosslinking
density of the network are therefore temperature dependent. A
particularly important parameter is the activation energy (E,) of the
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association and dissociation processes.™ It allows for a relatively more
stable DB to be formed (Figure 2.4a).
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Figure 2.4. (a) Free energy profile of irreversible and reversible reactions under
kinetic and thermodynamic controls, respectively. (b) Dependences of chemical
equilibrium constant and reaction rate constant on reaction temperature. ¢!

Typically, the relationship between the thermodynamic equilibrium
constant (Keq), standard enthalpy change, (AH®), and standard entropy
change (AS®), and the relationship between temperature-dependent rate
constant (k), Gibbs free energy (AG¥), enthalpy of activation (AH¥),
entropy of activation (AS*) and activation energy (E,) obeys the
following equations:

InKeq = — AH®/RT + AS®/R (2.1)

L kT AG* -

~h P\ TRT (2.2)

kgT AS* AH¥ 2.3)
k=——exp (‘T) exp (‘ ﬁ)

Ea
= . 2.4
k Aexp( RT) (2.4)

where kg is Boltzmann’s constant, T is temperature, h is Plank’s
constant, R is gas constant and A represents the pre-exponential factor.
Figure 2.4b graphically depicts the relationship between equilibrium
constant, rate constant and enthalpy change. For an exothermic
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reversible reaction, increasing the temperature causes the rate constant
to increase and the equilibrium constant to decrease, thus pushing the
equilibrium to move in the inverse direction (i.e., the direction of bond
dissociation). According to equation (2.4), the reaction would also be
accelerated by lowering the activation energy (e.g., incorporation of
catalyst).

Furthermore, the judicious choice of the initial functional moieties
is of critical importance when selecting the DB to be used as crosslink
for constructing dynamic hydrogels. The initial functional moieties
fundamentally determine the mechanism of association and
dissociation of the bonding reaction to form DB. For example, as
illustrated in Figure 2.5, the initial moieties can be identical
components (self-complementary)® or can be two different groups
(hetero-complementary)[“®! to obtain final crosslinks. In the case of self-
complementary crosslinking (Figure 2.5a), the polymer network can be
crosslinked in the presence of only one initial component such as
hydrogen-bonding between two ureidopyrimidinones (UPys), or
disulfide bond formed by the coupling of two thiol groups. The hetero-
complementary (Figure 2.5b) crosslinks form can be either two
moieties through A-B bonding (e.g., imine bond, host-guest
complexation), or A-C-A bonding (e.g., metal-terpyridine bis-
complexes). In this case, only in the presence of both components can
the crosslinking of the network be enabled. The presence of self-
complementary functional groups between individual polymer chains,
or the installation of hetero-complementary components on the same
polymer chain, may result in a high risk of intrachain loops formation.
These two main crosslinking methods, therefore, allow researchers to
use the DB toolbox to build customizable networks that manipulate the
performance of hydrogels.
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(a) Self-complementary:

—_ )
Ao — _dp

(b) Hetero-complementary:

A
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A C (0.5 equiv.) A-C-A

Figure 2.5. The two major classes of DB-based crosslinking: (a) self-
complementary, and (b) hetero-complementary.

Briefly, in order to develop the desired dynamic gel, the DB should
meet the following requirements. (1) The dynamic equilibrium has to
be in the direction of DB formation in order to favor the construction of
the crosslinked network. (2) Relatively rapid association and
dissociation rates to facilitate the desired macroscopic response of the
hydrogel within a reasonable time scale. (3) A reasonable choice of
initial components (reactive functional groups) is required to control the
structural parameters of the gel network on demand.
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2.2.2. Types of dynamic bonds

Since D. J. Cram, C. J. Pedersen and J.-M. Lehn, were jointly
awarded the Nobel Prize “for their development and use of molecules
with structure-specific interactions of high selectivity” in 1987,
supramolecular interactions have been recognized as a powerful tool
and were used in a plethora of applications.[® The critical feature of
supramolecular interactions derives from their dynamic nature.
Supramolecular interactions are correlated with non-covalent bonds
concerning ions and molecules in complexes, 2 and most of them are
labile and reversible. Extending the dynamic features of supramolecular
interactions into the molecular domain yields dynamic covalent bonds
(DCBs)?®! that combine the dynamic reversibility of supramolecular
interactions with the stability and robustness of covalent bonds.
However, the thermodynamic equilibrium processes of DCBs are
usually much slower than supramolecular interactions. The slower
Kinetics of the reactions associated with DCB formation usually mean
that they require extra stimuli (e.g., addition of a catalyst, heating, light)
to equilibrate to thermodynamically stable bonds within an acceptable
time scale.[®® Therefore, the DB, containing supramolecular interaction
and DCB, can be defined as a class of bonds that can selectively and
reversibly be broken and reformed under equilibrium conditions.[
These DBs with exceptional dynamics and a wide range of
thermodynamic strengths provide us with a versatile toolbox for the
design and manipulation of a broad range of materials, including
polymer networks. Table 2.1 offers some representative DBs that have
been used in the preparation of networks.
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Table 2.1. Typical dynamic bonds. 5

Dynamic bond types

Reversibility tuning conditions

Supramolecular interactions (hydrogen
bonding, hydrophobic interactions,
electrostatic interactions, and metal-ligand
coordination)

Imine formation and exchange:

¢}

H
CR
Ry H T RyN 2 v HO

Ri-NH, +

H H H H

Ay Ty T ey T ey

Hydrazone formation and exchange:

H o H o #
N _ N AN
R1/ \NHZ* RQ)I\H = Ry \N/ R, * H,0

Oxime formation and exchange:

0 H
Ry-O-NH, J CRy |
1 2 T ROH T RrON * HO
H ) ,T H H
+ 3 —_— L, + 8
E—O\Nﬁe Fo Ay §—0\N/ ¢ -0 N//Ix“

Boronic/borate ester formation and

exchange:
OH HO._R; O._R,
RyB_ + I — RyB_| + HO
OH HO "R, 07R;
PN HO. o HO
B Gt Po—= B % 3
N HO "o~ HO™

Generally, under continuous
equilibrium, highly susceptible to
environment change.

Formation (condensation): 22 °C
Exchange: 50~110 °C, acid.
Catalysts: aniline/acid catalyst.
Stimulus: temperature, pH.

Formation (condensation): 25 °C,
pH 7.4.

Exchange: 75 °C, acid.

Catalysts: aniline/acid catalyst.
Stimulus: temperature, pH.

Formation (condensation): 25 °C,
pH 6.4~8.3.

Exchange: acid, >50 °C.
Catalysts: aniline/acid catalyst.
Stimulus: temperature, pH.

Formation (condensation): 25 °C,
pH<T7.

Exchange: 25 °C (ambient self-
healing).

Cis-diol concentration affects
rates.

Stimulus: temperature, pH.
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Table 2.1. Continued.

Dynamic bond types

Reversibility tuning conditions

Disulfide formation and exchange, and
thiol-disulfide exchange:

RSH + RySH == R-S-SR,

. . $
p-Ong g‘\s S/q"t‘ 1{3\_5}1 é’ts B3
— Lo+ + — I+ HS
S, '4,5,-5 S £ H -]

& N N © ‘5'

Alkoxyamine dissociation and exchange:

]

/
- .y
i N\ F N . / N
= O—NJ‘_)—R‘; R— p— *t O-N R
R, ’\\ />—\ A 7 %, i
T : \
2
FoN v EoN e o )i+ ponN )

Diels-Alder reaction (DA):

JQ% - Q{?%

Cycloadditions [2 + 2]: cinnamate and
coumarin derivatives:

CCO PO
\\ == 7
Uda — Ul

Cycloadditions [4 + 4]: anthracene:

OB - R

Formation (addition) and exchange
both possible; conditions suitable
for exchange vary widely.
Catalysts: none or base,
nucleophiles, radical generators.
Stimulus: temperature, pH, and
light.

Dissociation (addition): stable
below 60 <C.

Exchange: typical reversibility at
100 °C, reaction time up to 24 h.
No catalysts.

Stimulus: temperature.

Formation (addition): reversibility
at 90~150 °C, minutes to hours.
Possible above 150 °C.

No catalysts.

Stimulus: temperature.

Formation (addition): RT, triggered
by light: A > 260 nm forward, A <
260 nm reverse.

Stimulus: light.

Formation (addition): A > 300 nm
forward, A < 300 nm reverse.
Stimulus: light and/or temperature.
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Table 2.1. Continued.

Dynamic bond types

Reversibility tuning conditions

Thiol-Michael reaction (TM):

EWG EWG

R

(EWG: electron withdrawing group)

Thiol-thioester exchange
(transthioesterification):

Transesterification:

;‘é\j\o}i + HO—% — &io’}? + Ho%

Urea-amine exchange:

0
3 y o 2 ,
A A - N — R T = 1
H R Aol R

Urethane, urea, thiourethane reversions:

N7 X === TN N
H H H

o] ) o
&HJLXA v S

X =0, NH, NR, §

Transcarbomylation, transcarbonation:

o
e S A 2

(o)

P Ee

X =NH, O

HO"

Formation (addition): reversibility
optimal at >90 °C, Reaction time:

1~16 h, pH 4~10.

Catalysts: bases and nucleophiles.
Stimulus: temperature, pH.

Exchange: facile exchange at RT,
Catalysts: bases and nucleophiles.
Increased reaction rates at elevated
temperature.

Stimulus: temperature.

Exchange: usually >150 °C for a
couple of hours.

Catalysts: bases [1,5,7-triazabicyclo
[4,4,0] dec-5-ene (TBD)], Lewis
acids (zinc acetate), phosphines
(triphenylphosphine).

Stimulus: temperature.

Exchange: can occur as low as 37
°C, typically above 100 °C.
Catalysts: bases or free amines.
Stimulus: temperature.

Addition: 100~190 °C, minutes to
hours.

Catalysts: stannous organo-
compounds.

Stimulus: temperature.

Exchange: >100 °C, typically
150~180 °C in minutes to hours.
Catalysts: stannous organo-
compounds.

Rates depend on OH concentration.
Stimulus: temperature, strain.
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The nature of DBs in crosslinking determines the formation and
rearrangement of polymer networks. Networks crosslinked by
supramolecular interactions are intrinsically dynamic and active, and
have relatively rapid exchange under ambient conditions. Most of the
dynamic covalent bonds usually maintain the stabilities of networks in
the absence of external stimuli.®®l The chemical composition of
systems containing DBs may undergo changes over time or in response
to stimuli,’?*! and therefore the introduction of DBs could promote stress
relaxation, self-healing ability, or stimulus responsiveness of the
polymer networks. %51 The presence of steric hindrance, electronic effect,
etc. in the polymer network, in turn, affects the dissociation and
exchange of DBs.’”] The dynamic properties exhibited by the final
material arise from the synergistic interactions between the various
components of the system.

2.2.3. Metal-terpyridine coordination bonds

The supramolecular interactions in polymer networks lead to
hydrogels and are responsible for their function. Supramolecular
networks are based on weak non-covalent interactions including
hydrogen bonds, metal-ligand coordination bonds, van der Waals forces,
n-n stacking, dipole-dipole interactions, etc. As presented in Figure 2.6,
most of these interactions are usually weaker than covalent bonds (ca.
150 kJ/mol to 450 kJ/mol for single bonds).[5%81 Among the various
supramolecular interactions, metal-ligand coordination bonds are
considered to be the most tunable, and their bond strength can vary over
an extensive range (tens kJ/mol to hundreds k/mol).[%8 81 Thus, the
bonds can be made dynamic or permanent with the appropriate
selection of ligands and metal ions. Moreover, the metal-ligand
complexes can display various interesting functions, such as optical,
magnetic, redox, electrochemical, and catalytic behaviors.[’% 71
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Figure 2.6. Summary of binding energies for different interactions. 668l

When a ligand donates a non-bonding pair of electrons to one of
the empty d-orbitals of a metal ion, metal-ligand coordination bonds are
formed. These ligands are usually nitrogen/oxygen-containing
functional groups, such as pyridine (including bipyridine and
terpyridine), catechol, carboxylate, histidine, phosphate or
iminodiacetate grafted onto polymeric backbones.l’> 731 Networks can
be created if two or three of these groups are able to form metal-ligand
bis-complexes or tris-complexes with metal ions. Since metal
coordination bonds are susceptible to external environments and their
thermodynamic parameters depend strongly on the oxidation state of
the metal ions, the network can be degraded or rearranged in response
to external stimuli (e.g. pH, temperature, acoustic treatment, redox
potential). Therefore, metal-ligand bonds are vastly employed in the
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preparation of self-healing and shape memory hydrogels and
networks. 5% 741

The terpyridine (Tpy), one of the most broadly exploited ligands to
complex transition metal ions, has also been utilized as building block
for the manufacture of polymer networks. Tpy has three nitrogen atoms
and is thus a tridentate ligand which forms stable bis-complexes of
pseudo-octahedral geometry by chelating a broad range of transition
metal ions in their low oxidation states.I”® According to the Irving-
Williams Series, the relative stabilities of bis-complexes of divalent
first-row transition metal ions generally follow the order: Zn(I1) < Cu(ll)
< Co(Il) < Fe(I1) < Ni(11).I®1 Consequently, the complexes formed by
these metal ions with Tpy exhibit a wide range of tunable
thermodynamic and kinetic parameters (Table 2.2)."67% The Keq 1 and
Keg, 2 (Figure 2.7) are the thermodynamic equilibrium constants of the
metal-terpyridine mono- and bis-complexes, respectively.

Ok, (2] g
R TelD]

e
ke [CIDM]

B=Keq 1 Keq 2= k. [M}/]

" ke [e]lCT

Figure 2.7. (a) Representation of thermodynamic and kinetic parameters of mono-
and bis-complexes. (b) Schematic representation of dynamic network based on
metal-terpyridine coordination bonds.
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Table 2.2. Thermodynamic and kinetic equilibrium constants and binding enthalpies
of metal-terpyridine mono- and bis-complexes.l’67

Metal Keq, 1 ka, 1 kd, -1 Keq, 2 ka, 2 kd, 2
ion (MY (M) (s M) (Mhs) (5T P

Mn (1l)  10%4 1050 1006 n.a. n.a. n.a. n.a.

Fe(ll)  107*  10%° 1022 1088 1070 1098 1029
Co(ll)  10%¢  10% 1040  10°® 1057 1032 1013
Ni (”) 1007 1031 1076 1011 1053 1058 10218
Cu(ll) =~102 ~10"* ~10%" >10° n.a. n.a. > 108
Zn (1) 1080 1081 1001 10%2 n.a. n.a. 10112

The kinetic and thermodynamic equilibrium constants were determined by a
stopped-flow procedure in water. The binding enthalpies were determined by ITC
in CH3;CN.

These varying thermodynamic and Kkinetic parameters of the
coordination bonds define the degree of terpyridine ligand participation
in network formation and in the dynamics of materials. Therefore, the
mechanical and dynamic response of the materials can be regulated by
varying the type and amount of incorporated metal ions in the
terpyridine-containing  system.[®®)  For  example, = metallo-
supramolecular hydrogels with maximum elastic modulus can be
obtained when coordination bonds with long lifetimes are used and the
stoichiometric ratio of the metal is half that of the Tpy ligands.[I In
addition, it is to be noted that the composition and length of the
polymers, ligand substituents, steric interactions, electronic effects,
solvents, and concentrations could also affect the strength and lifetime
of the ligand bonds in the network.[®2l Lohmeijer et al. measured the
pH-stability of metal-terpyridine bis-complexes of 4’-(2-(2-
methoxyethoxy)ethoxy)-2,2:6°,2*’-terpyridine in buffer solutions at
different pH by using UV-spectra.l®¥ It was found that most of the
complexes remain intact when varying the pH from 3 to 10 (Table 2.3).
This information can provide us with a reference when using metal-
terpyridine coordination bonds in selecting the appropriate pH for
network preparation in water.
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Table 2.3. pH-stability of the metal-terpyridine bis-complexes.®!

Metalion pH=10 pH=30 pH=50 pH=70 pH=100 pH=130

Mn (1) -
Fe (1) -
Co (Il -
Ni (11) +
Cu (1) -
Zn (1) -
Ru (1) +
cd (1) -
Hg (11) -

The ‘+’ represents an intact complex, whereas the ‘-‘ indicates the dissociation of
the complex or that UV/vis-spectrum resembled that of the protonated ligand.

+ o+ + + + + + o+

+ + + + + + + + o+

+ + + + + + + + o+

+ + + + + + + + o+
'

2.2.4. Reversible C=N bonds

D Ve e mmm

Boronate ester Acylhydrazone Vitrimers Thiol-ene Diels-Alder
Oxime Metathesis Urea Cycloaddition
5 . . Diarylbi-
Imine Siloxane Dis ulfide bet b hone
Alkoxyamine

Figure 2.8. Categorization of dynamic covalent bond types. ]

As another subset of dynamic bonds (DB), dynamic covalent bonds
(DCBs) combine the reversibility and sensitivity of supramolecular
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interactions with the prolonged life span and improved stability of
chemical bonds. Based on these exceptional characteristics, DCBs have
been exploited extensively in recent years for the purpose of preparing
covalent adaptable networks (CANs).[4#¢ The configurations and
physicochemical properties of networks can be regulated by changing
the thermodynamically controlled reactions of the DCBs. Based on the
underlying chemistry used and the mechanism of action, DCBs can be
broadly classified into three main groupings, namely, condensation,
exchange and addition-based DCBs (Figure 2.8).[5”1 Among various
DCBs, the reversible C=N bonds, including imine, hydrazone and
oxime bonds, are undoubtedly the most special, because these bonds
cannot only be reversibly formed and broken, but also the components
of the system can be restructured by means of bond exchanges under
certain conditions (Table 2.1).

A typical condensation reaction between a carbonyl electrophile
(aldehyde or ketone) and a primary amine (a-nucleophilic reagent)
produces a reversible C=N bond, i.e., the imine bond. This reaction is
also called as Schiff base reaction,® from the name of the German
chemist, Hugo Schiff, who first discovered the reaction in 1864. The
imine bond is also known as Schiff base bond, especially when the
amine is an aniline derivative.l®! The formation of imine and their N-
substituted derivatives (hydrazone, oxime) has a similar mechanism
(Figure 2.9a).°%1 Generally, the nucleophilic attack of the amino group
on the electrophilic carbon of the carbonyl group first results in the
formation of a tetrahedral intermediate (hemiaminal). Subsequently,
water is eliminated from the hemiaminal and a C=N bond is
produced.®Y In most cases, the step of the formation of tetrahedral
intermediate is a fast reaction and is not rate limiting. The rate-
determining step of the reaction is dehydration of the hemiaminal and
it is highly pH-dependent in water.[?
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Figure 2.9. (a) The general mechanism for the formation of imine. (b) Mechanism
for the formation of hydrazone or oxime catalyzed by acids. (¢) Mechanism for the
formation of hydrazone or oxime catalyzed by aniline.

At acidic pH conditions, the C=N bond production step can be
described as concerted proton transfer and nucleophilic addition.
Specifically, the initial electrophile attack is promoted by favoring the
protonation of the carbonyl oxygen atom, enhancing the electrophilicity
on the carbon atom. The subsequent C=N bond formation step is also
promoted at acidic pH, which makes it easier to dehydrate due to the
proton transfer to the OH group of the tetrahedral intermediate (Figure
2.9b). This explains why the formation of C=N bonds can be
accelerated by using an acid (acetic acid, trifluoroacetic acid) as a
catalyst. Nevertheless, in order to accelerate the dynamic formation and
exchange rate of C=N bonds (especially hydrazone and oxime), it is
usually necessary to control the pH of the system in the range of 4.0 ~
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6.0 (a pH of ca. 4.5 is typically advantageous),! and the efficiency of
the reaction decreases sharply at pH outside these levels.®l Particularly,
under high acidity (pH < 3) conditions, the nitrogen atoms of a-
nucleophilic  reagents undergo protonation, causing lower
nucleophilicity.®® This results in slower formation of hemiaminal or
even failure to form C=N bonds.

Moreover, in an acidic®® °1 or neutral® environment, the
nucleophilic catalyst aniline can reduce the barrier to the highest
transition state to increase the reaction rate by adding rapidly to the
carbonyl group and effective yielding the tetrahedral intermediate after
the attack of the a-effective nucleophilic reagents (Figure 2.9c). For
example, Dirksen et al. found that the formation rate of acylhydrazone
bond can be enhanced 20-fold with the addition of aniline under a pH
of approximately 4.5.°71 Meanwhile, some new low-toxic and soluble
nucleophilic amine-based catalysts such as anthranilates and
phosphanilates have been found to be more efficient catalysts to replace
aniline.[*%-101

As seen in Figure 2.9a, the reverse reaction of the C=N bonds can
proceed by their hydrolysis. The hydrolytic stability of the C=N bonds
is influenced by the electronic factors in the vicinity of the linkage,
especially the N-substitution of the a-nucleophile. There are two major
explanations for the higher stability of hydrazone and oxime compared
to imine. The explanation in the textbook is that the electron
delocalization of lone pair of electrons on the nitrogen-adjacent
heteroatom X in hydrazone and oxime, i.e., through the a-effect,
improves their stability.®® As shown in Figure 2.10, the contribution
of resonance form reduces the electrophilicity of the sp? carbon atom in
hydrazone and oxime, the thereby making them not susceptible to attack
by nucleophiles such as water or amines.[*°? The protonation of the
imine nitrogen can promote the reverse reaction (Figure 2.9b), water
can serve as a proton source as well as a nucleophile, thus both factors
accelerate the hydrolysis of imine in water. This implies that reducing
the electrophilicity of the carbon atom in the C=N bond could improve
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its inherent stability. For example, the stability of oxime bond obtained
from different carbonyl group derivatives following the order: acetone
< cyclohexanone ~ furfural ~ benzaldehyde < pyruvic acid (Figure
2.11).18.103]

(g © &  X=NR,, Alkylhydrazone
S =X 2, AlKyIny
Ry SN R, =R/ N""R, X=0,0xime
| I Acylhydrazone
H H H

S \
P N R4 - //N R4 -— N R4
RN ROV RITNGY

o
] v A °

Figure 2.10. Major resonance forms of C=N bonds.[1%

Increasing stability

| —
O, =~_0 0. = 0. =
R/ ~N R/ SN A OH
R’O\N/J\ < R/O"‘N//O . /\E‘? . < R N X

Figure 2.11. Stability trend in a series of oximes.[8]

Moreover, in a mechanistic study conducted by Kalia and Raines,
they found that the negative inductive effect of the nitrogen-adjacent
heteroatomic X moiety directly affects the stability of the corresponding
C=N bond.’* The X atom in hydrazone and oxime is more
electronegative than the adjacent alkyl carbon atoms of typical imines,
thereby reducing the basicity of the C=N bonded nitrogen atom and
further making hydrazone and oxime more resistant to protonation than
imines. This electronegative effect also explains why the oxime bond is
more stable than hydrazone since the electronegativity of oxygen is
higher than nitrogen. Likewise, based on the electronegativity
differences of the substituents attached to the amine in the a-
nucleophile, the typical C=N bonds have the following order of stability
(Figure 2.12): imine < alkylhydrazone < acylhydrazone <
semicarbazone < oxime.[104-106]
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Figure 2.12. The hydrolytic stability of typical C=N bonds.

Among the typical C=N bonds, hydrazone and oxime have higher
hydrolytic stability than imine, in other words, imine bond is the most
reversible and dynamic bond formed by reversible reactions under
thermodynamic control.[2%”) Imine bonds are thus the most extensively
implemented crosslinking strategy in reversible C=N bonds used in
dynamic polymers and their composite materials.[!%11 Due to the
electronegative heteroatomic X moiety, which reduces the basicity of
the amino groups in the nucleophiles, the formation of hydrazone and
oxime bonds is therefore usually relatively slow. Despite this, stable
hydrazone and oxime bonds are advantageous for many conjugation
reactions of biomolecules and biomaterials that require more stable
linkages.[**2114 Moreover, the rate of formation and hydrolysis of
hydrazone and oxime bonds can be increased by heating,**! regulating
the pH (by addition of Brensted acids®? or enzymes!*¢l) or adding
catalysts.l'*7] These properties of reversible C=N bonds provide us with
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the possibility to regulate polymer networks on a large scale in terms of
linkage design and kinetic control. Besides, some aryl group bonded to
C=N bonds, that can be used as Schiff base ligands (such as Salen
ligands) to chelate metal ions, have been comprehensively reviewed
and are not discussed here,[118-120]

2.3 Classifications of Network Topologies

s

Figure 2.13. Schematic representation of polymer network based on crosslinks (a)
in the side chain, or (b) in the main chain.

Typically, the three-dimensional architecture of hydrogel networks
can be formed by crosslinking linear polymers via side functional
groups (Figure 2.13a). The crosslink can be formed by functional
groups between polymer chains or by additional free molecules as
crosslinkers via the form of self-complementary or hetero-
complementary bonding. Polymer main chains can also be crosslinked
in the presence of functionalized molecules with multiple (i.e. >2)
attachment sites or of multibranched chain-end functionalized polymers
(Figure 2.13b). Both of these crosslinking methods are responsible for
the formation of most of the basic polymer networks. They mainly, but
not exclusively, control the final network topologies, which offers the
possibility of enhanced functionality (e.g. mechanical toughness) to
hydrogels.
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(1) Single-Crosslinked Network (SCN) : Crosslink A = Crosslink B

(2) Dual-Crosslinked Network (DCN) : Crosslink A # Crosslink B

__4P»— :CrosslinkA 4 — :Crosslink B

Figure 2.14. Schematic representation of the topologies of single-crosslinked
network (SCN) and dual-crosslinked network (DCN) based on () one, or (b) two
polymers.

Depending on the number of crosslink types, the network topology
can be mainly divided into single-crosslinked networks (SCNs) and
dual-crosslinked networks (DCNs) for systems made from only one
network (Figure 2.14). The SCN, the simplest type of network topology,
is constructed by one type of crosslink (either static covalent bonds or
dynamic bonds). DCNs, which are also called dual networks*?*12% or
dual-crosslinked single networks,*?41 are usually crosslinked by two
types of bonds, one of them at least being formed by dynamic bonds.
As presented in Figure 2.14a and 2.14b, both SCN and DCN are a
topology where the whole system is a single network that can be built
from one or two (or more) polymers by inter-chain crosslinking. In the
presence of two (or more) polymers, the crosslinking always happens
between different base polymers. Because it is a single network, if the
dynamic crosslinks in SCN are cleaved under certain stimuli, the
network will hence be destroyed, resulting in a gel-sol transition.
However, the damage to the architecture of DCN is related to the
position of the crosslink in the polymer chain. If two crosslinks are in
the side positions of the polymer chains (like shown in Figure 2.13a)
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and only one of the bonds is broken, the network still has the
opportunity to keep the hydrogel in a solid-like state. When the DCN is
constructed by crosslinking the polymer main chain (like shown in
Figure 2.13b) through two different bonds, the breakage of either of
these bonds can lead to a completely collapsed network. Sometimes, a
single network may contain more than two types of crosslinks, such as
a triple-crosslinked network (TCN), and can give the material even
more dynamic properties.

When a system has more than one network and the same crosslinks
occur only between the same polymers, the network topology will
potentially become a so-called interpenetrating polymer network (IPN)
(Figure 2.15a). According to the definition of the IUPAC compendium
of chemical terminology, an IPN is “A polymer comprising two or more
networks that are at least partially interlaced on a molecular scale but
not covalently bonded to each other and cannot be separated unless
chemical bonds are broken”.[*?! |IPNs are combinations of polymer
networks, at least one of which is synthesized or crosslinked in the
presence of the other, %81 it is not a simple blending of two or more pre-
formed networks. If there are un-crosslinked linear or branched
macromolecules that are dispersed in the IPN and that can be separated
from the network without breaking chemical bonds, then this topology
is called a semi-1PN.[*27] An IPN where both networks are based on the
same polymer chains, i.e., the same monomer or the same non-
functional part of the backbone, the IPN is called a homo-IPN.[X%8l For
homo-IPNs, the phase separation can be almost completely avoided and
a full interpenetrating of polymer chains is obtained since the networks
are thermodynamically miscible.[*?°! Compared with SCNs and DCNSs,
a synergistic effect of all components is observed in IPNs,**°! which
often exhibit improved mechanical properties over single network
hydrogels.[*3! In addition, IPNs have shown advantages in terms of
thermal stability, chemical resistance, and suppression of creep and
flow of the hydrogels.[*32]
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Figure 2.15. Schematic representation of the topologies of (a) interpenetrating
polymer network (IPN), and (b) double network (DN).

Benefiting from the readily adjustable chemical composition, chain
length and crosslinking density of the individual networks in the IPN
topology, Gong has pioneered the development of the double network
(DN) (Figure 2.15b) hydrogels,**3! which consist of two asymmetric
interpenetrating polymer networks with contrasting mechanical
properties.[**¥ The short-chain network (the first network) is a densely
crosslinked and brittle network for energy dissipation under large
deformations (Figure 2.16), while the long-chain network (the second
network) is a loosely crosslinked and stretchable network for
maintaining elasticity, thus a DN hydrogel exhibits high strength and
toughness.[*3 Although the advantage of static covalent sacrificial
bonds is high bond energy, and low temperature and deformation rate
dependency,*®! their irreversibility makes them unusable once broken.
Dynamic bonds, particularly supramolecular interactions, have been
introduced into DN hydrogels as sacrificial bonds being able to recover
after damage.™™*"*°1 Gong's double network theory starts with, but is
not limited to, double network hydrogels and can be extended to the
design of macromolecular topologies for tough materials, provided they
have sacrificial bonds to dissipate energy and can retain the integrity of
the materials after large deformations. For example, a weak and strong
bond crosslinked DCN hydrogel can have similar mechanical behaviors
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as double network hydrogels by dissipating energy through weak bonds
while strong bonds maintain the integrity of the gel.[*4%]

= 1st network chain %

== 2nd network chain ( ‘

Figure 2.16. Schematic representation of the effect of deformation on a DN (a)
before necking, and (b) after necking.**!

Based on the previous discussion, the installation of two or more
dynamic bonds into a hydrogel network can be implemented with the
topologies of DCN, TCN, IPN and DN. Macromolecules functionalized
with two or more dynamic bonding sites can be prepared as hydrogels
with DCN or TCN topologies, while chains containing only a single
dynamic bonding site can be used with other functionalized polymers
to synthesize IPN or DCN hydrogels. These multi-dynamic
crosslinking network strategies can be applied not only to build gels but
also to prepare elastomers with tunable response properties and
excellent mechanical properties.>8! For example, Bao and co-workers
reported a DCN elastomer based on Eu(lll)-curcumin coordination
bonds and on hydrogen bonds between urethane groups.[**Y This
elastomer is capable of self-healing and has excellent mechanical
properties (tensile stress ~ 1.8 MPa and strain capability ~ 900%). Peng
et al. prepared an IPN elastomer based on a polyurethane network
crosslinked by Fe(lll)-catechol coordination bonds and on an epoxy
network crosslinked by imine bonds.**?1 By virtue of the synergistic
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effect between the two individual networks and the pH sensitivity of the
two dynamic bonds, the obtained IPN elastomer showed enhanced
mechanical properties and excellent underwater self-healing capacity
over a wide pH range from acidic to alkaline. Since there have been
many comprehensive reviews discussing multi-dynamic polymer
systems based on dynamic bond types, 5°-52:5% 561 this chapter will focus
on aqueous polymer network systems containing metal-terpyridine
coordination and reversible C=N bonds in hydrogels from the network
topology perspective.

2.4 Rheological Characterization of Hydrogels

Before starting the discussion on various types of dynamic
hydrogels, it is necessary to introduce an important characterization tool
that is often used for such materials, namely rheology. Rheological
characterizations can give information directly related to the dynamics
and mechanical properties of hydrogels, which are always presented in
the discussions about dynamic hydrogels.*¥l The dynamics of
hydrogels basically exhibit time- or temperature-dependent rheological
behaviors such as creep, stress relaxation, and dynamic actuation
depending on the lifetime and number of dynamic crosslinks.
Connecting the dynamic bonds and network topologies in dynamic
hydrogel architectures to their rheological behaviors will help us to
better recognize the relationship between structure and properties of
such materials.

An ideal viscous fluid exhibits a Newtonian behavior following
Newton's law of viscosity. An ideal elastic material exhibits a Hookean
behavior, i.e., rapid deformation when stress is applied and immediate
recovery once the stress is removed. A hydrogel is composed of an
aqueous solution and a solid 3D network portion, possessing both
liquid-like and solid-like nature.?! A hydrogel is therefore viscoelastic
and exhibits both viscous and elastic mechanical response upon
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deformation. Viscoelasticity defines a hydrogel’s ability, under an
applied load, to resist mechanical deformation (solid-like behavior) and
to dissipate energy (liquid-like behavior).’*4  Rheological
characterization is an appropriate approach to characterize the
viscoelasticity of the hydrogel since it is fast, sensitive, requires minute
amount of sample, and can provide insight into gelation kinetics,
mechano-responsiveness, and relaxation timescale of the hydrogel.
These rheological characteristics are related to storage modulus (G')
(qualitatively the hydrogel stiffness, solid-like elastic properties), loss
modulus (G") (qualitatively the hydrogel energy dissipation, liquid-like
or flow response of hydrogel), and loss factor tan § (Tan § = G"/G’),
measured as functions of time, applied oscillatory strain and angular
frequency.l**! If tan § < 1 (i.e. G’ > G”), the sample behaves more like
an elastic solid, while if tan § > 1 (i.e. G’ < G"), the sample behaves
more like a viscous liquid.[24€]

Rheological properties of hydrogels are typically evaluated by
using small amplitude oscillatory shear (SAOS) measurements.t4'1 In
this experiment, a sample is placed between two parallel plates or a cone
and a disk, a small amplitude torsional oscillation deformation is
applied to the sample. and the material response (strain or stress) is
given as a sinusoidal output (Figure 2.17b). If the rheometer is strain-
controlled, a shear strain is applied to the sample in a sinusoidal
oscillation, y(t) = yo (sin wt), and the measured shear stress is a phase-
shifted sine wave o(t) = oo (Sin wt + &), where w is the applied angular
frequency and § € [0, n/2] is the phase difference between the strain
and stress waves.'’! For a viscoelastic material like a hydrogel, the
phase lag between the applied strain and the resulting stress curves will
fall between the limits (i.e., 0 < § < n/2).) If the sample is a purely
elastic material, the stress and strain waves are in phase (i.e., § = 0). If
the sample is a purely viscous material, the two waves are out of phase
by n/2 (i.e., 6§ = n/2). Similarly, in the case of a stress-controlled
rheometer, the shear stress is applied as o(t) = oo (Sin wt) and the
resulting shear strain is measured as y(t) = yo (sin wt+6). The equation
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related to shear stress and shear strain are given by o(w, t) = G".yo.(Sin
wt) + G".yo.(cos wt), with the coefficients G’ and G”, respectively
denoting the energy stored elastically and the energy lost through flow
per cycle when the oscillatory shear is applied to a viscoelastic sample
like a hydrogel.[24%]
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Figure 2.17. (a) Schematic representation of a shear rheometer equipped with a
plate-plate geometry. (b) The measure response when oscillatory deformation is
applied to the sample. A complete period of oscillation is equal to 27 radians.*®! (c)
The behavior of the three materials: y(t) and o(t) as a function of time dependence.

Typically, three types of rheological measurements can be
performed to characterize hydrogels. Generally, the rheological
parameters of a hydrogel are independent of the applied strain
amplitude up to the limiting strain (y.) level.'®! In some papers,
limiting strain is also referred to as critical strain (yc)**% or yield strain
(7y),%% which are described as the strain at which G' starts to decrease
and are used to define the limit of the linear viscoelastic (LVE) range.
The SAQOS behaviors of hydrogels are typically investigated within the
LVE regime. Beyond the yi, the behavior of the hydrogel is non-linear
(NLVE). Thus, oscillatory strain amplitude sweep measurement at a
fixed frequency to determine the LVE range is a good first step in
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characterizing the rheological behavior of hydrogels. In typical strain
sweeps (Figure 2.18a), the variation of the modulus is a function of the
strain amplitude. Usually, G’ and G” of the hydrogel are constant in a
small range of LVE. G’ is always larger than G” in the LVE region,
indicating that the hydrogel exhibits a solid-like behavior. As the strain
is higher than y., G' gradually decreases and G" gradually increases,
suggesting that the hydrogel transforms from a solid-like behavior to a
liquid-like behavior. The G' and G" crossover point is then observed
when the rupture strain (yr) is reached. Once the strain is beyond yr, G'
falls below G", demonstrating that the hydrogel network is completely
damaged and exhibits liquid-like characteristics.

With the LVE range established, oscillatory frequency sweeps at a
fixed strain amplitude (in the LVE region) can be performed. By
measuring the moduli as a function of frequency, the behavior of
hydrogels can be observed at short versus long timescales. For robust
hydrogels based on strong or long lifetime bonds, G' is nearly frequency
independent and is always greater than G" over a range of oscillation
frequencies™? (Figure 2.18b, dashed curves). However, for some
dynamic hydrogels whose crosslinking bonds are more reversible under
a certain condition (such as pH, temperature, ...), the variation of G'
and G" may depend on the frequency. Such hydrogels may display a
solid-like behavior (G' > G") at high frequencies (fast timescale), while
at lower frequencies or longer timescales, the hydrogels behave more
like a liquid-like response (G' < G") and flow easily (Figure 2.18b). By
taking the reciprocal of the frequency at which G"(w) reaches its peak,
the stress relaxation time scales of the network (t) may be found.™*5? In
dynamic hydrogels, the stress relaxation time (1) is often linked to the
dissociation rate (kq) of the dynamic bonds.[%

50



Chapter 2

(a)4
Solid-like behavior Liquid-
like
behavior

o
L)
Strain, y
A 1
(b) !
1
1
Liquid-like 1 Solid-like behavior
behavior 1
1
1 Plateau modulus
s =
N I
o
L)

—
—
e

"/t

|
L >
Frequency, w

Figure 2.18. Rheological experiments on hydrogels at a constant temperature: (a)
oscillatory strain sweeps at a fixed frequency amplitude, (b) oscillatory frequency
sweeps at a fixed strain amplitude.

Besides, the frequency sweep data also provide the experimental
plateau modulus (G'p), which could be compared with the theoretically
expected value (G5) according to the affine and phantom network
models.?! & 1521 The affine network model is based on a polymer
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network of Gaussian chains, where the displacement of the crosslinked
points at both ends of each elastic network strand is identical to the
macroscopic deformation of the entire network.[*31 Unlike the affine
model, the phantom network model considers fluctuations in the
crosslinking points.?!l The theoretical shear modulus given by the two
network models are respectively:

G9 = vkgT = 2L (affine network) (2.5)
Mxx
Gy = kaTE = PAT (1- E) (phantom network) (2.6)
f Mxx f

where v is the number of elastically effective network strands per unit
volume, p is the network density (mass per unit volume), f is the
functionality of the crosslinks, Mxx is the number-average molar mass
of a network strand. However, it is important to note that both equations
assume that the number of elastically effective strands v = pNav/Mxx
(Nav is Avogadro’s number) for an ideal network and ignore the
contribution of trapped entanglements. In reality, it is hardly possible
to eliminate defects such as loops, dangling ends, and network
misconnections, which are not elastically effective. In addition, the G'
value of static covalent hydrogels is mainly influenced by the
crosslinking density, whereas in dynamic hydrogels, the crosslinking
density, Keq and crosslinks exchange kinetics all could influence the
value of G'.140. 6%
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Figure 2.19. Rheological experiments on hydrogels at a constant temperature: (a)
oscillatory time sweeps under fixed frequency and strain amplitude for gelation
process and gel-sol transition in response stimuli, (b) oscillatory time sweeps at a

fixed frequency and strain amplitude with repeated step strain (from y <yLtoy >
vr, then, back toy < yL).

53



Chapter 2

The third rheological measurement commonly used to characterize
hydrogels is the oscillatory time sweeps under fixed frequency and
strain amplitude. In practice, time sweeps at constant small shear
amplitudes and frequencies are often required to monitor gel samples
before performing other tests to ensure sample equilibrium. The test can
also be used to track the gelation time from precursor solution to
hydrogel as well as the gel-sol transformation process of responsive
hydrogels upon receipt of the stimuli (Figure 2.19a).*5Y For hydrogels
with self-healing properties, self-healing performance can be assessed
by performing time sweeps with cyclic strain amplitude and repeated
several times to check the reproducibility of the self-healing ability
(Figure 2.19b). The self-healing efficiency of hydrogels can be
determined by comparing the recovered G' value with the initial G'
value.

2.5 Hydrogels Based on Metal-Terpyridine

Coordination and Reversible C=N Bonds

Because the hydrogels are composed of water and aqueous polymer
networks, which are crosslinked hydrophilic polymers, at least the main
backbone of which must be hydrophilic to render them water-swellable.
The choice of the hydrophilic polymer is a fundamental factor that has
to be taken into account when designing hydrogels. These hydrophilic
polymers can be synthetic polymers made from the polymerization of
water-soluble monomers, or they can be naturally derived biomolecules.
The primary hydrophilic part of the hydrogel network can therefore be
constituted by pure synthetic polymers, biopolymers, or the
combination of them. Before proceeding to discuss multiple bonding
hydrogels based on metal-terpyridine complexes and reversible C=N
bonds, we will introduce the SCN hydrogels prepared by them to learn
which hydrophilic polymers can be used as backbones for installing
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these two types of dynamic bonds, and what properties or behaviors the
obtained hydrogels have.

2.5.1. SCN hydrogels

As mentioned in section 2.3, a common method of constructing
polymer networks is to introduce side functional groups onto the linear
copolymer backbone. Such side-chain functionalized hydrophilic
polymers can be synthesized by copolymerizing functional monomers
with water-soluble monomers or post-modification of hydrophilic
polymers possessing reactive groups. In addition, functional groups can
also be grafted onto the main chain of a hydrophilic polymer, such as
on the chain-ends of a multi-armed hydrophilic polymer. As a result,
terpyridine groups or amine/carbonyl groups can be used in the above
three ways to develop functional polymers for the construction of SCN
hydrogels based on metal-terpyridine coordination or reversible C=N
bonds.

2.5.1.1. SCN based on metal-terpyridine coordination bonds

With the appropriate selection of metal ions, the strengths and
reversibility of metal-terpyridine coordination bonds can be varied over
a wide range. Consequently, these crosslinks allow the networks to
exhibit a range of stability from dynamic to permanent.*>31 However,
networks were often used to prepare organogels and very few studies
have been devoted to hydrogels due to the hydrophobicity of terpyridine
entities.[*>*1%8] Table 2.4 lists some of the reported Tpy-functionalized
polymers that can be used to construct hydrogels.
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Table 2.4. Representative hydrophilic polymers and metal ions for the preparation of
hydrogels based on metal-terpyridine coordination bonds.
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4-armed PEG

Figure 2.20. Schematic representation of the formation of hydrogels based on Fe?*-
Tpy crosslinked four-arm PEG and ammonia-induced collapse.*5]

Telechelic star poly(ethylene glycol) (PEG) having terpyridine
termini have been developed as promising aqueous polymer precursors
for metal-ligand coordination hydrogels. Kimura et al. used a four-
armed PEG end-capped with terpyridine moieties to synthesize a Fe?*-
Tpy crosslinked network (Figure 2.20), which can swell in water to
obtain a hydrogel.l*>®1 The hydrogel was very stable when varying the
pH in the range of 1 ~ 13 or heating up to 90 °C, but the addition of
aqueous NH4OH solution resulted in a decomplexation of Fe2*-Tpy bis-
complexes and a induced gel-sol transition. The hydrogel containing
0.1 M KCl also displayed reversible Fe?*/Fe3* couple at E12 = +0.77 V
vs. Ag/AgCl, indicating the potential of electrically controllable
network variations. Kikuchi et al. synthesized a series of metal-
terpyridine coordination hydrogels by using the terpyridine terminated
three-arm PEG (tris-PEG-Tpy) with Co?* and Ni?*.[*%% Because the
Co?*-Tpy bis-complexes are Kinetically labile and Co®*-Tpy bis-
complexes are kinetically inert (slow ligand exchange), the sol-gel
transition can be achieved by exposing the system to air to oxidize Co?*
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to Co®*. Conversely, the addition of Ascorbic acid can also transform
Co®*-Tpy bis-complexes into Co?*-Tpy bis-complexes to achieve a
reversible gel-sol transition. A hydrogel (CossNiis, where the indices
are the molar percentages of each metal ions) containing both redox
responsive Co?* and non-oxidizable Ni** with tris-PEG-Tpy can
undergo reversible sol-gel transition and has self-healing properties,
which were attributed to the oxidation/reduction of cobalt ions and
Kinetically unstable bis-complexes, respectively. Tpy-terminated four-
arm PEG are ideal precursors for the construction of model
supramolecular hydrogels because such star polymers form networks
with well-defined topology showing very little spatial inhomogeneity,
and because the binding strength and dynamics of the metal-ligand
complexes can be easily tuned by changing the transition metal ions.[®!
With such polymer architecture, Seiffert's group developed a variety of
terpyridine functionalized star-PEG for model-network gels.!*61-1651 For
example, they found that Zn?*-Tpy crosslinked star-shaped PEG
networks show rheological relaxation similar to the sticky Rouse
model, where the presence of stickers delays Rouse relaxation and
terminal relaxation.[*®3l The understanding of the model network
relaxation can allow a rational design of the self-healing and
mechanical properties of the materials in relation with the dynamic
crosslink strength and network topology.

Wang et al. synthesized an eight-arm PEG partially substituted with
terpyridine entities to study the metallo-supramolecular assembly
behaviors with the transition metal ions Zn?*, Co?", Fe?*, and Ni2* [166]
The large differences in dissociation rate constants of the various M(II)-
Tpy bis-complexes largely determine the formation of nanoparticle at
low concentrations and of hydrogel properties at higher concentrations
(> 5 wt.%). Due to the thermodynamic stability of Fe?*-Tpy and Ni?*-
Tpy, the hydrogels formed by them were elastic and were stable in the
range of 5 to 60 °C. As the Co?* and Zn?* complexes are Kinetically
labile, the loss moduli of the hydrogels were largely temperature-
dependent, and a reversible gel-sol transition of the Zn?*-Tpy hydrogel
at 25<C was observed. Interestingly, such temperature-responsiveness
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of the Zn?*-Tpy hydrogel was independent of the polymer concentration.
Subsequently, Wang et al. synthesized another terpyridine end-
functionalized 8-arm PEG by using the reaction of a 4’-
aminopentanoxy substituted terpyridine with a p-nitrophenyl
chloroformate activated PEG-(OH)s.1**" Based on the uncomplexed
and complexed state of Fe?*-Tpy, they studied the biocompatibility and
potential cytotoxicity of the polymer conjugate, nanogels, and
hydrogels by using bovine chondrocytes. Since the bonding of Fe?*-Tpy
is almost as strong as a covalent bond, the stable complexes are not
cytotoxic when the metal ions are embedded in the hydrogel network.
However, the polymer conjugate with free ligands may be toxic to cells
due to depletion of essential Fe?*. Importantly, the work of Wang et al.
was the first biological evaluation of terpyridine-based PEG hydrogels,
providing a start for the application of such hydrogels in potential
biomedical or pharmaceutical applications.

Walther et al. reported a supramolecular fluorescent hydrogel
formed by mixing solutions of a terpyridine-modified 4-arm polymer
and Zn?*.[*%8] The functional aqueous polymer was a Tpy-terminated 4-
arm poly(triethylene glycol methyl ether acrylate) (p(mTEGA)) star
polymer with a fluorescent perylene bisimide (PBI) core (Figure 2.21).
Due to the dynamic and thermally reversible nature of Zn**-Tpy, the
hydrogel allows for rapid self-healing at room temperature and can be
3D printed by extruding it at 40 °C onto a plate at room temperature.
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Figure 2.21. Schematic illustration of a dynamic and thermo-reversible fluorescent
hydrogel based on Zn?*-Tpy, (a) showing self-healing at room temperature and (b)
3D printing at 40 °C. (c) Temperature-dependent dynamic rheological behavior. 681

Besides, the synthesis of side-chain terpyridine-functionalized
hydrophilic copolymers via copolymerization of Tpy monomers with
aqueous monomer represents a good alternative and has been explored
by our group to prepare M(II)-Tpy hydrogels.*8%1 Brassinne et al.
synthesized a side-chain terpyridine-functionalized  poly(2-
(dimethylamino)ethyl methacrylate) (P(DMAMEA)) via controlled
radical copolymerization of 2-(dimethylamino)ethyl methacrylate and
terpyridine-functionalized methacrylate comonomers.!*" In the work,
the Co?* was selected to form crosslinks of moderate strength, resulting
in a transient Co?*-Tpy hydrogel (Figure 2.22). The obtained hydrogel
shows stress relaxation and self-restructuring abilities that were probed
by rheology. This work uses terpyridine functional monomers to
synthesize copolymers and add metal ions to prepare M(II)-Tpy
crosslinked hydrogels in a similar way to the preparation of hydrogels
in this thesis, so reference can be made to their monomer and polymer
synthesis operations. In addition, the analysis of dynamic rheology in
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the paper can also be applied to our study to help in the understanding

of our dynamic hydrogel systems.
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Figure 2.22. (a) Schematic representation for the network of Co?*-Tpy hydrogel

prepared from side-chain Tpy functionalized P(DMAMEA).

frequency sweep on the obtained hydrogel .72

(b) Oscillatory

Xu et al., reported a facile and straightforward strategy to
synthesize side-chain terpyridine-modified precursors, which were
prepared by the ring-opening addition reaction of poly(2-isopropenyl-
2-oxazoline) (PiPOx) with a commercially available 2,2":6',2"-
terpyridine-4'-carboxylic acid.l'"* A series of M (11)-Tpy hydrogels
were obtained by the addition of divalent transition metal ions (Zn%*,
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Co?*, Fe?*, and Ni?"). All prepared hydrogels exhibited self-healing and
moldable capacity even at higher crosslinking density. The Zn**-Tpy
and Co?*-Tpy hydrogels also show thermo-reversible sol-gel transition
due to the higher kinetic lability of their complexes.

Recently, Es Sayed and coworkers reported a method to control
emulsion stability by an advanced class of microgel emulsifiers.[*? The
microgel network was formed by a two-step surfactant-free dispersion
copolymerization of N-isopropylmethacrylamide (NIPMAM) in the
presence of a terpyridine-based comonomer (TpyAm) (Figure 2.23).
After 4 h of polymerization, a linear NiPMAM-co-TpyAm polymer can
be obtained in the mixture of water and oil, and followed by the addition
of FeCl; 4H,O to induce the formation of Fe?*-Tpy crosslinked
microgel. The Fe*-Tpy microgels were able to stabilize creamed
emulsions for months. However, the addition of H2O2 and potassium
persulfate resulted in a completely phase-separated within a few hours
due to the oxidation of Fe(Il) complexed with the terpyridine units to
Fe(lll). The oxidation reaction produced Fe(lll)-Tpy bis-complexes
that were kinetically labile and led to the collapse of the network,
thereby depriving the microgel of its emulsion stabilizing ability.

Metallo-supramolecular

Uncrosslinked PNIiPMAM crosslinked PNiPMAM

pre-microgel
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Figure 2.23. Schematic representation of the reaction pathway for the synthesis of
Fe?*-Tpy microgels.[7?
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2.5.1.2. SCN based on reversible C=N bonds

The SCN hydrogels crosslinked by reversible C=N bonds
(including imine, hydrazone and oxime bonds) have been extensively
studied in the last two decades due to the availability of carbonyl groups
(aldehyde or ketone groups) which are common in biomolecules.
Moreover, hydrophilic polymers can be readily modified using facile
methods to include carbonyl groups or a-effect nucleophiles. Given the
abundant sources of functional polymers for such hydrogels, we will
mainly focus on synthetic polymer-derived SCNs for the purpose of this
thesis since there are already many reviews discussing reversible C=N
bonding hydrogels from biopolymers.[!”3178l This type of hydrogels
will be sequentially introduced in the order of imine, hydrazone
(including alkylhydrazone, acylhydrazone, semicarbazone), and then
oxime.

Compared to other types of reversible C=N bonds, imine bonds are
the most unstable and are prone to cleavage in aqueous environments.
In addition, many biopolymers have the natural availability of primary
amines and functional groups that are easily modified by aldehydes and
ketones. Therefore, according to reported literatures, SCN hydrogels
based on imine bonds are mostly prepared from biopolymers and few
efforts have been devoted to utilize synthetic polymers.l'’®! Various
biopolymers such as chitosan, dextran, hyaluronic acid, gelatin,
amylopectin, alginate, cellulose, pullulan, konjac glucomannan, gum
Arabic, chondroitin sulfate, agar and collagen have been widely
explored to form imine-based SCN hydrogels for biomedical
applications.[*8%1921 For example, by the formation of imine bonds
between the amino groups of chitosan and the benzaldehyde end-groups
of linear PEG (Figure 2.24), Wei et al. prepared SCN hydrogels with
multi-responsive and rapid self-healing ability due to the pH-responsive
and reversible nature of imine bonds.[*8% The hydrogels also can be
used to encapsulate and control the release of small bioactive molecules
such as lysozyme without compromising its bioactivity.
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Figure 2.24. The multi-responsive and self-healing SCN hydrogels based on imine
bonds formed by the chitosan and a dibenzaldehyde-terminated PEG. 8]

Aldehyde groups on polysaccharides can be easily obtained by an
old but still widely used method, i.e. oxidative cleavage of vicinal diols
with sodium periodate.[*”>1771 Shokrolahi and colleagues, reported a
class of SCN hydrogels based on imine bonds, in which gelatin was the
amine-sharing part and oxidized amylopectin was the aldehyde-
providing part (Figure 2.25).1%1 These gels combine properties of
rapid forming, self-healing, injectability, and proper durability. Notably,
the authors demonstrated the biocompatibility and biological
applications of the imine hydrogels.
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Figure 2.25. (a) Synthesis of amylopectin multiple aldehyde (AMPA). (b)Schematic
representation of the formation of SCN hydrogels from aldehydes of AMPA and
imines of gelatin. (c) The injectability of SCN hydrogels based on imine bonds. [28%]

In addition, some natural small molecules with aldehyde groups can
also be introduced on the side chains of polymers to prepare SCN
hydrogels. Cong and coworkers synthesized a poly(N,N-
dimethylacrylamide) (PDMA)-based copolymer by using the
benzaldehyde group of vanillin, which can react with amino-modified
poly-tetrahydropyrimidine (PTHP) to rapidly form an SCN hydrogel
based on imine bonds (Figure 2.26).11°% The obtained hydrogels were
injectable, biocompatible, antimicrobial and self-healing, and can be
used to cure the suppurative subcutaneous infection.
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Figure 2.26. (a) Synthesis of aminated PTHP. (b) Synthesis of vanillin
functionalized PDMA. (c) Schematic representation of the formation of SCN
hydrogels based on imine bonds. (d) Frequency sweeps on hydrogel. (e) Times
sweeps with alternative shear strains for characterizing self-healing property.1%I

Ketone groups can also be included into the macromolecular
structure as precursors for the preparation of imine crosslinked
hydrogels. Yuan et al. prepared a thermo-responsive self-healing
hydrogel by the formation of imine bonds between the acetoacetate
groups in the four-armed star-shaped poly(2-(dimethylamino)ethyl
methacrylate-co-2-hydroxyethyl methacrylate) modified with tert-butyl
acetoacetate (t-BAA), SP(DMAEMA-co-HEMA-AA) and amine
groups in polyetherimide (PEI).*1 By dispersing polydopamine
nanoparticles (PDA NPs) in the hydrogel, the nanocomposite hydrogels
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show phase transition and volume shrinkage under near-infrared (NIR)
radiation (Figure 2.27). The authors exploited this property to develop
an efficient synergistic thermo-chemotherapy for the delivery of
anticancer drugs from such imine gels controlled by NIR laser
irradiation.
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Figure 2.27. Schematic representation for (a) synthesis of the ketone modified
SP(DMAEMA-co-HEMA-AA), (b) preparation of the imine hydrogel loaded with
PDA NPs and DOX; and (c) synergistic thermo-chemotherapy process of
nanocomposite hydrogels under NIR Irradiation.%]
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Because hydrazone and oxime bonds possess higher hydrolytic
stability than imine bonds, they were more suitable for introduction into
synthetic polymers for the preparation of SCN hydrogels than imine
bonds. Since Deng and co-workers first discovered the dynamic nature
of acylhydrazone bonds in gels in 2010, such dynamic covalent polymer
materials have rapidly developed.[?® 1%5-1971 They found that adjusting
pH < 4 can achieve gel-sol transition and demonstrated that
acylhydrazone gels have self-healing properties. Figure 2.28 and
Figure 2.29 present some of the synthetic polymers that have been used
to prepare SCN hydrogels based on reversible C=N bonds of hydrazone
and oxime, and Table 2.5 summarizes the properties and applications
of the hydrogels prepared by the combination of these polymers.

Similar to the synthesis of Tpy polymer precursors, the
electrophilic carbonyl moieties (ketone or aldehyde) and a-nucleophilic
reagents (hydrazide or hydroxylamine) can be introduced into the side
chain of polymers by copolymerization or modification, and at the
chain-ends of a PEG backbone by grafting the functional groups. In fact,
these functional polymers can be used between each other by the
reaction of carbonyl and nucleophilic groups to form 3D networks for
the preparation of SCN hydrogels as long as all precursors were not a
linear chain like PC10 (Figure 2.28). The mentioned synthetic
polymers as precursors can not only bring to the hydrogel the dynamic
properties of reversible C=N bonds and the properties of the polymer
backbone, but can also impart additional functions to the hydrogel by
introducing certain functional segments into the polymer precursor by
copolymerization or chemical modification. For example, Qin et al.
introduced the tetraphenylethylene (TPE) moiety, which has the
aggregation-induced emission (AIE) property, to the main chain of
copolymer of PC11 (Figure 2.28), and produced aggregation-induced
emissive acylhydrazone hydrogels. 226
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Figure 2.28. Synthetic polymer structures as electrophilic carbonyl reagents for
SCN hydrogels based on hydrazone or oxime.
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Table 2.5. Properties and applications of SCN hydrogels based on hydrazone and
oxime bonds prepared from synthetic polymer precursors.

Network .
W_ . Bond type Properties Ref.
composition?
Injectability, degradability,
PC1 + PN1 Acylh . e 1
¢ cylhydrazone and biocompatibility [198]
Thermo-responsiveness,
PC2 + PN2 Acylhydrazone degradability, Injectability, [199]
and biocompatibility
Injectability;
cytocompatibility; tunable
PC3 + PN2 Acylhydrazone gelation rates, degradation [200]
rates, opacities, and
mechanical properties
PC4 + succinic .
dihydrazide Acylhydrazone  Thermo-responsiveness [201]
Cytocompatibility; tunable
PC5/PC6+PN3  Alkylhydrazone 0dulus and stress [202-204]
relaxation; cell culture
application
Injectability; tunable
hanics, degradati
PC7 + PN4 Acylhydrazone meC anics, degraca |o.n. [205-207]
times, and phase transition
behaviors
Biocompatibility; the
PC5 + PN5; Acylhydrazone; degradation time of
PC5 + PNG6; Semicarbazone; hydrogels can be controlled [208]
PC5 + PN7 Oxime by varying the -
nucleophilic reagents
Biocompatibility; cell
adhesion; tunable
Glutaraldehyde + . ! .
ularaidenyde Oxime mechanical properties, [209]

PN7

gelation kinetics, and water
swelling ratios
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Table 2.5. Continued.

Network composition? Bond type Properties Ref.
PCB8/oxidized-hyaluronic . Injectability; catheter
. - ; . L 21
acid/oxidized-alginate + PN8 Oxime delivery application [210]
Macroscopic self-
assembly of the
PC9 + PN9 Acylhydrazone organogel and [211]
hydrogel, self-
healing
Biocompatibility,
biodegradability,

PC10 +PN10 Acylhydrazone Injectability; local [212]
cancer chemotherapy
application

PC11 + 0,0’-1,3- Stress relaxation
o ’ . Oxi . ' 213
propanediylbishydroxylamine Xime self-healing [213]
Thermo-

PC10 + PN11 Acylhydrazone responsiveness, self- [214]
healing
Injectability,

PC12 + PN12 Acylhydrazone degradability [215]
Degradability, pH- 216

PC13 + PN9 Acylhydrazone responsiveness, self- 5 17]’
healing
Tunable gelation

+
PC14 + PN13 Acylhydrazone time and self-healing [218]
. . pH-Responsiveness,
PC15 + hexanedihydrazide  Acylhydrazone [219]

self-healing
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Table 2.5. Continued.

Network .
... Bond type Properties Ref.
composition?
PC11 + PN9/ [220,

Acylhydrazone pH-Responsiveness, self-healing

hexanedihydrazide 221]

Self-healing, biocompatibility,
PC16 + PN14 Alkylhydrazone injectability; chemotherapeutic [222]
agent delivery application

Thermo-responsiveness,
PC17 + PN9 Acylhydrazone  biocompatibility, self-healing, [223]
degradability

Thermo-responsiveness, self-

PC15 + PN1 Acylh 224
C15 5 cylhydrazone healing [224]
Thermo-responsiveness,
PC18 + biocompatibility, self-healing, [225-
Acylhyd . o .
PN9/PN15 cyinydrazone light emission; drug delivery 227]
application
Thermo-responsiveness, self-
PC19 + PN15 Acylhydrazone [228]

healing, light emission
PC10 + PN16 Acylhydrazone  Self-healing, biocompatibility [229]

PC20/PC5+ PN14  Alkylhydrazone stress relaxation [230]

pH-Responsiveness,

+
PC21 + PN17 Acylhydrazone degradability [231]
Injectability, thermo-
PC22 + PN18 Acylhydrazone responSIVeness, pH- . [232]
responsiveness, degradability,
cell adhesion
PC23 + PN15 Acylhydrazone Self-healing and antimicrobial [233]

properties

Note: 2 The network compositions were made up of polymers with the same
chemical structures, and the actual monomer fractions and polymer weights may
vary.
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As shown in Table 2.5, hydrogels based on reversible C=N bonds
can be crosslinked between polymers or between polymer and small
molecule, they can also be prepared from functional polymers and
nanoparticles since they all can be modified. Zeng and coworkers
reported a nanocomposite hydrogel based on C=N bonds from the PC24
(Figure 2.28) and amine-modified silica nanoparticles (Figure
2.30a).[2*41 Hoare et al. used hydrazide functionalized poly(oligo
ethylene glycol methacrylate) (POEGMA) and aldehyde-functionalized
cellulose nanocrystals (CNCs) to prepare an acylhydrazone crosslinked
hydrogel (Figure 2.30 b).%I Thus, C=N bonds crosslinked hydrogels
were available with a remarkably abundant source of precursors.

P(MPC-co-FBEMA) ASNP
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W
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Figure 2.30. The C=N bonds crosslinked hydrogels prepared from polymers and (a)
silica nanoparticles,?* and (b) cellulose nanocrystals. 2%

It is worthwhile mentioning that aldehyde groups can not only be
introduced into polymer precursors for direct utilization, but can also
be generated in situ from other functional moieties on polymers, and
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further used to react with nucleophilic reagents to build gel networks.
For example, the 2-nitrobenzyl alcohol is photoreactive and can form
2-nitrosobenzaldehyde when exposed to UV-visible light (365-405 nm).
Anseth and coworkers used this in situ photogenerated aldehyde and its
reaction with alkylhydrazine to prepare an alkylhydrazone crosslinked
PEG hydrogel (Figure 2.31).12% The four-arm PEG end-capped with
2-nitrobenzyl alcohol moieties was used as photoresponsive compound
to form aldehydes in situ, which were then captured by an
alkylhydrazine-functionalized four-arm PEG to form alkylhydrazone
crosslinked networks. The gelation kinetics and final moduli of the
hydrogel can be readily controlled by the light intensity and exposure
time. Based on a similar photo liberation mechanism, DeForest et al.
synthesized a 8-arm telechelic PEG precursors modified with 2-(2-
nitrophenyl)propoxycarbonyl-photocaged alkoxylamines, which can
release alkoxylamines under near UV irradiation and then react with a
benzaldehyde terminated 8-arm PEG (same structure as PC20 in Figure
2.28) to produce oxime crosslinked hydrogels.!?*”1 The aldehyde group
can also be generated in situ from a furan precursor using a
photosensitizer (such as methylene blue) under red light (625 nm, | =
20 mW/cm?). Truong et al. exploited this property and synthesized a
four-arm PEG capped by furans that could generate aldehydes under
red light irradiation and further react with another hydroxylamine-
terminated four-arm PEG (same structure as PN8 in Figure 2.29) to
yield oxime crosslinked hydrogels.[®¥ Like other biocompatible PEG
hydrogels, the obtained alkylhydrazone and oxime hydrogels also can
be used as cell culture matrices.[2%6-2381
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Figure 2.31. (a) Photo-driven formation of PEG hydrogels based on alkylhydrazone
bonds. (b) The formation of 2-nitrosobenzylaldehyde is photoinduced from 2-
nitrobenzyl alcohol and the aldehyde is immediately trapped by alkylhydrazine to
form the alkylhydrazone bond. (c) Oscillatory time sweeps for the formation of
hydrogels from solutions containing both precursors under UV light.[236]

It can be seen that the reported methods for constructing SCN
hydrogels based on reversible C=N bonds generally start with carbonyl-
or amino-modified macromolecules as precursors. Michdek et al.
synthesized acylhydrazone pre-crosslinked bis-methacrylate monomers
as crosslinkers with N-(2-hydroxypropyl)methacrylamide (HPMA) for
copolymerization to form acylhydrazone crosslinked SCN structures
(Figure 2.32).12%%1 The synthesized SCN hydrogels exhibited the
degradability conferred by the pH-sensitive acylhydrazone. This
suggests that reversible C=N hydrogels can also be synthesized by pre-
forming C=N bonds in monomers, followed by polymerization.
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Figure 2.32. Schematic representation of the formation of SCN hydrogels from
acylhydrazone crosslinkers. 2%

2.5.2. DCN hydrogels

As described previously, the 3D structure of DCN is a single
network involving two types of crosslinks between polymer chains, at
least one of the crosslinks is caused by dynamic bonds. Therefore, one
type of crosslink in DCN hydrogels could be based on M(Il)-Tpy or
reversible C=N bond, while the other type would be based another static
covalent bond or dynamic bond. This section will discuss the DCN
hydrogels composed of either M(11)-Tpy or reversible C=N bond with
a static covalent bond, and then switch to either M(I1)-Tpy or reversible
C=N bond with other types of dynamic bond.

2.5.2.1. DCN based on metal-terpyridine coordination bonds

The utilization of static covalent bond as a crosslink with M(11)-
Tpy to form DCN hydrogels is perhaps one of the easiest approaches to
achieve because the stability and insensitivity of static covalent bonding
may not readily affect the formation of M(11)-Tpy. Zhou and coworkers
used two routes to introduce Ru(ll)-Tpy bis-complexes into a
covalently crosslinked poly(N-Isopropylacrylamide) (PNIPAAmM) SCN
hydrogel (Figure 2.33).124% Although the Ru?*-Tpy they used did not
work as the crosslinking in the gel network, it showed the potential of
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such metal-ligand bonds to construct DCN hydrogels together with
covalent bonds. The two synthetic routes they used also demonstrate
the feasibility of M(I1)-Tpy bis-complexes as crosslinkers to be pre-
formed in the monomer and then incorporated into the polymer network
by polymerization.

BIS, AIBN, 50 °C

RuCl; 4N - 1. C5, Ethanol, reflux
s/ N-ethylmolpholine
2. KPFg

[0}

BIS, AIBN,50 °C

2+

(PFg)2

CH, CHs

Figure 2.33. The two synthetic routes for Ru?*-Tpy functionalized hydrogels.?*

Seiffert’ group has developed a series of DCN hydrogels by using
four-arm PEG based on the orthogonal combination of M(I1)-Tpy and
static covalent bonds.[8 81 150. 2411 For example, they synthesized both
azide and Tpy functionalized linear PEG, which can be covalently
crosslinked by the cyclooctene end-capped four-arm PEG by strain-
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promoted azide-alkyne cycloaddition (Figure 2.34a).1*5% The addition
of metal(ll) ions then leads to the generation of DCN hydrogels with
both static covalent and M(I1)-Tpy crosslinks. Such M?*-Tpy DCN
allows the dynamic M(II)-Tpy crosslinks to break first for dissipating
the strain energy under large deformation, and increase thus the
toughness of the hydrogel. Oscillation frequency sweeps on pure
covalent SCN hydrogels show a purely elastic response of G', which
was independent of frequency and greater than G" (Figure 2.34b). The
Zn?*-Tpy crosslinked DCN hydrogel, by contrast, shows larger viscous
modulus and the frequency at the peak of G"(®w) matches the measured
dissociation rate constant of Zn?*-Tpy (Kaiss) (Figure 2.34c). In addition,
they show that the plateau modulus (G'y) of DCN hydrogels was
approximately twice higher than that of covalent SCN hydrogels. Their
work has demonstrated that the DCN topology not only preserves the
dynamics of Zn?*-Tpy but also allows for an increase in the elastic
modulus of the hydrogel by at least a factor of two.
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Figure 2.34. (a) Schematic representation of the formation of DCN hydrogels based
on M(I1)-Tpy and static covalent bonds and the topological crosslinking changes
upon overstretching. Oscillatory frequency sweeps on (b) only static covalent
bonding crosslinked pure covalent SCN hydrogel, and (c) both Zn?*-Tpy and static
covalent bonding crosslinked DCN hydrogel. 5%
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Another DCN hydrogel system consisting of M(11)-Tpy and static
covalent bonds was reported by Xu et al.[*?l They used Tpy-modified
PiPOx polymer (Table 2.4) to first prepare covalently crosslinked SCN
hydrogels by reaction with azelaic acid (nonanedioic acid).
Subsequently, DCN hydrogels crosslinked by covalent bonds and
M(I1)-Tpy were obtained by swelling the covalent SCN hydrogel in
different aqueous solutions of divalent transition metal ions (Figure
2.35a). DCN hydrogels formed from strong binding metal ions (e.g.
Fe?*, Ni?* and Co?") have lower mechanical stability and higher
brittleness than the covalent SCN hydrogel. The authors attribute this
to the higher thermodynamic and kinetic stability of the corresponding
complexes, leading to Kinetically trapped monocomplexes and
ineffective intramolecular crosslinking. Different from other M?*-Tpy
DCN hydrogels, the Zn**-Tpy DCN hydrogel was found to have
excellent mechanical properties (maximum compression strength: 9
MPa, toughness: 99 MJ/m?) and excellent self-recoverability due to the
dynamic nature of Zn?*-Tpy. This suggests that due to the fast kinetics
of Zn**-Tpy, DCN containing Zn?*-Tpy has the opportunity to achieve
higher toughness than other M(11)-Tpy crosslinked DCNs.
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Figure 2.35. (a) Schematic representation of the formation of DCN hydrogels by
swelling the covalent SCN hydrogel in a solution of metal(ll) ion. (b) Oscillatory
frequency sweeps on the SCN and DCN hydrogels. 242

Es Sayed and co-workers synthesized covalent SCN microgels with
free Tpy entities on the networks (MG-Tpy) by dispersion
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copolymerization of Tpy end-capped PEG monomethacrylate
(PEGMA-Tpy), N-isopropylacrylamide (NIPAM) and the covalent
crosslinker N,N’-methylenebisacrylamide (MBA).*31 Such microgels
can then undergo macro-aggregation to form macrogels in water by
forming Fe*-Tpy or Co?-Tpy crosslinked DCN in Fe?* or Co?*
solution (Figure 2.36). The obtained Fe?*-Tpy DCN macrogels can be
further transferred into individual microgels by oxidizing Fe(ll) to
Fe(l1l) using potassium persulfate because the unstable Fe(lll)-Tpy
complexes disconnect the microgel particles.

AP )\H oo ’ MBA, V50
. + 3 44 N -
P

NiPAM PEGMA-Tpy

Figure 2.36. Schematic illustration of the synthesis of covalent SCN microgels
containing Tpy and further macroscopic aggregation into DCN macrogels in water
in the presence of Fe?*.[43
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Another effective strategy to construct M(11)-Tpy DCN hydrogels
was by combining this type of bond with other kinds of supramolecular
interactions (e.g., hydrogen bonds and hydrophobic interactions) as
dual-crosslinking. Seiffert and coworkers developed a strategy to
construct DCN hydrogels on the basis of M(I1)-Tpy and hydrogen
bonding.?*4l They used partially azidized linear polyglycerol, which
can react with alkyne-functionalized diaminotriazines, cyanurates, and
terpyridines via strain-promoted azide-alkyne cycloaddition to yield
water-soluble polymers functionalized with multipoint H-bond arrays
and terpyridine ligands. They thus obtained linear polyglycerols
modified with either diaminotriazine and terpyridine or with cyanurate
and terpyridine on the side chain. After mixing aqueous solutions of
both functional polymers and the addition of Fe?*, DCN hydrogels with
hydrogen bonds (multipoint hydrogen-bonded arrays between the
cyanurate and diaminotriazine moieties) and Fe?*-Tpy bonds (bis-
complexes between Fe and two terpyridine moieties) were formed
(Figure 2.37). The stimulus responsiveness of hydrogen bonding and
metal-ligand bonds allows this DCN hydrogel to respond to a wide
range of stimuli. For example, the addition of acetic acid can disrupt the
hydrogen-bonded network within hours without affecting the Fe?*-Tpy
network, and the addition of EDT A/H20> can degrade the terpyridine-
based network on a similar time scale without affecting the hydrogen-
bonded network. The dual crosslinked network, however, can be
degraded by sulfuric acid within a few minutes. These results are
interesting because they show that the properties of the two dynamic
bonds used to crosslink DCN hydrogels can be modulated separately
without affecting the other bond. This allows the hydrogel to display
multi-stimuli responsiveness by giving the DCN the responsiveness of
each of the two bonds themselves. Because it is dual dynamically
crosslinked, the complete degradation of the gel can be achieved by
breaking both bonds together under a certain set of conditions. These
properties are not easily obtained in static covalent DCN or in DCN
containing with only one type of dynamic bond.
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Figure 2.37. Schematic illustration of the preparation of functional copolymers for
fabricating DCN hydrogels based on hydrogen bonds and Fe**-Tpy bonds.[?*4]

Polymers modified by Tpy on the main chain can also be used for
the synthesis of DCN hydrogels. Our group developed a series of DCN-
like hydrogels based on the orthogonal combination of hydrophobic and
coordinative interactions to tune the rheological properties and
responsiveness of hydrogels.[?*>2%% Those studies involve Tpy end-
capped amphiphilic diblock copolymers that were able to form micellar
DCN-like hydrogels in the presence of metal ions in semi-dilute or
concentrated aqueous solutions. These DCN-like hydrogels were
obtained by a two-step process. First, the block copolymers self-
assemble in an aqueous solution by hydrophobic interactions to form
micelles bearing ligands at the surface. Subsequently, the added
transition metal ions lead to hydrogels by forming M(Il)-Tpy bis-
complexes as crosslinks between micelles. For example, Brassinne et
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al. reported a class of hydrogels with the combination of hydrophobic
interactions and coordinative bonds through the synthesis of Tpy end-
functionalized polystyrene-block-poly-(N-isopropylacrylamide) block
copolymers (PS-b-PNIPAAmM-tpy).[2#81  These amphiphilic block
copolymers were found to be easily dispersible to water at low
temperature and give rise to opalescent micellar solutions (Figure 2.38).
Subsequently, the addition of metal ions leads to the formation of
crosslinked gel networks by the formation of terpyridine bis-complexes.
These reported studies have focused on micelles with a PS core. Such
hydrophobic polymers are known to form frozen micelles in aqueous
solutions. As a result, the viscoelastic response of the obtained DCN-
like hydrogels depends not only on the type of metal ion but also on the
hydrophobic chain segment length of the diblock copolymer.
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Figure 2.38. Schematic illustration of the preparation of micellar DCN-like
hydrogels based on hydrophobic interactions and Fe?*-Tpy bonds.[4]

At

Unlike the works of Brassinne et al., Piogéand coworkers reported
that copolymer micelles functionalized with terpyridine groups can be
formed from thermally responsive block copolymers.[?® They
prepared  well-defined  poly(N,N-dimethylacrylamide)-b-poly(N-
isopropylacrylamide-co-2-vinyl-4,4-dimethyl-azlactone) (Tpy-PDMA-
b-P(NIPAM-co-VDM)) thermo-responsive double hydrophilic block
copolymers bearing a terpyridine at one chain end by sequential
reversible  addition  fragmentation chain  transfer  (RAFT)
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polymerization. Due to the LCST-type thermosensitive block, the
metal-terpyridine bis-complexes of the block copolymers can self-
assemble in concentrated aqueous solution at a temperature above the
LCST to form both Fe*-Tpy and micelle crosslinked DCN-like
hydrogels (Figure 2.39). Based on the same crosslinking mechanism,
the same group subsequently reported similar DCN-like hydrogels via
thermo-induced micellar aggregation of M(11)-Tpy bis-complexes from
poly(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide) (Tpy-
PDMA-b-PNIPAM).12%1 Thermo-rheological experiments show that
the thermally reversible sol-gel transition temperature across the LCST
was about 34<C, which indicates the formation of a frozen percolating
3D network ensured by the aggregation of PNIPAM blocks. This also
validates the important crosslinking role of micelles in DCN formation.
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Figure 2.39. Schematic representation of reversible metallo-terpyridine copolymer
micelles and hydrogels elaborated from Tpy-PDMA-b-P(NIPAM-co-VDM) in the
diluted (0.5% w/v) and concentrated regimes (8% w/v), respectively.?54]
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2.5.2.2. DCN based on reversible C=N bonds

As discussed previously, hydrogels based on reversible C=N
bonded biopolymers are the most studied systems due to the large
distribution of carbonyl or amino groups in natural macromolecules and
the ease of modification with acyl hydrazide or hydroxylamine groups.
Therefore, the currently reported DCN hydrogels based on C=N bonds
are mainly focused on hydrogel systems using biopolymers.

Similar to the previously discussed DCN hydrogels based on metal-
terpyridine coordination bonds, DCN hydrogels crosslinked by both
reversible C=N bonds and static bonds also exhibit properties superior
to those of SCN hydrogels. Mo et al. reported a series of injectable DCN
hydrogels based on the aldehyde methacrylate sodium alginate (AMSA)
and amino gelatin (AG) using both imine bonds and static covalent
bonds as crosslinks.?%®! The AMSA was synthesized by the reaction of
oxidized alginate with 2-aminoethyl methacrylate through EDC/NHS
coupling reaction. By mixing the aqueous solution of AMSA and AG,
a primary network of imine crosslinking was formed rapidly (120 s)
between the amino groups of AG and the aldehyde groups of AMSA,
followed by a radical reaction of the methacrylate groups in AMSA
triggered by a 365 nm irradiation (15 min) to generate the secondary
network (Figure 2.40). Compared to the imine crosslinked SCN
hydrogels, both imine and covalently crosslinked DCN hydrogels
exhibited higher crosslinking density, enhanced mechanical properties,
lower swelling ratio, and lower degradation rate. In addition, the in vitro
cytotoxicity activity of cells on the hydrogels surface tests showed that
the DCN hydrogels were more suitable for tissue repair.

86



Chapter 2

(@ o ' (b)

~O¢ *
N © NH;  NH w25
= | Schiff base
ﬂ.(.l.'uv\\f.f\n A 4 anadaanaalaan A PR =
b fhoes i QH'H% AMS‘-‘ Solution
AMSA AG J:‘L ) Solution |

HN

NH,

oo
S”jj ! Schiff base

AN
o~ Uy

NH
o{ WS
o0
o - e’é"“

gent
F b S W
& }‘ ’ ba(,e iy
,./o ° ' 35"“«\
o NH

N N
wAnpl
HaN

Double network hydrogels

Figure 2.40. Schematic representation of (a) the formation of DCN hydrogels, and
(b) the preparation procedure of such hydrogels.[256]

Similarly, Wang and Lee et al. prepared a series of imine bonds and
static covalent bonds crosslinked DCN hydrogels.?"1  Two
biocompatible building blocks: a quaternized methacryloyl chitosan
(QMC) and a four-arm benzaldehyde-terminated PEG (BPEG) were
employed (Figure 2.41). The DCN hydrogels were formed by mixing
the QMC solution with the BPEG solution to first form the imine bonds,
followed by the photo-induced crosslinking of methacrylate bonds. The
DCN hydrogels have enhanced mechanical properties (tensile modulus:
157.4 kPa) compared to SCN hydrogels crosslinked with only imine
bonds. The free quaternary ammonium and protonated amino groups on
the DCN structure provided excellent antimicrobial performance to the
hydrogel. The residual aldehyde groups in the hydrogel matrix can form
reversible C=N bonds with the amino groups on tissue surface to
improve the adhesion of the hydrogel to biological tissues. In addition,
hydrogels have demonstrated biocompatibility and self-healing ability,
which combined with the desirable mechanical properties and
antimicrobial capacity demonstrating an application for enhanced
healing of infected wounds.
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Figure 2.41. Schematic representation for the formation of DCN hydrogels based on
imine bonds and static C=C bonds.?5"]

Combining the reversible C=N bonds with alternative dynamic
covalent bonds was another good strategy for the preparation of DCN
hydrogels. Among these, the introduction of disulfide bonds together
with acylhydrazone bonds is probably the easiest orthogonal
combination to obtain.[®* 94 220. 2212161 Otto and Rodriguez-Docampo
demonstrated in 2008 that hydrazone and disulfide bonds were
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compatible with each other in one system and can be selectively
activated or deactivated depending on pH.%81 In particular,
commercially available dithiodipropionic acid dihydrazide is easily
synthesized and often used as crosslinkers directly or after modification
to react with multi-carbonyl functionalized polymers to generate both
acylhydrazone and disulfide DCN hydrogels.[5* 220, 221, 216, 259-262] The
embedded disulfide bonds in the crosslinkers can also serve as dynamic
covalent crosslinks in 3D networks to impart further stimulus
responsiveness to the hydrogel. Deng and co-workers firstly introduced
this crosslinker to react with a three-arm benzaldehyde-capped PEG to
synthesize both acylhydrazone and disulfide bonds crosslinked DCN
hydrogels (Figure 2.42a).%* Since the dynamics of hydrogels were
dominated by acylhydrazone exchange under acidic conditions and
disulfide bond exchange under alkaline conditions, the hydrogels
exhibit viscous response in the low-frequency region (Figure 2.42b)
and can achieve self-healing (Figure 2.42c) under either acidic or
alkaline environments. However, the added catalytic aniline during the
preparation process can accelerate the acylhydrazone exchange reaction
and thus promote the self-healing of the hydrogel under neutral
conditions. Besides, due to the redox-responsiveness of the disulfide
bonds, the hydrogels also shown reversible gel-sol transitions triggered
by 1,4-dithiothreitol (DTT) and H.O>. This suggests that the
introduction of disulfide bonds into DCNs containing reversible C=N
bonds not only preserves the intrinsic stimuli-responsiveness of the
C=N bond, but also confers additional redox-responsiveness on the
hydrogel. More prominently, the introduction of disulfide bonds
extends the pH range where self-healing occurs, which suits a wider
range of application conditions. This again confirms the advantages of
dual dynamic crosslinking compared to single dynamic crosslinking.
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Figure 2.42. (a) Formation of DCN hydrogels from three-arm PEG end-capped with
benzaldehyde groups and dithiodipropionic acid dihydrazide. (b) Oscillatory
frequency sweeps on DCN hydrogels at different pH. (¢) Self-healing ability of
DCN hydrogels at different pH.54

In addition to the common method described above for introducing
disulfide crosslinkers into reversible C=N bond-based DCN, disulfide
bonds can also be created by the reaction of thiols within C=N
crosslinked networks. Zhou and coworkers showed that cysteamine
hydrochloride (Cys) can also be used as a crosslinker to prepare imine
crosslinked hydrogels.’?®®! The aldehyde groups on the oxidized
hyaluronic acid can readily react with the amino groups at both ends of
Cys to result in a gel network crosslinked by imine bonds. The obtained
hydrogels showed pH responsiveness, injectability and excellent self-
healing ability (100% recovery within 10 min). Although the function
of the disulfide bonds embedded in the network was not discussed in
the paper, the Cys as crosslinker was certainly another option for
constructing both imine and disulfide crosslinked DCN hydrogel
networks. In addition, Zhao et al. reported a DCN hydrogel prepared
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from the cysteine modified poly(amido-amine) dendrimers (Gn-
PAMAM-NH:-X, nand X represent the generation of PAMAM and the
proportion of -NH. at the periphery of the Gn-PAMAM-NH:-X
respectively) and oxidized dextrans (ODex) (Figure 2.43).12641 The
disulfide bond crosslinks were formed automatically by the reaction of
thiols with cysteine-rich subdomains of the Gn-PAMAM-NH2-X. The
imine crosslinked network was then created between the amine groups
of the Gn-PAMAM-NH2-X and the aldehydes of the ODex. These DCN
hydrogels exhibit injectability, adhesion, and biocompatibility.

%;un.mmw-mn-xM: ODex | : Thiol group ?: Amino group

\_ ? : Aldehyde group : Disulfide bond @—®:. Imine bond |

Figure 2.43. Schematic representation for the formation of DCN hydrogels based on
imine bonds and disulfide bonds.[264]

Reversible C=N bonds with boronic/borate ester bonds is another
common combination for the preparation of DCN hydrogels. As early
as 2004, Jayakrishnan et al. reported that periodate oxidized alginate
(alginate dialdehyde) and gelatin undergo self-crosslinking in the
presence of borax to form hydrogels.?®® As shown in Figure 2.44, the
hydrogel was established as a result of DCN formation due to the
creation of imine bonds between gelatin and alginate dialdehyde and
the formation of boronic ester bonds between alginate dialdehyde and
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borax. These hydrogels were injectable, biocompatible and
biodegradable.®!  Furthermore, the authors showed that these
hydrogels can adhere well with the cartilage tissue.?6” Subsequently,
Pettignano et al. showed that DCN hydrogels prepared from these
precursors have self-healing properties.'?%8] They found that pH has an
important effect on the reconstruction of the damaged hydrogel
interface, confirming that imine bonds play a fundamental role in the
repair process of DCN hydrogels.
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Figure 2.44. (a) The formation of DCN hydrogels based on imine and boronic ester
bonds.[%*! (b) The self-healing properties of such DCN hydrogels. 258l
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In the previous example, borate ester bonds were formed by the
addition of a crosslinker (borax). However, this type of bond can also
be generated in-situ by the direct reaction between functionalized
macromolecules without the addition of external crosslinkers. Zhao et
al. proposed phenylboronic modified chitosan and oxidized dextran to
prepare injectable DCN hydrogels based on crosslinking of imine and
borate ester bonds (Figure 2.45a).1?¢°! Due to the pH sensitivity of
imine bonds and to the fact that borate ester bonds can be dissociated
using another competitive diol (such as glucose), these DCN hydrogels
have pH- and glucose-triggered drug release capabilities. Hydrogels
also exhibited good biocompatibility and can be used to culture and
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proliferate cells. Based on the same crosslinking mechanism, the same
team also reported that phenylboronic modified chitosan together with
polyvinyl alcohol and benzaldehyde terminated linear PEG can form
both borate ester and imine bonded DCN hydrogels (Figure 2.45b).
The obtained DCN hydrogels also showed pH/glucose triggered release
of protein drugs and live cells and demonstrated self-healing properties.
DCN hydrogels crosslinked with both borate ester bonds and reversible
C=N bonds show once again that two dynamic bonds can retain their
respective stimuli-responsiveness when incorporated in a DCN.

Another DCN hydrogel crosslinked by imine and borate ester bonds
was proposed by Tao et al. using multifunctional PEG (MF-PEG) with
both benzaldehyde groups and phenylboronic acid groups at the two
ends of the linear chain.’?”* The MF-PEG as a polymeric crosslinker
can form DCN hydrogels within seconds by creating imine bonds with
glycol chitosan (GC) and borate ester bonds with polyvinyl alcohol
(PVA) (Figure 2.46). By adjusting the concentration of GC and PVA,
the ratio of crosslinking types can be easily adjusted (Gel 2 ~ Gel 5 in
Figure 2.46). For example, SCN hydrogels crosslinked by single borate
ester or imine bonds can be obtained by selectively adding only PVA
or GC to the MF-PEG, respectively. Due to the different formation
Kinetics and thermodynamic stability of borate ester and imine bonds,
the borate ester crosslinked SCN (Gel 1 in Figure 2.46) has a shorter
gelation time and weaker mechanical strength than the imine
crosslinked SCN (Gel 6 in Figure 2.46) (Figures 2.46b and 2.46c). The
gelation time and mechanical properties of DCN hydrogels can hence
be adjusted by varying GC/PVA. Compared to the two SCN hydrogels,
these DCN hydrogels have enhanced strength and mucosal adhesion
capacity. These DCN hydrogels also have self-healing properties,
biocompatibility and biosafety, and can be used as injectable drug
carriers.
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Figure 2.46. (a) Schematic representation for the formation of DCN hydrogels
based on imine and borate ester bonds from the MF-PEG with GC/PVA. Gelation
time (b) and frequency sweeps (c) on hydrogels varying the ratio of GC/PVA.™

Tan and Chen et al. synthesized phenylboronic- and ketone-
functionalized diblock copolymers P(N-isopropyl acrylamide-co-N-
acryloyl-3-aminophenylboronic acid)-b-(N-isopropyl acrylamide-co-
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diacetone acrylamide) (PAD) for both acylhydrazone and borate ester
crosslinked DCN hydrogels.?”?l As shown in Figure 2.47a, The
addition of PVA was used for forming borate ester bonds with the PAD,
and the adipic dihydrazide (ADH) was employed as crosslinker to react
with the ketone groups of the PAD to form acylhydrazone crosslinked
network. Based on the respective stimuli-responsiveness of these two
dynamic bonds, DCN hydrogels showed pH-triggered (HCI/NEts)
reversible gel-sol transition, and irreversible gel-to-sol transition due to
the addition of an excess ADH or fructose. Interestingly, the more
dynamic borate ester linkage endows the DCN hydrogel with fast
gelation kinetics and self-healing ability, and the stable acylhydrazone
linkage imparts hydrogel with enhanced mechanical properties. The
single borate ester-crosslinked SCN hydrogel had a typical frequency-
dependent behavior, and the acylhydrazone crosslinked SCN hydrogel
showed almost frequency-independent behavior (Figure 2.47b). The
DCN hydrogel also demonstrated frequency-dependent behavior,
especially at low frequency. Compared to the two SCN hydrogels (33
kPa and 28 kPa), the DCN hydrogel (55 kPa) exhibited higher breaking
stress (Figure 2.47c). These results suggest that the stress relaxation
behavior of a DCN hydrogel constructed from two reversible bonds
with different dynamics is primarily linked to the bond with the faster
kinetics. The DCN has higher mechanical strength, but a limited
deformability compared to one of the SCNs crosslinked by a single
dynamic bond (as shown in Figure 2.47c, the rupture strain of DCN is
between the two SCN).
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Very recently, Narain and coworkers synthesized a new type of
imine crosslinked SCN hydrogel, boronic ester crosslinked SCN
hydrogel and both imine and boronic ester crosslinked DCN hydrogel
by mixing two poly(2-methacryloyloxyethyl phosphorylcholine)
[poly(MPC)]-based functionalized polymers (Figure 2.48a).12"31 The
DCN and both SCN hydrogels demonstrated the frequency-dependent
behavior of the dynamic hydrogels (Figure 2.48b). Compared to the
two SCN hydrogels, DCN hydrogels have enhanced mechanical
properties (Figure 2.48c). Due to the coexistence of stimuli-responsive
imine and boronic ester in DCN hydrogel, the hydrogel showed pH-
triggered (HCI/NaOH) reversible gel-sol transition, and exhibited
responsiveness to sugar (fructose). As the benzoxaborolate complex
could be oxidized and cleaved upon the addition of oxidants, the DCN
hydrogels exhibited sensitive responsiveness to H>O> using it as a
typical model for reactive oxygen species (ROS). In addition, DCN
hydrogels were self-healing and biocompatible and have the potential
to be used as cell culture scaffolds.
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Wang et al. proposed a crosslinking strategy for DCN hydrogels by
combining Diels-Alder (DA) adducts and imine bonds.?’4l Here, N-
(furfural)carboxymethyl chitosan (FCC) and oxidized dextran (ODex)
were synthesized as precursors to react with dimaleimide-terminated
telechelic PEG (Mal-PEG-Mal) (Figure 2.49a). The imine crosslinked
SCN hydrogel was prepared from the FCC and ODex, while the DA
crosslinked SCN hydrogel was prepared from the FCC and Mal-PEG-
Mal. The swelling ratio of DCN was found to be higher than that of DA
crosslinked SCN, but lower than that of imine crosslinked SCN
hydrogel (Figure 2.49b). The authors suggested that the higher
crosslinking density of DA SCN hydrogels than DCN hydrogels was
due to the two-step crosslinking process of DCN. The first crosslinking
step was the formation of imine bonds, which is fast (Figure 2.49c) and
already leads to a gel. This limits thus the efficiency of the second step
(DA reaction), and ultimately leads to a slight decrease in mechanical
properties of DCN hydrogels compared to DA SCN hydrogels. These
results suggest that the difference in the rate of formation of the two
types of bonds in DCN can also have an effect on the crosslinking of
the sub-networks. The first network formed by the faster bonds may
affect the crosslinking efficiency of the slower bonds, thus affecting the
mechanical properties of the final DCN gel. Therefore, in order to
obtain the desired high mechanical strength, the difference in gelation
time between the two dynamic networks should not be too large.
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Figure 2.49. (a) The formation of DCN hydrogels based on imine bonds and DA
reaction. Swelling curve (b), gelation time (c) and compressive modulus (d) of
hydrogels.[?™!

Wang et al. established a DCN hydrogel through the formation of
catechol-catechol adducts as well as imine bonds.[?”®! The imine
crosslinks were created between aldehyde groups in oxidized dextran-
dopamine (OD-DA) and amino groups in chitosan quaternary
ammonium salt (HTCC). The dopamine in OD-DA was readily
oxidized to dopaquinone, which subsequently undergoes a reverse
dismutation reaction with dopamine to generate semiquinone free
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radicals and eventually produce the catechol-catechol adducts via
coupling (Figure 2.50a). The obtained DCN hydrogels exhibited
excellent mechanical strength, self-healing, adhesive and injectable
properties. In addition, the authors developed an application of such
DCN hydrogels for wound dressings (Figure 2.50b).
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Figure 2.50. (a) Schematic representation for the formation of hydrogels. (b)
Diagram showing the antibacterial and wound healing mechanisms of hydrogels.?"

It is well known that hydrogen bonding is a supramolecular
interaction formed between hydrogen atoms and highly electronegative
atoms, such as nitrogen (N) or oxygen (O) atoms. Although this weak
force is not stable in an aqueous environment, it can be stabilized by the
polymer providing strong solvation effects through hydrophobic
interactions or by forming multiple hydrogen bonding interactions to
increase the bond strength, so that hydrogen bonds can act as interchain
crosslinks in the hydrogel network.?”8! Hydrogen bonds can therefore
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also be combined with reversible C=N bonds for the purpose of DCN
hydrogel fabrication.[77-2831 For example, Connal et al. synthesized
copolymers of oligo(ethylene glycol) methacrylate (OEGMA) and
methacrylic acid (MAA), and grafted benzaldehyde units onto the
polymer by further esterification with 4-hydroxybenzaldehyde.?"® The
hydrogen bonds can be formed between the Bronsted acid MAA and
Lewis basic OEGMA on the obtained copolymers, and can be further
stabilized by hydrophobic interactions provided by the long-chain
oligo(ethylene glycol) side chains and hydrophobicity provided by
benzaldehyde. The addition of ethylenediamine (EDA) can therefore
lead to the generation of imine bonds between benzaldehyde groups on
the polymer chains to yield DCN hydrogel (Figure 2.51a). These DCN
hydrogels showed enhanced mechanical properties after freeze-thawing
due to the freeze-thaw process which further enhances hydrogen
bonding and increases the transport of water molecules in the hydrogel
network. These freeze-thawed DCN hydrogels exhibit excellent
mechanical properties (including strength, toughness, fatigue resistance)
in addition to fast and effective self-healing, programmable shape
changing and memory effects.

Guo and his coworkers have developed another DCN hydrogel
based on hydrogen bonds and acylhydrazone bonds from synthetic
polymers.[?8] The DCN hydrogels were prepared from the mixed
solution of poly(N-vinylpyrrolidone) (PVP), diacetone acrylamide
(DAAmM) monomer, acrylamide (AAm) monomer and adipic acid
dihydrazide (ADH) crosslinker (Figure 2.51b). The acylhydrazone
crosslinked network formed between P(AAm-co-DAAmM) and ADH,
while the hydrogen bonding network created between P(DAAmM-co-
AAmM) and PVP. DCN hydrogels demonstrated excellent mechanical
properties (maximum tensile stress: 369.7 KPa, maximum compressive
stress: 73.2 MPa, tear energy: 5724 J/m?), self-healing, injectability and
biocompatibility. These works show that reversible C=N bonds can also
co-exist with supramolecular interactions in the same system and
enhance the properties of hydrogels.
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Figure 2.51. Schematic representation for the formation of DCN hydrogels based on
hydrogen bonding and imine bonds (a)?"®! or acylhydrazone bonds (b).28%

Similar to the M(Il)-Tpy DCN hydrogels mentioned above, the
polymer micelles could also serve as a type of crosslinks to be
combined with reversible C=N bonds for fabricating DCN
hydrogels.[?84287] For example, Guo et al. synthesized benzaldehyde
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capped Pluronic F127 (PF127-CHO) capable of self-assembling into
micelles by hydrophobic interactions in water (Figure 2.52).1284 The
aldehyde groups on the surface of the formed micelles can rapidly react
with quaternized chitosan (QCS) to form imine crosslinked DCN
hydrogels. The prepared DCN hydrogels displayed stretchable,
compressible, shear-thinning, self-healing and recoverable mechanical
properties due to the dynamic imine bonding and physically crosslinked
micelles that can act as energy dissipators. The curcumin-loaded DCN
hydrogels showed good antioxidant capacity and pH-responsive release
profiles, and can be used as wound dressings.
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Figure 2.52. Schematic representation for the formation of curcumin-loaded DCN
hydrogels based on micelles and imine bonds. 284

In fact, the micelles formed due to the hydrophobic part of the
polymer can also be seen as a case where hydrophobic interactions are
used as crosslinks. Hydrophobic interactions can also be directly used
in some polymers as interchain crosslinks combined with reversible
C=N bonds to prepare DCN hydrogels.[?%-2°11 For example, Yeo and
Park synthesized dialdehyde methylcellulose (DAMC) derivative by
oxidation of methylcellulose (MC) with sodium periodate (Figure
2.53).12%1 The aldehyde groups on DAMC can react with the amino
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groups on the water-soluble chitosan oligomer (CHI-O) to form imine
bonds, while the hydrophobic groups of DAMC constitute the
hydrophobic interactions between the chains. Eventually, DCN
hydrogels consisting of imine bonds and hydrophobic interactions were
obtained. Due to the reversibility of the imine bonds, the obtained DCN
hydrogels exhibited better self-healing properties than the MC/CHI-O
blended hydrogels. In addition, this DCN hydrogel can be used for the
release of two model drugs (adenosine and vitamin C).

r OCH,
o
OCHy; 4 NH, Schiffbase O
N'\IO, HO / - ~L reaction \
| + lo Lo — o N
m) /
HO—7~_L—7~_

( H / l( ~
FO L

OH

DAMC CHI-O

DAMC/CHI-O

[ !
Hydrophobic H;CO I/
interaction 0(’-"’ /
.A, /

HC
Schiff base \\\

%

Aldehyde group ’ Amine group

a (-C=0) (NHy)
DAMC CHI-O
’ ¢ Tmine bond 4, Hydrophobic
(-CH=N-) T Interaction

Figure 2.53. Schematic representation for the formation of DCN hydrogels based on
imine bonds and hydrophobic interactions.?*%

Tan and Chen et al. have demonstrated that reversible C=N bonds
can also be combined with host-guest interactions for the exploitation
of DCN hydrogels.[?°2 They synthesized phenylalanine functionalized
e-polylysine (Phe-EPL) and dialdehyde functionalized PEG (DF-PEG)
as precursors. The phenylalanine groups of Phe-EPL could be
crosslinked by cucurbit[8]Juril (CB[8]) to form CB[8] host-guest
network, and the rest of the amine groups on Phe-EPL could react with
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the aldehyde groups on DF-PEG to form the imine network (Figure
2.54a). Compared to two single networks, DCN hydrogels have higher
modulus (Figures 2.54b and 2.54c) and faster self-healing rate.
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Figure 2.54. (a) Schematic representation for the formation of DCN hydrogel based
on imine bonds and CB[8] host-guest interactions. Strain sweeps (b) and frequency
sweeps (¢) on DCN hydrogel and its single networks. 2%

Noh et al. proposed a DCN hydrogel based on both imine bonds
and ionic interactions.?®®) The imine bonds were formed between
sodium periodide oxidized carboxymethyl cellulose (CMC) and glycol
chitosan (GC) (Figure 2.55), and the ionic interactions were formed
between the acid groups of CMC and the amine groups of GC by using
a phosphate buffer saline (PBS) solution at pH 7.0. Evaluation of
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cytotoxicity assay showed that DCN hydrogels were biocompatible. In
particular, DCN hydrogels with precursor polymer ratios (1:1)
exhibited high printability (continuous extrusion) and post-printing
stability (without secondary crosslinking).
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Figure 2.55. The formation of DCN hydrogels based on imine bonds and ionic
interactions.2%l

During the last two years, DCN hydrogels based on reversible C=N
bonds and metal-ligand coordination bonds have been well
developed.[?°42%1 Zhao et al. developed DCN hydrogels crosslinked by
both imine bonds and Fe**-catechol coordination bonds.!?®4 The imine
linkages could be formed between catechol-modified e-poly-I-lysine
(PL-Cat) and oxidized dextran (ODex), and the addition of Fe3* could
result in Fe3*-catechol bis- or tris-complexes between PL-Cat chains at
pH ~ 8 (Figure 2.56). The obtained DCN hydrogels exhibit the
desirable functions of dissolution on demand, repeatable adhesiveness,
adhesive and mechanical strength sufficient for wound closure,
injectability, and good biocompatibility. Such DCN hydrogel bio-
adhesives were able to effectively close open wounds. Due to the fact
that imine bonds and Fe3*-catechol bonds are pH-sensitive and Fe®*-

108



Chapter 2

catechol bis- or tris-complexes can be quickly dissociated after adding
the medical Fe** chelating agent such as deferoxamine mesylate (DFO),
the DCN hydrogel bio-adhesive can be facilely removed after closing
skin incisions by dissolving in DFO, or repeatedly close the reopened
wounds with only the help of water. Therefore, the DCN hydrogel bio-
adhesives demonstrated great potential in dealing with skin wounds,
such as groin and hands skin wounds.
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Figure 2.56. Schematic representation for the formation procedures of imine and
Fe3*-catechol crosslinked DCN hydrogels for closing open wounds and post-wound
closure care.?%!
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Liu et al. synthesized a series of polyaspartic hydrazide-co-aspartic
acid polymers (PHAs) by ring-opening reactions.?®! By
copolymerizing diacetone acrylamide (DAAm) and acrylamide (AAm)
monomers in PHAs solution as the method shown in Figure 2.51b,
acylhydrazone crosslinked SCN hydrogels between P(AAm-co-DAAmM)
and PHAs were obtained. Both acylhydrazone bonds and Fe3*-
carboxylate complexes crosslinked DCN hydrogels were then obtained
by completely soaking the acylhydrazone SCN hydrogels into the Fe3*
solution. Similarly, Tan and Li et al. prepared DCN hydrogels using
oxidized gellan gum (OG) pre-crosslinked with calcium ion and
carboxymethyl chitosan (CMCS) crosslinked by imine bonds.[?%¢1 The
authors demonstrated that DCN hydrogels containing drugs
(antibacterial drugs, tetracycline hydrochloride and silver sulfadiazine)
can be used as a wound dressing to avoid wound infection.

Recently, Qiu et al. reported both imine and Fe3*-carboxylate
complexes crosslinked DCN hydrogels prepared from oxidized alginate
(OA), gelatin (Geln) and butene-modified polyacrylic acid (PAA).[2%7]
The imine bonds were formed between Geln and OA/PAA, and the
complexes were created between OA and/or PAA chains (Figure 2.57).
By varying the concentration of PAA, DCN hydrogels with proper
elasticity (up to 37.04 +=2.75 kPa) and high ionic conductivity (up to
35.36 +7.72 x 107 S/cm) can be attained. Some DCN hydrogels have
been shown to be biocompatible, electrically stable during large strains
(~50% maximum compressive strain, ~ 150% maximum tensile strain),
stretchable ( > 500% strain), compressible ( > 85% strain), and self-
healing. These DCN hydrogels can therefore be used as hydrogel-based
engineered cardiac patch.

110



Chapter 2

HO oy
~o\#’7\° 1 ‘ )
o
Na0OC
Wlﬂé\*o on f 0A
- - ‘
| i i —
co co
¥ siba ras o
0 ona o O Toma
NI ", 4 :
/TN o v Geln < Sl
!

it
& NH; 7 -CHO *-CHO oF* [ .COON self-healing

DCN hydrogel ECP ECP transplantation ECP for 4 weeks  revascularization

Figure 2.57. Schematic representation for the formation of imine and Fe®*-
carboxylate crosslinked DCN hydrogel and its application in myocardial infarction
repair.[?%]

In 2021, Guo et al. reported on a series of adhesive antioxidant
antibacterial DCN hydrogels based on imine bonds and Fe3*-catechol
coordination bonds.?°! The stable Fe®*-catechol tris-complexes were
first synthesized and then used to crosslink quaternized chitosan (QCS)
by forming imine bonds, eventually resulting in DCN hydrogels
(Figure 2.58). The DCN hydrogel presents injectability, self-healing
capability, biocompatibility, antimicrobial activity, adhesiveness, and
NIR responsiveness. The antimicrobial capacity of quaternized chitosan
and NIR-assisted photothermal ablation could synergistically improve
the antimicrobial efficiency of the DCN hydrogel. Similar to the work
of Zhao et al,?®! DCN hydrogels based on imine and Fe3*-catechol
bonds were not only effective in sealing skin incision, but could also be
removed on demand with the intervention of DFO or acidic solution.
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Different from Zhao et al DCN hydrogels (Figure 2.56), the hydrogels
in this work were more sensitive because simply breaking either of the
two crosslinks will cause the gel network to collapse.

Adhesiveness
Anti-oxidant
Injectability
Antibacterial
Photothermal

Figure 2.58. Schematic representation for the formation of imine and Fe®*-catechol
crosslinked DCN hydrogel and its application in wound closure and post-wound-
closure care.[?%!

Based on the above works on combining reversible C=N bonds and
metal-ligand coordination bonds to construct DCN hydrogels,[2%4-2%1 jt
can be seen that these two types of bonds can be used, not only to make
dynamic DCN hydrogels, but also to verify the fact that they can co-
exist in the same system. This also implies that the reversible C=N bond
and the metal-terpyridine coordination bond combination in this thesis
will not have competition problems.

As the reversible C=N bonds can also be adjusted from susceptible
bonds (such as imine) to more stable bonds (such as oxime) by varying
the nucleophile, some DCN hydrogels were also prepared using the
same two types of bonds but with different thermodynamic stability.
For example, Li and Nan et al. prepared both imine and acylhydrazone
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crosslinked DCN hydrogels.’?*® The reaction of aldehyde groups of
oxidized alginate (OSA) with amino groups of gelatin (GE) produced
the imine network and the acylhydrazone network was formed between
OSA chains and adipic acid dihydrazide (ADH) crosslinkers (Figure
2.59). The gelation time of DCN hydrogels can be adjusted by altering
the ratio of OSA, GE and ADH. The DCN hydrogels have excellent
injectability, in situ gelation in vivo, self-healing and tissue
biocompatibility as well as support cell survival, proliferation and
migration.
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Figure 2.59. Schematic representation for the formation of DCN hydrogel based on
imine and acylhydrazone bonds. 2%
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2.5.3. IPN or DN hydrogels

To the best of our knowledge, there are no reports of IPN or DN
hydrogels containing M(I1)-Tpy. Only IPN or DN hydrogels based on
reversible C=N bonds will be discussed in this subsection. Among these
IPN hydrogels, the IPN is mainly composed of two sub-networks, hence
they are also referred to as DN hydrogels most of the time in literature.
One of these two networks is connected by the reversible C=N bonds
and the other one is crosslinked by static covalent or other types of
dynamic bonds.

IPN or DN hydrogels containing reversible C=N bonds most
commonly consist of a network of reversible C=N bonds
interpenetrated with a static covalent network. Zhang and Ouyang et al.
proposed a crosslinking strategy for imine and covalent interlocked DN
hydrogels.*% In this work, the imine bond crosslinked network
between gelatin and oxidized dextran (ODex) served as the first
network. The second network, crosslinked by static covalent bonds, was
formed by exposing the gelatin methacrylate (GelMA) solution to 30
mW/cm? UV light (365 nm) for 3 min. As a result, DN hydrogels were
formed by the interpenetration of imine and covalent networks (Figure
2.60). Compared to statically covalently bonded SCN hydrogels, the
storage modulus of DN hydrogels was approximately three times higher.
In addition, the DN hydrogels showed lower swelling ratio, higher
crosslinking density, and smaller pore size. Due to the reversible nature
of the imine network, the DN hydrogels also exhibited rapid recovery
ability. In addition, the authors demonstrated that large-scale formation
of reversible C=N bonds between amino groups of hog casing tissue
surface and excess aldehyde groups in the hydrogel improved the
adhesion of DN hydrogels to the tissue. These tough tissue-adhesive
DN hydrogels also show good biocompatibility and enhanced ability
for the formation of hyaline cartilage-like tissues. These properties
suggest that DN hydrogels containing dynamic bonds, similar to the
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DCNs mentioned above, also have enhanced toughness and do not lose
the dynamic nature of the dynamic bonds themselves.
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Figure 2.60. Schematic representation for the formation of DN hydrogel composed
of an imine network (between oxidized dextran and gelatin) and a static covalent
network (between GelMA chains).[E%

Similarly, both imine and covalent crosslinked DN hydrogels were
prepared by Wang et al.*%% These DN hydrogels were prepared in the
presence of N-carboxyethyl chitosan (CEC) and benzaldehyde
terminated linear PEG (DAPEG) by a one-step in situ free-radical
polymerization of monomeric acrylamide (AAm) and N,N’-
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methylenebisacrylamide (MBA) (Figure 2.61). Due to the dynamic and
pH-responsive imine bonds, and the large number of amino and
hydroxyl groups on chitosan that can chelate various metal ions, DN
hydrogels are not only self-healing but also have a repeatable shape
memory function with dual responsiveness to pH and metal ions. In
addition, DN hydrogel has excellent mechanical properties (tensile
strength: 460 kPa, strain at break: 4600%) and the self-healing
efficiency of hydrogels can reach 84.2% (elongation at break) and 93.2%
(strength at break) with the help of alkali stimulation.

DAPEG ® MBA

Figure 2.61. (a) Schematic representation for the formation of DN hydrogel
composed of an imine network (between CEC and DAPEG) and a static covalent
network (between PAAm chains). (b) The pH- and metal ions-induced shape
memory abilities of DN hydrogels.0!
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Zhang et al. prepared a series of imine and static covalent
crosslinked IPN hydrogels by cryogelation technique.*%? The first
network was built by imine crosslinking between an oligoethylene
glycol-based dendronized polymer side-functionalized with primary
amines (PG1A) and a linear PEG end-capped with benzaldehyde groups
(PEG-DA) (Figure 2.62a). The second one was a covalent crosslinked
network constructed by the free radical polymerization of acrylamide
(AAm) or N, N-dimethylacrylamide (DMA) with N,N’-
methylenebisacrylamide (MBA). In this study, the IPN hydrogels were
prepared by two strategies: (1) two-step method. The covalently
crosslinked network was first synthesized and then immersed in the
solution of PG1A (pH 10) to swell and form the imine crosslinked
network in the frozen state after the addition of PEG-DA. (2) one-pot
method. Both networks were formed simultaneously from the mixed
precursor solutions of PG1A, PEG-DA, AAm and MBA by in-
dependent, non-interfering imine and covalent crosslinking. Compared
to IPN hydrogels prepared with covalent PAAm as the second network,
PDMA-based IPN hydrogels were weaker, whether they were prepared
by a two-step or one-step method. The authors attribute this difference
to the weaker hydrogen bonding of the PDMA than the PAAm network.
Compared to the imine crosslinked SCN hydrogels (G": ~3 KPa), the
mechanical properties of the IPN hydrogels obtained after the
introduction of the PAAm covalent network were increased (G' > 4 kPa).
IPN hydrogels with the same composition of imine and PAAm covalent
networks but prepared by the two different methods show similar G'
when the imine network content was equal to or greater than half. The
G' of IPN hydrogels prepared by the “two-step method” was much
higher than that of the hydrogel prepared by the “one-pot method” when
the imine network content was less than half, i.e., the PAAm covalent
network was the major component. Based on the pH-responsiveness of
the imine bonds and the characteristic thermal response behavior of
OEG-based dendrimers, the prepared IPN hydrogels also show a
remarkable pH-/thermo- dual shape memory behavior (Figure 2.62b).
These results suggest that not only do IPN hydrogels have a higher
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elastic modulus than single crosslinked networks, but that the
crosslinking sequences can also have an important effect on the
mechanical properties of the gels. Also, the stimuli-responsiveness of
the dynamic crosslinks does not affect the thermal responsiveness of
the polymer backbone.
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Figure 2.62. (a) Schematic representation for the formation of IPN hydrogel
composed of an imine network (between PG1A and PEG-DA) and a static covalent
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Figure 2.63. Schematic representation for the formation of DN hydrogel composed
of an acylhydrazone network (between HA-HYD and HA-ALD) and a static
covalent network (between Nor-HA and PETMA).[3%]

Similarly, Burdick et al. demonstrated that DN hydrogels
composed of an acylhydrazone network and a static covalent network
can have superior mechanical properties compared to single networks
(Figure 2.63).B%! They prepared an acylhydrazone crosslinked SCN
hydrogel from a hyaluronic acid-hydrazide (HA-HYD) and a
hyaluronic acid-aldehyde (HA-ALD) for 3D printing. To obtain printed
hydrogels with enhanced mechanical properties, a covalently
crosslinked second network was formed using a norbornene-modified
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hyaluronic acid (Nor-HA) crosslinked with  pentaerythritol
tetramercaptoacetate (PETMA) under UV light. Compared to
acylhydrazone SCN hydrogels, the G' of DN hydrogels increased from
~500 Pa to 5 kPa. The Young's modulus and failure stress of 5 mm
printed SCN hydrogel discs increased from 1 kPa to 3 kPa and from 10
kPa to 30 kPa, respectively, after the DN hydrogels formed under UV
irradiation.

Chi and co-workers reported another IPN hydrogel composed of
interlocked acylhydrazone and covalent networks.** The hyaluronic
acid-aldehyde (HA-CHO) and hydrazide-functionalized poly(y-
glutamic acid) (y-PGA-ADH) constructed the first network through the
formation of acylhydrazone bonds. The second network was
established by the photopolymerization of methacrylate-functionalized
poly(y-glutamic acid) (y-PGA-GMA). Compared with the imine
network (~52% fracture strain with a maximum compressive stress of
~35 kPa), the y-PGA-GMA covalent network (~74% fracture strain
with a maximum compressive stress of ~110 kPa) was more flexible
and robust. Precursor solutions loaded with cells and/or drugs can be
injected via dual-chamber syringes equipped with mixing tips (y-PGA-
ADH and y-PGA-GMA solutions in one syringe and HA-CHO solution
in the other syringe) to first form the imine semi-IPN (SIPN) hydrogel,
and then induce the covalent crosslinking under ultraviolet light to form
strong IPN hydrogels (Figure 2.64). The lack of a covalently
crosslinked y-PGA-GMA network and the fact that the polymer chains
were only entangled in the first imine network resulted in a loose SIPN
hydrogel structure and a lower storage modulus than that of the IPN
hydrogel. The stiffness of the IPN hydrogels could be regulated by
altering the content of the y-PGA-GMA covalent network. In addition
to injectability and good mechanical properties, IPN hydrogels have
also been shown to be biocompatible and enzymatically degradable for
drug delivery and 3D cell culture.
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Figure 2.64. Schematic representation for the formation of IPN hydrogel composed
of an acylhydrazone network (between HA-CHO and y-PGA-ADH) and a static
covalent network (between y-PGA-GMA chains).[504

Ossipov et al. proposed an IPN hydrogel composed of an

acylhydrazone network and a disulfide network from four derivatives
of hyaluronic acid (HA) bearing hydrazide (HA-hy), aldehyde groups
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(HA-al), 2-dithiopyridyl (HA-SSPy), and thiol (HA-SH) respectively
(Figure 2.65a).5%! The precursor solutions of these four HA
derivatives were mixed as shown in Figure 2.65a to simultaneously
form in situ IPN hydrogels consisting of an acylhydrazone network
between HA-hy and HA-al and a disulfide network between HA-SSPy
and HA-SH. The rheological results showed that the G’ of IPN was
three times higher than that of pure acylhydrazone individual network
and twice as high as that of pure disulfide individual network. The
storage moduli of the single acylhydrazone network containing HA-
SSPy and of the single disulfide network containing HA-al were both
smaller than that of the corresponding pure individual network (Figure
2.65b). The authors suggest that the presence of a third component that
may cause interfering steric effects during the crosslinking reaction
result in a lower crosslinking density of the three-component single
networks than in the pure individual networks, thus reducing their
mechanical strength. This is a very special crosslinking condition in
IPN or DN systems, where one of the networks is formed in the
presence of another polymer. This causes one of the dynamic bonds to
be crosslinked in the presence of another non-crosslinked polymer. The
dilutive screening effect caused by the presence of the non-crosslinked
polymer reduces the effective crosslinking of the dynamic bonds. They
also show that IPN hydrogels (G": ~5.5 kPa) encapsulated with water-
soluble iron oxide nanoparticles (IONPs) have enhanced mechanical
properties compared to pure IPN hydrogels (G": ~4.2 kPa). As the mesh
size of the IPN was smaller than the size of the IONPs, this allows the
nanoparticles to be retained in the matrix under equilibrium swelling
conditions. These nanoparticles could also be released upon enzymatic
degradation, suggesting that the iron oxide hybridized IPN hydrogels
could be useful in non-invasive imaging in vivo by magnetic resonance
imaging (MRI) and in hyperthermia cancer therapy. In addition, the
acylhydrazone network could be disassembled by sodium periodate and
the disulfide network could be destroyed by dithiothreitol (DTT). Thus,
although the gel-sol transition was not visible with NalO4 and DTT

122



Chapter 2

separately, it was still possible to soften the hydrogel and release the
IONPs from the IPN.
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Figure 2.65. (a) Schematic representation for the formation of the IPN hydrogel
composed of an acylhydrazone network (between HA-hy and HA-al) and a disulfide
network (between HA-SSPy and HA-SH). (b) Frequency sweeps on IPN hydrogel
and its pure SCN hydrogels and SCN hydrogels with un-crosslinked polymer.[%!
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Zhang and Yang et al. introduced a 3D-printable IPN hydrogel
composed of an acylhydrazone network and a borate ester network for
creating responsive bio-ink materials.*%! Four copolymers based on
N,N-dimethylacrylamide (DMA) were synthesized by RAFT
polymerization (Figure 2.66). The benzaldehyde grafted PDMA and
the hydrazide pendent PDMA were employed for forming the
acylhydrazone network, and the dopamine functionalized PDMA and
the phenylboronic acid modified PDMA were used for creating the
borate ester network. IPN hydrogels could be obtained by mixing two
functional polymers that do not react with each other through a dual
chamber syringe equipped with a mixing tip. The thermodynamic
equilibrium constant of the borate ester bonds was much greater than
that of the acylhydrazone bonds. Under acidic conditions, the network
was dominated by the formation of acylhydrazone bonds. Under neutral
conditions both acylhydrazone and borate ester bonds took part in the
construction of the networks. Under alkaline conditions, the network
was mainly formed by borate ester bonds. Therefore, the gelation time
and mechanical properties of IPN hydrogels can be adjusted by pH or
polymer precursor concentration. In the pH range from 3 to 7, the
gelation time decreases as the pH increases. In the pH range from 7 to
10, the gelation time increases slightly with increasing pH. The
exchange of acylhydrazone bonds at pH 3 was responsible for the self-
healing of IPN hydrogels, while the exchange of borate ester bonds at
pH 10 also confers self-healing properties. In contrast, the kinetically
locked state of the acylhydrazone and borate ester bonds under neutral
conditions (pH ~ 7) prevented self-healing. When the pH of the
hydrogels was lowered to 1 using 0.1 M HCI solution, the hydrogels
showed a gel-to-sol phase transition, and returned to the gel state when
the pH was adjusted back above 3 using 0.1 M NaOH solution. This
suggests that the dynamic characteristics of the acylhydrazone and
borate ester bonds are also preserved in the IPN system as they are in
the DCN.
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Figure 2.66. Schematic representation for the formation of the IPN hydrogel
composed of an acylhydrazone network (between P(DMA-co-AcBA) and P(DMA-
co-ADH)) and a borate ester network (between P(DMA-co-DOPA) and P(DMA-co-

APBA)).0¢]

Cho and Ooya developed a “one-pot” method to prepare DN
hydrogels composed of a hydrogen bonding network and an imine
crosslinked network.®1 The agar was crosslinked by hydrogen
bonding at 37<C as the first network and the second network was
constituted by the formation of imine bonds between oxidized
carboxymethyl cellulose (OCMC) and glycol chitosan (GC) (Figure
2.67). The DN hydrogel (67% fracture strain with a maximum
compressive stress of 43.4 kPa) exhibited enhanced mechanical
properties compared to the agar SCN hydrogel (31% fracture strain with
a maximum compressive stress of 6.6 kPa) with only hydrogen bonds
crosslinking, and the OCMC/GC SCN hydrogel (42% fracture strain
with a maximum compressive stress of 16.2 kPa) with only imine bonds
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crosslinking. The fracture energy of the DN hydrogel was calculated to
be 619.8 kJ/m?, which was more than 9 and 6 times greater than that of
the hydrogen bonding and imine networks, respectively. No significant
decrease in maximum stress and hysteresis was observed for DN
hydrogels during the 5 cycles of loading-unloading experiments. DN
hydrogels also demonstrated injectable, self-healing and biocompatible
properties with controlled cell attachment and increased protein
adsorption. This work also demonstrates that two different types of
dynamic bonds, supramolecular interactions and dynamic covalent
bonds, can also co-exist in DN or IPN systems.

Oxidized carboxymethyl

Glycol chitosan (GC) cellulose (OCMC)
N P /

PO K

Agar Agar double helix bundle

@ Schiff base linkage Agar-OCMC/GC DN hydrogel

Figure 2.67. Schematic representation for the formation of the DN hydrogel
composed of an imine network (between OCMC and GC) and a hydrogen bonding
network (between agar chains)."]

Similarly, Wang et al. prepared another DN hydrogel composed of
a hydrogen bonding network (first network) and an acylhydrazone
crosslinking network (second network).%! As shown in Figure 2.68,
a solution of oxidized sodium alginate (SA-CHO) and agarose (Aga) in
PBS was first heated, and then cooled down to 50 <C while adding adipic
acid dihydrazide (ADH) to produce the acylhydrazone crosslinked
second network (SA-CHO gel) between SA-CHO chains. Subsequently,
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after the system was further cooled down to room temperature, the
densely crosslinked Aga gel was formed as the first network between
the Aga chains through hydrogen bonding, resulting in a SA-CHO/Aga
DN hydrogel. Due to the reversible transition of Aga's coil-helix
crosslinks between low and high temperatures, as well as the dynamic
nature of the acylhydrazone bonds, these DN hydrogels exhibited
thermally reversible, recyclable, recurrently shapeable and self-healing
properties. The DN hydrogels showed a maximum compressive stress
and modulus (1.65 MPa and 1.85 MPa) that were 17 and 15 times higher
than acylhydrazone SCN hydrogels, as well as 20 and 9 times higher
than hydrogen bonding SCN hydrogels, respectively. The DN
hydrogels also have excellent fatigue resistance and maintain an almost
constant maximum compressive stress during cyclic loading-unloading
processes.
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Figure 2.68. Schematic representation for the formation of the DN hydrogel
composed of an acylhydrazone network (between SA-CHO chains) and a hydrogen
bonding network (between agarose chains).€]
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An example of a DN hydrogel composed of a reversible C=N bond
network and a metal-ligand coordination bond network was reported by
Wang and Qu et al in 2017.B% The glycol chitosan (GC) and
dibenzaldhyde capped poly(ethylene oxide) (OHC-PEO-CHOQO) were
synthesized for building the imine crosslinked network (GC gel) as the
first rigid network, and the Ca?*-carboxylate complexes crosslinked
alginate network (Alg gel) has been selected as the second soft network
(Figure 2.69). Based on the dynamic nature of the crosslinks in the two
networks, DN hydrogels can be formed from precursor solutions by
injection mixing. Likewise, any of the networks in the DN hydrogels
can be selectively broken, i.e., the imine network can be broken by
using HCI (pH = 5) or the Ca?*-carboxylate network can be disrupted
by chelating Ca?* using EDTA. The gelation time and injectability of
the hydrogels could be adjusted by the polymer concentration and the
ratio between the crosslinkers and the polymers. With the same
precursor solution ratios, the gelation time basically decreases in the
order of GC gel > DN gel > Alg gel. The storage modulus (G") of DN
hydrogels was much higher than either imine or Ca?*-carboxylate SCN
hydrogels (GC gel or Alg gel) at the same frequency. Due to the
synergistic effect of the two asymmetric networks; the hydrogen
bonding network maintains the imine network while it resists an elastic
deformation, the combination of the two networks allows DN hydrogels
to retain their integrity against a 90% compressive strain and to obtain
a fracture energy of 410 J/m? The DN hydrogels showed fatigue
resistance properties in 100 cycles of loading-unloading tests where the
maximum stress and hysteresis loops did not show a significant
decrease. In addition, DN hydrogels have been shown to be
biocompatible, allowing in situ cell encapsulation and proliferation in
the DN hydrogel matrix. Subsequently, the same group developed
GC/Alg DN hydrogels for the encapsulation and co-culture vascular
endothelial cells and human bone marrow mesenchymal stem cells. %]
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Figure 2.69. Schematic representation for the formation of the DN hydrogel
composed of an imine network (between glycol chitosan chains) and a hydrogen
bonding network (between sodium alginate chains).*%°

2.5.4. Other topology hydrogels

In order to impart more versatility to hydrogels, more than two
dynamic bonds have also been used in the preparation of hydrogels.
There are few reports of hydrogels prepared using three types of
crosslinks among which metal-terpyridine coordination bonds or
reversible C=N bonds.

Xia et al. proposed a TCN hydrogels based on the combination of
imine bonds, boronic ester bonds and Ca?*-carboxylate complexes
(Figure 2.70).B1 The AG hydrogel was first fabricated by the
formation of imine bonds between oxidized sodium alginate (Ald-
alginate) and gelatin, and boronic ester bonds between Ald-alginate and
borax. The AG hydrogel was then immersed in a CaCl; solution to form
further Ca?*-carboxylate complex crosslinks between the Ald-alginate
chains leading to the resultant TCN hydrogel. The prepared TCN
hydrogels displayed stretchable, compressible, twistable and self-
healing mechanical properties and exhibited anti-freezing, high ion
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conductivity as well as strong and reversible adhesion to metal, skin,
glass and plastic. This suggests that three different types of dynamic
bonds, namely imine bonds, boronic ester bonds and Ca?*-carboxylate
complexes, can also co-exist in the same system.
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Figure 2.70. Schematic representation for the formation of the TCN hydrogel based
on imine bonds, boronic ester bonds and Ca?*-carboxylate complexes.[*!

Since the metal-terpyridine coordination bonds can be varied from
labile bonds to long lifetime bonds by changing the metal ions, and the
stability of reversible C=N bonds can also be adjusted by varying the
nucleophile, some TCN hydrogels were also prepared by combining
two types of metal-terpyridine coordination bonds or reversible C=N
bonds with another bonds. For example, Seiffert and Ahmadi built DCN
hydrogels based on covalent bonds and M(I1)-Tpy bonds. When the
metal ions used to form M(I1)-Tpy were replaced with two different
metal ions, the resulting linkages were two different bis-complexes,
which have different bond energies. This DCN could also thus be
considered as a TCN. As shown in Figure 2.71a, the TCN hydrogels
were first crosslinked by covalent bonds and then crosslinked by both
Zn?*-Tpy and Co?*-Tpy. The SCN hydrogel crosslinked only by
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covalent bonds shown flat storage modulus in the frequency sweeps
(Figure 2.71b), indicating no source of energy dissipation. However,
since the Zn?**-Tpy and Co?*-Tpy complexes have different dissociation
rates, the appearance of two peaks in the loss modulus demonstrated a
dual relaxation process in the TCN (Figure 2.71c).

[Zn*]:(Co?]

click = 50%:50%
({L1)} l 2 (1v)
(b) 400 e . . : (€) 100 . .
G' 6" T(°C) 10 25 40 55 fit
data = o G' = = = m=--=-
fit - - - G
g g
= X L
T - =
g 7(s) 800000000 o #(s) =
£ 10° 10° ©0000006000° £ 100 100
g 0.1+ 200 g 0.14 200
= =
2 100 ¥ = N\ oo T
0.01 ey ™ T 0.01 = b T T T
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Frequency (rad s™') Frequency (rad s™')

Figure 2.71. (a) Schematic representation for the formation of the TCN hydrogel
based on covalent bonds, Zn?*-Tpy and Co?*-Tpy bis-complexes. Dynamic
frequency sweeps on pure covalent SCN hydrogel (b), and TCN hydrogel (c).%

Liu and Chen et al. developed a TCN hydrogel based on imine,
acylhydrazone and disulfide bonds.®'?! The 3,3'-dithiopropionic acid
dihydrazide (DTP) was used as crosslinker to react with oxidized
alginate (OSA) to build a network by both acylhydrazone and disulfide
crosslinked, and the imine bonds formed between the OSA and
carboxymethyl chitosan (CMC) formed additional crosslinks (Figure
2.72). The TCN hydrogel (maximum compressive stress: 65 kPa)
shows enhanced mechanical strength compared to the acylhydrazone
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and disulfide crosslinked OSA-DTP hydrogel (maximum compressive
stress: 40 kPa) and only the imine crosslinked CMC-OSA hydrogel
(maximum compressive stress: 25 kPa). Owning to the exchange
behaviors of the dynamic bonds, the hydrogel exhibited injectability
and self-healing capacity. Based on the pH responsiveness of the imine
and acylhydrazone bonds, the TCN hydrogels showed reversible sol-
gel transitions at pH=1 (adding HCI) and pH=7 (adding triethylamine),
and exhibited reduction (1,4-dithiothreitol)/oxidation (H20.)
responsiveness due to the presence of disulfide bonds in the network.
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Figure 2.72. Schematic representation for the formation of the TCN hydrogel based
on imine bonds, acylhydrazone and disulfide bonds. 3%

In fact, more than just the designed bonds may act as crosslinks in
the polymer networks. Entanglements between chains cannot slip or
move after the crosslinks are formed. Entanglements can therefore also
act as crosslinks and increase their impact on the bulk properties (e.g.
elastic modulus) of hydrogels.!*?”1 In addition, some weak interactions
between chains (non-covalent interactions) may also act as additional
crosslinks. For example, Zhang and Dang et al. designed DCN
hydrogels constructed through the formation of imine bonds between
collagen and dialdehyde guar, and boronic ester bonds between guar
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and borax.®*®] However, Fourier transform infrared spectroscopy,
sodium dodecyl sulfate polyacrylamide gel electrophoresis, and DSC
showed the presence of hydrogen bonding between the macromolecules
in addition to the two crosslink types mentioned above, which all
contributed to the self-healing of the hydrogels. Besides, they found that
the formation of imine and boronic ester bonds leads to entanglement
points in DCN, and therefore increases the complex viscosity of the
hydrogel. Pourjavadi et al. synthesized a DN hydrogel composed of a
covalently crosslinked polyacrylamide network and an imine network
between oxidized sodium alginate and glycidyl methacrylate grafted
ethylenediamine.®4 The dynamic imine bonds crosslinking the first
network, as well as the hydrogen bonds between both networks,
provided the hydrogel with self-healing properties. The covalently
crosslinked second network was used to withstand stress and stiffen the
structure. As a result, the DN hydrogel exhibited high strength,
stretchability, self-healing and self-adhesive properties. Liu and Chen
et al. reported a TCN hydrogel based on hydrogen bonding, imine bonds
and static covalent bonds.*! The formation of hydrogen and imine
bonds between dopamine-grafted oxidized sodium alginate and
polyacrylamide chains bestowed on the hydrogel effective self-healing
ability (80% mechanical recovery within 6 hours). These two dynamic
crosslinks combined with the covalently crosslinked polyacrylamide
network were responsible for the TCN hydrogel abilities to withstand
large deformations and maintain its elasticity (maximum tensile strain:
2550%, maximum tensile strength: 0.109 MPa).

Heilshorn et al. presented an injectable DN-like hydrogel by using
aldehyde-modified hyaluronic acid (HA-ALD) and a hydrazine-
modified elastin-like protein (ELP-HYD).*'6] The novelty of this
method is the use of elastin-like protein (ELP), which is thermo-
responsive, cell-adhesive and enzymatically degradable. The hydrazine
modified ELP-HYD not only formed the hydrazone crosslinked first
network with HA-ALD, but also formed a secondary enhanced network
by hydrogen bonding and hydrophobic interactions upon heating due to
the thermally responsive phase separation of ELP (Figure 2.73). The
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use of dynamic hydrazone crosslinking allows the hydrogel to be shear-
thinning and protects the cells from the mechanically damaging forces
experienced during the injection. The thermal phase separation of the
ELP results in the second network which enhances the toughness of the
hydrogel and reduces the corrosion rate.

Cell-adhesive domain Elastin-like domain
ELP HYD
[(VPGIG),VPGKG(VPGIG),],VP }’
\J \J 4
HN\ i
HN\
HA ALD HOOC " HOOC
Hm ’T/
c\H =<\IH =<NH .

. 28-gauge needle
ELP-HA Gel : \"T\A \/T\’\ Sy Wl cron
C\H

1st network:
Dynamic covalent chemistry Mix

at RT

immediately
after injection

2" network: ¥ inject
ELP thermal assembly —
at 37°C after injection

Figure 2.73. Schematic representation for the formation of the DN-like hydrogel
based on hydrazone bonds, hydrogen bonds and hydrophobic interactions. !
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2.6 Conclusion

As discussed above, the intention to use one type of dynamic bonds
as crosslinks to produce a 3D gel network can be chosen from the SCN
topology, or combined with static covalent bonds to produce a DCN,
IPN or DN topology. For combining two or more types of dynamic
bonds into a gel system, DCN, IPN and DN are available candidates.
Precursors for the synthesis of these hydrogels can be functionalized
monomers, synthetic polymers, biopolymers or even nanoparticles or
fibers. The properties of the resulting hydrogels depend not only on the
nature of the polymer backbone in the final hydrogel, but also benefit
from the nature of crosslinks. From the discussion of hydrogels with
various topologies based on metal-terpyridine coordination and
reversible C=N bonds, it is clear that the introduction of dynamic bonds
could provide the hydrogels with the responsiveness of the dynamic
bonds to stimuli. In addition, due to the dynamics of these bonds
(formation/dissociation/exchange), the networks are dynamic and able
to supply hydrogels with properties such as self-healing, shear-thinning,
stress relaxation, etc. More importantly, the combination of relatively
thermodynamically more unstable bonds with stable bonds (high bond
energy or static covalent bonds) in DCN, IPN or DN allows for energy
dissipation in the hydrogels which exhibit thus higher mechanical
properties (e.g. elastic modulus, toughness, stretchability) than SCN
hydrogels crosslinked by a single type of bonds.

In general, by introducing two different types of dynamic bonds
into a DCN, IPN or DN hydrogel, the resulting hydrogel has the
opportunity to acquire both types of dynamic properties. In addition, it
is possible to obtain high mechanical strength hydrogels if there are
significant differences in the kinetic and thermodynamic stability of the
two dynamic bonds used as crosslinks. For example, using a strong
linkage with bond energy and stability close to that of a static covalent
bond is responsible for the stability of the structure, while the
thermodynamically weak crosslink ruptures during deformation and
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dissipates energy.[**! However, the differences in how the three
topologies of DCN, IPN and DN affect the dynamic and mechanical
properties of hydrogels crosslinked by dynamic bonds have never been
investigated.

This thesis therefore aims to combine metal-terpyridine
coordination bonds and reversible C=N bonds with different
thermodynamic stabilities to construct hydrogels and to understand the
contribution of these two types of bonds as network crosslinks to the
dynamic and mechanical properties of hydrogels. On these bases, the
differences between the three network topologies of DCN, IPN and DN
for the construction of dynamic hydrogels will be compared under
suitable conditions (e.g. polymer chain length, polymer concentration,
crosslink concentration, bond type). We hope that these investigations
will provide insights into the selection of multiple dynamic bonds and
suitable topologies to achieve the desired hydrogel properties.
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Tunable Interpenetrating Polymer
Network Hydrogels

Abstract

This chapter is based on a published paper (Yang H.; Ghiassinejad
S.; Van Ruymbeke, E.; Fustin, C. A. Macromolecules 2020, 53, 6956-
6967).

A series of tunable interpenetrating polymer network (IPN)
hydrogels are designed by the orthogonal incorporation of two distinct
types of dynamic bonds, i.e., reversible C=N bonds and metal-ligand
coordination bonds. IPN hydrogels are prepared by combining these
different types of reversible bonds in order to investigate how the two
sub-networks influence each other. To this end, the influence of the
crosslinker nature and of the hydrogel preparation protocol on the
rheological properties of these IPNs are also studied in details. In
particular, we show that the obtained IPN hydrogels exhibit a higher
modulus compared to the simple addition of the moduli of the single
networks, that we attribute to the entanglements between the two
networks. We then study how these IPN hydrogels can disentangle and
partially relax if one of the reversible sub-networks is composed of
crosslinks with shorter lifetime. Finally, pH is used as a stimulus to
affect the dynamics of only one of the sub-network, and the impact of
this change on the properties of the IPNs is investigated.
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3.1 Introduction

As mentioned in Chapter 2, polymer hydrogels are formed by
crosslinked 3D networks that trap large amounts of watert™! and are the
material of choice for multiple applications.’8] To impart further
tunability and adaptiveness to these hydrogels, dynamic covalent bonds
(DCBs) and supramolecular interactions have been introduced into
polymer networks as crosslinks.®*31 Particularly, the orthogonal
combination of DCB and supramolecular interactions for responsive
polymer hydrogels or elastomers has received a rapidly growing
attention over the past few years.[**2%1 Compared to networks based on
a single type of crosslinks, materials combining different crosslinks
possess desirable properties such as the ability to respond to multiple
(orthogonal) stimuli, fast shape recovery, or good mechanical
properties such as high strength, toughness, and fatigue resistance.*":2

As the DCB used in this thesis, reversible C=N bonds are one of
the most successful DCBs used so far in the preparation of responsive
gels.?25 The hydrolytic stability of such bonds can be regulated from
the less stable but more reversible acylhydrazone bond to the stable but
less reversible oxime bond by changing the acylhydrazine for a
hydroxylamine to react with the ketone partner.?®! As a result, the
dynamics and stability of this type of hydrogels can be tuned.?”1 Among
supramolecular interactions, the metal-terpyridine coordination bond is
most attractive for the fabrication of responsive polymer gels since the
bond characteristics (lifetime, strength) can be tuned over several orders
of magnitudes simply by changing the metal ions used.[?8331 Therefore,
in the present study, we investigate the rheological properties of
polymer gels which combine the aforementioned reversible C=N bonds
with metal-terpyridine coordination bonds, in order to create very stable
— yet reversible — networks thanks to the presence of the DCBs, while
keeping some room to tune the material properties, thanks to the metal-
ligand interactions.
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In general, the combination of several interactions can be done by
following either a ‘dual-crosslinked network” (DCN) approach, or an
‘interpenetrating polymer network’ (IPN) approach.®*371 Unlike the
DCN, the IPN allows the combination of the desired properties of each
network (e.g. stimuli-responsiveness), and even more, because they
may exhibit new properties that are not observed in the component
networks alone.F844 Most noticeably, IPN hydrogels may show
enhanced mechanical properties such as greater toughness, larger
extensibility and improved strength due to synergistic interactions
between the component networks that transfer the stress and dissipate
mechanical energy upon deformation.[344546 Recently, the combination
of DCB and supramolecular interactions has been also reported to
fabricate responsive IPN hydrogels and elastomers with outstanding
mechanical performances.*’5%1 For example, Konkolewicz et al*’!
synthesized a double dynamic IPN elastomer with superior mechanical
(increased stress and strain at break, increased malleability, greater
toughness) and self-healing properties based on Diels-Alder adduct and
hydrogen bonding. Liang et al® prepared highly stretchable IPN
hydrogels with the properties of actuation, shape memory, and self-
healing capability by using boronic ester bonds and alginate-Ca?*
complexation.

In this study, we investigate the rheological properties of reversible
IPN hydrogels formed through DCB and metal-ligand supramolecular
interactions. In particular, we study how the rheological properties of
both networks are combined and modified when these networks are
interpenetrated. Since the DCBs (i.e., the acylhydrazone and oxime
bonds) have been chosen in order to be very stable, we do not expect to
observe a terminal regime. However, the reversibility of the bonds
could possibly be observed under large shear and/or in different
environmental conditions (e.g. pH or temperature variation). On the
other hand, depending on the metal ion selected, the lifetime of the
supramolecular junctions can be easily varied. Therefore, the use of a
supramolecular network made of labile interactions should allow us to
study how the fast association/dissociation dynamics of the
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supramolecular network influences the overall response of the IPN
hydrogels. Then, by exploiting metal-ligand interactions with long-
lifetime, we would like to see how the contribution of both the DCB
and supramolecular networks can be distinguished. Finally, the
crosslinking density or dynamics of the networks can be modified by
varying the pH, which gives us an additional way to vary the relative
stability of both networks.

To this end, we have synthesized a series of novel IPN hydrogels
which are based on two functionalized hydrophilic copolymers (Figure
3.1). The first one bears ketone pendant groups and can be crosslinked
by succinic dihydrazide (di-acylhydrazine) or O,O’-(propane-1,3-
diyl)bis(hydroxylamine) (bis-hydroxylamine) to form respectively
acylhydrazone and oxime bonds. The second copolymer bears
terpyridine side groups and can be crosslinked by the addition of
transition metal cations (Zn?* and Fe?* were used in this work) to form
metal-terpyridine bis-complexes. Of these, the acylhydrazone is more
susceptible to hydrolysis compared to the oxime and therefore has a
shorter bond lifetime. Similarly, Fe(ll)-terpyridine bis-complexes
(Fe?*-Tpy) have higher bond energies and longer lifetimes than Zn(l1)-
terpyridine bis-complexes (Zn?*-Tpy). To distinguish the bonds, in this
thesis, the two DCBs are referred to as the less stable acylhydrazone
and the stable oxime, and the two metal-terpyridine bis-complexes are
referred to as the long lifetime Fe?*-Tpy and the labile Zn?*-Tpy,
respectively. Therefore, the obtained IPNs are comprised of a DCB-
crosslinked network and of a supramolecularly crosslinked network. As
shown in Figure 3.1, four IPN hydrogels have thus been obtained by
combining these interactions in different ways. First, a stable DCB is
combined with a long-lifetime supramolecular interaction (Oxime +
Fe2*-Tpy), or with a more dynamic supramolecular interaction (Oxime
+ Zn**-Tpy). Secondly, a less stable DCB is combined with the long-
lifetime supramolecular interaction (Acylhydrazone + Fe?*-Tpy) or
with the more dynamic supramolecular interaction (Acylhydrazone +
Zn?*-Tpy).
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(a) Stable DCB
(Oxime network)
+
Long lifetime
supramolecular bond
(Fe2*-Tpy network)

(b) Stable DCB
(Oxime network)
+
Labile supramolecular bond
(Zn?*-Tpy network)

(c) Less stable DCB
(Acylhydrazone network)
+

Long lifetime
supramolecular bond
(Fe?*-Tpy network)

(d) Less stable DCB
(Acylhydrazone network)
+

Labile supramolecular bond \_

(Zn?*-Tpy network)
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Figure 3.1. Schematic representation of four interpenetrating polymer network (IPN) hydrogels based on different combinations of dynamic
covalent bond (DCB) (acylhydrazone or oxime bond) and supramolecular interaction (metal-terpyridine bis-complexes): (a) stable DCB with
long-lifetime supramolecular bond (Oxime + Fe*-Tpy), (b) stable DCB with labile supramolecular bond (Oxime + Zn?*-Tpy), (c) less stable

DCB with long-lifetime supramolecular bond (Acylhydrazone + Fe?*-Tpy), and (d) less stable DCB with labile supramolecular bond

(Acylhydrazone + Zn?*-Tpy).
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3.2 Results and Discussion

3.2.1. Synthesis of hydrophilic functionalized copolymers

Table 3.1. Main characteristics of P(DMA-co-Ketone) and P(DMA-co-Tpy)
copolymers.

Final ratio® (mol%) M. E N¢/Chain¢
Copolymer e -
DMA Ketone Tpy (9/mol) (g/mol) Ketone Tpy
P(DMA-Co-
(DMA-co- o 4 / 40000 56000 132 16  /
Ketone)
P(DMA-co-
(BMA-co- 9o, 15 44000 42500 173/ 6
Tpy)

2 Calculated from the *H NMR spectra. ® Evaluated by monomer conversion (*H
NMR). ¢ Determined by SEC (polymethylmethacrylate standards). ¢ Average
number of functional groups per chain.

We have chosen the hydrophilic biocompatible poly(N,N-dimethyl
acrylamide) (PDMA) as the backbone polymer for fabricating the
hydrogels. The commercially available comonomer, diacetone
acrylamide (DAAM), which contains a ketone group that can react with
di-acylhydrazine or bis-hydroxylamine compounds to form
acylhydrazone or oxime bonds, was employed to create reversible C=N
bond-based networks (Figure 3.1). The hydrophilic terpyridine-
functionalized monomer (N-(2-(2-([2,27:6°,2”’-terpyridine]-4’-
yloxy)ethoxy)ethyl) acrylamide (TPy-DEG-AM)) was synthesized in
two steps from commercially available precursors (see Experimental
Section), and can form metal-terpyridine bis-complexes with various
strengths and labilities in combination with transition metal ions. The
copolymers that will be the precursors of the network were prepared by
copolymerizing functionalized monomers, i.e., one bearing a ketone
group and the other bearing a terpyridine, with the base monomer of
DMA. Reversible addition-fragmentation chain transfer (RAFT)
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controlled radical polymerization was used to this aim. Two
copolymers: P(DMA-co-Ketone) and P(DMA-co-Tpy) were obtained
in this way and were characterized by NMR and SEC (Table 3.1). Due
to the poor solubility of terpyridine-functionalized monomer (TPy-
DEG-AM) in the polymerization solvent (DMF), the molar dispersity
dispersity of the obtained P(DMA-co-Tpy) copolymer was rather high
as shown in Table 3.1.

3.2.2. Preparation of networks

i VA

& (10wt.%)
P(DMA-co-Ketone)

Y

bis-hydroxylamine di-acylhydrazine

Individual oxime network Individual acylhydrazone network
(b)
—=® -
(6 wt.%)
P(DMA-co-Tpy)

Fe?* Zn?

o— >
Individual Fe?*-Tpy network Individual Zn?*-Tpy network

Scheme 3.1. (a) Preparation of individual reversible C=N bonding networks in water
from P(DMA-co-Ketone) (10 wt.%). (b) Preparation of individual metal-terpyridine
bonding networks in water from P(DMA-co-Tpy) (6 wt.%).

The P(DMA-co-Ketone) copolymer was used as precursor for
preparing acylhydrazone/oxime networks, the P(DMA-co-Tpy)
copolymer was used for the formation of metal-ligand networks. For all
the prepared networks, the amount of added crosslinkers (di-
acylhydrazines, bis-hydroxylamines or transition metal cations) was
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half an equivalent compared to the reaction sites (ketone groups or
terpyridine groups) of the copolymers. Three types of networks of
increasing complexity were prepared to allow the systematic
comparison of their rheological properties and the determination of the
respective contributions of the two types of bonds. Individual networks
were prepared from each of the above copolymers with corresponding
crosslinkers (Schemes 3.1). Single networks were prepared from mixed
solutions of the two copolymers but crosslinking only one of the
copolymers with the appropriate crosslinker (Scheme 3.2).
Interpenetrating polymer networks were prepared also from mixed
solutions of the two copolymers but this time crosslinking both
copolymers (Scheme 3.3).

bis-hydroxylamine di-acylhydrazine

Single oxime network : % E
: j (10wt%) , (6 wt.%) i

\ P(DMA-co-Ketone) ~ P(DMA-co-Tpy)
Fe2* Zn?
Single Fe?*-Tpy network Single Zn2*-Tpy network

Scheme 3.2. Preparation of single networks in water from mixed copolymers (10+6
wt.%) of P(DMA-co-Ketone) (10 wt.%) and P(DMA-co-Tpy) (6 wt.%).
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; 2% (10wt |
i P(DMA-co-Ketone) |
H + H il

i i di-acylhydrazine
I (6 wt%)

\. P(DMA-co-Tpy)

Scheme 3.3. Preparation of interpenetrating polymer network (IPN) hydrogels of
1Acylhydrazone + 2Fe?*-Tpy. The di-acylhydrazine is added firstly to form an
acylhydrazone crosslinked 1st network, followed by adding Fe?* to get the 2nd

network.

Formation of individual networks from each of the two above
copolymers has been first investigated in deionized water (pH: 6~7).
We found that the P(DMA-co-Ketone) copolymer reacts with the di-
acylhydrazine crosslinker to form acylhydrazone hydrogels after 1 day,
and with bis-hydroxylamine crosslinker to form oxime hydrogels after
9 hours at a copolymer concentration of 10 wt.%. At lower
concentrations, P(DMA-co-Ketone) cannot form gels with these
crosslinkers even after 1 month of reaction. The P(DMA-co-Tpy)
copolymer is crosslinked by Fe?* ions in a few minutes via the
formation of Fe?*-terpyridine bis-complexes (Fe?*-Tpy) at a minimum
copolymer concentration of 6 wt.%. Therefore, concentrations of 10 wt.%
for the P(DMA-co-Ketone) copolymer and of 6 wt.% for P(DMA-co-
Tpy) have been adopted in this work for network preparation.

The IPN hydrogels were prepared by adding di-acylhydrazine or
bis-hydroxylamine and metal ions (Zn?* or Fe?*) to solutions of mixed
copolymers; 10 wt.% of P(DMA-co-Ketone) and 6 wt.% of P(DMA-
co-Tpy) to reach a total polymer concentration of 10+6 wt.% as for the
single networks. The influence of the addition sequence of crosslinkers,
i.e., inducing first the DCB formation and then the metal-ligand bonds
or the reverse, on the rheological properties of the obtained IPNs was
studied. In each case, a 24 h waiting time was applied before adding the
second crosslinker.
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The apparent mechanical properties observed by touching the
hydrogels with tweezers revealed that the individual and single
networks of acylhydrazone, and the IPN of acylhydrazone + Zn?*-Tpy
were soft, slightly sticky hydrogels, whereas the individual and single
networks, and IPNs based on oxime and Fe?*-Tpy were all stiff, non-
stick hydrogels.

3.2.3. Rheological characterization

Oscillatory shear rheology was used as the main characterization
method to investigate the dynamic mechanical properties of all
networks under shear. The dynamic covalent bonds generally exhibit
higher bond dissociation energies and slower dynamics than
supramolecular interactions.’*2™ In our case, the order of rate constants
for the formation of crosslinks between two chains is approximatively
acylhydrazone < oxime < Zn?*-Tpy < Fe?*-Tpy at 25 <T in water
(pH~7).54%8 Therefore, we first measured the oscillatory shear
rheological behavior of the individual acylhydrazone hydrogel, i.e., the
slowest forming network according to the above data, at different aging
times to determine the best preparation time to achieve stable and
reproducible frequency sweeps. Amplitude sweep measurements were
also performed to determine the limit of the linear regime of
deformation. As depicted in Figure 3.2, the rheological behavior of
individual acylhydrazone hydrogels did not change significantly after
two days of aging, indicating that a stable state has been reached. Based
on these results, all following rheology measurements on all hydrogels
have been executed after two days of aging time at room temperature.
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Figure 3.2. Oscillatory frequency sweeps (a) and strain sweeps (b) on individual
acylhydrazone network hydrogel at different aging time.

The dynamic viscoelastic behaviors of individual networks of
oxime, acylhydrazone, Fe?*-Tpy, and Zn?*-Tpy were measured by
oscillatory frequency sweeps (Figure 3.3). For these four samples, the
storage moduli (G") are always higher than their pure copolymer
solutions indicating the formation of crosslinks after two days of aging.
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The *H NMR characterizations (Figure 3.4) also proved the formation
of oxime and acylhydrazone crosslinks.

(a) —@— Individual oxime network (10 wt.%)
Individual acylhydrazone network (10 wt.%)
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Figure 3.3. Oscillatory frequency sweeps on individual networks based on (a)
acylhydrazone and oxime, and on (b) Fe?*-Tpy and Zn?*-Tpy, compared to their
respective polymer solution of P(DMA-co-Ketone) and P(DMA-co-Tpy).
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Figure 3.4.'H NMR spectra of P(DMA-co-Ketone) 3, di-acylhydrazine 1, bis-
hydroxylamine 5, acylhydrazone network 2 and oxime network 4 in D0.

The characterizations of purified P(DMA-co-Ketone), di-
acylhydrazine, bis-hydroxylamine, and the formed acylhydrazone
network and oxime network (2 days of aging) were performed by 'H
NMR in DO at same group concentration. As shown in Figure 3.4, the
peak position of methyl protons adjacent to the carbonyl group of the
ketone unit (signal a) has shifted from 2.15 ppm to 1.99 ppm for
acylhydrazone network and to 1.90 ppm for oxime network, suggesting
the formation of both individual networks. For the acylhydrazone, the
signal around 2,15 ppm is still visible after crosslinking, showing
incomplete reaction in agreement with the rheology results.

The storage moduli of the acylhydrazone, oxime, and Fe?*-Tpy
samples are almost constant over the whole experimental frequency
window, showing that stable gels have been formed. Their values,
which are close to 1 kPa for oxime and Fe?*-Tpy, and to 200 Pa for
acylhydrazone, can be compared to the values found if we assume that

all the functional groups lead to the creation of effective intermolecular

crosslinks, i.e., Gy = C}ZOJ (1 = Paangiing), Where po is the density of
XX

PDMA in the melt state (approximated as 1 g/cm?), ¢ is the sample
concentration, My is the average molar mass between two sticky groups
(estimated to be 2.5 kg/mol for P(DMA-co-Ketone) and 7.3 kg/mol for
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P(DMA-co-Tpy), see Table 3.1) and @uangiing is the weight fraction of
dangling ends, which do not participate to the network elasticity, and
can be approximated as equal to 2Mx/Mw. In such a case, the plateau
moduli GJ of the P(DMA-co-Ketone) and the P(DMA-co-Tpy)
samples should be roughly equal to 89 kPa and 16 kPa, respectively,
which is much higher than the values found experimentally. This result
suggests the presence of a large number of unreacted groups, as well as
the presence of internal loops due to intramolecular crosslinks that do
not contribute to the sample elasticity, especially in the case of the
acylhydrazone network. The higher level of the plateau modulus of the
oxime network is due to a higher crosslinking density of oxime
hydrogels, consistent with the greater equilibrium constant and the
greater intrinsic hydrolytic stability of oximes compared to
acylhydrazones. Given the high equilibrium constants (Keg) of
acylhydrazone (10*~10° M), oxime (> 108 M), Zn?*-Tpy (10%2 M),
and Fe?*-Tpy (10'%® M?) (values of Zn?*-Tpy and Fe?*-Tpy are the Keg2
equilibrium constants for the formation of bis-complexes),* %81 it is
reasonable to assume that all bonds that can be formed are in their
associated state, and that taking into account Keq to correct for G
would have a negligible effect.

On the other hand, the relatively higher level of the rubbery plateau
observed for the Fe?*-Tpy system (compared to the value found in case
of the perfect network) demonstrates its larger capability to create
intermolecular junctions. This can be due to both the high association
constant of Fe?*-terpyridine bis-complexes®®! and the fact that the
molecular strands between two sticky groups are longer, which reduces
the probability of creating internal loops. Only the system based on
Zn?*-Tpy associations is able to flow within the experimental frequency
window. This is attributed to the lower equilibrium constant and high
lability of Zn?*-terpyridine bis-complexes,®™ which largely reduce the
lifetime of the supramolecular network.!?8] Moreover, at high frequency,
a power-law of ¥z is found for G' (w), indicating that before the terminal
regime, the relaxation of this material is well described by a (Constraint
Release) Rouse process.
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Figure 3.5. Oscillatory frequency sweeps on single networks based on (a)
acylhydrazone and oxime; and (b) on Fe?*-Tpy and Zn?*-Tpy from the mixed
copolymer solution of P(DMA-co-Ketone) and P(DMA-co-Tpy). (c) Comparison of
the dynamic mechanical properties of individual and single networks of oxime,
acylhydrazone, Fe?*-Tpyand Zn?*-Tpy.

Next, the possible influence of free chains (non-crosslinked) of the
other copolymer type on the network properties is investigated, as
shown in Figures 3.5a and 3.5b. These single networks contain 10 wt%
of P(DMA-co-Ketone) and 6 wt% of P(DMA-co-Tpy), and only one
type of crosslinker. Figure 3.5¢ compares their storage moduli to the
ones of their individual networks. It is seen that the viscoelastic
response of the acylhydrazone and oxime samples is not influenced by
the presence of P(DMA-co-Tpy) chains, which suggests that there is no
interaction between P(DMA-co-Ketone) and P(DMA-co-Tpy) chains
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when the P(DMA-co-Ketone) copolymer is crosslinked in the presence
of the other copolymer type. This also highlights the fact that the
unassociated chains (or dangling ends) are relaxing very fast compared
to the lifetime of the associated dynamic covalent interactions, and do
not contribute to the sample elasticity in the frequency window
measured experimentally.

In the case of the supramolecular networks (Fe?*-Tpy and Zn?*-
Tpy), the comparison between the dynamic mechanical properties of
their single and individual supramolecular networks shows that mixing
the two copolymers slightly reduces the level of the elastic modulus.
The reason behind this could be a "screening effect” induced by the
presence of a large amount of non-active P(DMA-co-Ketone)
copolymer compared to the P(DMA-co-Tpy) copolymer (10% vs. 6%),
slightly reducing the proportion of associated stickers or promoting the
formation of internal loops and therefore affecting the, already low,
crosslinking density of Fe?*-Tpy and Zn?*-Tpy.

Knowing the dynamics of the single networks, we can now
investigate the viscoelastic properties of the four IPN hydrogels, which
are presented in Figure 3.6. There are several points to highlight here.
First, as for the single networks, the frequency dependence of the
storage modulus of most of the IPNs is very limited, showing only a
weak decrease with decreasing frequency, indicating that stable gels
have been formed. As expected, the storage modulus measured at 10
rad/s, G' (v=10 rad/s), is larger for the IPN containing the more stable
bonds, i.e., 1Fe?*-Tpy + 20xime, with G' (w=10 rad/s) = 5780 Pa. The
modulus then takes lower value for the IPNs 1Zn?**-Tpy + 20xime
(3980 Pa) and 1Fe?*-Tpy + 2Acylhydrazone (2070 Pa), and becomes
very small for the IPN 1Zn?*-Tpy + 2Acylhydrazone (530 Pa). The
latter value is not representative of the plateau modulus since it is taken
in the flow regime of the sample. Furthermore, it is observed that the
addition order of the two crosslinkers has a slight influence on the
dynamic mechanical properties of the IPNs. For the systems with at
least one long-lifetime crosslink type, i.e., Fe?*-Tpy + Oxime, Zn**-Tpy
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+ Oxime, and Fe?*-Tpy + Acylhydrazone (Figures 3.6b, 3.6¢, and 3.6d),
adding first the metal ions (Zn?*, Fe?*) to build the supramolecular
network, followed by the addition of di-acylhydrazine/bis-
hydroxylamine to create the second network yields IPNs with slightly
higher moduli. This could come from the greater chain mobility of the
P(DMA-co-Ketone) copolymer inside the more sparsely crosslinked
supramolecular first network, compared to the reverse crosslinking
order where the denser DCB network is formed first, allowing a slightly
easier and more efficient formation of the second network. On the other
hand, the less stable DCB with labile metal-ligand bond
(Acylhydrazone + Zn**-Tpy) system shows the opposite behavior, the
dynamic moduli of the IPN being higher when the acylhydrazone
crosslinks are formed before the Zn?*-Tpy crosslinks (Figure 3.6€).
This could be explained by the fact that the viscoelastic response of the
IPN in which Zn?*-Tpy crosslinks are formed first does not easily reach
its equilibrium state, as confirmed by Figure 3.7, which shows that the
moduli of this IPN reach the same level as for the other one after one
month of aging.
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Figure 3.6. (a) Summary of the dynamic moduli values for the different IPN
hydrogels and the corresponding single networks. The values were obtained from
the frequency sweeps at a frequency of 10 rad/s. The vertical lines on the G' bar of
the four IPN hydrogels represent the sum of the G' of the corresponding single
networks. (b-e) Oscillatory frequency sweeps on the IPN hydrogels and their
corresponding single networks (G': filled symbols, G": open symbols). The numbers
1 and 2 in the sample names refer to the addition sequence of the crosslinkers.
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An interesting point to observe on Figure 3.6 is the fact that the
storage modulus of each IPN hydrogel is higher than the sum of their
single network hydrogels. For example, the sum of the storage modulus
of the single Fe?*-Tpy hydrogel (510 Pa) and oxime hydrogel (2190 Pa)
is only equal to 2710 Pa, which is much lower than the corresponding
IPN hydrogel (5780 Pa). These results indicate a synergetic behavior
between the two interpenetrating networks which stiffens the IPN
hydrogels beyond the simple sum of the moduli (Figure 3.6a). This
enhanced modulus of IPN hydrogels most probably arises from the fact
that part of the entanglements created between the P(DMA-co-Ketone)
and P(DMA-co-Tpy) chains due to the two crosslinked networks can
now be trapped between associated stickers, and therefore act as
additional physical interactions governed by the dynamics of the
stickers. Thus, the IPN elasticity is not only due to the associated
reversible junctions, but also to the possible interactions between the
chains.
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2 ] g
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1Zn*-Tpy + 2Acylhydrazone hydrogel (10+6 wt.%, 2days)
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Figure 3.7. Oscillatory frequency sweeps on IPN hydrogels of Zn?*-Tpy +

Acylhydrazone from two different preparation protocols at aging time of 2 days and
1 month, respectively.
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While the influence of blending two networks on the sample
elasticity is clearly observed in Figure 3.6a, it is also important to
investigate how it influences the relaxation dynamics of the IPN. To
this end, we focus on the IPN containing Zn?*-Tpy junctions since the
relaxation of the complexes is fast enough to be measured under the
conditions used here. The Zn?*-Tpy + Acylhydrazone IPN shows the
strongest frequency dependence since it is made of the two weakest
bonds (Figure 3.6e). The decrease of G' with frequency for this IPN is
proportionally more pronounced than for the acylhydrazone single
network, showing that this decrease is mainly due to the relaxation of
the Zn?*-Tpy network, which allows in turn the release of both the
supramolecular network elasticity and the interactions between the two
networks. As shown in Figure 3.8, we also observe that the relaxation
of the Zn?*-Tpy network within this IPN starts at a time similar to the
relaxation time of the single Zn?*-Tpy network. However, much longer
time is required before the contribution of the Zn?*-Tpy network fully
vanishes and the IPN reaches the modulus of the acylhydrazone single
network. In the transition zone between these two times, a characteristic
slope of -1/2 is observed in the storage modulus, indicating a Rouse
relaxation. This result can be understood as follows: the IPN elasticity
mostly arises from the interactions between the two networks. With
time, since the Zn%**-Tpy complexes of the supramolecular network
continuously dissociate and associate, the molecular segments located
between two DCBs of the acylhydrazone network are able to explore
their surrounding, but only at the rhythm of the relaxation (or
association/dissociation dynamics) of the supramolecular bonds (see
Figure 3.8b). Therefore, this slow (and partial) relaxation of the
acylhydrazone network segments is well described by a sticky Rouse
process: 9601

N,

G = GO + 6% Y exp[ A ] (3.1)
p=1

1-Zn—pr‘hTZn—pr
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where GJ is the plateau modulus of the acylhydrazone network, ¢(t) is
the fraction of the acylhydrazone network which is not relaxed at time
t, Nzn-Tpy IS the number of interactions between the acylhydrazone and
Zn?*-Tpy networks located between two associated DCBs, and zzn-tpy
is the average lifetime of the Zn?*-Tpy network. This model is tested in
Figure 3.8a, in which we consider that zzn1py=0.012s (as determined
by approximating the viscoelastic response of the single network by a
single Maxwell mode), Gy= 300 Pa (as observed experimentally), and
considering a stretched exponential function to approximate the
relaxation function ¢(t) of the single acylhydrazone network (green
curve), ¢(t) = 0.5 + 0.5 exp(—t%5/0.45).

(a) 1044
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Figure 3.8. (a) Experimental (symbols) and theoretical (dashed curves) storage (full
symbols) and loss moduli (empty symbols) of the single Zn?*-Tpy network, the
single acylhydrazone network and the 1Acylhydrazone + 2Zn?*-Tpy IPN. (b)
Cartoon representing the sticky Rouse relaxation of the molecular segments in the
acylhydrazone network (represented in blue). While at very short times, interactions
with the Zn?*-Tpy network (in red) prevent the motion of these segments (see the red
blobs), at longer times the segments are able to explore a larger surrounding (see the
blue blob) and partially relax, at the rhythm of dissociations-associations of the
Zn?*-Tpy network.

The only unknown parameter is the number of network-network
interactions per segment of the acylhydrazone network, which
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determines both the level of the high frequency rubbery plateau of the
IPN and the time needed for the influence of the Zn?*-Tpy network to
disappear. This number must be fixed to 6 in order to correctly describe
the experimental data (Figure 3.8a).

These results suggest that the partial relaxation of the long-lifetime
network takes place through sticky Rouse relaxation process. This
means that the time needed to recover the same elasticity as in the single,
long-lifetime, network, sicky, iS Nzn-tpy? times longer than the lifetime
of the short lifetime network.

A short comment should be made here. Usually, sticky Rouse
relaxation is observed with dual networks,® and not with
interpenetrated networks. To be exact, one could argue that the Rouse
regime observed in Figure 3.8a is not a sticky Rouse process, but rather
a Constraint Release Rouse regime, where the molecular segments of
the acylhydrazone network partially relax thanks to the disentanglement
and relaxation of the Zn?*-Tpy network, as described in ref.[®2 However,
since the relaxation of the Zn?*-Tpy network is fully governed by the
relaxation the supramolecular complexes, it seems appropriate to define
this Rouse regime by a sticky Rouse relaxation.

The viscoelastic response of the 10xime + 2Zn?*-Tpy IPN can also
be modelled based on Equation 1 (Figure 3.9). In this case, we consider
the same relaxation time zzn.tpy as with the 1Acylhydrazone + 2Zn?*-
Tpy IPN since the oxime network is diluted in the same short lifetime
network. Furthermore, the plateau modulus of the single oxime network
is fixed from the experimental data as equal to 2100 Pa, while the
function ¢(t) is well approximated by ¢t)=1. The number of
interactions per molecular segment between the two networks is, again,
determined by best fitting. We find that (Nznty = 2) leads to a good
agreement between the theoretical and the experimental data (Figure
3.9). This lower value is a direct consequence of the fact that the oxime
network is much denser than the acylhydrazone network. Therefore, the
molecular segments between two associated DCBs are shorter, which
limits the number of interactions with the Zn?*-Tpy network.
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Figure 3.9. Experimental (symbols) and theoretical (dashed curves) storage
modulus of: the single Zn?*-Tpy network, the single acylhydrazone network, the
1Acylhydrazone + 2Zn?*-Tpy IPN, the single oxime network, and the 10xime +
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Figure 3.10. Oscillatory frequency sweep on the IPN hydrogel of Fe?*-Tpy +
Acylhydrazone and the corresponding Fe?*-Tpysingle network.
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When Fe?* ijons are used instead of Zn?* in the supramolecular
network, the lifetime of the complexes becomes too long to easily
observe its relaxation. As shown in Figure 3.10, the loss modulus of
the single Fe?*-Tpy network only starts to increase at a frequency
around 0.01 rad/s, which indicates the beginning of the network
relaxation. Nevertheless, the data suggest that, similarly to the
1Acylhydrazone + 2Zn?*-Tpy IPN, the partial relaxation
1Acylhydrazone + 2Fe?*-Tpy IPN starts to take place at a time equal to
the lifetime of the complexes, followed by a Rouse-like relaxation. This
behavior is thus similar to the one with the Zn?*-Tpy complexes, but it
is slowed down by around three orders of magnitude.

In order to speed up the partial relaxation of these IPNs, external
conditions must be changed. In the following, we investigate the
influence of a reduced pH on the dynamics of the IPN hydrogels. Indeed,
as mentioned in the introduction, due to the fact that reversible C=N
bonds are pH-sensitivel®® and that the protonation of the terpyridine
ligand weaken the metal-terpyridine coordination bonds,® the IPN
hydrogels are expected to have the ability of gel-sol transition by
changing the pH of the environment. To study the pH-responsiveness
of the prepared IPN hydrogels, HCI (2 M) and triethyl-amine were used
as pH regulators. As mentioned above, all IPN hydrogels were prepared
from pure water at pH 6~7.

Figure 3.11 presents the rheology data on the four IPNs at different
pH. Most IPN hydrogels stay in the gel state even at low pH (Figure
3.11a, 3.11b and 3.11c), apart from the Acylhydrazone + Zn?*-Tpy IPN,
made of the two weakest bonds, which turns into a solution at pH 1~2,
showing that both sub-networks have been fully destructured (Figure
3.11d). The oxime-based IPN hydrogels (Figure 3.11a and 3.11b), and
the corresponding individual oxime network (Figure 3.12a) are the
least affected by the pH change. This difference compared to the
acylhydrazone-based systems (Figure 3.11c and 3.11d) can be
attributed to the higher resistance toward hydrolysis of oxime compared
to acylhydrazone bonds.[26:58:641
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Figure 3.11. pH dependence of the dynamic moduli (G filled symbols, G”: empty
symbols) of the IPN hydrogels. Blue curves: initial hydrogel at pH 6~7, pink curves:
pH 3~4, yellow curves: pH 1~2, green curves: back to pH 6~7.
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Figure 3.12. pH dependence of the dynamic moduli of individual networks of oxime
and acylhydrazone. Blue curves: initial network at pH 6~7, pink curves: pH 3~4,
yellow curves: pH 1~2, green curves: back to pH 6~7. Note that the acylhydrazone
sample at final pH of 6-7 (green curve, panel b) has most probably not yet reached
equilibrium in view of the G' evolution at high frequency.
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Figure 3.13. pH dependence of the dynamic moduli of individual networks of Fe?*-
Tpyand Zn?*-Tpy. Blue curves: initial network at pH 6~7, pink curves: pH 3~4,
yellow curves: pH 1~2, green curves: back to pH 6~7.

We also observe that the individual network based on Fe?*-Tpy
complexes (Figure 3.13a) is more affected by pH than the individual
oxime network (Figure 3.12a), as can be seen by the drop of modulus
by a factor of around 2.5 at pH 1~2, indicating that a lower number of
complexes are formed at this pH. However, even at pH 1~2, this sample
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still displays a second, low frequency plateau, which can be attributed
to the long relaxation time of the supramolecular complexes. The
influence of pH is much more important for the 1Acylhydrazone +
2Fe?*-Tpy IPN since low pH completely fluidizes the acylhydazone
individual network (Figure 3.12b). Therefore, at low pH, the
contribution of acylhydrazone to the IPN is only observed at high
frequency and vanishes at longer time, at which the IPN behaves
similarly as the individual Fe?*-Tpy network, i.e., as if the
acylhydrazone network was not present. Playing with the pH is thus a
way to promote the reversible dynamics of this IPN, otherwise too
stable at neutral pH. In particular, at low pH, it is the DCB network
which is relaxing first, not the Fe?*-Tpy supramolecular network as it is
the case at neutral pH (see Figure 3.10).

For the two other IPNs (Figure 3.11b and 3.11d), the association
dynamics of the Zn?*-Tpy network is always much faster than the one
of both DCB networks. Therefore, at low frequency, the G' and G"
moduli of the Acylhydrazone + Zn?*-Tpy and Oxime + Zn?*-Tpy IPNs
are similar to ones of the DCB individual network, showing that the
Zn**-Tpy network is completely destructured and only the
acylhydrazone and oxime networks partially remain (Figure 3.12).

From Figure 3.11, we also note that three out of the four IPN
hydrogels show complete recovery when the pH is returned to its
original value. Only the Acylhydrazone + Fe?*-Tpy IPN cannot recover
its original state. This may be explained by the fact that for this IPN,
the supramolecular bonds (Fe?*-Tpy) are more stable than the
acylhydrazone bonds, and are thus dominant in the viscoelastic
response. Since these bonds are quite sensitive to pH as shown in
Figure 3.13a for the Fe?*-Tpy individual network, a significant part of
these bonds dissociates at low pH, leading to a decrease of the plateau
modulus, as observed in Figure 3.11c. When the pH is set back to the
original value, the Fe?*-Tpy complexes reform rapidly but in a less
optimal configuration, yielding a network with a lower degree of
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crosslinking. The optimal reorganization of this 'frozen' network is
strongly limited due to the low lability of the Fe?*-Tpy complexes.

These results show that the rheological properties of the IPN
hydrogels can be finely tuned by changing the pH and that the pH
sensitivity and reversibility of the gel-sol transition depends strongly on
the combination of interactions used to build the IPNs.

Finally, we study the behavior of the single networks and IPNs
under large deformation by performing strain sweeps (Figure 3.14).
The three single networks (the Zn?*-Tpy sample is not shown since its
dynamics is too fast) show a constant elastic modulus over a rather large
strain range indicative of an extended linear deformation regime. The
limiting strain value (y.), marking the end of the linear regime,
increases in the order oxime, Fe?*-Tpy, acylhydrazone (Table 3.2),
following the decrease of crosslinking density in these three networks.
At large strain amplitudes, the networks cannot withstand the
deformation anymore and the samples break and are expelled from the
geometries. Therefore, in order to probe the reversibility of the bonds,
measurements were performed from low strain up to the maximum
strain amplitude that can be reached without destroying the sample, then
from this high strain amplitude down to low strain. In such conditions,
all of the single networks fully recover their original state as shown in
Figure 3.15. The small hysteresis which is observed for the highly
sheared samples is attributed to the strain-induced breaking of part of
the reversible bonds, the latter being able to reform when the
deformation amplitude is reduced.
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Figure 3.14. Oscillatory strain sweeps performed on the single networks (left) and
the four IPN hydrogels (right). The single Zn?*-Tpy sample is not shown because it
is completely relaxed under these conditions due to its fast dynamics.

Table 3.2. Strain parameters obtained from Figure 3.14 for single networks and the
four IPN hydrogels.

Sample gj'/‘; (z/’;)

Single oxime network (10+6 wt.%) 15 432

Single acylhydrazone network (10+6 wt.%) 150 996
Single Fe?*-Tpy network (10+6 wt.%) 25 845
10xime+2Fe?*-Tpy hydrogel (10+6 wt.%) 18 514
10xime+2Zn?*-Tpy hydrogel (10+6 wt.%) 42 822
1Acylhydrazone+2Fe?*-Tpy hydrogel (10+6 wt.%) 215 577
1Acylhydrazone+2Zn?*-Tpy hydrogel (10+6 wt.%) 110 576

2 Obtained from the strain at which the G' starts to decrease/increase in the strain
sweeps at a fixed frequency of 10 rad/s. ° Obtained from the crossover of G' and
G" in the strain sweeps at a fixed frequency of 10 rad/s.

For the single acylhydrazone network, a slight shear thickening
effect is observed at high shear amplitude. Such behavior has already
been reported in literature for reversible networks and can be attributed
to the fact that large shear flow promotes the formation of inter-
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molecular associations.®>% While other mechanisms could also lead
to shear thickening (such as chain stretching), an increase of inter-
molecular associations fits our results since when going back from high
to low strain amplitude, the storage and loss moduli of this network are
slightly higher than initially (Figure 3.15c and 3.15d), indicating a
better organization of the network. This shear thickening property is
observed only for acylhydrazone network, which contains a large
amount of non-active crosslinks and/or unreacted groups, and which did
not fully reach equilibrium after an aging time of two days (Figure 3.2
and 3.7).

) 10° 4

a

o
2
;

y

!

[ |
|
'

2 » Fte —— + //

i / ey —a-“.-.,»_-_-__-___;==_=:.==ﬁ"-:"

© lr=250c g o ~——

L] o =10 radls ‘,4// S 7
ey S M i T=25° //
'f,é_éi_\ et - =10 rad/s i ;/4/

102 {Single oxime network (10+6 wt.%) -

Single Fe?*-Tpy network (10+6 wt.%)

10xime + 2Fe?"-Tpy hydrogel (10+6 wt.%)
T T T

0.1

Single oxime network (10+6 wt.%)
J10xime + 2Zn?*-Tpy hydrogel (10+6 wt.%)
d T T T T T
1 10 100 .
v (%) 0.1 1 ¥ (%) 10 100
(c) — (d)

WW . .
= 10% 4 M

=
o
™

10°4 e
A
e =, T=25°
= T=25%C >//4 =10 rad/s
& =10 rad/s A _—
o © ik A
- X - Ry . S _— _ra K
- e e e o e e e e /4 IS e et e R 4
s i = ~ S
- e -
e inicaafli\ A
= - -f'/-)/
— A
107 -

Single F(-.‘""pr network (10+6 wt.%) 102

1Acylhydrazone + 2Fe®*-Tpy hydrogel (10+6 wt.%) 1Acylhydrazone + 2Zn?*-Tpy hydrogel (10+6 wt.%)
0.1 1 100 1000 0.1 1 100 1000

v %) ° Y %)

Figure 3.15. Oscillatory reversible strain sweeps performed on the different IPNs
and their corresponding single networks: (a) 10xime + 2Fe?*-Tpy I, (b) 10xime +
2Zn%*-Tpy, (c) 1Acylhydrazone + 2Fe?*-Tpy, (d) 1Acylhydrazone + 2Zn?*-Tpy.
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The four IPNs also show an extended linear regime. As for the
single networks, as long as the strain sweep test is stopped before
reaching the amplitude at which the samples break, the data measured
from low to high to low strain amplitude show a good reversibility
(Figure 3.15). Again, a hysteresis appears at high strain. The reversible
bonds are forced to break under large oscillatory shear in order to allow
the sample to follow the deformation, but as soon as the deformation is
reduced, the reversible bonds are able to quickly reform. This shows the
ability of the networks to self-heal after a large deformation.
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Figure 3.16. Oscillatory strain sweeps performed on four IPN hydrogels and the
single networks. The dashed line in the graph shows the position of the limiting
strain value (y.) for each curve.

Interestingly, the evolution of the limiting strain value (yL) between
the single networks and the IPNs depends on the considered
combination of networks (Figure 3.16). In particular, while the stiffest
IPN network, built from oxime and Fe?*-Tpy bonds, has a similar y_
value to the oxime single network (Table 3.2), the IPN network
containing oxime and the most labile supramolecular bond, Zn?*-Tpy,
displays a longer linear regime, corresponding to a larger y. value.

187



Chapter 3

Similarly, the linear regime of the IPN network formed from the long-
lifetime Fe?*-Tpy complexes and the weak acylhydrazone is longer than
the linear regime of the single network formed only from the Fe?*-Tpy
complexes. Thus, one can conclude that using IPNs allows a significant
increase of storage modulus while conserving, or even improving, the
deformability of the materials.

3.3 Conclusion

In this work, we investigated the viscoelastic properties of
interpenetrated network hydrogels based on two orthogonal types of
reversible bonds; dynamic covalent bonds (DCB) and metal-ligand
bonds, with the aim of creating very stable — yet reversible — networks
thanks to the presence of the DCBs, while the more tunable metal-
ligand interactions can be used to adjust the material properties. In
particular, we have studied how the rheological properties of both
networks are combined and modified when these networks are
interpenetrated. Four IPN hydrogels were thus obtained by combining
either a very stable and pH insensitive DCB (oxime) or a slightly less
stable and pH sensitive DCB (acylhydrazone), with either a long-
lifetime supramolecular interaction (Fe?*-Tpy) or a more dynamic one
(Zr?*-Tpy).

The results show that the obtained IPN hydrogels exhibit a higher
modulus compared to the simple addition of the moduli of the single
networks. We attributed this observation to fact that part of the
entanglements between the chains of the two networks are trapped
between associated stickers, and therefore act as additional physical
interactions governed by the dynamics of the stickers. The study also
revealed that the partial relaxation of the IPNs is induced by the
relaxation of the supramolecular network and takes place through a
sticky Rouse relaxation. We then studied how lowering the pH can be
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used as a stimulus to affect the dynamics of the IPNs. In particular, we
showed that a low pH strongly influences the stability of the
acylhydrazone DCB network. At low pH, the acylhydrazone sub-
network relaxes faster than the Fe?*-Tpy supramolecular network,
which corresponds to an inversion of the relaxation times of the two
sub-networks compared to neutral pH. Finally, we demonstrated that
building IPNs allows a significant increase of storage modulus while
conserving, or even improving, the deformability of the materials.
Combining DCB and metal-ligand bonds seems thus a promising
approach toward highly tunable interpenetrated network hydrogels.
Their properties under elongation should now be investigated in order
to study the role played by the two networks on their extensibility.
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3.4 Experimental Section

3.4.1. Reagents and materials

Unless otherwise stated, all the reagents were purchased at the
highest purity available and used without further purification. The
organic solvents used for synthesis were purified by conventional
methods.®”l 4-Chloro-2,2°:6°,2°*-terpyridine was purchased from
Acros Organics Co. 2-(2-Aminoethoxy) ethanol and succinic
dihydrazide were purchased from TCI Tokyo Chemical Industry Co.
Aluminum oxide (activated, basic, Brockmann Grade I, 58 angstroms)
was from Alfa Aesar Co. Acryloyl chloride and O,0’-(propane-1,3-
diyl)bis(hydroxylamine) dihydrochloride were from Sigma Aldrich Co.
N,N-Dimethylacrylamide (DMA) was from Sigma Aldrich Co., Ltd.
and was passed through basic alumina immediately prior to use.
Diacetone acrylamide (DAAM) was from Alfa Aesar Co. and was
recrystallized three times in dichloromethane/n-hexane (1/4). 2,2’-
Azobis(isobutyronitrile) (AIBN) was recrystallized two times in
methanol. S-1-dodecyl-S’-(a,a’-dimethyl-a’-acetic acid)
trithiocarbonate (DDMAT) was synthesized following a reported
procedure®! and recrystallized two times in n-hexane.

3.4.2. Preparation and characterization of monomers

Synthesis of 2-(2-([2,2’:6°,2°’-terpyridine]-4’-yloxy)ethoxy)ethan-
1-amine (TPy-DEG-NH,).

The TPy-DEG-NH. was synthesized following a literature
method.[® 2-(2-aminoethoxy) ethanol (216 mg, 2.05 mmol) and
anhydrous KOH (735 mg, 13.1 mmol) were dispersed in 7 mL of dry
DMSO. The suspension was stirred at 60 °C for 1 h under argon
atmosphere. To this mixture, 4-chloro-2,2":6°,2°’-terpyridine (500 mg,
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1.87 mmol) was subsequently added, and the reaction mixture was
heated at 70 °C for an additional 24 h. The reaction mixture was then
placed under reduced pressure at 60 °C to remove most of DMSO. The
residue was allowed to cool down to room temperature, and 80 mL of
deionized water were added and stirred for 3 h. This aqueous solution
was extracted with DCM (3>60 mL). The organic phases were collected
and dried with anhydrous Na>SO4, and then concentrated under vacuum
to get a yellow solid with 74 % yield (0.465 g). *H NMR (300 MHz,
CDCls, 8): 8.66 (ddd, 2H, J = 2.7, 1.8, 0.9 Hz, CHterpy, He,6>"), 8.58 (d,
2H, J=8.1 Hz, CHterpy, H3,3), 8.04 (s, 2H, CHterpy, H3°,5), 7.83 (td, 2H,
J=17.5,1.8 Hz, CHterpy, Ha.4), 7.32 (ddd, 2H, J =6, 4.8, 1.2 Hz, CHerpy,
Hs,s), 4.38 (t, 2H, J = 4.65 Hz, CH>, Ha), 3.89 (t, 2H, J = 4.65 Hz, CH,
Ha), 3.59 (t, 2H, J=5.1 Hz, CH2, Hy), 2.88 (t, 2H, J = 5.1 Hz, CH2, H¢),
1.77 (s, broad, NHz). HRMS (ESI-MS) m/z: [M+H]" calcd for
C19H2:1N4O2, 337.1665; found, 337.1659.

NH,
d
C
cl
& o KOH, DMSO
N + HOT " NTONH, T
SN, 24 h, 70°C
=N N._~=

Scheme 3.4. Synthetic route of TPy-DEG-NH,.

Synthesis of N-(2-(2-([2,2°:6°,2°*-terpyridine]-4’-yloxy)ethoxy)
ethylacrylamide (TPy-DEG-AM).

TPy-DEG-NH> (0.20 g, 0.60 mmol) and dry triethylamine (0.12 g,
1.2 mmol) were dissolved in dry DCM (10 mL) on an ice bath under
argon atmosphere. To this solution, a solution of acryloyl chloride (0.11
g, 1.2 mmol) in 5 mL of dry DCM was added dropwise under stirring.
After the addition was completed, the reaction mixture was stirred
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overnight at room temperature, and then quenched with 15 mL of a
saturated solution of Na,COs. The organic fraction was isolated, and
the aqueous fraction was extracted with dichloromethane (3><15 mL).
The organic phases were recombined and dried with anhydrous
Na2COs, and then concentrated under vacuum below 25 °C. The crude
product was purified through column chromatography (basic aluminum
oxide), eluting with a mixture of ethyl acetate/hexane (gradient from
14% to 80% of ethyl acetate). The pure N-(2-(2-([2,2:6°,2’-
terpyridin]-4’-yloxy)ethoxy)ethyl)acrylamide (TPy-DEG-AM) was
obtained as a white solid with 77 % yield (0.179 g). *H NMR (300 MHz,
CDCls, 8): 8.69 (ddd, 2H, J = 2.7, 1.8, 0.9 Hz, CHterpy, He,6>), 8.63 (d,
2H, J=7.8 Hz, CHterpy, H3,3), 8.10 (S, 2H, CHterpy, H3°,5), 7.86 (td, 2H,
J=17.5,1.8 Hz, CHterpy, H4.4>), 7.35 (ddd, 2H, J = 6, 4.8, 1.2 Hz, CHierpy,
Hs.s+), 6.46 (br, 1H; CONH), 6.21 (dd, 1H, J = 16.8, 1.5 Hz, CH,=CH),
6.01 (dd, 1H, J = 16.8, 10.2 Hz, CH,=CH), 5.56 (dd, 1 H, J=10.2, 1.5
Hz, CH2=CH), 4.43 (m, 2H, CHz, Ha), 3.90 (m, 2H, CHz, Hd), 3.68 (t,
2H, J = 4.65 Hz, CH>, Hp), 3.59 (t, 2H, J = 5.7 Hz, CH2, H¢). HRMS
(ESI-MS) m/z: [M+H]" calcd for Ci2H23N4Os, 391.1770; found,
391.1765.

NH,

TEA/DCM
—_—
Ice Bath

Scheme 3.5. Synthetic route of TPy-DEG-AM.

192



Chapter 3

CDCl,;

—

oo L:

H,
A Ak

B 5.6 5.4 52 50 48 46 44 42 4.0 3§ 3.6 34

= J0.58
24060
0.54

4 62

Figure 3.17. *H NMR spectrum of TPy-DEG-AM.
3.4.3. Preparation and characterization of copolymers

Synthesis of side-chain  ketone-functionalized  poly(N,N-
dimethylacrylamide), P(DMA-co-Ketone).

o= N o
N, o POMAT Rk o)
>Lr N— AIBN >%, AN
o) ~
o}
Scheme 3.6. Synthetic route of P(DMA-co-Ketone).

AIBN (2.5 mg, 0.015 mmol), DDMAT (36.5 mg, 0.1 mmol),
DAAM (389.2 mg, 2.3 mmol) and DMA (5.472 g, 55.2 mmol) were
dissolved in 10 mL of dry dioxane in a 50 mL round-bottom Schlenk-
flask. The solution was degassed by five freeze-pump-thaw cycles,
backfilled with argon, and stirred in a preheated oil bath at 70 T for 5
h. The polymerization was stopped by opening the flask to air and
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placing it in liquid nitrogen. The conversion of monomer was
determined to be 78%, by comparing the integral ratio of the vinyl
signals to the methylene proton of dioxane on the *H NMR spectrum.
The viscous liquid was diluted with DCM and precipitated three times
in 20-times volume excess of diethyl ether, and the polymer was finally
dried in a vacuum oven at 40 <C for 24 h. The product was characterized
by *H NMR and GPC.

T T T T T T T T T T T T T T T
1.8 4.6 4.4 1.2 4.0 38 36 3.4 32 30 2.8 .6 2.4 2.2 0 1.8 L6 1.4 1.2 10
1 (ppm)

Figure 3.18. *H NMR spectrum of P(DMA-co-Ketone).

Synthesis of side-chain terpyridine-functionalized poly(N,N-
dimethylacrylamide), P(DMA-co-Tpy).

AIBN (0.6 mg, 0.00375 mmol), DDMAT (9.1 mg, 0.025 mol),
TPy-DEG-AM (113.2 mg, 0.29 mmol) and DMA (1.397 g, 14.09
mmol) were dissolved in 4.5 mL of dry DMF and 0.5 mL of dry anisole
in a 25 mL round-bottom Schlenk-flask. The solution was degassed by
five freeze-pump-thaw cycles, backfilled with argon and stirred in a
preheated oil bath at 70 <C for18 h. The polymerization was stopped by
opening the flask to air and placing it in liquid nitrogen. The conversion
of monomer was determined to be 86% by comparing the integral ratio
of the vinyl signal to the methyl proton of anisole on the *H NMR
spectrum. The viscous liquid was diluted with DCM and precipitated
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three times in 20-times volume excess diethyl ether, and the polymer
was finally dried in a vacuum oven at 40 <C for 24 h. The product was
characterized by *H NMR and GPC.

NH"Y

T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 L0 0.5 0.0
f1 (ppm)

Figure 3.19. *H NMR spectrum of P(DMA-co-Tpy).
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3.4.4. Preparation of networks

For all the prepared networks, the amount of added crosslinkers (di-
acylhydrazine, bis-hydroxylamines or transition metal cations) was half
an equivalent compared to the reactive sites (ketone or terpyridine
groups) of the copolymers. The di-acylhydrazine (succinic dihydrazide)
or bis-hydroxylamine (O,O’-(propane-1,3-diyl)bis(hydroxylamine)
dihydrochloride) was used to react with ketone groups of P(DMA-co-
Ketone) to build reversible C=N binding network, and the transition
metal cations (FeCl. or ZnClz) were employed to interact with
terpyridine groups of P(DMA-co-Tpy) to get metal-terpyridine
association bridging network. Aqueous solutions of the four
crosslinkers were prepared, and a certain amount was added to the
polymer aqueous solutions to obtain the desired amount of crosslinker.
The Fe?* solution was dosed with 10 mol.% ascorbic acid to prevent the
oxidation of Fe(l1) to Fe(lll).

Preparation of individual networks.

As shown in Scheme 3.1, the individual networks were prepared
by first dissolving a given amount of P(DMA-co-Ketone) or P(DMA-
co-Tpy) copolymer in 400 uL of deionized water. The sealed reaction
vials were placed at room temperature overnight until the copolymers
were dissolved completely and shaken periodically to get homogeneous
solutions. To these solutions, 100 pL of a solution containing the
appropriate amount of a crosslinker were added dropwise under
shaking. After the crosslinker was added, the network was formed upon
standing at ambient conditions for 2 days. The final concentration of
the P(DMA-co-Ketone) in sample is 10 wt.%, and the P(DMA-co-Tpy)
in sample is 6 wt.%, respectively.

Preparation of single networks.

As shown in Scheme 3.2, 500 pL of single networks were prepared
at a total copolymer concentration of 10+6 wt.% (10 wt.% of P(DMA-
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co-Ketone) and 6 wt.% of P(DMA-co-Tpy)). The preparation process
is similar to the preparation of the individual networks. The copolymers
of P(DMA-co-Ketone) and P(DMA-co-Tpy) were dissolved in 400 puL
of deionized water to get homogeneous solutions, and 100 pL of a
solution containing the appropriate amount of a crosslinker were then
added. After 2 days of aging, the final single networks were obtained.

Preparation of interpenetrating polymer networks.

As shown in Scheme 3.3, in a typical experiment, 0.05 g of the
P(DMA-co-Ketone) and 0.03 g of the P(DMA-co-Tpy) copolymer were
mixed together and 300 pL of deionized water were added. The solution
was placed at room temperature overnight and shaken periodically until
the copolymers were completely dissolved. To this solution, 100 pL of
first crosslinker solution were added dropwise under shaking to create
the first network. After 24 h, the 100 uL of second crosslinker solution
were added dropwise under shaking. The desired IPN hydrogels were
obtained at room temperature after 2 days of aging.

3.4.5. Rheological measurements

Rheological measurements were conducted on a rotational
rheometer (MCR 301, Anton Paar) equipped with a solvent trap at a
reference temperature of 25 °C. The gel samples, in the form of sheets
with diameter 8 mm and thickness 0.2~0.4 mm, were set in an 8 mm
diameter parallel plate geometry. A 25 mm diameter parallel plate
geometry with distance 0.1~0.2 mm was used for solution samples.

In the rheological experiments in this chapter, the testing time for
each fresh sample did not exceed 40 min. Although the samples tested
were relatively small as described above, the relatively short testing
time avoided significant evaporation of water from the samples, and
therefore classical solvent trapping measures were sufficient. As shown
in Figure 3.20, water was added to the grooves of the bottom static
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plate, and two Teflon models were also set up as solvent traps to avoid
evaporation of the sample during measurement.

Teflon model

Figure 3.20. Solvent trap installation for rheological measurements in this chapter.

The linear viscoelastic regions of all samples were determined by
oscillatory strain sweeps (0.01-1000% strain) performed at a frequency
of 10 rad s. The dynamic properties of the samples were determined
by oscillatory frequency sweep (100-0.1 rad s?) at 2% strain, which is
within the linear viscoelastic region. We estimate an accuracy of 10%
on the mearued modulus values.
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Comparing the Dynamics of Hydrogels
of Different Topologies

Abstract

Dual-crosslinked networks (DCN), interpenetrating polymer
networks (IPN) and IPN-derived double networks (DN) are
increasingly utilized to fabricate hydrogels with superb mechanical
properties. However, the relationship between the microstructures of
these networks and the resulting dynamics is rarely compared and little
understood. To tackle this shortcoming, this work presents a systematic
investigation of the viscoelastic properties of DCN, IPN and DN
hydrogels, as well as their corresponding single networks, by
oscillatory shear rheology. All the hydrogels are based on the same
orthogonal combination of supramolecular interactions: zinc(ll)-
terpyridine bis-complexes, and reversible covalent bonds: oxime, as
crosslinks. The contribution of single crosslinked networks to the
modulus and relaxation of DCN, IPN and DN hydrogels is studied in
detail. In particular, we show that the modulus of the hydrogels strongly
depends on their topology. Elastic modulus nearly 2 times higher for
DCN hydrogels, about 3 times for IPN hydrogels and 3.6 times for DN
hydrogels, compared to the simple addition of the moduli of their
corresponding single networks, have been obtained. The deformability
and stability of the hydrogels increased in the order of DCN < IPN <
DN. We also study how the relaxation behaviors of DCN, IPN and DN
hydrogels is influenced by the dynamics of the corresponding single
dynamic networks.
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4.1 Introduction

As described in the literature review in Chapter 2, the hydrophilic
crosslinked three-dimensional macromolecular networks in hydrogels
can extend the range of applications of such soft materials by conferring
many special properties on hydrogels such as stimuli-responsiveness,
self-healing, stress relaxation, shape memory, etc.l®1 However, the
high water content also brings fragility to the polymer hydrogels, which
limits their real-world applications. Aiming to address this shortcoming,
two major strategies have been adopted to improve the mechanical
properties of polymer hydrogels: introducing a variety of crosslinks and
modifying the network topology.[

On the facet of crosslinks, dynamic bonds, comprising dynamic
covalent bonds (DCBs) and supramolecular interactions, have been
widely embedded into polymeric networks, often to study the
relationship between the bond strength and Kinetics, and the
macroscopic rheological and mechanical properties of the materials. [1°-
141 Compared to the use of a single type of dynamic bonds, the
combination of robust and adaptable DCBs with more dynamic
supramolecular interactions is a promising strategy for engineering the
next generation of smart polymeric materials exhibiting unusual
viscoelastic characteristics such as tunable time-dependent mechanical
modulus,** adjustable stress relaxation,™®! shear-thinning properties, "]
and combining enhanced toughness!*®® and stimuli-responsiveness?%
with efficient self-healing.?! As for the network topology of the
hydrogels, dual-crosslinked network (DCN), interpenetrating polymer
network (IPN), and double network (DN) are highlighted strategies for
preparing polymer hydrogels with enhanced mechanical properties. 2%
311 The differences and relationships between these three network
topologies have been detailed in Chapter 2 and will not be repeated here.

The two above strategies, i.e., adapting network topology and using
different types of (dynamic) crosslinks, have also been combined to
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further tune the hydrogel properties, and impart them with reversibility
and stimuli responsiveness.’231 However, the synergetic effects
between these two categories of crosslinks on the viscoelastic behaviors
of gels are rarely studied in detail, not to mention the interplay with the
network architecture. For example, Zhang and coworkers investigated
the hierarchical dynamics of boronic ester bonds and quadruple
hydrogen bonds in poly(n-butyl acrylate) (PnBA) based DCN
elastomers.** They showed that boronic ester transesterification can
reduce the chain relaxation time compared to a permanently crosslinked
PnBA, while the strong quadruple hydrogen bonds can increase the
chain relaxation time, compared to the boronic ester crosslinked
polymers, due to the topological constraints between quadruple
hydrogen bond dimers. The interplay between these two dynamic bonds
enables the elastomer to flow on the time scale of seconds.

Herein, we investigate the viscoelastic properties of networks of
different topologies: DCN, IPN, and DN, which are crosslinked by the
same couple of interactions, i.e., reversible C=N bonds and metal-
terpyridine bis-complexes. To have a clear contrast of dynamics, we
selected the combination of oxime bonds and zinc(Il)-terpyridine bis-
complexes (Zn?*-Tpy) for crosslinking. The oxime bond is selected
because it is formed by an efficient “click” reaction between a ketone
and a hydroxylamine,% and because of its weak dynamic character and
high hydrolytic stability compared to other C=N bonds (e.g.
semicarbazone, acylhydrazone, imine).® Oxime-based crosslinks are
thus stable under the used conditions, and will preserve the network
integrity under shear stress. More importantly, our work in Chapter 3
showed that the networks crosslinked by oxime are frequency
independent and behave more like static covalent networks in the used
measuring conditions. The Zn?**-Tpy was used to provide dynamic
properties to the networks due to its highly kinetically labile
character.B7-3%1 Therefore, the combination of oxime and Zn?**-Tpy
allows the hydrogel to be partially disentangled and relaxed by the
labile Zn?*-Tpy, while the stable oxime network could still maintain the
integrity of the gel sample after the dissociation of the Zn?**-Tpy
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network. As we demonstrated in Chapter 3, partial relaxation of the IPN
of oxime + Zn%**-Tpy takes place through a sticky Rouse relaxation
process. By using the same combination, we will be able to
systematically compare and discuss the interplay and possible synergy
effects between DCN, IPN and DN topologies, and the contribution of
the two types of crosslinks.

To reach this goal, we have synthesized a series of terpyridine (Tpy)
and/or  ketone functionalized hydrophilic  poly(N,N-dimethyl
acrylamide) (PDMA) random copolymers by reversible addition-
fragmentation chain transfer (RAFT) controlled radical polymerization.
We firstly obtained five "short-chain” (M, approximately 50 kDa)
copolymers that can be crosslinked with Zn?*, to form zinc (I1)-
terpyridine bis-complexes, and/or with bis-hydroxylamine to form
oxime bonds. With the two types of crosslinks and these copolymers,
we thus successfully obtained a DCN and two IPN hydrogels as
described in Figure 4.1. In addition, one of the above Tpy-
functionalized copolymers with two other long-chain (Mn
approximately 150 kDa and 250 kDa) copolymers bearing ketone
groups were employed for preparing two DN hydrogels (Figure 4.1).
The single networks of DCN, IPN1, IPN2, DN1 and DN2 were also
prepared in the same polymer compositions and concentrations but only
crosslinked by one type of bond. We measured the rheological
behaviors of the prepared DCN, IPN and DN hydrogels as well as their
corresponding single networks to determine the respective
contributions of two single networks (Zn?*-Tpy and oxime crosslinked)
and the effect of network topology on the viscoelastic properties.
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Figure 4.1. Schematic representation of dual-crosslinked network (DCN), interpenetrating polymer network (IPN), and double network (DN)
hydrogels prepared by crosslinking various copolymers bearing ketone and/or terpyridine groups by formation of oxime bonds and zinc(l1)-
terpyridine bis-complexes (Zn?*-Tpy).
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4.2 Results and Discussion

4.2.1. Synthesis of hydrophilic functionalized copolymers

The building blocks of the different hydrogels are water-soluble
functionalized copolymers with determined molar masses that were
prepared by RAFT polymerization. N,N-dimethyl acrylamide (DMA)
was selected as the base monomer for constituting the hydrophilic
backbone of the copolymers. The commercially available diacetone
acrylamide (DAAM) monomer was used to create oxime-based
crosslinks owning to the reaction between ketone group of DAAM and
the hydroxylamine group of 0,0’-(propane-1,3-
diyl)bis(hydroxylamine). In Chapter 3, we synthesized TPy-DEG-AM
as a terpyridine functionalized monomer for copolymerization with
DMA. However, the low solubility of TPy-DEG-AM in polymerization
solvents such as 1,4-dioxane, makes it difficult to synthesize terpyridine
functionalized copolymers with low molar mass dispersity. Thus, well-
defined copolymers with both ketone and Tpy groups attached to the
same PDMA chain were not obtained from TPy-DEG-AM. In order to
improve the solubility of Tpy monomer and thus to obtain copolymers
with homogeneous dispersion of Tpy units in the chain, we have newly
synthesized the N-(3-([2,2’:6°,2”’-terpyridin]-4’-yloxy)propyl)-N-
methylacrylamide (TPy-AM) (see Experimental Section) monomer,
whose structure without hydrogen on the amide group facilitates the
solubility of the monomer in 1,4-dioxane. The TPy-AM served as
handles for the formation of zinc(l1)-terpyridine bis-complexes (Zn?*-
Tpy) crosslinks. Since all three monomers are of the acrylamide family,
we can assume that they will be randomly incorporated into the
different copolymers.
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Table 4.1. Main characteristics of hydrophilic functionalized copolymers.

Final ratio® (mol%) M. Mc N#/Chain¢
Copolymer Tpy Ketone DMA (g/mol) (g/mol) & Tpy Ketone
P(T2K2)-S 1.6 2.2 96.2 54100 53700 137 8 11
P(T2)-S 1.9 / 98.1 49200 46400 135 9 /
P(K2)-S / 2.8 97.2 52100 53600 1.23 / 14
P(T4)-S 3.2 / 96.8 54100 53200 1.36 16 /
P(K4)-S / 4.0 96.0 51000 58300 1.34 / 20
P(Koa4)-L1 / 0.4 99.6 155000 119000 1.37 / 6
P(Ko4)-L2 / 0.4 99.6 262000 171000 1.58 / 10

a Calculated from the *H NMR spectra. ® Evaluated by monomer conversion (*H
NMR). ¢ Determined by SEC (polymethylmethacrylate standards). ¢ Average
number of functional groups per chain.

Seven copolymers were thus obtained by varying ratios of
functionalized monomers, and will be combined differently to yield the
desired hydrogels of varying topology. Among the copolymers, the
short-chain PDMA copolymer with ~2% terpyridine and ~2% ketone
with an approximate molecular weight of ~50 kDa and is named as
P(T2K3)-S; the short-chain PDMA copolymer with ~2% terpyridine
with an approximate molecular weight of ~50 kDa and is named as
P(T2)-S; the short-chain PDMA copolymer with ~2% ketone with an
approximate molecular weight of ~50 kDa and is named as P(K2)-S; the
short-chain  PDMA copolymer with ~4% terpyridine with an
approximate molecular weight of ~50 kDa and is named as P(T4)-S; the
short-chain PDMA copolymer with ~4% ketone with an approximate
molecular weight of ~50 kDa and is named as P(K4)-S; the long-chain
PDMA copolymer with ~0.4% ketone with an approximate molecular
weight of ~150 kDa and is named as P(Ko.4)-L1; the long-chain PDMA
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copolymer with ~0.4% ketone with an approximate molecular weight
of ~250 kDa and is named as P(Koa4)-L2. All copolymers were
characterized by *H NMR spectroscopy (see Supporting Information)
and Size-Exclusion Chromatography (SEC) (Table 4.1).

4.2.2. Preparation of networks

For all the prepared networks, the amount of added crosslinkers
(Zn** or bis-hydroxylamine) was half an equivalent compared to the
reaction sites (terpyridine groups or ketone groups) of the
corresponding functional copolymers unless otherwise stated. To
enable comparisons between the different topological systems shown in
Figure 4.1, the polymer concentration used is such that at least one of
the crosslinks (Zn?*-Tpy or oxime) in a system can lead to the formation
of a hydrogel, i.e. the polymer concentration used for at least one type
of the crosslinks is slightly higher than the minimum gelation
concentration. Five "short-chain™ copolymers with a M, approximately
50 kg/mol were utilized for synthesizing DCN and two IPN hydrogels
as well as their single networks.

Specifically, the copolymer P(T2K2)-S was used as precursor for
preparing a DCN hydrogel and the corresponding single-crosslinked
networks, i.e., networks crosslinked by only one type of bond (Zn?*-
Tpy or oxime) at 10 wt.% polymer concentration (Scheme 4.1). The
molar amounts of the added crosslinkers of Zn?* or bis-hydroxylamine
correspond to half of the Tpy or ketone groups on the P(T2Kz>)-S chain,
respectively.
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Scheme 4.1. Preparation of (a) DCN hydrogel as well as (b) its two single networks
of DCN-Zn?*-Tpy or DCN-Oxime from P(T2K3)-S (10 wt.%).

Three IPN hydrogels were then prepared by mixing two
copolymers, one bearing ketone groups, and the other one bearing
terpyridine groups. Two IPN1 hydrogels were obtained from the
approximately 2% terpyridine-functionalized P(T>)-S with 2% ketone-
functionalized P(K>)-S copolymers (Schemes 4.2a and 4.3a). The first
IPN1 was prepared at 10 wt.% total concentration (5 wt.% of each
copolymer), and the second IPN1 at 20 wt.% total concentration. The
IPN1 hydrogels have similar strand length between the same type of
crosslinks as the DCN hydrogel (as illustrated in Figure 4.1). IPN2
hydrogel was prepared from the same kind of copolymers but bearing
approximately 4 mol% of functional groups (P(T4)-S and P(Ka)-S)
(Scheme 4.4a) to reach a comparable crosslinker concentrations at the
same total polymer concentration as the DCN hydrogel (10 wt.%). The
corresponding single networks were also prepared from the mixed
solutions of the two copolymers but only one of the copolymers was
crosslinked with the appropriate crosslinker (Schemes 4.2b, 4.3b, and
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4.4b). Accordingly, the molar amounts of the added crosslinkers of Zn?*
or bis-hydroxylamine were half of the Tpy on the P(T2)-S/P(T)-S chain
or half of the ketone groups on the P(K2)-S/P(K4)-S chain, respectively.
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Scheme 4.2. Preparation of (a) IPN1 hydrogel as well as (b) its two single networks
of IPN1-Zn?*-Tpy or IPN1-Oxime, by mixing equal concentration (5 wt.%) of the
P(T>)-S with P(Ky)-S copolymers, leading to a total polymer concentration of 10

wt.%.
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@,/ \ oy ==

(10 wt.%) + T (10 wt.%) i
P(T,)-S P(K,)-S !

(b)

IPN1-Oxime (10+10 wt.%)

Scheme 4.3. Preparation of (a) IPN1 hydrogel as well as (b) its two single networks
of IPN1-Zn?*-Tpy or IPN1-Oxime, by mixing equal concentration (10 wt.%) of the
P(T>)-S with P(K)-S copolymers, leading to a total polymer concentration of 20
wt.%.

\\j

1 bis-hydroxylamine

D
. \/ (5 Wt.%)

IPN2-Zn2*-Tpy (5+5 wt.%) Zn2* bis-hydroxylamine IPN2-Oxime (5+5 wt.%)

Scheme 4.4. Preparation of (a) IPN2 hydrogel as well as (b) its two single networks
of IPN2-Zn?*-Tpy or IPN2-Oxime, by mixing equal concentration (5 wt.%) of the
P(T4)-S with P(K4)-S copolymers, leading to a total polymer concentration of 10
wt.%.
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Moreover, two DN hydrogels were prepared from the short-chain
P(T4)-S and the long-chain ~0.4 mol% ketone-functionalized
copolymers (P(Ko4)-L1 and P(Kos)-L2). P(Kos)-L1, with a Mn of
approximately 150 kg/mol, was used for DN1 (Scheme 4.5a), and
P(Ko.4)-L2, with a My of approximately 250 kg/mol, was used for DN2
(Scheme 4.6a). Inthese DN hydrogels, the highly crosslinked and labile
Zn?*-Tpy network serves as the first (sacrificial) network, while the
sparsely crosslinked and stable oxime network acts as the second
network. The comparison of these two DNs will allow us to understand
the impact of the length of the copolymer forming the second network
on the viscoelastic behaviors of DN hydrogels since the networks are
built directly from polymers instead of monomers.[“%l As for the DNs,
the corresponding single networks were also prepared by crosslinking
only one copolymer of the mixture (Schemes 4.5b and 4.6b). Similar
to the IPN systems, the molar amounts of the added crosslinkers of Zn?*
or bis-hydroxylamine were calculated from half of the Tpy on the P(T4)-
S chain or half of the ketone groups on the P(Ko.4)-L1/P(Ko.4)-L2 chain,
respectively.
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Scheme 4.5. Preparation of (a) DN1 hydrogel as well as (b) its two single networks
of DN1-Zn?*-Tpy or DN1-Oxime by mixing 5 wt.% of P(T4)-S copolymer with 10
wt.% of P(Ko.4)-L1 copolymer, leading to a total polymer concentration of 15 wt.%.
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Scheme 4.6. Preparation of (a) DN2 hydrogel as well as (b) its two single networks
of DN2-Zn?*-Tpy or DN2-Oxime, by mixing 5 wt.% of P(T4)-S copolymer with 10
wt.% of P(Ko.4)-L2 copolymer, leading to a total polymer concentration of 15 wt.%.
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To promote all crosslinking reactions and get stable and
reproducible networks, an aging time of 2 days at 55 °C was applied,
followed by a slow cooling down to room temperature for another 2
days, for all networks, after the needed crosslinkers were added. By
using such aging procedures, gelation behaviors of DCN, IPN1, IPN2,
DN1 and DN2 as well as of their single networks have been tested and
confirmed by the tube inversion method, the results are illustrated in
Figure 4.2. Among these, 5 wt.% P(K2)-S in IPN1-Oxime (5+5 wt.%),
5 wt.% P(T4)-S in IPN2-Zn?*-Tpy (5+5 wt.%), and 10 wt.% P(Ko.4)-L1
in DN1-Oxime (5+10 wt.%) were the minimum polymer concentration
for gelation. As shown in Figure 4.2b, the IPN1-Zn?*-Tpy (5+5 wt.%)
was not a gel, hence the polymer composition of 10+10 wt.% was also
used to prepare IPN1 and its two single networks (Figure 4.2c) to
ensure that they were all in the gel state. The other single networks have
polymer concentrations higher than their minimum gelation
concentrations. As a result, a total of six major systems will be used for
discussion, namely, DCN hydrogel and its two single networks at 10
wt.% (Schemes 4.1), IPN1 hydrogel and its two single networks at 5+5
wt.% (Schemes 4.2), IPN1 hydrogel and its two single networks at
10+10 wt.% (Schemes 4.3), IPN2 hydrogel and its two single networks
at 5+5 wt.% (Schemes 4.4), DN1 hydrogel and its two single networks
at 10+10 wt.% (Schemes 4.5), and DN2 hydrogel and its two single
networks at 10+10 wt.% (Schemes 4.6). The concentration in
parentheses for each sample name indicates the concentration of the
copolymer components. The apparent mechanical properties observed
by touching the hydrogels with tweezers revealed that DCN and its two
single networks (Figure 4.2a) were stiff hydrogels; single networks of
IPN1-Oxime (5+5 wt.%), IPN2-Oxime (5+5 wt.%), DN1-Oxime (5+10
wt.%), and DN2-Oxime (5+10 wt.%) (Figures 4.2b, 4.2d, 4.2e, and
4.2f) were were soft and sticky hydrogels; single networks of IPN1-
Zn?*-Tpy (10+10 wt.%), IPN2-Zn?*-Tpy (5+5 wt.%), DN1-Zn?*-Tpy
(5+10 wt.%), and DN2-Zn**-Tpy (5+10 wt.%) (Figures 4.2c, 4.2d,
4.2e, and 4.2f) were were soft and non-sticky hydrogels; both oxime
and Zn?*-Tpy crosslinked IPN1 and IPN2 (Figures 4.2b, 4.2c, and 4.2d)
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were stiff hydrogels; the DN1 and DN2 (Figures 4.2e and 4.2f) were
tough hydrogels.

Figure 4.2. Optical images of: (a) DCN (10 wt.%), (b) IPN1 (5+5 wt.%), (c) IPN1
(10+10 wt.%), (d) IPN2 (5+5 wt.%), (e) DN1 (5+10 wt.%), (f) DN2 (5+10 wt.%)
hydrogels and their single networks.

It can be seen that the above single networks were prepared in the
presence of another sticker type or another non-crosslinked copolymer,
which may affect the effective interchain crosslinking.™s! As shown in
the parameters in Table 4.1, the short-chain P(T4)-S and P(Ka)-S have
very comparable chain lengths and functionalization ratios, and contain
only one type of stickers on the polymer chains. Comparing the
rheological behavior of the two individual networks consisting of
P(T4)-S crosslinked by Zn?*-Tpy or P(Ks)-S crosslinked by oxime
linkages, respectively, in the absence of the other copolymer, is
interesting to determine the effects of the two crosslink types on the
overall gel. For this purpose, we prepared an individual Zn?*-Tpy
network (10 wt.%) from pure P(T4)-S and an individual oxime network
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(10 wt.%) from pure P(K4)-S (Scheme 4.7). Since P(T4)-S is actually a
little less functionalized than P(K4)-S (see Table 4.1), the added
crosslinker concentrations for both Zn?*-Tpy and oxime bonds were
calculated based on the concentration of the P(T4)-S reaction sites to
ensure the same maximum crosslinking in the two individual networks
for comparison purposes. Accordingly, the amount of added bis-
hydroxylamine is slightly less than the half of ketone concentration on
P(K4)-S, yet it avoids the creation of ineffective reactions, which could
result from an excess of crosslinkers.

(@) \
E E ) Zn?*
i ¥
i (10 wt.%) i
SRS
(b) T *\
i \ \*\[ !
E \ )W
: e oo
i ! bis-hydroxylamine = (_._‘j g 1
] Il \\
| i . )
\ /< i = IR
| > &0 : y z
“‘ P(K,4)-S X - A

Individual Oxime (10 wt.%)

Scheme 4.7. Preparation of the individual Zn?*-Tpy network from 10 wt.% pure
P(T4)-S and of the individual oxime network from 10 wt.% pure P(K4)-S.

4.2.3. Rheological characterization
To investigate the contribution of the two types of crosslinks to the

dynamics (viscoelasticity) of the hydrogels of different topologies and
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of the corresponding single networks, oscillatory shear rheology in the
linear viscoelastic (LVE) regime was used as the main characterization
tool. As mentioned above, an aging protocol of 4 days (2 days at 55 °C
followed by a slow cooling down to room temperature for another 2
days) was applied during the hydrogel preparation to obtain
reproducible results. As shown in Figure 4.3a, the rheological behavior
of the single-crosslinked oxime network did not change significantly
after an additional 4 months of aging, indicating that a stable
equilibrium has been reached during the aging protocol of 4 days. This
result also suggests that our preparation is sufficient to obtain stable
Zn?*-Tpy networks since the formation rate constant of oxime is lower
than Zn?*-Tpy at 25 <T in neutral water.[*%]

(a) Equilibrium in sample preparation (b) Equilibrium in sample measurement
_ 9 »r:;iﬁjﬁ:ﬁ)
0 M
10°
w
e
f’- T=25°C
2 e 1=2%
T=25°C ) G' G
y=2% |10°7 > DCN-Zn2*-Tpy(10 wt.%, 15 min)
1024 G G" —— DCN-Oxime (10 wt.%, 15 min)
—a— DCN-oxime (10 wt.%) p —t— DCN-Zn?*-Tpy(10 wt.%, 30 min)
—— DCN-oxime (10 wt.%, 4 months) % —— DCN-Oxime (10 wt.%, 30 min)
0.1 1 10 100 0.1 1 100
o (rad/s) o (rad/s)

Figure 4.3. (a) Oscillatory frequency sweeps on DCN-Oxime network prepared
from procedure aging process (heating at 55 °C for 2 days followed by slowly
cooling down to room temperature in 2 days) and additional 4 months of aging at
room temperature. (b) Oscillation frequency sweeps were performed after loading
the samples into the rheometer and allowing them to stand for 15 and 30 minutes,
respectively.

In addition, the samples were well-placed between the parallel
plates of the rheometer for at least 15 min to equilibrate the samples
before any experiments were performed. As can be seen in Figure 4.3b,
the data from the frequency sweeps performed after 15 and 30 min of
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resting for the single oxime and Zn?*-Tpy crosslinked samples are
similar. This indicates that 15 min of standing prior to testing is
sufficient to allow the samples to reach reproducible conditions.

4.2.3.1. Single Zn?*-Tpy or oxime crosslinked networks (main
systems)

Oscillatory frequency sweeps were first measured on the single
networks (systems in presence of only one type of crosslinkers) to
evaluate and compare their dynamic properties. The curves of the
storage modulus (G") and loss modulus (G") were thus obtained by the
frequency sweeps from high to low frequency. Since the frequency
sweeps from 100 rad/s to 0.01 rad/s took several hours, slight solvent
evaporation was observed at the end of the tests (i.e. near 0.01 rad/s in
the frequency sweep curve) for the samples with the single Zn?*-Tpy
networks, despite the rheometer being equipped with a solvent trap
device. This solvent evaporation phenomenon was less apparent in the
single oxime networks and the orthogonal crosslinking hydrogel
systems.

The curves of G' and G" versus frequency for the single Zn**-Tpy
networks of the six systems are shown in Figure 4.4a. As mentioned
already, the IPN1-Zn?*-Tpy (5+5 wt.%) did not result in a gel, in other
words the IPN1-Zn?*-Tpy failed to form an effective network at a
concentration of 5+5 wt.%. Disregarding the behaviors at low
frequency region, as a result, all single Zn?*-Tpy networks except the
IPN1-Zn?*-Tpy (5+5 wt.%) showed similar dynamic modulus curves
with frequency (Figure 4.4a). As shown in Figure 4.4b, frequency
sweeps performed on three fresh DCN-Zn**-Tpy single network
samples showed a non-reproducible low frequency behavior in G/,
suggesting that the observed low frequency behaviors of single Zn?*-
Tpy networks may be due to variable evaporation of water from the
samples. Since the chains are unentangled, it is expected that the elastic
plateau observed in the rheological data comes from the molecular
segments trapped between two Zn?*-Tpy complexes, and that chains
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bearing the Tpy groups along their backbone relax according to a sticky
Rouse process. [“!1 It should therefore be possible to rationalize the data
based on this model and considering only crosslinked chains (i.e.,
assuming negligible contributions from non-crosslinked chains).

(a) W
103 ] W
VW\J\J‘
/ e
2 ] o
=10 / o
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o /
- 1075 T=25°
(O] ¥=2%
G G" g
o —a— DCN-Zn?*-Tpy (10 wt.%)
107 5 —o——— IPN1-Zn?*-Tpy (5+5 Wt.%)
—o— IPN1-Zn?*-Tpy (10+10 wt.%)
IPN2-Zn?*-Tpy (5+5 wt.%)
4 —— DN1-Zn?*-Tpy (5+10 wt.%)
107 5 DN2-Zn?*-Tpy (5+10 wt.%)
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Figure 4.4. (a) Comparison of oscillatory frequency sweeps on single Zn?*-Tpy

networks of the six systems. (b) Frequency sweeps of three DCN-Zn?*-Tpy single
network samples.
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As can be seen from Figure 4.4, the DCN-Zn?*-Tpy (10 wt.%) has
the highest moduli in the measured frequency range, suggesting that the
DCN topology is more favorable for zZn?*-Tpy to form effective
interchain linkages and increase the crosslinking density compared to
IPN or DN at a comparable crosslinking sites concentration (Table 4.2).
As can be seen from the network compositions shown in Table 4.2, the
IPN1-Zn?*-Tpy (10+10 wt.%) has a higher polymer concentration and
crosslinker concentration for the formation of Zn?*-Tpy compared to
DCN-Zn?*-Tpy (10 wt.%), yet IPN1-Zn?*-Tpy (10+10 wt.%) exhibits a
lower G' in the whole frequency range. A possible explanation for this
might be a "screening effect” present in the IPN derived single networks
that is induced by the presence of the non-crosslinked copolymer.[*s]
This effect could reduce the possibility for terpyridine groups to explore
their surroundings to find a partner to create effective crosslinks. In the
IPN2-Zn**-Tpy (5+5 wt.%), DN1-Zn**-Tpy (5+10 wt.%), and DN2-
Zn?*-Tpy (5+10 wt.%), a 5 wt.% P(T4)-S was used to form the Zn?*-
Tpy crosslinks, which means that the polymer and crosslinker
concentrations used to form the single Zn?*-Tpy networks are the same
for the three systems. However, the G' values of the two DN systems
are lower than the IPN system over the whole frequency range,
indicating that the addition of more free chains in the surroundings
reduce further the crosslinking of the Zn?*-Tpy network, providing
further evidence that the presence of non-crosslinked polymers does
have a "screening effect” on network formation. These results indicate
that the single Zn?*-Tpy networks of IPN and DN systems with similar
polymer and crosslinker concentrations have lower elastic modulus
than DCN systems due to the "screening effect” caused by the presence
of non-crosslinked polymers in the IPN and DN systems, which
suggests that DCN topology may be more favorable for the formation
of stiffer hydrogels.

In addition, the rubbery elastic plateau (G'5) values*> %%l of the
single Zn?*-Tpy networks can also be obtained from the G' at high-
frequency region of the frequency sweeps, and are summarized in
Table 4.2. This plateau modulus is generally attributed to the
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contributions of trapped entanglements and crosslinks.™ For all single
Zn?*-Tpy networks, the copolymer concentrations and the average
molar mass between two stickers (Mxx) are rather low (Table 4.2), the
contribution of trapped entanglements may thus be considered as
negligible. If we assume that all the functional groups of the copolymers
are effectively crosslinked in the single networks, the theoretical elastic
plateau moduli G can be calculated by using the equation as
follows!*®!:

GI(\)I = M (1 - (pdangling) (4-1)
XX

where o is the density of PDMA in the melt state (approximated
as 1 g/lcm?), ¢ is the sample concentration, M is the average molar mass
between two sticky groups and @dangiing iS the weight fraction of
dangling ends, which, if they do not participate to the network elastic
modulus, can be approximated as equal to 2Myx/Muw, R is the universal
gas constant; T is the temperature. Due to the high equilibrium
constants of oxime and Zn?*-Tpy (see Chapter 3), all the bonds that can
be formed may be considered to be in the associated state, and therefore
the effect of the equilibrium constants on G was not taken into
account.

In the single Zn?*-Tpy networks, the crosslinking efficiency (or
probability of the activated sticker to form effective interchain
crosslinks) can be roughly estimated by the ratio of the experimental
elastic plateau G', to the theoretical elastic plateau moduli G3
determined from the synthesis parameters. It should be noted that the
role of the dangling ends of the polymer chains in the network was not
considered in the calculation of G 3. Besides, some other factors such as
chain length, polymer and sticker concentration, unreacted sites, and
intrachain crosslinking inducing internal loops can also affect the value
of the plateau modulus.®” %4 Therefore, the calculated values of
crosslinking efficiency are not precise, but they can be used to roughly
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compare the tendency of forming the effective Zn?*-Tpy network
between these systems.

Table 4.2. Compositions, experimental and theoretical elastic plateau moduli of
different single Zn?*-Tpy networks.

5 a
Sample gl (mEr%I/L) (g'>/|nx1xcc>|) (CI;Q) (CF;’I:VI) (E/:Je)
DC(TOZ\AT%IW E’l(g;'izg/:)‘ 76 6700 4300 30300 14
2+
|PE|31+-52\:¢;/OT)py (Z(\th?;j) 46 5400 /19200  /
2+
“(Dll\(l)i-lzonvvt-.;;or;y (fg;i;) 92 5400 1560 38400 4.1
'P:_j'sz\’;:/:)py (Z(\I;?;/‘:’) 74 3300 630 34100 18
2
D(’;i_l%nm;?y (Z(\Iﬁ;j) 74 3300 370 34100 1.1
DN2-Zn*-Tpy  P(Ta)-S 74 3300 320 34100 0.4

(5+10 Wt.%) (5 Wt.%)

a Copolymer used for Zn?*-Tpy crosslinks. ® Concentration of added crosslinker
(Zn?") is half of the Tpy concentration. ¢ Average molar mass between Tpy groups
on the corresponding copolymer. ¢ Obtained from the plateau value of G' in the
high-frequency domain of the frequency sweeps. € The crosslinking efficiency (Ec)
is calculated by G'o/GJ.

As shown in Table 4.2, the crosslinking efficiency of Zn?*-Tpy is
remarkably high in the DCN system compared to IPN and DN systems.
This may be due to the fact that the non-crosslinked ketone copolymers
in the IPN and DN systems severely prevent the formation of effective
interchain Zn?*-Tpy linkages when only Zn?* is added, while DCN
showed relatively higher crosslinking efficiency because of the absence
of such "screening effect™. Since the DN1 and DN2 systems have twice
as much non-crosslinked ketone copolymer as the IPN2 system, as a
negative consequence of this "screening effect”, the crosslinking
efficiency of Zn?*-Tpy in DN1 and DNZ2 is significantly lower than that
of the IPN2 system even though all these three systems contain the same
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concentration of Tpy copolymer and of Zn?*. The estimated
entanglement molar mass (Me) of the linear PDMA melt is 11 kg/mol
(see Experimental Section), which means that the minimum molar mass
of PDMA copolymer to produce entanglement in an aqueous solution
at 10 wt.% concentration is approximately 110 kg/mol, and the critical
entanglement molar mass is 2Me = 220 kg/mol. This means that the 10
wt.% long-chain copolymer of P(Ko4)-L1 (Mn: 155 kg/mol) in DN1
and P(Ko4)-L2 (Mn: 262 kg/mol) in DN2 are mostly unentangled,
however we cannot exclude the possibility that few entanglements are
trapped between the supramolecular crosslinks, which also contribute
to the elastic modulus. On the other hand, the probability to have
entanglements in the 5 wt.% P(T4)-S formed Zn?*-Tpy network is much
lower in both DN1 and DN2 than IPN2. Besides the “screening effect”
of more non-crosslinked polymers, the reduced crosslinking efficiency
of Zn**-Tpy in the DN1 and DN2 systems confirms that the non-
crosslinked long-chain polymers provide an almost negligible
contribution to the crosslinking density by entanglements. It can be seen
that the crosslinking efficiency of Zn?*-Tpy in different network
topology systems is strongly influenced by the non-crosslinked
polymer. This effect directly leads to higher moduli of the single Zn?*-
Tpy crosslinked DCN hydrogels than IPN and DN.

Furthermore, oscillatory frequency sweeps provide information on
the bulk relaxation of materials and on the time scale of the material
deformation, which are related to the formation, cleavage, and
reformation of dynamic crosslinks.*! As shown in Figure 4.4, all
single Zn?*-Tpy networks exhibit terminal relaxation as shown by the
G'-G" crossover. This relaxation process denotes the onset of
macroscopic flow of Zn?*-Tpy networks, mainly caused by the
dissociation of zinc(l1)-terpyridine bis-complexes due to their rather
low equilibrium constant and high lability.! The accessible relaxation
times (1) of these single networks obtained from the cross-over points
of G'and G" are presented in Table 4.3.
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Table 4.3. Relaxation times of single Zn?*-Tpy networks.

T b T°

Sample Copolymer? (nEn?gll]/L) ©)
DCN-Zn2*-Tpy (10 wt.%) P(T2K2)-S (10 wt.%) 7.6 0.67
IPN1-Zn?*-Tpy (5+5 Wt.%) P(T2)-S (5 Wt.%) 4.6 0.03
IPN1-ZnZ*-Tpy (10+10 wt.%)  P(T2)-S (10 wt.%) 9.2 0.32
IPN2-Zn?*-Tpy (5+5 Wt.%) P(T4)-S (5 Wt.%) 7.4 0.33
DN1-Zn?*-Tpy (5+10 wt.%) P(T4)-S (5 wt.%) 7.4 0.28
DN2-Zn?*-Tpy (5+10 Wt.%) P(T4)-S (5 wt.%) 7.4 0.27

3 Copolymer used for Zn?*-Tpy crosslinks. ® Concentration of added crosslinker
(Zn?") is half of the Tpy concentration. ¢ The relaxation time is calculated by: T =
1/mc, where @ is the frequency at the cross-over of G' and G" in the frequency
sweeps.

As shown in Table 4.3, the single DCN-Zn?**-Tpy (10 wt.%)
network has the longest relaxation time (0.67 s) among all single
networks. This result can be attributed to the higher crosslinking density
of active Zn**-Tpy in the DCN system, and thus to a longer sticky
relaxation time, the latter being proportional to the square of the number
of active stickers.[*®! Since the IPN1-Zn?*-Tpy (5+5 wt.%) did not result
in a gel network, this system shows the minimum relaxation time. The
relaxation times of single networks of IPN1-Zn?*-Tpy (10+10 wt.%),
IPN2-Zn?*-Tpy (5+5 wt.%), DN1-Zn**-Tpy (5+10 wt.%), and DN2-
Zn?*-Tpy (5+10 wt.%) are similar probably because the crosslinker
concentrations of these systems are very comparable (Table 4.3). The
10 wt.% P(T2)-S used to form IPN1-Zn**-Tpy (10+10 wt.%) and the 5
wt.% P(T4)-S used to form IPN2-Zn*-Tpy (5+5 wt.%) have about the
same sticker concentrations, and the relaxation time of both systems are
essentially equivalent despite the fact that My« and concentration of the
two copolymers are different (Table 4.2). The relaxation times of the
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two DN systems are slightly shorter compared to IPN2, indicating that
the concentration of non-crosslinked polymer would slightly affect the
relaxation behavior of Zn?*-Tpy in the interpenetrated networks. As
discussed above, the longer relaxation time of Zn?*-Tpy in DCN than
in IPN and DN results from the very high crosslinking density of DCN.
In the IPN and DN systems, with Tpy copolymer concentrations
sufficient to form Zn?*-Tpy gels, the relaxation behaviors of the
hydrogels are mainly influenced by the Zn?* concentration and, to a
lesser extent, by the non-crosslinked polymer concentration.

The frequency sweeps on single oxime networks of the six systems
were then measured and the curves are shown in Figure 4.5. As
expected, all single oxime networks are stable hydrogels as G' is mostly
independent of the frequency and is larger than G", showing a purely
elastic response over the whole experimental frequency window. Table
4.4 also presents the experimental plateau moduli (G'p) and the
theoretical plateau moduli (GJ) calculated by Equation 4.1 for single
oxime networks.

J /_\,a/'
8
'E'D 102 4 w
L T=25°C
o 1 ¥=2%
& o
—— DCN-Oxime (10 wt.%)
—— IPN1-Oxime (5+5 wt.%)
—a— IPN1-Oxime (10+10 wt.%)
10" 4 IPN2-Oxime (5+5 wt.%)
] —— DN1-Oxime (5+10 wt.%)
DN2-Oxime (5+10 wt.%)
1 1 T T 1
0.01 0.1 1 10 100
o (rad/s)

Figure 4.5. Comparison of oscillatory frequency sweeps of single oxime networks
for the six systems.
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Table 4.4. Compositions, experimental and theoretical elastic plateau moduli of single
oxime networks.

[CP Mo&  Go  GY s

Sample Copolymer (mmol/L) (g/mol) (Pa) (Pa) (%)

DCN-Oxime — P(TzK2-S ) 4900 1490 43800 3.4

(10 wt.%) (10 wt.%)
IPN1-Oxime P(K2)-S
6.9 3700 220 29600 0.76
(5+5 wt.%) (5 wt.%)

IPN1-Oxime P(K2)-S
(10+10Wt.%) (10 wt.%)
IPN2-Oxime P(K4)-S
(5+5 wt.%) (5 wt.%)
DN1-Oxime  P(Kos)-L1
(5+10Wt.%) (10 wt.%)
DN2-Oxime  P(Ko4)-L2
(5+10Wt.%) (10 wt.%)

13.8 3700 2080 59200 3.5
9.8 2500 440 45900 0.96
2.0 25800 230 7200 3.2
2.0 26200 230 8200 2.9
a Copolymer used for oxime crosslinks. ® Concentration of added crosslinker (bis-
hydroxylamine) is half of the ketone concentration. ¢ Average molar mass between
ketone groups on the corresponding copolymer. ¢ Obtained from the plateau value

of G' in the high-frequency domain of the frequency sweeps. € The crosslinking
efficiency (E¢) is calculated by G'p/GJ.

It is obvious from Table 4.4 that when the polymer concentration
of the IPN1-Oxime system increases from 5 to 10 wt.%, the
corresponding rubbery plateau value G'p increases about 10 times,
which is larger than expected if we only consider the influence of
concentration on the level of the elastic plateau, while keeping constant
the probability of association of a sticker. Indeed, in this last case,
increasing the concentration by a factor 2 should lead to a rubbery
plateau only 2 times higher. This suggests that, for the lower
concentration, the network is at the limit of the gel formation, which is
also supported by the fact that as described previously, 5 wt.% P(K2)-S
in IPN1-Oxime (5+5 wt.%) was the minimum concentration for the
formation of the oxime gel network. This result indicates that the oxime
network is very sensitive to the polymer concentration. It appears that
low concentrations might not favor the formation of oxime bonds or
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effective interchain linkages. This may be due to the fact that, unlike
the Zn?*-Tpy bis-complexes where the Zn?* ions can directly contact
two Tpy entities to form interchain crosslinks, the bis-hydroxylamine
crosslinker used to build the oxime network has to form two oxime
bonds to lead to an effective interchain linkage by the reaction of its
two hydroxylamine sites with two ketone groups on different polymer
chains. In other words, the steric hindrances effect of the crosslinker
used for oxime bonds may have reduced the amount of effective
interchain linkages.

Comparing the compositions of DCN-Oxime (10 wt.%) and IPN2-
Oxime (5+5 wt.%), it can be seen that both systems have the same total
polymer concentration and very similar concentration of ketone groups
(Table 4.4). However, the G’y value of DCN-Oxime is more than three
times higher than that of IPN2-Oxime, and the crosslinking efficiency
of oxime in DCN-Oxime is much higher than that in IPN2-Oxime.
Again, this can be attributed to the screening effect caused by the
presence of the non-crosslinked polymers in IPN2-Oxime (half the total
polymer amount) reducing the quantities of oximes forming effective
interchain crosslinks in this system. This means that DCN also leads to
the formation of more effective oxime linkages compared to IPN
topology, resulting in a stiffer DCN hydrogel than IPN.

For the single oxime networks of DN1 and DN2, the Gy plateau
values are very low, which may be due to the fact that the long-chain of
P(Kos)-L1 and P(Kos)-L2 copolymers are sparsely ketone-
functionalized and thus with a very low oxime crosslinking density.
Moreover, it is noticed that the crosslinking efficiency of the DNI-
Oxime (5+10 wt.%) and DN2-Oxime (5+10 wt.%) are higher than
IPN1-Oxime (5+5 wt.%) and IPN2-Oxime (5+5 wt.%), even though
their ketone concentrations are much lower than the latter two. In
addition to the difference in the concentration of crosslinking sites, the
biggest difference between the DN1 and DN2 systems compared to the
IPN1 and IPN2 systems is the fact that the copolymers used to build the
oxime networks in the DN systems have much longer chains than in
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IPN1 and IPN2 (~150 and ~250 kg/mol vs ~50 kg/mol). The previous
discussion on the single Zn*-Tpy networks in DN1 and DN2
mentioned that the non-crosslinked long-chain ketone copolymers did
not significantly contribute to the modulus, therefore the high
crosslinking efficiency of oxime in the two DN systems may be due to
the local entanglements produced by the formation of oxime bonds in
the long-chain polymers. These possible entanglements as additional
crosslinks in practice improve the moduli of the single oxime hydrogels
thus making the calculated crosslinking efficiency seemingly higher.

4.2.3.2. Individual Zn?*-Tpy and oxime networks

Furthermore, comparing the data in Table 4.2 and Table 4.4, we
note that, in the DCN system, the rubbery plateau G', of single Zn?*-
Tpy network (4300 Pa) is still much higher than that of single oxime
network (1490 Pa) even without the screening effect caused by the non-
crosslinked copolymers. However, contrary to permanently chemically
crosslinked networks, the G'p value of dynamic networks is not simply
depending on the crosslinking density, controlled by the
thermodynamics of dynamic bonds, but is also highly influenced by the
kinetics of dynamic bonds.[*8474%1 Therefore, the difference in elastic
plateau between Zn?*-Tpy and oxime networks can be explained by the
different kinetic and thermodynamic contributions of the two types of
crosslinks. To quantify the respective contribution of Zn?*-Tpy and
oxime to the oscillatory mechanical properties of the networks without
the influence of other copolymers and un-reactive groups, we prepared
an individual Zn?*-Tpy network from pure P(T4)-S and an individual
oxime network from pure P(K4)-S (Scheme 4.7). The rheological
behaviors of these two networks were measured and are presented in
Figure 4.6 and Table 4.5.
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Figure 4.6. Oscillatory frequency sweeps (a) and strain sweeps (b) performed on the
individual Zn?*-Tpy network and individual oxime network at a same total polymer
concentration and same crosslinker concentration.

Table 4.5. Network parameters of the Zn?*-Tpy and oxime individual networks.

[Cr
[bis- Gy y' oy

Sample Copolymer?
g i [Zn?*] hydroxyl (Pa) (%) (%)
amine]
Individual Zn**-Tpy P(T4)-S
(10 wt.%) aowtoe) 8 / 5770 46 264
Individual oxime P(K4)-S
(10 wt.%) (10 wt.%) 148 1500 10 284

a Copolymer used for oxime or Zn?*-Tpy crosslinks. ® Concentration of added
crosslinker (Zn?*, or bis-hydroxylamine) is calculated by half of the Tpy
concentration. © Obtained from the plateau value of G' in the high-frequency
domain of the frequency sweeps. ¢ Obtained from the strain at which the G' starts
to decrease/increase in the strain sweeps at a fixed frequency of 20 rad/s. ©
Obtained from the crossover of G' and G" in the strain sweeps at a fixed frequency
of 20 rad/s.

As shown in Figure 4.6a, the individual Zn?*-Tpy network shows
a relaxation process, as the single Zn?* networks, due to the finite
lifetime of the Zn?*-Tpy bis-complexes, as evidenced by the cross-over
of G' and G" in the frequency. The individual oxime network exhibits
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robust solid-like behavior over the entire frequency range, similar to the
single networks described previously. Interestingly, the G’y of the
individual Zn?*-Tpy network (5770 Pa) is almost four times as high as
the individual oxime network (1500) (Table 4.5). This suggests that
Zn?*-Tpy bis-complexes are more favorable to the formation of high
crosslinking density networks than oxime bonds.** 5% In addition, as
discussed previously, the different steric hindrances of the crosslinkers
used to construct the interchain Zn?*-Tpy and oxime crosslinks also
suggest that the Zn?*-Tpy network is more homogeneous than the
oxime network.

In addition, strain sweeps were performed on both individual
networks (Figure 4.6b). The limiting strain (yL) used to define the limit
of the linear viscoelastic (LVE) range, as well as the rupture strain (yr)
at the critical G'-G" crossover point that marked the transition of the gel
from a solid-like to a liquid-like state, are listed in Table 4.5. It is
observed that the y. of the individual Zn?*-Tpy network (46%) is higher
than the individual oxime network (10%). indicating that the Zn?*-Tpy
network shows a more extended linear viscoelastic regime compared to
the oxime network. This may be due to the fact that the dynamic
exchange of Zn?*-Tpy allows the crosslinks to behave as elastic
connections compared to the rigid oxime linkages, ¥ thus allowing the
network to adapt to the applied strain and exhibit a larger linear
viscoelastic region. Besides, the yr of the individual oxime network
(284%) is slightly higher than the individual Zn?*-Tpy network (264%),
suggesting that the oxime bonds allow the network to withstand greater
deformation compared to Zn?*-Tpy due to the higher bond strength of
oxime than Zn?*-Tpy bis-complexes. These results indicate that the
Zn?*-Tpy network can better adapt to applied stresses. In other words,
the Zn**-Tpy bis-complexes are more effective in distributing stress
than oxime bonds, while the oxime network is able to better resist to a
deformation.

Based on the above discussion about the single Zn?*-Tpy networks,
the single oxime networks and the two individual networks, the
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contribution of the two crosslinks, Zn?*-Tpy and oxime, to the
mechanical properties of hydrogels can be briefly summarized here.
The labile Zn?*-Tpy allows for network relaxation behavior over the
observed time scales, while the stable oxime allows the network to
maintain a solid-like behavior over longer time scales. The faster
kinetics and more homogeneous Zn?*-Tpy crosslinks in the network
impart a higher plateau modulus to the hydrogel and therefore dominate
the stiffness of the hydrogel over a short timescale. The dynamic
adaptability of Zn?*-Tpy allows the network to extend the LVE region,
while the stable oxime bonds help the hydrogel to resist greater stress-
induced deformation. Therefore, differences in the dynamic and
oscillatory mechanical properties of both Zn%-Tpy and oxime
crosslinked DCN, IPN and DN hydrogels may depend on the difference
in how Zn?*-Tpy and oxime crosslinking can contribute in these
different topologies.

4.2.3.3. Both Zn?-Tpy and oxime crosslinked hydrogels (main
systems)

Figure 4.7 provides the results of frequency sweeps of the six
systems related to both Zn?*-Tpy and oxime crosslinked DCN, IPN and
DN hydrogels. Apparently, these six hydrogels of varying topology
exhibit the typical frequency-dependent viscoelastic solid behavior of a
network crosslinked by both chemical and physical bonds.®Y Two
plateaus of G are observed, one in the high-frequency region attributed
to Zn?*-Tpy and oxime crosslinks, and the other in the low-frequency
to only oxime crosslinks because of the total dissociation of Zn?*-
Tpy.[?l In addition, a characteristic slope of -0,5 is observed for the
storage modulus in the transition region between the high-frequency
and the low-frequency plateaus, indicating that the partial relaxation of
DCN, IPN and DN hydrogels can be described by a sticky Rouse
process. ]
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Figure 4.7. Oscillatory frequency sweeps on both Zn?*-Tpy and oxime crosslinked
hydrogels of varying topology.

The G, values of all DCN, IPN and DN hydrogels are summarized
in Table 4.6. The concentration of polymers and crosslinkers for IPN1
(10+10 wt.%) is the highest among all systems, and accordingly both
Zn?*-Tpy and oxime crosslinked networks have the highest crosslinking
density. Therefore, this hydrogel shows a high elastic plateau modulus
(10600 Pa). With reference to the schematic structure shown in Figure
4.1, and Myx values in Tables 4.2 and 4.4, it can be seen that the
theoretical length of strands between the same types of crosslinks in the
DCN and IPN1 systems are comparable, i.e., the mesh size between the
same types of crosslinks should be similar. However, the G', value of
DCN (10 wt.%) (10800 Pa) is comparable to that of IPN1 (10+10
wt.%), yet about 8 times higher than that of IPN1 (5+5 wt.%) (1330 Pa).
These results suggest that the modulus values of DCN and IPN
hydrogels might not be related to the strand length between the same
type of crosslinks. In addition, the G', value of IPN2 (5+5 wt.%) (3530
Pa) is approximately 3 times lower than that of DCN, even though both
systems have the same total polymer concentration and comparable
crosslinker concentrations (Table 4.6). This suggests that the presence
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of another polymer in the IPN system, even after it formed a crosslinked
network, could still cause a "screening effect” on the other crosslinking
reaction, resulting in a lower elastic modulus for the IPN2 hydrogel than
for the DCN. The above discussion suggests that the main reason for
the difference in mechanical stiffness between DCN and IPN hydrogels
is the different effect of the two topologies on the formation of effective
crosslinks, and not much the strand length between the same type of
crosslinks, polymer concentration or crosslinker concentration.

Table 4.6. Compositions, experimental plateau moduli of hydrogels of different
topology crosslinked by both Zn?*-Tpy and oxime.

[C]°
[bis- G'y°
Sample Copolymer?
: ot [Zn?*]  hydroxyl (Pa)
amine]
DCN (10 wt.%) P(T:K2)-S (10Wt.%) 7.6 10.2 10800
P(T2)-S (5 Wt.%)
IPN1 (545 wt.% 4.6 6.9 1330
( ) + P(K2)-S (5 Wt.%)
P(T2)-S (10 wt.%)
IPN1 (10+10 wt.% 9.2 13.8 10600
( 0 P(K2)-S (10 Wt.%)
P(T4)-S (5 Wt.%)
IPN2 (545 wt.% 7.4 9.8 3530
( ) + P(K4)-S (5 Wt.%)
- 0,
DN1 (5+10 wt.%) P(Ta)-S (5 wt.%) 7.4 2.0 780

+ P(Ko.4)-L1 (10 Wt.%)
P(T4)-S (5 Wt.%)
0,
DN2 (5+10Wt%) o Kogpt2@ows) 2.0 1970

a Copolymers used for both Zn?*-Tpy and oxime crosslinks. ® Concentrations of
added crosslinkers (Zn?* and bis-hydroxylamine) are half of the concentrations of
corresponding copolymer reaction sites. ¢ Obtained from the plateau value of G' in
the high-frequency domain of the frequency sweeps.

As shown in Table 4.6, the copolymer and crosslinker
concentration used to form the Zn?*-Tpy network in IPN2 and the two
DN hydrogels are the same. Both DN1 and DN2 were prepared from
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the short-chain P(T4)-S (5 wt.%) for the first network, and a 0.4%
ketone-functionalized long-chain copolymer (10 wt.%) for the second
network. This allows to compare the DN1 and DN2 systems since they
have the same concentration of total polymers and of crosslinkers. The
only difference between DN1 and DNZ2 is the length of the polymer
chain of the second network. The DN1 (780 Pa) and DN2 (1970 Pa)
hydrogels exhibit a lower G'p value than IPN2 (3530 Pa) because the
concentration of bis-hydroxylamine used for the formation of oxime
bonds is about 5 times lower than that in IPN2. However, since the
chain length used to form the oxime network in DN2 is larger than that
in DN1, the G'p value of DN2 is about 2.5 times higher than that of
DN1, confirming that increasing the length of the long-chain polymer
used to form the second network in DN hydrogels indeed improves the
mechanical properties of the hydrogels.®?! These results demonstrate
that even if there is a "screening effect” in the two interpenetrated
networks that mutually affects the inter-network crosslinks, the
mechanical properties of the DN hydrogels can still be regulated by
adjusting the chain length.

To compare the variation of the elastic modulus in the hydrogels of
varying topology with both Zn?*-Tpy and oxime crosslinks to their
single crosslinked networks, Figure 4.8 summarizes the G, of the
hydrogel systems and their corresponding two single networks. The
sum (G'sum) of the G' of the corresponding single Zn?*-Tpy and oxime
single networks, and the ratio of G'p/G'sum Of each system is also shown
in the Figure 4.8. Because the single IPN1-Zn?*-Tpy at 5+5 wt.% was
a not gel and the plateau was not accessible in the measured frequency
range, the IPN1 (5+5 wt.%) system is not shown in the graph. It is clear
from Figure 4.8 that the G, of DCN, IPN and DN hydrogels are much
higher than the G'sum Of their single networks. This indicates that the
incorporation of both Zn?*-Tpy and oxime networks in the hydrogels
facilitates the formation of more interchain interactions, may be due to
the closer proximity of the chains in such topologies.B”l The new
creation of trapped entanglements between Zn?*-Tpy and oxime
networks, which serve as additional crosslinks, may be considered as
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the main factor responsible for the enhanced modulus of the
hydrogels.[*s!

T4
// O
10.0k =
1 F2 0"
L 8.0k-. £
< 6.0k -
a h —L
O 4.0k Oxime + Zn?*-Tpy hydrogel
2 0k; Sum of single networks
R Single Zn?*-Tpy network
0.0 Single oxime network

T Y T . I N 1 G
D(t:N IPN1 IPN2 DN1 th
system  system system system  system
(10 Wt.%) (10+10 wt.%) (5+5 wt.%) (5+10 wt.%) (531’0 wt.%)

- G', of both Zn?*-Tpy and oxime crosslinked hydrogel

B G',..: Sum of the G', of single Zn?*-Tpy and single oxime networks
| G',, of single oxime crosslinked network

- G',, of single Zn?*-Tpy crosslinked network

Figure 4.8. Summary of the plateau moduli for the DCN (10 wt.%), IPN1 (10+10
wt.%), IPN2 (5+5 wt.%), DN1 (5+10 wt.%) and DN2 (5+10 wt%) systems including
their corresponding single networks. The blue line and the associated numbers are
taken from G'y/G'sum (right axis) of each system.

However, the gain in modulus between the G', of the hydrogels and
the sum of their two single network moduli varies. For example, the
gain in modulus for the DCN (10 wt.%) hydrogel is nearly 2-fold
(G'o/G'sum = 1.9). The gains in modulus for IPN1 (10+10 wt.%) and
IPN2 (5+5 wt.%) hydrogels are about 3-fold (G'y/G'sum of IPN1 is 2.9,
G'p/G'sum OF IPN2 is 3.3). The enhanced modulus of DCN hydrogel may
be due to the greatly reduced proportion of dangling ends after both Tpy
and ketone groups on the P(T2K>)-S chain are crosslinked. In addition,
for DCN networks, a cooperativity effect between the two crosslinks
could also explain the higher G'. This is because, unlike IPN and DN,
the Tpy and ketone groups in DCN are both on the same polymer chain
and the rapid formation of Zn?*-Tpy crosslinks would make the
crosslinking of oxime easier or more efficient. For IPN hydrogels, the
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synergetic effect between the two interpenetrated networks of Zn?*-Tpy
and oxime could also make a contribution to the modulus.™€!

Unlike DCN and IPN hydrogels constructed from short-chain
polymers, the mechanical properties of DN hydrogels are strongly
dependent on the mesh size and concentration of the two interpenetrated
networks.®? Comparing the G', of DN1 and DN2 hydrogels with the
G'sum Of their single networks could help us to understand the effect of
the strand length of the second loosely crosslinked network on the
elastic modulus since the only difference between DN1 and DN2 is the
My of the long chain ketone copolymers (Table 4.4). As presented in
Table 4.2, the G'p of the single DN1-Zn?*-Tpy is 370 Pa, only slightly
higher than that of the single DN2-Zn?*-Tpy (320 Pa). The G', of the
single DN1-oxime (230 Pa) is almost identical to one of the single DN2-
oxime (230 Pa) (Table 4.4). Thereby, the G'sum Of the single networks
of the DN1 system (600 Pa) is almost the same as the DN2 system (550
Pa). The G, the of the DN1 hydrogel is 780 Pa, barely 1.3 times higher
than the elastic modulus sum of its single networks (Figure 4.8),
suggesting that the integration of both Zn?*-Tpy and oxime crosslinks
can hardly produce more crosslinks such as new trapped entanglements
in the DN1 hydrogel because the long-chain P(Ko.4)-L1 copolymer is
only about three times longer than the P(Ts)-S copolymer in DNL.
Interestingly, the ratio of G'y/G'sum for the DN2 system reached 3.6, i.e.
much higher than for the DN1 system (Figure 4.8). Simply replacing
the P(Ko4)-L1 in DN1 with P(Ko4)-L2 in DN2 to increase the contrast
between the chain length of the two copolymers forming the
interpenetrated networks from three times to five times has thus a strong
impact on the modulus. This result is in agreement with Gong’s findings
that DN hydrogels with enhanced mechanical properties can be
obtained by increasing the length of the second polymer.[0 52
Compared to DN1, the enhanced elastic modulus in DN2 may mainly
come from the formation of more entanglements in DN2. The (Ko.4)-L2
in DN2 is a long chain, and the motions of this chain are slower than
the shorter (Ko4)-L1 in DN1. Hence, the formation of crosslinks in DN2
could trap more entanglements between the networks during the
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formation of the two interpenetrated networks. Once these trapped
entanglements are formed, it is difficult to remove them due to the
topological crowding. Consequently, these entanglements serve as new
crosslinks and bring a contribution to the enhanced modulus.

Based on the above discussion on the contribution of single Zn?*-
Tpy and oxime single networks to the elastic modulus of the
corresponding hydrogels, we know that the final modulus depends
mainly on the effective crosslinks, which are determined by the kinetics
and thermodynamics of Zn?*-Tpy and oxime bonds. Both Zn?*-Tpy and
oxime produce more effective crosslinks in the DCN system than in
IPN and DN systems due to the presence of non-active copolymers in
the latter that induce a "screening effect” on both crosslinks. These
differences in effective crosslinking density between the different
topologies result in a major elasticity difference between the DCN, IPN
and DN hydrogels. As shown in Figure 4.8 G, (DCN) > G, (IPN) >
G'p (DN).

Furthermore, by comparing the G'y/G'sum ratio of DCN, IPN and
DN hydrogels, it was demonstrated that the combination of Zn?*-Tpy
and oxime vyields a modulus enhancement of ~2 times for DCN
hydrogel, ~3 times for IPN hydrogel and ~3.6 times for DN hydrogel.
In other words, the topological differences between DCN, IPN and DN
define the magnitude of potential modulus enhancement (as indicated
by the blue curve in Figure 4.8).

To further clarify the contributions of the modulus and relaxation
of the single networks to the hydrogel properties, the frequency sweeps
recorded on each hydrogel and on the corresponding two single
networks are shown in Figure 4.9.

239



Chapter 4
(a (b)
10° 10°
;/‘/VWH—H
A o003 | 1024 M
10°3 o—0-0—a—0—0—— 7
< 10 5
102+
) T=25°C|10°
v=2%
104 e G" — ‘ & G"
— DCN (10 wt.%) ‘—0— IPN1 (5+5 wt.%)
—— Single DCN-Oxime (10 wt.%) ‘—o— Single IPN1-Oxime (5+5 wt.%)
@ —— Single DCN-Zn?*-Tpy(10 wt.%) 1024 |—— Single IPN1-Zn?*-Tpy(5+5 wt.%)|
0.01 0.1 1 100 0.01 0.1 1 10
(C)  (rad/s) (d o (rad/s)
1044
M 10%4 M
103~W‘-'ﬁ""‘::’;’:’dj 3 M
1024
= 102+
o
o 10"+ 10"
) T=25°C T=25°
10° 4 1=2% | 400 Y=2%
& G" s G
— IPN1 (10+10 wt.%) — IPN2 (5+5 wt.%)
10 + —0— Single IPN1-Oxime (10+10 wt.%) |40 4 —— Single IPN2-Oxime (5+5 wt.%)
== Single IPN1-Zn?*-Tpy(10+10 wt.%) —— Single IPN2-Zn?*-Tpy(5+5 wt.%)
0.01 0.1 e 100 0.01 0.1 1 '
 (rad/s  (rad/s
(e) (f) (radis)
10°
M 103 - W
102 4 M MVV
102 o= 9
& 10"
H ke
i 10
O 4904 T=25°C T=25°C
¥=2% 400+ 1=2%
e G e G
107" 4 —— DN1 (5+10 wt.%) —— DN2 (5+10 wt.%)
—a— Single DN1-Oxime (5+10 wt.%) |01 4 —— Single DN2-Oxime (5+10 wt.%)
—— Single DN1-Zn?*-Tpy(5+10 wt.%)| —o Single DN2-Zn?*-Tpy(5+10 wt.%)
0.01 0.1 1 10 0.01 0.1 100

 (rad/s)

1
 (rad/s)

Figure 4.9. Oscillatory frequency sweeps on (a) DCN hydrogel and its single
networks at 10 wt.%, (b) IPN1 hydrogel and its single networks at 5+5 wt.%, (c)
IPN1 hydrogel and its single networks at 10+10 wt.%, (d) IPN2 hydrogel and its
single networks at 5+5 wt.%, () DN1 hydrogel and its single networks at 5+10
wt.%, (f) DN2 hydrogel and its single networks at 5+10 wt.%.

The comparison of these six systems shows that the low-frequency
plateau modulus of the hydrogels is always higher than that of the
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corresponding single oxime network when the Zn?*-Tpy network is
fully relaxed in the low-frequency domain. This suggests that the
process of DCN, IPN and DN formation can also boost the crosslinking
density of the oxime network, which may be due to the topological
constraints caused by the rapid formation of the Zn?*-Tpy network that
help to bring incompletely crosslinked hydroxylamines and ketones
closer to each other.F7]

The difference of storage modulus at 0.01 rad/s between DCN and
single DCN-Oxime is 400 Pa (Figure 4.9a), while the difference
between IPN2 and single IPN2-Oxime is 340 Pa (Figure 4.9d),
illustrating that the oxime crosslink formation is similar for these two
hydrogels since both DCN (10 wt.%) and IPN2 (5+5 wt%) have the
same total polymer concentration and approximately the same
crosslinker concentrations (Table 4.6). In addition, the difference in the
low frequency modulus between the DN hydrogels and their
corresponding single oxime network is larger for DN2 than for DN1
(310 Pa for DN2, and 40 Pa for DN1 at 0.01 rad/s) (Figures 4.9e and
4.9f). The G, of single DN1-oxime and single DNZ2-oxime are
generally the same at high frequency. However, the G' of single DN2-
oxime is higher than single DN1-oxime at 0.01 rad/s (Figures 4.9e and
4.9f), indicating that the relaxation of the oxime network in DN2 is also
slower than in DN1. This may be due to inter-constraints between the
oxime network and trapped entanglements in DN2.

The DCN, IPN and DN hydrogels do not reach a terminal relaxation
like their single Zn**-Tpy networks due to the presence of the stable
oxime crosslinks that maintain a network structure even at a long-time
scale. However, a clear partial relaxation is observed in these hydrogels
at a frequency similar to the relaxation frequency of the single Zn?*-
Tpy networks, demonstrating that this partial relaxation in DCN, IPN
and DN hydrogels is mainly due to the exchange/dissociation Kinetics
of Zn?*-Tpy crosslinks.B742 In fact, the peak in the G" curve represents
the maximum energy dissipation,®®! and therefore, the Zn?*-Tpy
relaxation in DCN, IPN and DN hydrogels can also be characterized by
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the peak of the G"-curve.B4 As shown in Figure 4.9, the order of
frequencies at the G"-curve peak positions of the six hydrogels typically
follows the order of frequencies at the G'-G" crossover points of their
corresponding single Zn?*-Tpy networks. This finding suggests that the
relaxation behaviors of both Zn?*-Tpy and oxime crosslinked hydrogels
are coming from the dynamics of the Zn?*-Tpy crosslinks.

To further probe the contributions of Zn?*-Tpy and oxime
crosslinks to the DCN, IPN and DN hydrogel mechanical deformation
under strain, we performed amplitude strain sweeps on DCN (10 wt.%),
IPN2 (5+5 wt.%) and DN2 (5+10 wt.%) hydrogels as well as on their
single networks, since IPN2 and DN2 systems are sharing the same
P(T4)-S at 5 wt.%, and they have approximately the same
concentrations of Zn?* crosslinkers compared to the DCN (10 wt.%)
system (Table 4.2). These strain sweeps were carried out at a fixed
frequency of 0.2 rad/s, 2 rad/s, and 20 rad/s, corresponding to the
different states of the Zn?*-Tpy crosslinks, i.e., after, close to, and
before their dissociation, respectively (Figure 4.4). These results are
shown in Figures 4.10, 4.11 and 4.12, and the limiting strain (y.) and
rupture strain (yr) of DCN (10 wt.%), IPN2 (5+5 wt.%) and DN2 (5+10
wt.%) hydrogels, and of their single networks, at 20 rad/s are
summarized in Table 4.7.
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Figure 4.10. Oscillatory strain sweeps performed on the DCN (10 wt.%) hydrogel
and its single networks at a fixed frequency of (a) 0.2 rad/s, (b) 2 rad/s, and (c) 20
rad/s. The plots in the right panels are measured from a low strain up to the
maximum strain amplitude without destroying the samples, and then from that high
strain amplitude down to a low strain.
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Figure 4.11. Oscillatory strain sweeps performed on the IPN2 (5+5 wt.%) hydrogel
and its single networks at a fixed frequency of (a) 0.2 rad/s, (b) 2 rad/s, and (c) 20
rad/s. The plots in the right panels are measured from a low strain up to the
maximum strain amplitude without destroying the samples, and then from that high

strain amplitude down to a low strain.
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Figure 4.12. Oscillatory strain sweeps performed on the DN2 (5+10 wt.%) hydrogel
and its single networks at a fixed frequency of (a) 0.2 rad/s, (b) 2 rad/s, and (c) 20
rad/s. The plots in the right panels are measured from a low strain up to the
maximum strain amplitude without destroying the samples, and then from that high

strain amplitude down to a low strain.
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Table 4.7. Strain parameters for DCN (10 wt.%), IPN2 (5+5 wt.%) and DN2 (5+10
wt.%) hydrogels, and for the corresponding single networks.

Sample .2 (%) i (%) Ymax® (%)
DCN (10 wt.%) 100 155 200
DCN-Zn2*-Tpy (10 wt.%) 70 486 130
DCN-Oxime (10 wt.%) 30 645 200
IPN2 (5+5 wt.%) 147 372 300
IPN2-Zn?*-Tpy (5+5 wt.%) 46 680 130
IPN2-Oxime (5+5 wt.%) 30 596 130
DN2 (5+10 wt.%) 180 635 200
DN2-Zn?*-Tpy (5+10 wt.%) 46 714 130
DN2-Oxime (5+10 wt.%) 30 823 200

2 Obtained from the strain at which the G' starts to decrease/increase in the strain
sweeps at a fixed frequency of 20 rad/s. ® Obtained from the crossover of G' and
G" in the strain sweeps at a fixed frequency of 20 rad/s. ¢ Maximum strain applied
to the sample for reverse strain sweeps at a fixed frequency of 20 rad/s. Note: ymax
is higher than y, to ensure that the applied strain is sufficient to partially break the
gel network, but that the high strain is not so high as to extrude the sample from
the two parallel plate geometries of the rheometer.

As presented in Figures 4.10, 4.11 and 4.12, in all measured strain
sweeps, the linear viscoelastic regime of all single Zn?*-Tpy networks
is more extended than the one of all single oxime networks, i.e., yL
(single Zn?*-Tpy network) > y_ (single oxime network) (Table 4.7).
This was also observed in Zn?*-Tpy and oxime individual networks
(Figure 4.6). However, the rupture strain (yr) of single oxime networks
is always higher than that of single Zn?*-Tpy networks at the same
frequencies, by virtue of the higher bond strength of oxime. The stable
linear viscoelastic regions of DCN, IPN2 and DN2 hydrogels are longer
than those of their corresponding two single networks, while their yr
values are smaller than those of both single networks. This is because
the integration of both Zn?*-Tpy and oxime crosslinks in the hydrogels
confers a higher crosslinking density to the hydrogels, maintaining their
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elastic modulus over a rather large strain range, but decreasing their
abilities to deform.

As shown in Table 4.7, the limiting strain of DCN, IPN2 and DN2
hydrogels follows the order: y. (DCN, 100%) < y. (IPN2, 147%) < y.
(DNZ2, 180%), and the rupture strain has the same order, i.e.: yr (DCN,
155%) < yr (IPN2, 372%) < y: (DN2, 635%). This suggests that the
stability and deformability follow the order of DCN, IPN and DN
hydrogel despite the fact that the combination of Zn?*-Tpy and oxime
reduces the deformation capacity compared to their single networks.

At large strain amplitudes, some visual rupture or edge break of the
samples may be observed. Therefore, in order to explore the
contribution of the two dynamic bonds in the reversibility of the
hydrogels, reverse strain-sweep measurements at a fixed frequency of
0.2 rad/s, 2 rad/s, and 20 rad/s were also performed and are illustrated
in the right panels of Figures 4.10, 4.11 and 4.12. The experiments were
conducted by increasing the strain to the maximum strain (ymax)
amplitude that can be reached without expelling the samples from the
geometries (Table 4.7), and then decreasing the strain amplitude for
recovery. Due to the stability and weak dynamics of the oxime bonds,
once parts of the network in the sample are disrupted by higher strains,
they cannot be quickly recovered to their original state. It can be seen
that the G'-curve of the single oxime networks decreases a little after
the strain amplitude was lowered in the recovery strain tests compared
to the initial strain sweeps from low to high strain. However, this effect
is small, suggesting that the oxime network can resist to the large
applied deformation. The interesting aspect from these strain sweeps is
that all the single Zn?*-Tpy networks show a, sometimes very strong,
shear thickening effect at high shear amplitude. However, the G' values
generally return close to their initial values when the strain is decreased.
This suggests the increased formation of interchain associations under
large shear amplitude that could be mainly due to the chain stretching.*!
This may be because, as described in the network preparation, the Zn?*-
Tpy network has reached some thermodynamic equilibrium after 4 days
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of aging including heating and cooling to room temperature. Increasing
the oscillatory strain does not promote the production of more Zn?*-Tpy
interchain crosslinks that contribute to the network elasticity. Thus,
there is no significant increase in the elastic modulus when the strain is
reduced. Importantly, only a small hysteresis was observed in the DCN,
IPN2 and DN2 hydrogels after the strain was decreased from the high
(before the yield strain) to low amplitude. This reversible recovery is
attributed to the reformation of Zn?*-Tpy crosslinks. Therefore, the
important point in the reverse strain-sweep experiments is that
reversible bonds allow the DCN, IPN and DN hydrogel reformation as
soon as the deformation amplitude is reduced. This property could
confer the hydrogels self-healing properties that might be of interest for
some potential applications.

4.2.3.4. DCN, IPN2 with adjusted crosslinker concentrations for
comparisons

Furthermore, in order to compare DCN and IPN hydrogels under
the same conditions (same total polymer concentration and same cross-
linker concentration), we prepared new DCN and IPN2 hydrogels as
DCN-C; (10 wt.%) and IPN2-C: (5+5 wt.%) (Table 4.8). The added
concentrations of both Zn?*-Tpy and oxime crosslinker were calculated
from the concentration of reaction sites of 5 wt.% P(T4)-S in IPN2 (5+5
wt.%). Such crosslinker concentration is slightly lower than the
concentration of Zn?*-Tpy and oxime of the DCN (10 wt.%) and than
the concentration of oxime of the IPN2 (5+5 wt.%) (Table 4.6).
Thereby, this addition of the same crosslinker concentration will help
us to compare the rheological behaviors of both DCN and IPN2 in the
same conditions.
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Table 4.8. Network parameters of DCN-C; and IPN2-C1 hydrogels.

[C]°

[bis- Gy 1 7

Sample Copolymer?
P POty [zn?] hydroxyl  (Pa) (%) (%)

amine]

DCN-C, P(T:K:)-S
7.4 74 9800 68 152

(10 Wt.%) (10 Wt.%)

- - 0,
IPN2-C. — P(T)-S(Gwt%) 74 3090 100 372

(5+5Wt.%) + P(Ka)-S (5 wt.%)

3 Copolymers used for both Zn?*-Tpy and oxime crosslinks. ® Concentration of
added crosslinkers (Zn?* or bis-hydroxylamine) is calculated as half of the
concentration of 5 wt.% P(T,)-S reaction sites. ¢ Obtained from the plateau value
of G' in the high-frequency domain of the frequency sweeps. ¢ Obtained from the
strain at which the G' starts to decrease/increase in the strain sweeps at a fixed
frequency of 20 rad/s. ¢ Obtained from the crossover of G' and G" in the strain
sweeps at a fixed frequency of 20 rad/s.

As shown in Figure 4.13a, the G' and G" of the DCN-C; (10 wt.%)
are always much higher than the ones of IPN2-C; (5+5 wt.%) in the
whole frequency range. The G', of DCN-C; (9800 Pa) is about 3 times
higher than for IPN2-C; (3090 Pa) because in the IPN both crosslinks
are influenced by the "screening effect”, and by the change of kinetics
of Zn?*-Tpy as we discussed above. Besides, the relaxation peak (©g-)
in the G"-curve is wg* (DCN-C1) < wg' (IPN2-C1), demonstrating t
(DCN-Cy) > 1 (IPN2-Cy) since the DCN has more elastically effective
crosslinks than the IPN. From the comparison of their strain sweeps
(Figure 4.13b), we obtained the limiting strain value and rupture strain
value as shown in Table 4.8. The y. of DCN-C; (68%) is lower than
IPN2-C; (100%), and the yr of DCN-C1 (152%) is also lower than IPN2-
C1 (372%) due to the higher effective crosslinking density of DCN-Cy
compared to IPN2-Ci. The DCN-C: hydrogel has thus a higher
elasticity and an increased relaxation time, but less deformation
capacity, than the IPN2-C; hydrogel.
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Figure 4.13. Oscillatory frequency sweeps (a) and strain sweeps (b) of the DCN-C;
(10 wt.%) and IPN2-C; (5+5 wt.%) hydrogels at the same total polymer
concentration and equal concentration of oxime and Zn?*-Tpy crosslinkers.

We also compared the rheological properties of DCN-C1 (10 wt.%)
and IPN2-C; (5+5 wt.%) with the previously prepared Zn?*-Tpy (10
wt.%) and oxime (10 wt.%) individual networks as they all have the
same total polymer and crosslinker concentration (Tables 4.5 and 4.8).
As shown in Figure 4.14a, the elastic plateau (G's) of DCN-C; (9800
Pa) is pretty high, even higher than the sum of the Zn?*-Tpy (5770 Pa)
and the oxime (1500 Pa) individual networks, suggesting that the
combination of oxime and Zn?*-Tpy crosslinks facilitates the
generation of stiffer hydrogels compared to hydrogels created by only
a single type of crosslinks. The limiting strain of the DCN-C is between
the one of the individual Zn?*-Tpy network and the individual oxime
network, suggesting that the deformability and stability of the DCN
hydrogel is controlled by both Zn**-Tpy and oxime crosslinks. The
rupture strain of the DCN-C; (152%) is lower than the one of both
individual Zn**-Tpy network (264%) and individual oxime network
(284%), illustrating that the network-strand flexibility and
conformational freedom is reduced in the DCN topology,?! which
further decreases the deformability of hydrogel. This comparison thus
indicates that the DCN topology confers a reduced deformability
compared to individual oxime and Zn?*-Tpy networks, but confers a
higher elastic modulus to the DCN hydrogel.
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Figure 4.14. Oscillatory frequency sweeps (a) and strain sweeps (b) of DCN-C; (10
wt.%) hydrogel, individual Zn?*-Tpy network and individual oxime network, as well
as oscillatory frequency sweeps (c) and oscillatory strain sweeps (d) of IPN2-C;
(5+5 wt.%) hydrogel, individual Zn?*-Tpy network and individual oxime network at
the same total polymer and crosslinker concentration.

In addition, comparing the IPN2-C; (5+5 wt.%) with the individual
Zn?*-Tpy network (10 wt.%) and the individual oxime network (10
wt.%) could also help us to further verify how the "screening effect"”
influences the Zn?*-Tpy and oxime networks in IPN hydrogels. As
shown in Figure 4.14c, the G', of the IPN2-Cy (3090 Pa) is lower than
that of the individual Zn?*-Tpy network, proving that the formation of
the IPN topology reduces the density of interchain Zn?*-Tpy crosslinks
and hence reduces the contribution of this type of crosslinks to the
elastic modulus because of the "screening effect”. However, the G', of
the IPN2-C; is twice higher than that of the individual oxime network,
indicating that the presence of Zn?*-Tpy endows the IPN with higher
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modulus than pure oxime network despite the "screening effect”
existing in the IPN. The limiting strain of IPN2-C; is between that of
the Zn**-Tpy and oxime individual networks, and the rupture strain of
IPN2-C; is higher than both individual networks, suggesting that both
Zn?*-Tpy and oxime crosslinks preserve the stability of the IPN
hydrogel while the synergetic effects of interpenetrated networks
confers larger deformability to the IPN hydrogel compared to pure
Zn?*-Tpy and oxime networks.

Table 4.9. Network parameters of DCN-C, and IPN2-C, hydrogels.
[C]°

Sample Copolymer?
: ot [Zn?*]  [bis-hydroxylamine]

DCN-C; (15Wt.%)  P(T2K2)-S (15 wt.%) 7.4 2

P(T4)-S (5 wt.%)

7.4 2
+ P(K4)-S (10 Wt.%)

IPN2-C; (5+10 wt.%)
2 Copolymers used for both Zn?*-Tpy and oxime crosslinks. ® Concentrations of
added crosslinkers (Zn?* and bis-hydroxylamine) are the same as that of the DN2
hydrogel.

In the end, we prepared DCN-C; (15 wt.%) and IPN2-C; (5+10
wt.%) (Table 4.9) with the same crosslinker concentration as the DN2
hydrogel (Table 4.6) to compare the rheological behaviors (Figure
4.15) of DCN, IPN and DN. In the case of DCN-C; and IPN2-C, the
Zn?*-Tpy crosslinks are mainly responsible for the network formation,
while the oxime crosslinks may not significantly contribute to the
network because of the extremely low concentration of oxime (much
lower than the critical gelation concentration of oxime in DCN and
IPN2). Therefore, the relaxation of DCN-C, and IPN2-C, generally
looks like the one of single Zn**-Tpy crosslinked networks (Figure
4.15a). Because both Zn?**-Tpy and oxime networks in DN2 (15 wt.%)
are well crosslinked, DN2 should hence have a higher crosslinking
density than both DCN-C; (15 wt.%) and IPN2-C, (15wt.%). To our
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surprise, the limiting strain and rupture strain are following the order:
yL (DCN-C2, 46%) < yL (IPN2-C3, 68%) < yL (DN2, 215%), and vr
(DCN-Ca, 450%) < yr (IPN2-Cz, 622%) < yr (DN2, 635%) (Figure
4.15b). This is the same order that we previously observed for DCN and
IPN when both Zn?*-Tpy and oxime networks are well crosslinked. This
result further confirms that the deformability and stability of the final
topological hydrogel increases in the order of DCN, IPN and DN.
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Figure 4.15. Oscillatory frequency sweeps (a) and strain sweeps (b) of the hydrogels
of DCN-C; (15 wt.%) and IPN2-C; (5+10 wt.%) at the same total polymer
concentration and the same crosslinker concentration as the DN2 (15 wt.%)

hydrogel.

4.3 Conclusion

In this work, we investigated the viscoelastic properties of DCN,
IPN and DN hydrogels based on two orthogonal types of reversible
bonds: zinc(ll)-terpyridine coordination bonds and oxime bonds. We
compared the oscillatory mechanical properties and dynamic relaxation
behavior of these three hydrogels. Six major systems containing both
Zn?*-Tpy and oxime crosslinks, and their corresponding Zn?*-Tpy or
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oxime crosslinked single networks, were prepared and measured by
oscillatory rheology.

By virtue of the finite lifetime of Zn*-Tpy and the stability of
oxime, the stress relaxation behavior of networks is governed by Zn?*-
Tpy crosslinks, while oxime crosslinks maintain the stability of the
hydrogels. Compared to oxime linkages, Zn?*-Tpy crosslinks are more
efficient in forming networks with higher crosslinking density and more
homogeneous, and thus Zn?*-Tpy networks exhibit higher plateau
moduli than oxime networks. The dynamic nature of Zn?*-Tpy allows
the hydrogel to adapt to the applied oscillatory strain and exhibit an
extended linear viscoelastic region, while the stability of the oxime
allows the hydrogel to withstand greater rupture strains.

Based on the orthogonal combination of dynamic Zn?*-Tpy and
stable oxime, the DCN, IPN and DN hydrogels exhibit similar
viscoelastic solid behavior. Due to the differences in the formation of
effective crosslinks between Zn?*-Tpy and oxime in DCN, IPN and DN,
the relaxation timescales and amplitudes of the hydrogels varied
slightly between the different topologies. The Zn?*-Tpy and oxime form
more interchain crosslinks in the sub-network of DCN than of IPN or
DN, resulting in a higher modulus for the DCN hydrogel than for the
DN or IPN hydrogel. Compared to the single crosslinked sub-networks,
the topological differences between DCN, IPN and DN result in
different magnitudes of potential modulus enhancement for hydrogels
crosslinked by both Zn?*-Tpy and oxime. Among them, the elastic
moduli of hydrogels with both Zn?*-Tpy and oxime crosslinks show a
~2-fold increase for DCN, ~3-fold for IPN, and ~3.6-fold for DN
compared to the sum of the moduli of the respective single networks.
The order of deformability and stability of the hydrogels is generally
DCN <IPN <DN. In addition, due to the dynamic reversibility of Zn?*-
Tpy, DCN, IPN and DN hydrogels show self-healing properties that can
be recovered after partial destruction by strain.
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4.4 Experimental Section

4.4.1. Reagents and materials

The reagents were purchased from the same suppliers as in Chapter
3 unless otherwise noted. 3-methylamino-1-propanol was purchased
from Sigma-Aldrich Co. Reagents and solvents were also purified using
the same methods as described in Chapter 3.

4.4.2. Preparation and characterization of monomers

Synthesis of 3-([2,2°:6”,2”’-terpyridine]-4’-yloxy)-N-methylpropan-
1-amine.

KOH, DMSO
24 h, 60 °C

Scheme 4.8. Synthetic route of 3-([2,2”:6”,2”’-terpyridine]-4’-yloxy)-N-
methylpropan-1-amine.

3-Methylamino-1-propanol (0.4 g, 4.48 mmol) and anhydrous
KOH (1.47 g, 26.15 mmol) were dispersed in dry DMSO (8 mL). The
suspension was stirred at 60 °C for 1 h under argon atmosphere. To this
mixture, a 5 mL solution of 4-chloro-2,2:6,2”’-terpyridine (0.556 g,
2.08 mmol) in dry DMSO was added dropwise under stirring. After
stirring at 60 °C for an additional 24 h, the reaction mixture was poured
into deionized water (500 mL). This aqueous solution was extracted
with DCM (4x<100 mL). The organic phases were recombined and
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washed with deionized water (2x<100 mL), and then dried with
anhydrous Na,COs and concentrated under vacuum to get a white
needlelike crystalline solid (0.65 g, 97%). *H NMR (300 MHz, CDCls,
d): 8.68 (ddd, 2H, J = 1.8, 1.2, 0.6 Hz, CHterpy, He, 67), 8.60 (dt, 2H, J =
4.5 Hz, CHierpy, H3,3~), 8.01 (s, 2H, CHterpy, H35°), 7.84 (td, 2H, J= 4.5,
0.9 Hz, CHterpy, H4,4), 7.32 (ddd, 2H, J = 3.6, 3, 0.9 Hz,CHyerpy, Hs, s>,
4.32 (t, 2H, J = 3.75 Hz, CHa, Ha), 2.83 (t, 2H, J = 4.2 Hz, CH>, H.),
2.48 (s, 2H, CH3, Hq), 2.06 (m, 2H, CHa, Hy). 1.79 (s, broad, NH).

Synthesis of N-(3-([2,2°:6°,2”’-terpyridine]-4’-yloxy)propyl)-N-
methylacrylamide (TPy-AM).

Scheme 4.9. Synthetic route of TPy-AM.

3-([2,2°:6°,2” -terpyridine]-4’-yloxy)-N-methylpropan-1-amine
(638 mg, 1.99 mmol) and freshly dried triethylamine (303 mg, 2.99
mmol) were dissolved in dry DCM (200 mL) on an ice bath under argon
atmosphere. To this solution, a solution of acryloyl chloride (360 mg,
3.98 mmol) in 5 mL of dry DCM was added dropwise under stirring.
After the addition was completed, the reaction mixture was stirred
overnight at room temperature, and then quenched with 100 mL of a
saturated solution of Na,COz. The organic fraction was isolated, and
the aqueous fraction was extracted with 100 mL of dichloromethane.
The organic phases were recombined and washed with deionized water
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(3x100 mL), and then dried with anhydrous Na>COs and concentrated
under vacuum below 25 °C. The crude product was purified through
column chromatography (basic aluminum oxide), eluting with a
mixture of ethyl acetate/hexane (gradient from 15% to 100% of ethyl
acetate). The N-(3-([2,2’:6°,2°’-terpyridine]-4’-yloxy)propyl)-N-
methylacrylamide (TPy-AM) was obtained as a yellow and viscous oil
with 80 % yield (0.6 g). *H NMR (300 MHz, CDCls, §): 8.70 (dd, 2H,
J=2.4,1.8,0.9Hz, CHterpy, He,6), 8.61 (dd, 2H, J =7.8, 3.3 Hz, CHerpy,
Hs,3>), 8.02 (s, 2H, CHerpy, H3',5°), 7.86 (td, 2H, J=7.8, 1.8 HZ, CHyerpy,
Ha,4-), 7.34 (ddd, 2H, J = 6.3, 4.8, 3.3 Hz, CHterpy, Hs,5), 6.60 (dg, 1H,
J=14.4,10.2 Hz, CH,=CH), 6.34 (dq, 1H, J = 16.8, 2.1 Hz, CH,=CH),
5.65 (ddd, 1 H, J = 12.6, 10.5, 2.1 Hz, CH>=CH), 4.26 (m, 2H, CHy,
Ha), 3.65 (m, 2H, CH2, H¢), 3.05 (d, 2H, J =23.7 Hz, CH3, Hq), 2.16 (m,
2H, CHa, Hp). HRMS (ESI-MS) m/z: [M+H]* calcd for C22H23N4O»,
375.1821 ; found, 375.1815.

cDCl,

Figure 4.16. *H NMR spectrum of N-(3-([2,2’:6”,2”-terpyridine]-4’-yloxy)propyl)-
N-methylacrylamide (TPy-AM).
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4.4.3. Preparation and characterization of copolymers

Table 4.10. Synthesis recipes for functional copolymers via RAFT.

Feed ratio (mol%) [AIBN]: 3
Copolymer Tpy Ketone DMA [DDMAT]: () (M) Conversion?
[monomer]

P(T:K2)-S 2.0 2.0 96.0 1:10:5865 70 12 94%
P(T2)-S 2.0 / 98.0  1:10:5750 70 12 90%
P(K2)-S / 2.0 98.0  1:10:5830 60 65 89%
P(T4)-S 4.0 / 96.0  1:10:5865 70 24 92%
P(K4)-S / 4.0 96.0 1:10:5830 60 9 94%

P(Ko4)-L1  / 0.6 99.4 1:10:33000 50 19.5 52%

P(Kos)-L2 / 0.6 99.4 1:10:66000 50 16 44%

2 The conversion of monomer was determined by comparing the integral ratio of
the vinyl signals to the methylene proton of dioxane on the *H NMR spectrum.
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Synthesis of  short-chain poly(N,N-dimethylacrylamide)
copolymers with terpyridine groups.

X
SN o _
oA~
NH o=(= AIBN, DDMAT
% + + N 70°C
o 7
g
|\ N S
N N~

Scheme 4.10. Synthetic route of P(T2K3)-S.

AIBN (0.7 mg, 0.0045 mmol), DDMAT (16.4 mg, 0.045 mol),
TPy-AM (194.5 mg, 0.52 mmol), DAAM (88 mg, 0.52 mmol) and
DMA (2.525 g, 25.47 mmol) were dissolved in 8.89 mL of dry dioxane
in a 25 mL round-bottom Schlenk-flask. The solution was degassed by
five freeze-pump-thaw cycles, backfilled with argon and stirred in a
preheated oil bath at 70 <T for 12 h. The polymerization was stopped
by opening the flask to air and placing it in liquid nitrogen. The
conversion of monomer was determined to be 94% by comparing the
integral ratio of the vinyl signals to the methylene proton of dioxane on
the *H NMR spectrum. The viscous liquid was diluted with DCM and
precipitated three times in 20-times volume excess diethyl ether, and
the polymer was finally dried in a vacuum oven at 40 <C for 24 h. The
product was characterized by *H NMR and SEC.
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cocl,
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Figure 4.17. *H NMR spectrum of P(T,K>)-S.

The synthesis of ~2% terpyridine-functionalized PDMA (P(T>)-S)
and ~4% terpyridine-functionalized PDMA (P(T4)-S) with an
approximate polymer molecular weight of ~50 kDa was done in the
same conditions as the above method with fixed feed ratio of reactants
as shown in Table 4.10.

cpcl,

Figure 4.18. *H NMR spectrum of P(T>)-S.
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Figure 4.19. *H NMR spectrum of P(T,)-S.

Synthesis of short-chain poly(N,N-dimethylacrylamide) copolymer
with ketone groups.

o~ _

NH =(_ AIBN, DDMAT

+ © —_—>
o N 60 °C

Scheme 4.11. Synthetic route to P(K4)-S.

The side-chain  ~4%  ketone-functionalized  poly(N,N-
dimethylacrylamide) (P(Ka4)-S) was synthesized by employing the
above method, with some modifications: AIBN (1.5 mg, 0.009 mmol),
DDMAT (32.8 mg, 0.09 mmol), DAAM (356.4 mg, 2.106 mmol) and
DMA (4.993 g, 50.36 mmol) were dissolved in 10 mL of dry dioxane
in a 50 mL round-bottom Schlenk-flask. The solution was degassed by
five freeze-pump-thaw cycles, backfilled with argon, and stirred in a
preheated oil bath at 60 <C for 9 h. The polymerization was stopped by
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opening the flask to air and placing it in liquid nitrogen. The conversion
of monomer was determined to be 94%, by comparing the integral ratio
of the vinyl signals to the methylene proton of dioxane on the *H NMR
spectrum. The viscous liquid was diluted with DCM and precipitated
three times in 20-times volume excess of diethyl ether, and the polymer
was finally dried in a vacuum oven at 40 <C for 24 h. The product was
characterized by *H NMR and SEC.

cDCl, b é

Figure 4.20. *H NMR spectrum of P(K,)-S.

The side-chain ~2% ketone-functionalized PDMA (P(K2)-S) with
an approximate polymer molecular weight of ~50 kDa was synthesized
by using the same method as the synthesis of P(K4)-S with fixed feed
ratio of reactants.

cDcl,

...................................................................

Figure 4.21. *H NMR spectrum of P(K5)-S.
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Synthesis of long-chain poly(N,N-dimethylacrylamide) copolymer
with ~0.4% ketone groups.

ol

NH o AIBN, DDMAT
+ —
>Lfo AN~ s0°¢

Scheme 4.12. Synthetic route to P(Ko.4)-L1.

AIBN (0.6 mg, 0.0034 mmol), DDMAT (12.4 mg, 0.034 mmol),
DAAM (115.1 mg, 0.68 mmol) and DMA (11.055 g, 111.52 mmol)
were dissolved in 10 mL of dry dioxane in a 50 mL round-bottom
Schlenk-flask. The solution was degassed by five freeze-pump-thaw
cycles, backfilled with argon, and stirred in a preheated oil bath at 50
T for 19.5 h. The polymerization was stopped by opening the flask to
air and placing it in liquid nitrogen. The conversion of monomer was
determined to be 52%, by comparing the integral ratio of the vinyl
signals to the methylene proton of dioxane on the *H NMR spectrum.
The viscous liquid was diluted with DCM and precipitated three times
in 40-times volume excess of diethyl ether, and the polymer was finally
dried in a vacuum oven at 40 <C for 24 h. The product was characterized
by *H NMR and SEC.
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CDCI3 NH /6

Figure 4.22. *H NMR spectrum of P(Kq.4)-L1.

By employing the same synthetic method of the P(Ko.4)-L1, another
long-chain PDMA copolymer with ~0.4% ketone-functionalized
(P(Ko.4)-L2) with an approximate polymer molecular weight of ~250
kDa was obtained.

>r ! Pt
CDCl, — e

Figure 4.23. *H NMR spectrum of P(Ko.4)-L2.
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4.4.4. Preparation of networks

For either Zn?*-Tpy or oxime network, the stoichiometric amount
of added Zn?* or bis-hydroxylamine is half an equivalent compared to
the reactive sites (terpyridine or ketone groups) of the corresponding
copolymers. The ZnCl> was employed to associate with terpyridine
ligands of P(T2Kz)-S, P(T>)-S, or P(T4)-S, to form zinc(ll)-terpyridine
bis-complexes (Zn**-Tpy) bridged network. The bis-hydroxylamine
(0,0’-(propane-1,3-diyl)bis(hydroxylamine)  dihydrochloride) was
used to react with ketone groups of P(T2K3)-S, P(K2)-S, P(Ka)-S,
P(Ko4)-L1, or P(Ko4)-L2 to construct oxime crosslinked network.
Aqueous solutions of the crosslinkers were prepared, and a certain
amount was added to the polymer aqueous solutions to obtain the
desired amount of crosslinker.

General procedures for hydrogels (or networks) formation: A
desired amount of copolymer is dissolved in a set volume of deionized
water overnight at 35 <T of the water bath. A known concentration of
crosslinkers is then added to the transparent copolymer solutions under
shaking, followed by heating at 55 °C for 2 days, and then slowly
cooling down to room temperature in 2 days to get homogeneous
hydrogels (or networks). Below are some examples that show the
differences in the preparation of typical hydrogels (or networks) in this
work.

Preparation of dual-crosslinked network (DCN) hydrogels.

In a typical experiment, 0.0250 g P(T2K>)-S and 200 pL deionized
water were transferred to a clean and dried glass vial. Subsequently, the
glass vial was sealed with a rubber septum and placed in a preheated
water bath at 35 <C overnight under stirring to obtain a fully transparent
and homogeneous solution. Subsequently, 25 uL of a bis-
hydroxylamine solution (100 mmol/L) were added dropwise to the
previously prepared copolymer solution and vortexed for 1 min,
followed by the addition of 25 puLL of a ZnCl. solution (83.2 mmol/L) in
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deionized water to the reaction mixture and additionally vortexed for
another 1 min. The sealed reaction sample was then placed in a
preheated water bath at 55 <C for 2 days of aging and then slowly
cooling down to room temperature in 2 days. Ultimately, a transparent
dual-crosslinked network (DCN) hydrogel (Scheme 4.1a) with a final
polymer weight-to-volume fraction of 10 wt.% was obtained.

Preparation of single DCN networks.

Similar to the preparation of DCN hydrogels, 0.0250 g P(T2K>)-S
were dissolved in 225 pL deionized water to get a transparent and
homogeneous copolymer solution. 25 uL of a stock solution containing
only a single crosslinker were subsequently added to the previously
prepared copolymer solution to reach a final polymer concentration of
10 wt.%. The final reaction mixture was vigorously vortexed for 1
minute and then aged for 2 days at 55 < and slowly cooled down to
room temperature in 2 days. Finally, a homogeneous transparent single
network of DCN-Zn**-Tpy or DCN-Oxime (Scheme 4.1b) was
observed as a gel as confirmed by the glass vial inversion method.

Preparation of interpenetrating polymer network (IPN) hydrogels.

For the IPN1 (5+5 wt.%) hydrogel (Scheme 4.2a), 0.0125 g P(T>)-
S and 0.0125 g P(K>)-S were first dissolved in 200 uL of deionized
water to get a homogeneous solution, followed by the addition of first
25 uL of bis-hydroxylamine solution (69.2 mmol/L), and then of 25 uL
of a Zn?* solution (45.8 mmol/L). The solution was vortexed after each
crosslinker addition. Finally, the above closed system was submitted to
the same aging procedure as described for DCN. By using the same
procedures, the IPN1 (10+10 wt.%) hydrogel (Scheme 4.3a) was
prepared from 10 wt.% P(T2)-S with 10 wt.% P(K3)-S, and the IPN2
(5+5 wt.%) hydrogel (Scheme 4.4a) was prepared from 5 wt.% P(T4)-
S with 5 wt.% P(Ka4)-S.
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Preparation of single IPN networks.

The single networks of IPN1 (Schemes 4.2b and 4.3b) were
prepared from equal weights of P(T2)-S with P(K2)-S. Specifically,
IPN1-Zn?*-Tpy and IPN1-Oxime single networks were prepared at a
total polymer concentration of 5+5 wt.% from 0.0125 g P(T2)-S and
0.0125 g P(K>)-S in 250 pL of deionized water. The preparation process
was similar to the preparation of the above single DCN networks:
dissolving 0.0250 g of mixed copolymers (0.0125 g P(T2)-S and 0.0125
g P(K2)-S) in 225 pL deionized water to get a homogeneous solution,
followed by adding 25 uL solution of only one crosslinker under vortex.
After 2 days of aging at 55 <C and then slowly cooling down to room
temperature in another 2 days, the final single networks of IPN1-Zn?*-
Tpy or IPN1-Oxime were obtained.

250 pL of 10+10 wt.% single network of IPN1-Zn?*-Tpy or IPN1-
Oxime (Scheme 4.3b) were obtained by the same method but using
twice the amount of mixed copolymers of P(T2)-S with P(K)-S and
twice the concentration of crosslinkers.

250 uL of single network of IPN2-Zn?*-Tpy or IPN2-Oxime
(Scheme 4.4b) were prepared at a total copolymer concentration of 5+5
wt.% (5 wt.% of P(T4)-S with 5 wt.% of P(K4)-S) by also employing
the same method as for the 5+5 wt.% single IPN1 network.

Preparation of double network (DN) hydrogels.

In a typical experiment, 0.0125 g of P(T4)-S with 0.025g of P(Ko.4)-
L1 or P(Kos)-L2 were mixed and 215 uL of deionized water were
added. The solution was placed at 35 <T overnight under stirring until
the copolymers were completely dissolved to get a homogeneous
solution. To this solution, 10 uL of bis-hydroxylamine solution (50
mmol/L) were added dropwise and vigorously vortexed for 1 min,
followed by the addition of 25 uL of a ZnCl> solution (74.1 mmol/L)
and shaking for another 1 min. The desired DN hydrogels of DN1
(Scheme 4.5a) or DN2 (Scheme 4.6a) were then obtained after 2 days
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of aging at 55 <C and slowly cooling down to room temperature in an
additional 2 days.

Preparation of single DN networks.

The DN-Zn?*-Tpy single network was prepared from 5 wt.% P(Ta)-
S singly crosslinked by Zn?*-Tpy complexes in the presence of 10 wt.%
P(Ko.4)-L1 or P(Ko.4)-L2. The DN-Oxime single network was prepared
from 10 wt.% P(Ko.4)-L1 or 10 wt.% P(Ko.4)-L2 singly crosslinked by
oxime bonds in the presence of 5 wt.% P(T4)-S. Therefore, the DN1-
Zn?*-Tpy and DN1-Oxime were prepared from a mixture of 5 wt.%
P(T4)-S with 10 wt.% P(Ko.4)-L1 copolymers (Scheme 4.5b), and the
DN2-Zn?*-Tpy and DN2-Oxime were prepared from a mixture of 5
wt.% P(T4)-S with 10 wt.% P(Ko.4)-L2 copolymers (Scheme 4.6b), by
adding either Zn?* or bis-hydroxylamine. These networks were created
by the same procedure as the preparation of DN hydrogels but with the
addition of only one type of crosslinkers.

Preparation of individual networks.

The 10 wt.% individual Zn?*-Tpy network and individual oxime
network (Scheme 4.7) were prepared similarly to the single networks
described above. For example, 0.025 g pure P(T4)-S was first dissolved
in 200 pL of deionized water to obtain a homogeneous solution.
Subsequently, 50 uL of a ZnCl, solution (74.1 mmol/L) was added to
the above transparent solution and stirred, followed by the aging
process. The 10 wt.% individual Zn?*-Tpy network was thus obtained.
Similarly, the 10% individual oxime network was prepared from 0.025
g of pure P(K4)-S in 200 pL of water and 50 pL of bis-hydroxylamine
solution (74.1 mmol/L) at the same concentration as the ZnCl; solution
for the individual Zn?*-Tpy network.
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4.4.5. Rheological measurements

The rotational rheometer (MCR 301, Anton Paar) with a solvent
trap equipment was used to conduct rheological measurements. All tests
were conducted in parallel plate geometry, the bottom plate was a
Peltier device controlling the system at a reference temperature of 25
°C. The gel samples, in the form of sheets with diameter 8 mm and
thickness 0.2~0.5 mm, were set under an 8 mm diameter top plate
geometry. A 15 mm diameter top plate geometry with distance 0.1~0.2
mm was used for solution samples. It can be seen that the samples used
for rheological measurements were very small and therefore were
susceptible to water evaporation during the experiments. In order to
avoid/limit the effect of evaporation on the experimental data, as much
water as possible was added around the sample on the static plate but
making sure that it did not touch the tested sample. Two Teflon models
were also set up as solvent traps. Under these conditions, a moist air
atmosphere can be maintained around the sample for anywhere from a
few to a dozen hours (the exact effective moisturising time would vary
depending on the experimental operation), thus reducing evaporation
from the sample.

Teflon model

Figure 4.24. Solvent trap installation for rheological measurements.
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The linear viscoelastic regimes of all samples were determined by
oscillatory strain sweeps that were carried out with strain ranging from
0.01 to 1000% at a constant frequency of 2 rad/s unless otherwise
specified. The dynamic properties of the samples were determined by
oscillatory frequency sweeps (100-0.01 rad/s) at a fixed oscillatory
strain of 2% strain, which is within the linear viscoelastic region.
Reverse strain sweeps were also performed at a constant frequency of
0.2 rad/s, 2 rad/s and 20 rad/s, respectively. We estimate an accuracy of
10% on the mearued modulus values.

A pure PDMA [Mn: 36400 g/mol (Evaluated by monomer
conversion), B: 1.37) was synthesized using the same method as for the
synthesis of short chain copolymers. The oscillatory frequency sweeps
(0.1-200 rad/s) were recorded at 140 <C, 150 T, 160 <C, 170 T and
180 <C for the PDMA polymer in the melt state. Based on these data,
the entanglement molar mass Me of the linear PDMA melt was
estimated to be 11000 g/mol with the method described in the textbook
(Physical Properties of Polymers Handbook, 2nd ed.%).
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Chapter 5

Double Network Hydrogels with
Contrasting Dynamic Crosslinking

Abstract

Two types of double network (DN) hydrogels were designed by
either using a labile supramolecular first network with a second
network based on stable dynamic covalent bonds, or using a less stable
dynamic covalent bonding first network with a long-lifetime
supramolecular network as the second network. Oscillatory shear
rheology is used to study the two DN hydrogels and their corresponding
sub-networks to compare their dynamic behaviors and oscillatory
mechanical properties. The two DN hydrogels exhibit contrasting stress
relaxation behaviors due to the exchange or dissociation of first
dynamic network. Both DN hydrogels show higher elastic modulus than
the sum moduli of the respective sub-networks. The self-healing
properties of DN hydrogels are due to the synergetic contribution
between the reversibility of dynamic bonds in the first network and the
high deformability of the second network.
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5.1 Introduction

As discussed in Chapter 2, the double network (DN) is a subset of
the interpenetrating polymer network (IPN) and was introduced by
Gong and coworkers in 2003 to improve the mechanical properties of
polymer hydrogels.**! Unlike a conventional IPN, a DN consists of two
contrasting networks. The first network is rigid and brittle, and is
formed by a densely crosslinked short-chain network, while the second
network is soft, stretchable and is created by a loosely crosslinked long-
chain network. The main weakness of classical DN hydrogels is that
both networks are permanently crosslinked by covalent bonds and the
fracture of the network is irreversible upon large deformations, thus
reducing the overall fatigue resistance of the hydrogel and lacking self-
healing mechanisms.® 8 To address these limitations, it has been
attempted to replace static covalent bonds with dynamic bonds used as
crosslinks.”*%" The introduction of dynamic bonds into network
enables the hydrogel to inherit some features of the bonds (e.g. stimulus
responsiveness) and to regulate the dynamic behavior of the hydrogels
(crosslinking dynamics, shear-thinning, moldability, etc.).['> 12 The
reversible dissociation/formation and exchange of dynamic bonds
allow these bonds to be broken to dissipate energy and then the network
can be restructured after the release of the deformation, thus effectively
improving the mechanical properties of the material (e.g. enhanced
elasticity, self-healing, fatigue resistance and self-recovery).[**201 |n
general, supramolecular interactions are used as crosslinks for the first
network and static covalent bonds are used as crosslinks for the second
network.[?Yl Nevertheless, DN hydrogels prepared using dynamic
covalent bonds have been rarely reported.?2-3% |n Chapter 4, we have
discussed DN hydrogels consisting of a supramolecular first network
and of a dynamic covalent second network. In contrast, to our
knowledge, DN hydrogels prepared from a dynamic covalent bond-
based first network and a supramolecular second network has never
been reported. It is interesting to develop this new dynamic DN
hydrogel and to compare it with a DN hydrogel in which the two
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networks are crosslinked by the inverse combination of dynamic bonds,
i.e., @ DN with a supramolecular first network and a dynamic covalent
second network.

As illustrated in Chapter 3, the lifetimes and association constants
of metal-terpyridine coordination bonds (M(I1)-Tpy) can be varied by
appropriate selection of metal ions,?! and the stability of reversible
C=N bonds can also be regulated by changing the nucleophile structure
that reacts with the carbonyl electrophile.3! Therefore, in this chapter,
we attempted to construct two contrasting DN hydrogels based on the
combination of metal-terpyridine coordination bonds and reversible
C=N bonds, expecting to provide some clues for designing new DN
hydrogels by the orthogonal incorporation of two types of dynamic
bonds with significantly different dynamics and stabilities. To this aim,
we developed two DN hydrogels for comparison. The first DN hydrogel
(DN1) is fabricated by the addition of Zn?* ions to highly functionalized
short-chain polymers with terpyridine entities (Tpy) (the proportion of
Tpy in the polymer chain is much higher than in the Tpy copolymers
used in Chapter 4) to form the first network densely crosslinked by
labile zinc(ll)-terpyridine bis-complexes (Zn?*-Tpy), and of a bis-
hydroxylamine that would react with a long-chain polymers sparsely
modified with ketone groups to create the second network loosely
crosslinked by stable oxime bonds (Figure 5.1). In contrast, for the
second DN hydrogel (DN2), a di-acylhydrazide can be used as
crosslinkers to react with the ketone groups of a highly functionalized
short-chain polymer to build the first network crosslinked by less stable
acylhydrazone bonds, and the second network is produced by forming
long-lifetime iron(I1)-terpyridine bis-complexes (Fe?*-Tpy) by the
addition of Fe?* ions to a Tpy sparsely functionalized long-chain
polymer. In other words, the DN1 hydrogel consists of a first network
crosslinked by more dynamic supramolecular interactions, and of
second network crosslinked by stable dynamic covalent bonds. The
DN2 hydrogel consists of a first network crosslinked by highly
reversible dynamic covalent bonds and of a second network crosslinked
by a supramolecular interaction of high bond energy.
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As shown in Figure 5.1, our DNs are similar to conventional DN
hydrogels, with the first network being highly crosslinked by a short-
chain polymer and the second network being loosely crosslinked by a
long-chain polymer.t*! However, our DNs differ from Gong's classical
DNs in the preparation method, polymer compositions and types of
crosslinking bonds. Firstly, Gong's DN hydrogels are synthesized from
monomers by a two-step in situ polymerization, where the first network
is first formed by polymerization followed by its immersion in a second
monomer solution to highly swell it, and finaly form the second
network by a second polymerization.’ Our hydrogel preparation starts
with two already formed copolymers, and subsequently, crosslinkers
are added to the mixed copolymer solution to crosslink each of the two
copolymers to form the DN. The order of addition of the crosslinker
may affect the homogeneity and thus the mechanical properties of the
gels. Secondly, the first network of Gong's DN is usually composed of
polyelectrolytes, which ensures its high swelling and thus that the first
network is highly extended. Therefore, when the DN is subjected to
external forces, the stresses are first concentrated on the rigid and brittle
first network, which acts as a sacrificial network to dissipate the stresses
and thus improve the toughness of the hydrogel. Although our
preparation method does not guarantee a full swelling of the first
network the asymmetry in the crosslinking density of the two networks
is nevertheless well present.

To this end, four copolymers based on poly(N,N-dimethyl
acrylamide) (PDMA) with functional Tpy and ketone groups were
prepared via reversible addition-fragmentation chain transfer (RAFT)
polymerization. As shown in Figure 5.1, the short-chain copolymer PT-
S and long-chain copolymer PK-L are used for preparing DN1 hydrogel,
and the short-chain copolymer PK-S and long-chain copolymer PT-L
are used for preparing DN2 hydrogel. Oscillatory shear rheology is used
as the primary measurement to relate the contribution of two dynamic
networks to the macroscopic frequency- and amplitude-dependent
mechanical properties of the two as-prepared DN hydrogels. The
dynamic responsiveness and self-healing properties of the DN
hydrogels are also characterized by rheology.
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(a) DN1: Labile supramolecular crosslinking + Stable dynamic covalent crosslinking

PT-S (5 wt.%)

(b) DN2: Less stable dynamic covalent crosslinking + Long lifetime supramolecular crosslinking

PK-S (5 wt.%)

1st network: Zn2* -Tpy DN1: 1Zn?*-Tpy + 20xime 2nd network: Oxime

DN2: 1Acylhydrazone + 2Fe2* -Tpy

1st network: Acylhydrzone 2nd network: Fe?*-Tpy
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Figure 5.1. Schematic representation of two double network (DN) hydrogels based on the combinations of metal-terpyridine coordination
bonds and reversible C=N bonds: (a) DN1: labile Zn?*-Tpy crosslinks in the first network and stable oxime crosslinks in the second network,
(b) DN2: less stable acylhydrazone crosslinks in the first network and long-lifetime Fe?*-Tpy crosslinks in the second network.
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5.2 Results and Discussion

5.2.1. Synthesis of hydrophilic functionalized copolymers

Table 5.1. Main characteristics of the hydrophilic functionalized copolymers.

N¢/Chain¢

Final ratio® (mol%)
Mnb Mnc c

b
Tpy Ketone DMA (g/mol) (g/mol) Tpy Ketone

Copolymer

PT-S 8.7 / 91.3 50600 58100 1.25 36 /
PK-L / 0.5 99.5 155200 128900 1.43 / 8
PK-S / 9.1 90.9 49000 52000 1.26 / 42
PT-L 0.5 / 99.5 136300 135300 136 8 /

2 Calculated from the *H NMR spectra. ® Evaluated by monomer conversion (*H
NMR). ¢ Determined by SEC (polymethylmethacrylate standards). ¢ Average
number of functional groups per chain.

The aqueous poly(N,N-dimethyl acrylamide) (PDMA) was
selected as the backbone polymer for preparing the functional
copolymers.  The terpyridine-functionalized monomer  N-(3-
([2,2°:6°,2’-terpyridin]-4’-yloxy)propyl)-N-methylacrylamide (TPy-
AM) was synthesized as described in Chapter 4. The ketone containing
monomer diacetone acrylamide (DAAM) was commercially available.
A highly terpyridine-functionalized short-chain copolymer (PT-S) and
a sparsely terpyridine-functionalized long-chain copolymer (PT-L)
were synthesized via RAFT polymerization using TPy-AM and N,N-
dimethyl acrylamide (DMA) by varying the ratios of the two
monomers. In contrast, the highly ketone-functionalized short-chain
copolymer (PK-S) and the sparsely ketone-functionalized long-chain
copolymer (PK-L) were synthesized using DAAM and DMA. Details
of the synthesis of these copolymers are shown in the Experimental
Section and they were characterized by NMR and SEC (Table 5.1).
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5.2.2. Preparation of networks

Unless otherwise stated, the amount of added crosslinkers (Zn?*,
Fe?*, bis-hydroxylamine, di-acylhydrazide) was half an equivalent
compared to the reaction sites (terpyridine groups or ketone groups) of
the copolymers for preparing all networks. After the addition of the
crosslinkers, the systems underwent an aging process at 55<C for two
days and were gradually and slowly cooled to room temperature over
two days to facilitate all crosslinking reactions and to obtain a stable
and reproducible network.

Following our design, short-chain polymers are highly
functionalized for the construction of the first network of DN hydrogels,
while long-chain polymers are sparsely functionalized for the
fabrication of the second network. In order to keep the DN in the gel
state after one of the two networks has lost his crosslinks due to e.g.
long timescales, high strain, etc., the concentration of the two individual
networks must be higher than their respective minimum gelation
concentrations. Therefore, the concentration of the long-chain polymer
in the DN system should be higher than that of the short-chain polymer,
which is also in line with the features of DN gels, i.e., the molar
concentration of monomers in the second network should be much
higher than that of the first network.?l However, given the solubility of
the long-chain polymer, the concentration of the short-chain polymer
for DN hydrogels was fixed at 5 wt.%, and the concentration of the
long-chain polymer at 10 wt.% in order to obtain homogeneous DN
hydrogels. In such cases, the two individual networks of each DN
hydrogel systems are hydrogels with concentrations slightly higher than
the minimum gelation concentrations. The first individual network of
DN1 was crosslinked by addition of Zn?* ions to PT-S chains via the
formation of Zn?*-Tpy, and the second individual network of DN1 was
crosslinked through the reaction of bis-hydroxylamine (O,O’-(propane-
1,3-diyl)bis(hydroxylamine) dihydrochloride) with ketones between
PK-L chains to form oxime bonds (Scheme 5.1a). Correspondingly, the
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first individual network of DN2 was created by the formation of
acylhydrazone bonds between di-acylhydrazine (succinic dihydrazide)
and PK-S chains, and the second individual network of DN2 was
crosslinked by the generation of Fe*-Tpy between Fe** and PT-L
chains (Scheme 5.1a). The apparent mechanical properties observed by
touching the hydrogels with tweezers revealed that the individual Zn?*-
Tpy network (5 wt.%) and individual acylhydrazone network (5 wt.%)
were stiff and non-sticky hydrogels; the individual oxime network (10
wt.%) was a soft and sticky hydrogel; the individual Fe?*-Tpy network
(10 wt.%) was a soft and non-stick hydrogel.

(a)

r H,N/DWO\NH,
g . %
(— : > [
Zn?* bis-hydroxylamine "
Individual Zn2*-Tpy network Individual oxime network
\PT-S (5 wt.%) (5 wt.%) ; \PK-L (10 wt.%) (10 wt.%)
(b)
' > @ ®
[ ]
di-acylhydrazine Fe2t
® °
9
Individual acylhyd twork Individual Fe?*-Tpy network
PK-S (5 wt.%) ndividual ac)(,vs :m:z)zone networl *lPTL (1o wt%) (1Dm.°/!:)y '

Scheme 5.1. (a) Preparation of individual networks of DN1 hydrogel system. (b)
Preparation of individual networks of DN2 hydrogel system.

DN hydrogels consist of two interpenetrating polymer networks
(IPNs), where only physical interactions between the two networks may
exist,®¥ but the presence of the polymer chains of one network may
lead to steric hindrances or screening effects that affect the formation
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of the other network.®5 %¢1 To learn the influence of the presence of the
non-crosslinked polymer on the formation of the other network, single
networks of each of DN hydrogels were also prepared for comparison
with their individual networks and the resultant DN hydrogels. The
single networks were thus formed with the same polymer composition
as the corresponding DN hydrogels but with the addition of only one
appropriate crosslinker, as in the case of the individual networks
(Scheme 5.2). Similar to the individual networks without the presence
of another non-crosslinked polymer, the corresponding single networks
have the same apparent mechanical properties observed by touching the
hydrogels with tweezers. For example, the single Zn?*-Tpy network
(5+10 wt.%) and single acylhydrazone network (5+10 wt.%) were stiff
and non-sticky hydrogels.

@

Zn**
EPT—S (5 wt.%) Single Zn2*-Tpy network PT-S (5 wt.%) Single oxime network
; + (5+10 wt.%) + (5+10 wt.%)
PK-L (10 wt.%) . IPK-L (10 wt.%)
) |
{ J ,‘ -
L @ — ]

di-acylhydrazine o Fe* I L

X ! : N 4 . N\ 4S p
PK-S (5 wt.%) Single acylhydrazone network: PK-S (5 wt.%) Single Fe?'-Tpy network
i + (5+10 wt.%) + (5+10 wt.%)
PT-L (10 wt.%) JPT-L(10wt.%)

Scheme 5.2. (a) Preparation of single networks of DN1 hydrogel system. (b)
Preparation of single networks of DN2 hydrogel system.
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The DNI and DN2 hydrogels were prepared by a “one-step”
crosslinking method (Scheme 5.3). Since the formation of metal-
terpyridine bis-complexes is usually fast and leads to almost immediate
gelation that may limit the diffusion of the other crosslinker (used to
form reversible C=N bonds), DN hydrogels were prepared by first
mixing bis-hydroxylamine or di-acylhydrazine homogeneously into the
mixed solution of the two copolymers before adding the Zn?* or Fe?*
ions. After the addition of both crosslinkers for the two interpenetrating
networks, an aging time of 2 days at 55 °C followed by a slow cooling
down to room temperature for another 2 days was applied. DN1 and
DNZ2 hydrogels were then obtained. The apparent mechanical properties
observed by touching the hydrogels with tweezers revealed that the
DN1 (5+10 wt.%) and DN2 (5+10 wt.%) were tough hydrogels.

‘(@)

P )
Tds
=)
H;N/DWO\NHZ ) ;"’%
bis-hydroxylamine ¢ Zn?* "
[ > {
&
55°C,2d "AY&
6t o1 -.
TR
. PT-S (5 Wt.%) + PK-L (10 wt.%) Nt (510wt
L . 7o,
(b) > o)
di-acylhydrazine Fez* @
[ >
55°C,2d
<

. PK-S (5 Wt.%) + PT-L (10 wt.%)

DN2 (5+10 wt.%)

Scheme 5.3. Preparation of DN1 (a) and DN2 (b) hydrogels by the “one-step”
crosslinking method.
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(ﬁ),

bis-hydroxylamine

55°C,2d

PT-S (5 wt.%)
+ Single oxime network
‘PK-L (10 wt.%) (5+10 wt.%)

()

J.f.

di-acylhydrazine

\ 55°C,2d
<
PK-S (5 wt.%) / : ’ N, < ) P
+ Single acylhydrazone network DN2-step (5+10 wt.%)
PT-L (10 wt.%) (5+10 wt.%)

Scheme 5.4. Preparation of DN1-step (a) and DN2-step (b) hydrogels by the “two-
step” crosslinking method.

Moreover, in classical DN hydrogels, the two networks are formed
in steps, which may be beneficial to obtain more homogeneous
hydrogels with better mechanical properties.!* ** Considering that the
formation of reversible C=N bonds is slower than M(I1)-Tpy, we also
adopted a “two-step” crosslinking strategy of forming oxime or
acylhydrazone networks before forming Zn?*-Tpy or Fe?*-Tpy
networks (Scheme 5.4). The metal ions were added after bis-
hydroxylamine or di-acylhydrazine was added and aged at 55 <C for
two days to ensure the formation of the oxime or acylhydrazone
networks. After the addition of metal ions, the systems were also aged
at 55 T for two days and then slowly (2 days) cooled to room
temperature. The two DN hydrogels obtained by this “two-step”
crosslinking method were named “DN1-step” and “DN2-step”, which
were distinguished and compared with the DN1 and DN2 hydrogels that
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were obtained by the initial “one-step” crosslinking method. The
apparent mechanical properties observed by touching the hydrogels
with tweezers revealed that the DN1 (5+10 wt.%) was not a
homogeneous hydrogel where the upper gel layer was soft and the lower
gel layer was stiff, and DN2 (5+10 wt.%) was a tough hydrogel.

5.2.3. Rheological characterizations

To investigate the oscillatory mechanical and dynamic properties
of the obtained DN hydrogels, DN1 and DN2 hydrogels as well as their
corresponding individual and single networks, were probed by
oscillatory shear rheology.

5.2.3.1. Individual networks of DN1 and DN2 systems

Since both DN hydrogels and their single networks were prepared
from mixed copolymers, the formation of interchain crosslinks in one
copolymer can be influenced by the presence of the other copolymer.B>
361 Therefore, as a basis for all measurements, we first performed tests
on the individual Zn?*-Tpy and oxime networks used to construct DN1
hydrogels (Scheme 5.1a) as well as the individual acylhydrazone and
Fe?*-Tpy networks that make up the DN2 hydrogel (Scheme 5.1b). The
results of the frequency sweeps on the four individual networks are
presented in Figure 5.2.
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Figure 5.2. Oscillatory frequency sweeps performed on four individual networks of
DN1 and DN2 (Scheme 5.1). The individual Zn?*-Tpy and oxime networks are
related to DN1, and the individual acylhydrazone and Fe?*-Tpy networks are related
to DN2.

As shown in Figure 5.2, the storage modulus (G') of the individual
oxime and individual Fe?*-Tpy networks is almost constant and always
larger than the loss modulus (G") over the whole experimental
frequency window. It demonstrates that due to the stability of the oxime
and Fe?* -Tpy crosslinks, these two individual networks as the second
networks of DN1 and DN2, respectively, are structurally stable and act
like elastic gels. Interestingly, the first network of DN1, i.e., the
individual Zn?*-Tpy network, displayed a significant network
relaxation behavior as evidenced by the observed crossover of G'-G" at
intermediate frequency, reflecting stress relaxation from strand
exchange or dissociation due to the finiteness of the Zn?*-Tpy bis-
complexes lifetime.B71 This crossover marks the onset of the transition
from solid-like behavior to liquid-like behavior of the gel that is
observed at long timescales.®® 3% Due to the dynamic reversibility of
the acylhydrazone bonds, the first network of DN2, i.e. the individual
acylhydrazone network, is also supposed to have a relaxation behavior,
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This dynamic character will be proven later on in the chapter. The G'
increase observed at close to 0.01 rad/s results from the solvent
evaporation, as a consequence of the prolonged testing from high to low
frequency. Compared to the gel samples of the other three individual
networks, the gel samples of the individual acylhydrazone network is
expected to dry more quickly at room temperature, despite the solvent
trapping equipment used in the rheological tests, resulting in an increase
in G' in the low frequency region. Therefore, the data for the individual
acylhydrazone network in the low frequency region are not shown in
Figure 5.2. The reason for the greater volatility of the individual
acylhydrazone network sample is explained by its weak network
property, which makes it difficult to retain moisture in it for long
periods of time, as we can see from Figure 5.2 where the plateau
modulus of individual acylhydrazone network is only 33 Pa.
Furthermore, the proportion of ketone hydrophobic blocks in the pure
PK-S used for the individual acylhydrazone network is the highest
compared to the other three individual networks prepared from pure
copolymers (see Table 5.1). The greater number of hydrophobic groups
may also lead to a poor water retention capacity of the individual
acylhydrazone network. Nevertheless, there is a tendency for the G" to
increase in the low frequency region, suggesting the onset of a
relaxation of the network caused by acylhydrazone bond cleavage.

The four individual networks display significantly different plateau
moduli (Figure 5.2), which is attributed to the differences in the
formation of effective interchain crosslinks by the respective
crosslinking bonds. Table 5.2 summarizes the plateau moduli (G'p) of
the four individual networks obtained from the frequency sweep curves
in the high frequency region before relaxation. Accordingly, the
theoretical plateau moduli (G5) of the four individual networks were
calculated according to the Equation 4.1 in Chapter 4 and are listed in
Table 5.2 for comparison with the experimental plateau moduli. It can
be seen that the experimental plateau moduli of the individual networks
are all much lower than the theoretical plateau moduli, and therefore all
showed very low crosslinking efficiency (Table 5.2). This may be due
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to the presence of molecular defects and network imperfections, such
as inhomogeneities in the network due to chain length and unreacted
sites, as well as dangling chains and internal loops, which do not
contribute to the practical elastic modulus of the network. 40 41]

Table 5.2. Compositions, experimental and theoretical elastic plateau moduli of
individual networks.

Mxxc Glpd 013 ECE

sample Copolymer™  imol)  (Pa)  (Pa) (%)
Indivi((j:iit i/:)z+_pr (SP\:S/O) 1400 1420 84600 1.7
Individu?éi?/:/zl)ydrazone (5P\AKrt_.§/o | 1200 30 99200 0.03
. o

a Copolymer used for crosslinking. ® Concentration of added crosslinker (Zn?*,
bis-hydroxylamine, di-acylhydrazide or Fe?") is half of the concentration
corresponding copolymer reaction sites. © Average molar mass between reaction
sites on the corresponding copolymer.  Obtained from the plateau value of G' in
the high-frequency domain of the frequency sweeps. ¢ The crosslinking efficiency
(Eo) is calculated by G'p/GJ.

Although the crosslinking efficiency calculated from G2 does not
take into account the effect of dangling ends on the network, the value
of the crosslinking efficiency can be used to roughly compare the
tendency of different types of bonds to form effective elastic crosslinks
in their individual networks. As discussed in Chapter 4, the estimated
entanglement molar mass (Me) of the linear PDMA melt is 11 kg/mol,
which means that the minimum molar mass of PDMA copolymer to
produce entanglement in an aqueous solution at 5 wt.% or 10 wt.%
concentration is approximately 55 kg/mol or 110 kg/mol, and the
critical entanglement molar mass is 2M. = 110 kg/mol or 220 kg/mol,
respectively. This means that the 5 wt.% PT-S (50.6 kg/mol) and 10

289



Chapter 5

wt.% PK-L (155.2 kg/mol) in DN1 as well as the 5 wt.% PK-S (49
kg/mol) and 10 wt.% PT-L (136.3 kg/mol) in DN2 are mostly
unentangled. Nevertheless, we cannot exclude the possibility that some
entanglements are trapped due to the crosslinking, which also
contribute to the elastic modulus. As shown in Table 5.2, the
crosslinking efficiency of the second networks was consistently higher
than that of the first networks of DN1 and DNZ2, probably due to the
fact that both PT-S and PK-S are highly functionalized, easily resulting
in intramolecular crosslinking in the Zn?*-Tpy or acylhydrazone
individual networks. In addition, the lower concentration of the
copolymers to build the first networks compared to the second networks
may also be a reason for their low crosslinking efficiency. The
copolymers forming respectively the first and the second networks in
the two DNs are at the same concentrations and have comparable
functionalization degrees, however, the crosslinking efficiency of the
individual Fe?*-Tpy network is higher than the oxime network, and the
efficiency of the individual Zn?-Tpy network is higher than the
acylhydrazone network. This can be explained by the higher effective
crosslink formation for Zn?*-Tpy and Fe?*-Tpy bis-complexes, than for
the reaction of ketone with acylhydrazone or hydroxylamine groups to
form acylhydrazone or oxime bonds.*®! The higher crosslinking
efficiency of metal-terpyridine coordination bonds compared to
reversible C=N bonds may be explained by the steric hindrance effect
of the crosslinkers. In the present work, the crosslinkers used to form
M(I)-Tpy interchain crosslinks are Zn?*, Fe?*, and those used to form
reversible C=N linkages are di-acylhydrazine and bis-hydroxylamine.
In order to obtain an effective interchain M(II)-Tpy crosslink, the
crosslinker Zn** or Fe?* can directly associate with two interchain Tpy
entities to form a bis-complex. In contrast, the two nucleophilic groups
at each end of the di-acylhydrazine or bis-hydroxylamine crosslinker
must react with two ketone groups on different chains respectively to
lead to effective interchain crosslinking. Therefore, the different ways
in which these two types of crosslinkers form effective interchain
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crosslinks result in a higher crosslinking density in the Zn?*-Tpy or
Fe?*-Tpy networks than in the acylhydrazone or oxime networks.

5.2.3.2. Single networks of DN1 and DN2 systems
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Figure 5.3. Oscillatory frequency sweeps performed on four single networks related
to DN1 and DN2 (Scheme 5.2). The single Zn?*-Tpy and oxime networks are
related to DN1, and the single acylhydrazone and Fe?*-Tpy networks are related to
DN2.

Although the resultant DN1 and DN2 hydrogels are a combination
of two individual networks, the crosslinking of each network in the two
DN hydrogels is formed in the presence of another copolymer (Scheme
5.3). Accordingly, the rheological behavior of four single networks
(Scheme 5.2), i.e., with the same polymer composition as the DN
hydrogels but with only one polymer being crosslinked (see Schemes
5.2 and 5.3), and the results are presented in Figure 5.3. It can be seen
from the figure that the rheological behaviors of the four single
networks and their corresponding individual networks (see Scheme 5.1
and Figure 5.2) are basically similar, i.e., the single oxime and the
single Fe**-Tpy networks exhibit stable elastic solid behaviors, while
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the single Zn?*-Tpy and acylhydrazone have different relaxation
behaviors.

In order to understand the effect of the presence of non-crosslinked
copolymers on the single networks, the dynamic modulus as a function
of frequency for the individual and single networks of the DN1 or DN2
systems are plotted in the same graph for comparison. As shown in
Figure 5.4a (comparison of individual networks shown in Scheme 5.1a
and single networks shown in 5.2a), the moduli of the single Zn**-Tpy
network are slightly lower than those of the individual Zn?*-Tpy
network, indicating that the "screening effect"[*® caused by the
presence of the non-crosslinked 10 wt.% PK-L in the single Zn**-Tpy
network diluted the effective crosslinking of the network. The moduli
of the single oxime network are slightly higher than those of the
individual oxime network, probably due to the fact that the PT-S
copolymer highly functionalized with Tpy (8.7%, see Table 5.1),
slightly contributes to the modulus value because of some n-7 stacking
or hydrophobic interactions between the Tpy moieties acting as
crosslinks. In addition, the network relaxation time (tzn-tpy) associated
to the dissociation of Zn?*-Tpy did not change in the single network (cf.
the dashed line in Figure 5.4a), indicating that the non-crosslinked
long-chain copolymer does not significantly affect the bond lifetime of
Zn?*-Tpy. In contrast, both individual and single oxime networks show
a purely elastic response, with their G' being frequency independent and
greater than G". This suggests that the oxime networks behave as pure
chemical gels.[?]
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Figure 5.4. Comparison of dynamic moduli of individual and single networks for (a)
DN1 and (b) DN2 systems.

Similarly to the comparison between the single and individual
networks of the DN1 system, the presence of a non-crosslinked
copolymer in the single networks of the DN2 system influences the
level of the moduli of the single networks. As shown in Figure 5.4b
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(comparison of individual networks shown in Scheme 5.1b and single
networks shown in 5.2b), the elastic modulus of the single
acylhydrazone network is about 20 times higher compared to the
individual acylhydrazone network. The self-assembled weak network
formed by nt-7t stacking or hydrophobic interaction between Tpy entities
in PT-L may slightly increase the modulus of the single network, like
PT-S in single oxime networks. However, the great increase in modulus
in the single acylhydrazone network is likely due to the presence of 10
wt% PT-L copolymer in the system, effectively preventing the
formation of intrachain loops that exist in the individual acylhydrazone
network, and more importantly causing the generation of more
interchain crosslinks in the single acylhydrazone network. In the
individual acylhydrazone network, the 5 wt.% pure PK-S is used, but
this highly functionalized copolymer (9.1%, see Table 5.1) is prone to
aggregation in aqueous solutions due to the hydrophobicity of the
ketone side groups.“®! As a result, the addition of the di-acylhydrazine
crosslinker tends to produce more intramolecular crosslinks, which
make no contribution to the elastic modulus. For the single
acylhydrazone network, which was prepared from mixed copolymer
solution of 5 wt.% PK-S with 10 wt.% PT-L, the presence of PT-S may
have prevented the aggregation of PK-S to some extent, promoting
more intermolecular crosslinks after the addition of crosslinker.
Therefore, the interchain crosslinking density of the single
acylhydrazone network was much higher than that of the individual
acylhydrazone network, which shows a 20-fold lower elastic modulus
than the former. However, we cannot deny that the "screening effect™ is
still present in the single acylhydrazone network. The total polymer
concentrations for the single acylhydrazone and single Zn?*-Tpy
networks are the same, and the 5 wt.% PK-S and PT-S used for the
crosslinks have a similar functionalization degree (see Table 5.1). After
two days of heating at 55 °C and two days of slow cooling, the more
stable single acylhydrazone network was supposed to have a higher
modulus than the labile single Zn?*-Tpy network, but the opposite was
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observed (Figure 5.3), suggesting that there should also be a "screening
effect” in the single acylhydrazone network.

The moduli of the single Fe?*-Tpy network are slightly lower than
those of the individual Fe?**-Tpy (Figure 5.4b), probably due to the
"screening effect” caused by the presence of 5 wt.% PK-S, which
reduced the interchain crosslinks in the single Fe?*-Tpy network.

From the above, it is clear that the presence of Tpy copolymers that
are not crosslinked by metal ions can increase the modulus of single
oxime or acylhydrazone networks to varying levels, while the presence
of non-crosslinked ketone copolymers can slightly decrease the
modulus of single Zn?*-Tpy or Fe?*-Tpy networks. Therefore, the
proposed "two-step™ crosslinking strategy (Scheme 5.4) has the
potential to yield stronger DN1 and DN2 hydrogels than the "one-step™
crosslinking method (Scheme 5.3).

5.2.3.3. DN1 and DN2 hydrogels

The DN hydrogels can be obtained by the "one-step™ (Scheme 5.3)
or "two-step” (Scheme 5.4) crosslinking methods. However, it is not
clear which of the two methods is better for preparing the DN hydrogels.
To understand the effect of these two crosslinking strategies on the
internal structure of the final DN hydrogels, oscillatory frequency
sweeps were also performed on the DN hydrogels prepared by the two-
step method. As shown in Figure 5.5, it is clear that the moduli of either
DN1 or DN2 are higher than those of the DN1-step or DN2-step,
demonstrating that it is easier to obtain more homogeneous DN
hydrogels by the "one-step™ crosslinking method. Therefore, the
following discussion on DN hydrogels will be mainly based on the
"one-step” crosslinking method to obtain DN1 or DN2 hydrogels.
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Figure 5.5. Comparison of dynamic moduli of (a) DN1 and DN1-step hydrogels as
well as (b) DN2 and DN2-step hydrogels prepared by the “one-step” (Scheme 5.3)
and “two-step” (Scheme 5.4) crosslinking methods, respectively.

Figure 5.6 shows the variation of the moduli of DN1 and DN2
hydrogels as a function of frequency. By carefully providing a
continuous aqueous atmosphere within the solvent-trap equipment
around the hydrogel samples tested in the rheometer, frequency sweeps
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performed at 25 <T can be prolonged from 100 rad/s to 0.002 rad/s.
Frequency sweeps performed in the lower frequency region are more
likely to show the relaxation behavior of the dynamic networks at large
time scales.[*! It can be seen from Figure 5.6 that the G' of DN1 and
DN2 hydrogels are always higher than G" throughout the experimental
frequency range, indicating that these two DN hydrogels can maintain
the solid-like elastic properties over a long time scale.
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Figure 5.6. Comparison of dynamic moduli of DN1 and DN2 hydrogels (see
Scheme 5.3).

As depicted in Figure 5.6, the DN1 hydrogel exhibits the typical
viscoelastic solid behavior, where G' has two plateau moduli in the high
and low frequency regions.*” The plateau in the high-frequency region
is attributed to both Zn?*-Tpy and oxime crosslinks in DN1, while the
plateau in the low-frequency region is mainly ascribed to oxime
crosslinks due to the relaxation of the Zn?*-Tpy network, as evidenced
by the relaxation peak observed on the G" curve. In addition, a power
law of G~ is observed in the transition region from high- to low-
frequency, indicating that the relaxation process of DN1 hydrogels can
be described by a sticky Rouse process.*"!
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Careful prevention of water evaporation from the hydrogel sample
during the test was still not able to completely prevent the evaporation
of the DN2 hydrogel, so a slight increase in G' of the DN2 hydrogel is
observed in the low frequency region (Figure 5.6). Nevertheless, DN2
exhibits an increase of G" at low-frequency, which was also observed
in the individual and single acylhydrazone networks, indicating that the
network relaxation behavior conferred by dynamic acylhydrazone
bonds is still retained in the DN2 hydrogel.

The dynamic moduli of the DN1 and DN2 hydrogels and their
respective two single networks were integrated into a graph for
comparison, to further understand the effect of the single networks on
the relaxation behavior and on the elastic modulus of the final DN
hydrogels. As shown by the dashed line in Figure 5.7, the frequencies
corresponding to the G" peak of the DN1 hydrogel and the G'-G"
crossover point of the single Zn?*-Tpy network are basically at the same
position, indicating that the relaxation times of the DN1 hydrogel and
of the single Zn?*-Tpy network are basically the same. This also proves
that the network relaxation in DN1 hydrogel is indeed caused by the
dissociation of Zn?*-Tpy crosslinks, and also indicates that the
relaxation behavior induced by Zn?*-Tpy is basically unaffected by the
presence or not of 10 wt.% PK-L, crosslinked or not. Also, it is noticed
that, after the dissociation of Zn?*-Tpy crosslinks in DN1 hydrogel, the
G' of DN1 in the low frequency region is always slightly higher than
that of the single oxime network, indicating that the presence of Zn?*-
Tpy crosslinks in DN1 promotes the formation of more interchain
oxime crosslinks due to the greater proximity (stronger confinement) of
ketone groups.[*!
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Figure 5.7. Comparison of the dynamic moduli of DN1 hydrogel and of its two
single networks (see Schemes 5.3a and 5.2a).
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Figure 5.8. Comparison of the dynamic moduli of DN2 hydrogel and of its two
single networks (see Schemes 5.3b and 5.2b).
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As shown in Figure 5.8, performing the oscillation frequency
sweeps from 100 rad/s down to close to 0.001 rad/s, leads to the
inevitable water evaporation from the samples due to the longer test
time, and therefore the storage modulus of the DN2 hydrogel and of the
single Fe?*-Tpy network are marginally elevated in the low frequency
region. Fortunately, we can still observe a G'-G" crossover at 0.002
rad/s for the single acylhydrazone network (dashed line in Figure 5.8)
corresponding to the relaxation of acylhydrazone bonds. This clearly
confirms the dynamic reversibility of the acylhydrazone networks. 19461
It also proves that the tendency of the G" curve to increase in the low
frequency region for DN2 hydrogel does reflect the onset of the
relaxation of the acylhydrazone network.

The relaxation time of the network can be estimated from the
frequency at the G'-G" crossover point, from which the relaxation time
of the single Zn**-Tpy network (tzn-roy = 1/@zn-Tpy=0.53 ) (Figure 5.7)
is much shorter than the relaxation time of the single acylhydrazone
network (Tacylhydrazone = 1/®Acylhydrazone = 500 ) (Figure 5.8). This is
reasonable because the reversible bond breaking and exchange process
of acylhydrazone bonds is slow and the dissociation and exchange
process of Zn?*-Tpy bis-complexes is fast.!%4% This different
relaxation behavior of Zn?*-Tpy in DN1 and acylhydrazone in DN2
further leads to a faster decrease of G' in DN1 hydrogels than in DN2
hydrogels on the timescales (Figure 5.6) since the oxime and Fe?*-Tpy
networks (both individual and single networks) are generally frequency
independent. The results suggest that the stress relaxation behavior of
DN hydrogels can be tuned by selecting fast dynamic supramolecular
interactions or slow dynamic covalent bonds as crosslinks of the first
network if the behavior of the second network is similar to that of a
static chemical network. This provides a basis for the design of suitable
dynamic DN hydrogels to meet the requirements of practical
applications.

Furthermore, in order to compare the mechanical properties of the
two crosslinking combinations of DN hydrogels compared to the
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corresponding single networks, the plateau moduli (G') of the DN1 and
DN2 hydrogels and of their single networks, as well as the sum of the
plateau moduli (G'sum) of the single networks of each DN systems, are
summarised in Figure 5.9. The values of the plateau modulus (G'p) for
the DN1 and DN2 hydrogels and for their corresponding single
networks were obtained from the high frequency region of the
frequency sweeps shown in Figure 5.7 and Figure 5.8, respectively.
For example, the G', of DN1, single Zn?*-Tpy and oxime networks were
taken from ~50 rad/s, ~30 rad/s and ~13 rad/s at a strain of 2%
respectively (see Figure 5.7). The G', of DN2, single acylhydrazone
and Fe?*-Tpy networks were taken from ~20 rad/s, ~10 rad/s and ~10
rad/s at a strain of 2% respectively (see Figure 5.8). The G'sum is a
simple addition of the respective single networks for the DN1 and DN2
systems, respectively.

DN Sum of I 1 I
o ) st 2nd
hydrogel  single networks single network single network

I DN1 Hydrogel [ Single Zn**-Tpy network I single oxime network
I DN2 Hydrogel [l Single acylhydrazone network [ Single Fe?*-Tpy network

Figure 5.9. Summary of the plateau moduli of DN1 and DN2 hydrogels, and their
corresponding single networks (1st single network and 2nd single network) (see
Schemes 5.2 and 5.3) as well as the sum of plateau moduli (G'sum) of the two single
networks of each DN systems.
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As shown in Figure 5.7, the first single network of the two DN
hydrogels has a higher plateau modulus than the second single network,
even though the first network has half the crosslinked polymer
concentration of the second network. This is because the first network
is densely crosslinked while the second network is loosely crosslinked
and accordingly, the first single network has a higher crosslinking
density than the second single network. Interestingly, the DN1 and DN2
hydrogels, in which both interpenetrated networks are crosslinked,
exhibit higher elastic moduli than the sum of the moduli of the
corresponding two single networks, indicating that the synergistic
effect of the two asymmetric sub-networks enhanced the stiffness of the
resultant DN hydrogels.?> 21 Among them, the G', of DN1 hydrogel
(3650 Pa) is about 2.4 times higher than the sum of the moduli (G'sum =
1510 Pa) of single Zn**-Tpy network (1190 Pa) and single oxime
network (320 Pa), and the G’y of DN2 hydrogel (2440 Pa) is about 1.8
times higher than the sum of the moduli (G'sum = 1330 Pa) of single
acylhydrazone network (800 Pa) and single Fe?*-Tpy network (530 Pa).
This suggests that DN hydrogels constructed with a Ilabile
supramolecular first network and a stable reversible covalent second
network are stronger than DN hydrogels composed of a slow dynamic
reversible covalent first network and a stable supramolecular covalent
second network, given comparable chain lengths, functionalization
degree of the copolymers and polymer concentrations.

To investigate the stability and deformability of hydrogels under
oscillatory strain, strain sweeps were performed on DN hydrogels and
on the corresponding single networks. A strain sweep performed at a
fixed frequency can provide the limiting strain and rupture strain of the
hydrogel sample being tested. The rupture strain (y:) is defined as the
strain amplitude at the critical G'-G" crossover point, and marks the
transition of the gel from a solid-like to a liquid-like state. Therefore,
the value of vy indicates the deformability of the hydrogel. The strain
sweeps of DN1 hydrogel and of its two single networks are shown in
Figure 5.10.
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Figure 5.10. Oscillatory strain sweeps performed on the DN1 hydrogel and on its
two single networks at a fixed frequency of (a) 0.2 rad/s, (b) 2 rad/s, and (c) 20
rad/s. The plots in the right panels are measured from a low strain up to the
maximum strain amplitude without destroying the samples, and then from that high
strain amplitude down to a low strain.

As can be seen from the results shown in Figure 5.7, it is clear that
the DN1 hydrogel and its Zn?*-Tpy network exhibit a relaxation
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behavior around 1.88 rad/s due to the dissociation of Zn*-Tpy
complexes. The strain sweeps were thus performed at a fixed frequency
of 0.2 rad/s, 2 rad/s, and 20 rad/s, corresponding to the different states
of the Zn?*-Tpy crosslinks, i.e., after, close to, and before their
dissociation, respectively. Thus, at 0.2 rad/s, in the linear regime, the
modulus of DN1 hydrogel is mainly dominated by the single oxime
network, with a smaller effect of the Zn?*-Tpy network (see Figure
5.10a). On the other hand, strain sweeps at 2 rad/s do not allow the Zn?*-
Tpy network to fully dissociate, even at low strain amplitude (see
Figure 5.10b).

As observed in Figures 5.10b and 5.10c, the vyr (single Zn?*-Tpy
network) < yr (single oxime network) (Table 5.3), demonstrating that
the second network of the DN1 hydrogel, formed by loosely crosslinked
long-chain copolymer, does have better deformation capability than the
densely crosslinked short-chain first network. As expected, the DN1
hydrogel has a smaller y, than the single oxime network (second
network). We also observe that while the exact value of y, for DN1 is
close to that of the single Zn?*-Tpy network (first network), its overall
response shows that DN1 has a longer linear regime (Figures 5.10b and
5.10c), despite its higher crosslinking density. This suggests that the
dense Zn**-Tpy network in DN1 is broken first, at a strain amplitude
similar to the single Zn?*-Tpy network. However, the double network
is able to withstand a larger deformation thanks to the presence of the
second network, leading to a delay of the rupturing of the whole gel
compared to the behavior of the single Zn?*-Tpy network. In short, the
presence of Zn**-Tpy gives DN1 a large elastic modulus, but breaks at
rather low oscillatory strains, while the loose oxime network gives the
sample a larger deformability.
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Table 5.3. Strain parameters for DN1 and DN2 hydrogels, and for the corresponding
single networks.

Sample .2 (%) i (%) Ymax® (%)
DN1 35 290 1000
Single Zn?*-Tpy (1st network) 20 235 1000
Single oxime (2nd network) 30 2090 1000
DN2 (5+10 wt.%) 45 1000 200
Single acylhydrazone (1st network) 15 90 200
Single Fe?*-Tpy (2nd network) 40 1110 200

@ Obtained from the strain at which the G' starts to decrease/increase in the strain
sweeps at a fixed frequency of 2 rad/s. ® Obtained from the crossover of G' and G"
in the strain sweeps at a fixed frequency of 2 rad/s. © Maximum strain applied to
the sample for reverse strain sweeps at a fixed frequency of 2 rad/s. Note: ymax iS
higher than y, to ensure that the applied strain is sufficient to partially break the
gel network. With the exception of the single Zn?*-Tpy sample, the applied high
strain did not extrude the other samples from the two parallel plate geometries of
the rheometer.

In addition, as displayed in Figure 5.10, shear thickening behaviors
are found in DN1 and in the single Zn?*-Tpy network, suggesting the
reinforcement of DN1 hydrogel may be due to the chain stretching or
the reorganization of the Zn?*-Tpy network under strain, which leads to
a mechano-induced homogenization.*® To understand the reason of
this shear thickening effect and to explore the contribution of the Zn?*-
Tpy and oxime crosslinks in the reversibility of the hydrogels, reverse
strain-sweep measurements at a fixed frequency of 0.2 rad/s, 2 rad/s,
and 20 rad/s were also performed and are illustrated in the right panels
of Figure 5.10. Experiments were carried out by increasing the strain
to the maximum strain amplitude achievable without expelling the
sample from the geometry, and then reducing the strain for recovery.
Clearly, there is no significant increase in G' for the single Zn?*-Tpy
network after the strain has been reduced to the initial strain amplitude.
This suggests that the shear-thickening behaviors of the single Zn?*-
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Tpy network and of DN1 hydrogel under large strain is due mainly to
chain stretching.[*?]

Besides, for samples where G' can essentially recovers its initial
level after strain reduction, a small hysteresis is observed at high strains,
suggesting that some of the bonds broken by the high strain can reform
upon strain reduction, but not at high deformation. The reverse strain
sweeps performed at a fixed frequency of 20 rad/s (right panel of
Figure 5.10c) reveals that modulus recovery in the single oxime
network did not show hysteresis, which was only seen in the single
Zn?*-Tpy network and in the DN1 hydrogel. This suggests that the
repairability of the gel network due to reversible bond re-formation is
mainly attributed to the more dynamic first Zn?*-Tpy network. In the
previous discussion, we mentioned that oxime networks behave as
static covalent networks even at long timescales, and that the presence
of the highly Tpy functionalized PT-S in single oxime networks
provides a weak network with a weak contribution through n-x stacking
or hydrophobic interactions. The appearance of hysteresis in the strain
recovery of a single oxime network at 0.2 rad/s (right panel of Figure
5.10a) is more likely to be due to the restructuring of the weak network
of PT-S. Therefore, the recoverability of the DN1 hydrogel at 0.2 rad/s
is due to the highly deformable second oxime network maintaining the
integrity of the gel under high oscillatory strain and the restructuring of
the PT-S weak network.

As shown in the right panel of Figure 5.10b, the DN1 hydrogel,
single Zn*-Tpy and oxime networks were subjected to the same
maximum oscillatory strain at a fixed frequency of 2 rad/s to verify
recoverability. It can be seen that this maximum strain is less than the
rupture strain of the single oxime network, and that the G' of the single
oxime network returns to its initial level after the strain is reduced. This
maximum strain is greater than the fracture strains of the DN1 and
single Zn?*-Tpy network. Interestingly, the G' of the DN1 hydrogel and
oxime network are fully recovering their initial level after the strain is
reduced, while the G' of the single Zn?*-Tpy network does not recover
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due to the sample being partially crushed out of the parallel plates. This
suggests that the DN1 hydrogel has the large deformation capacity of
the loose oxime network, while the dynamic Zn?*-Tpy allows DN1 to
recover quickly. The synergy effect of the interpenetrating Zn?*-Tpy
and oxime networks empowers the DN1 hydrogel to achieve full
recovery. This also suggests that an alternative step-strain experiment
can be carried out at a fixed frequency of 2 rad/s to verify the self-
healing properties of DN1 hydrogels.

As shown in Figure 5.11, a large strain of 340% was applied, which
is higher than the yr (290%) measured in a strain sweep at a fixed
frequency of 2 rad/s, to completely break the hydrogel. The inversion
of G'and G" of the hydrogel is indeed observed at such high magnitude
of strain (340%), which indicates a rupture of the DN1 network. When
the high strain is removed and a low strain (2%) is applied, the G' and
G" are returned to values characteristic of a gel state (i.e. G' > G") within
seconds, and back to the original level within 20s. Such self-healing
cycles where strain is applied to force the network to fracture and then
reform can be repeated at least 10 times. In connection with the above
discussion on the reverse strain sweeps at a frequency of 2 rad/s, this
highlights that the self-healing ability of the DN1 hydrogel is due to the
synergistic effect of the exchange/reorganization of the Zn?*-Tpy
network (first network) and the high deformability of the oxime
network (second network).
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Figure 5.11. Oscillation time sweeps performed on DN1 hydrogels with alternating
strain amplitudes. A strain of 340% is above y and breaks the sample, while a strain
of 2% is in the LVE range to allow the hydrogel to self-heal.
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Finally, we also executed strain sweeps and reverse strain sweeps
onthe DN2 hydrogel and on its two single networks at a fixed frequency
of 2 rad/s since those networks are generally stable in a broad frequency
range. As shown in Figure 5.12a and Table 5.3, yr (single
acylhydrazone network) < y, (DN2 hydrogel) < y: (single Fe?*-Tpy
network), and the yr of DN2 hydrogel is close to the single Fe?*-Tpy
network (second network). The loosely crosslinked Fe*-Tpy network
protects the DN2 hydrogel from breaking under large oscillatory
strains, thus delaying vyr.

(@ (b)

10° 4 —
w
- 2 | e
©10 5 / -
Py P e ity
° TN Y
Forward  Reverse T=25°C
G G" G G" o = 2 rad/s
10" —— DN2 T=25°C F{———— ————DN2 -
Single Fe**-Tpy o=2radls | Single Fe**-Tpy
—e— —— Single acylhydrazone \ ———— —«——— Single acylhydrazone
0.1 1 10 100 1000 0.1 1 10 100
v (%) 1 (%)

Figure 5.12. (a) Oscillatory strain sweeps and (b) reverse strain sweeps performed
on the DN2 hydrogel and on its two single networks at a fixed frequency of 2 rad/s.

In addition, reverse strain sweeps were performed on DN2 and on
its two single networks to learn about the recoverability of the DN2
hydrogel. The maximum strain applied to each sample was the
maximum amplitude that ensured that the sample would not be expelled
from the geometry during the tests. After applying a strain amplitude of
up to 200% to the samples, and then reducing the strain, the G' of the
DN2 and its two single networks fully recovered their initial levels
(Figure 5.12b). The rupture strain of the single acylhydrazone network
is 90% (Table 5.3), indicating that the acylhydrazone network has
ruptured at the 200% oscillatory strain, which did not cause damage to
the loose single Fe?*-Tpy network. The small hysteresis of DN2 at high
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strain suggests that the reorganization of the relatively more dynamic
acylhydrazone network contributes to the recovery of this DN hydrogel.
These results suggest that the self-recovery properties of DN2
hydrogels are due to the synergistic effect between the dynamic nature
of the acylhydrazone bonds in the first network and the high
deformability of the second network.

In summary, it is clear from the comparative results of the strain
sweeps that the yr of DN1 is slightly greater than that of its single Zn?*-
Tpy network (first network), while the yr of DN2 is second to that of its
Fe*-Tpy network (second network). This means that DN2 exhibits a
greater yr (deformability) than DN1. As the first network of the DN
hydrogel is densely crosslinked and the second network is loosely
crosslinked, the first network of the DN should be damaged first
followed by the second network under gradually increasing strain
applied to the DN hydrogel.”! Therefore, the stability of the first
network of DN hydrogels is therefore a key factor in the deformation
magnitude of DN hydrogels. The acylhydrazone linkages are more
stable and have higher bond energies compared to Zn?*-Tpy crosslinks,
so that the first network of DN2 is more difficult to break than DN1,
and thus DN2 hydrogel exhibits a greater deformability than DN1
hydrogel.
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5.3 Conclusion

As a conclusion, we have developed two contrasting dynamic DN
hydrogels by combining two distinct dynamics of supramolecular
interactions and dynamic covalent bonds. The DN1 hydrogel is
composed of a densely Zn?*-Tpy crosslinked first network (made of
supramolecular bonds) and a loosely oxime crosslinked second network
(made of dynamic covalent bonds). The DN2 hydrogel is made up of a
densely acylhydrazone crosslinked first network (made of dynamic
covalent bonds) and a loosely Fe?*-Tpy crosslinked second network
(made of supramolecular bonds). The addition of two crosslinkers in
one step to a mixed precursor copolymer solution makes it easier to
obtain more homogeneous crosslinked hydrogels than the two-step
crosslinking method.

Oscillatory shear rheology results revealed the contribution of two
sub-networks of DN hydrogels to their dynamic and oscillatory
mechanical properties. The more dynamic first networks in the two DN
hydrogels are responsible for the stress relaxation behavior of the DN
hydrogels over different timescales, and the more stable second
networks protect the integrity of the hydrogel after the relaxation of the
first network. Due to the difference in the lifetime of the first network,
DN2 (dynamic covalent crosslinked first network) showed longer
relaxation times than DN1 (supramolecular crosslinked first network).
Interestingly, the DN1 hydrogel plateau modulus is 2.4 times higher
than the sum of its two sub-network plateau moduli, and the DN2
hydrogel plateau modulus is 1.8 times the sum of its two sub-network
plateau moduli, due to the differences in the formation of effective
crosslinks in the sub-networks by the various dynamic bonds in the two
DN hydrogels. This difference also results in a stiffer DN1 hydrogel
compared to DN2, showing that the combination of dynamics in DN1
is more favorable. In addition, the loosely crosslinked second network
interpenetrated in the DN is able to confer greater deformability to the
DN hydrogel compared to the densely crosslinked first network. In
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particular, the deformability of DN1 is only slightly greater than that of
its first network, while the deformability of DN2 is close to that of its
second network. This shows that the deformability of a dynamic DN
hydrogel is determined not only by the stability of its first network, but
also by the large deformability of the second network. We also
demonstrated that the self-healing properties of both DN hydrogels are
due to the reversibility of the Zn?*-Tpy or acylhydrazone bonds in the
first network and the high deformability of the second network.

In short, our results show that the combination of a supramolecular
first network and a dynamic covalent second network produces a DN
hydrogel that is stiffer but less deformable than a DN hydrogel
combining a dynamic covalent first network and a supramolecular
second network. Moreover, using dynamic bonds to prepare DNs not
only provides hydrogels with tunable relaxation behaviors on different
time scales, but also brings self-healing properties to the hydrogels. In
future work, the macroscopic mechanical properties of such dynamic
DN hydrogels (including tensile/compression strength,
tensile/compression strain at break, Young's modulus, toughness, etc.)
will also need to be evaluated to enable the comparison of their
advantages and disadvantages with conventional static covalent DN
hydrogels.
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5.4 Experimental Section

All reagents and materials are the same as in Chapter 4 unless
otherwise stated. The synthesis of terpyridine-functionalized monomer
N-(3-([2,2°:6°,2"-terpyridin]-4°-yloxy)propyl)-N-methylacrylamide
(TPy-AM) was described in Section 4.4.2.

5.4.1. Preparation and characterization of copolymers

Synthesis of short-chain poly(N,N-dimethylacrylamide) copolymer
with ~9% terpyridine and with an approximate molecular weight
of ~50 kDa, PT-S.

A
o
SN o
\ -
" AIBN, DDMAT
b oo Ammoowar, 0

N 62.5°C

Scheme 5.5. Synthetic route of PT-S.

AIBN (0.9 mg, 0.0054 mmol), DDMAT (19.7 mg, 0.054 mmol),
TPy-AM (1.49 g, 3.97 mmol) and DMA (3.542 g, 35.73 mmol) were
dissolved in 7.2 mL of dry dioxane in a 25 mL round-bottom Schlenk-
flask. The solution was degassed by five freeze-pump-thaw cycles,
backfilled with argon and stirred in a preheated oil bath at 62.5 <C for
4 days. The polymerization was then stopped by opening the flask to air
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and placing it in liquid nitrogen. The conversion of monomer was
determined to be 55%, by comparing the integral ratio of the vinyl
signal to the methylene proton of dioxane on the *H NMR spectrum.
The viscous liquid was diluted with DCM and precipitated three times
in 20-times volume excess diethyl ether, and the polymer was finally
dried in a vacuum oven at 40 <C for 24 h. The product was characterized
by *H NMR and GPC.
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Figure 5.13. *H NMR spectrum of PT-S.

Synthesis of long-chain poly(N,N-dimethylacrylamide) copolymer
with ~0.5% ketone and with an approximate molecular weight of
~155 kDa, PK-L.
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Scheme 5.6. Synthetic route of PK-L.
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AIBN (0.6 mg, 0.0034 mmol), DDMAT (12.4 mg, 0.034 mmol),
DAAM (115.1 mg, 0.68 mmol) and DMA (11.055 g, 111.52 mmol)
were dissolved in 10 mL of dry dioxane in a 50 mL round-bottom
Schlenk-flask. The solution was degassed by five freeze-pump-thaw
cycles, backfilled with argon, and stirred in a preheated oil bath at 50
T for 14.5 h. The polymerization was stopped by opening the flask to
air and placing it in liquid nitrogen. The conversion of monomer was
determined to be 58%, by comparing the integral ratio of the vinyl
signals to the methylene proton of dioxane on the *H NMR spectrum.
The viscous liquid was diluted with DCM and precipitated three times
in 20-times volume excess of diethyl ether, and the polymer was finally
dried in a vacuum oven at 40 <C for 24 h. The product was characterized
by *H NMR and GPC.

Jcnm3 .
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Figure 5.14. *H NMR spectrum of PK-L.
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Synthesis of short-chain poly(N,N-dimethylacrylamide) copolymer
with ~9% ketone and with an approximate molecular weight of ~50
kDa, PK-S.
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Scheme 5.7. Synthetic route of PK-S.

AIBN (0.9 mg, 0.0054 mmol), DDMAT (19.7 mg, 0.054 mmol),
DAAM (671.8 mg, 3.97 mmol) and DMA (3.542 g, 35.73 mmol) were
dissolved in 7.2 mL of dry dioxane in a 25 mL round-bottom Schlenk-
flask. The solution was degassed by five freeze-pump-thaw cycles,
backfilled with argon, and stirred in a preheated oil bath at 60 <C for 36
h. The polymerization was stopped by opening the flask to air and
placing it in liquid nitrogen. The conversion of monomer was
determined to be 70%, by comparing the integral ratio of the vinyl
signals to the methylene proton of dioxane on the *H NMR spectrum.
The viscous liquid was diluted with DCM and precipitated three times
in 20-times volume excess of diethyl ether, and the polymer was finally
dried in a vacuum oven at 40 <C for 24 h. The product was characterized
by *H NMR and GPC.
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Figure 5.15. 'H NMR spectrum of PK-S.

Synthesis of long-chain poly(N,N-dimethylacrylamide) copolymer
with ~0.5% terpyridine and with an approximate molecular weight
of ~136 kDa, PT-L.
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Scheme 5.8. Synthetic route of PT-L.

AIBN (0.6 mg, 0.0034 mmol), DDMAT (12.4 mg, 0.034 mmol),
TPy-AM (255 mg, 0.68 mmol) and DMA (11.055 ¢, 111.52 mmol)
were dissolved in 10 mL of dry dioxane in a 50 mL round-bottom
Schlenk-flask. The solution was degassed by five freeze-pump-thaw
cycles, backfilled with argon and stirred in a preheated oil bath at 50 <C
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for 17 h. The polymerization was stopped by opening the flask to air
and placing it in liquid nitrogen. The conversion of monomer was
determined to be 45%, by comparing the integral ratio of the vinyl
signals to the methylene proton of dioxane on the *H NMR spectrum.
The viscous liquid was diluted with DCM and precipitated three times
in 40-times volume excess diethyl ether, and the polymer was finally
dried in a vacuum oven at 40 <C for 24 h. The product was characterized
by *H NMR and GPC.
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Figure 5.16. *H NMR spectrum of PT-L.

5.4.2. Preparation of networks

For the two DN hydrogels and their single or individual networks,
the amount of added crosslinkers (di-acylhydrazine, bis-hydroxylamine
or metal ions) was half an equivalent compared to the reactive sites
(ketone or terpyridine groups) of the corresponding copolymers. ZnCl;
was used to form the Zn?*-Tpy crosslinks between PT-S chains for the
first network of DN1, and bis-hydroxylamine (O,O’-(propane-1,3-
diyl)bis(hydroxylamine) dihydrochloride) was used to react with
ketone groups of PK-L for creating the oxime-crosslinked second
network of DN1. A di-acylhydrazine (succinic dihydrazide) was
employed to react with PK-S for producing the acylhydrazone-
crosslinked first network of DN2, and FeCl, was employed to form the
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Fe?*-Tpy bridging between PT-L chains. Aqueous solutions of the four
crosslinkers were prepared, and a certain amount was added to the
polymer aqueous solutions to obtain the desired amount of crosslinker.
The Fe?* solution was dosed with 10 mol.% ascorbic acid to prevent the
oxidation of Fe(ll) to Fe(lll).

Preparation of individual networks.

As shown in Scheme 5.1, the four individual networks were
prepared from pure PT-S, PK-L, PK-S and PT-L, respectively. The
procedure of preparation of the 5 wt.% individual Zn?*-Tpy network
will be illustrated as an example. In a typical experiment, 0.025 g of
pure PT-S and 450 pL of deionized water were introduced in a clean
and closed glass vial and the mixture was stirred overnight in a
preheated water bath at 35<C to obtain a homogeneous solution. To the
solution, 50 puL of a 176.8 mmol/L ZnCl, aqueous solution were then
added and vortexed for 1 min. Finally, the individual Zn?*-Tpy network
(5 wt.%) was obtained by aging the sealed reaction sample in a
preheated water bath at 55 <C for 2 days, followed by slow cooling to
room temperature over 2 days. Using the same method, the individual
oxime network (10 wt.%), the individual acylhydrazone network (5
wt.%), and the individual Fe?*-Tpy network (10 wt.%) were prepared
from the corresponding pure copolymers.

Preparation of single networks.

As shown in Scheme 5.2, the single Zn?*-Tpy network (5+10 wt.%)
and the single oxime network (5+10 wt.%) were prepared from mixed
copolymers of 5 wt.% PT-S with 10 wt.% PK-L, while the single
acylhydrazone network (5+10 wt.%) and the single Fe?*-Tpy network
(5+10 wt.%) were prepared from mixed copolymers of 5 wt.% PK-S
with 10 wt.% PT-L. Typically, 0.075 g of a mixture of the copolymers
(0.025 g short-chain copolymer and 0.050 g long-chain copolymer)
were first dissolved in 450 pL of deionized water (35°C water bath,
overnight), followed by the addition of 50 uL of a solution containing
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the crosslinkers, and then strongly and rapidly vortexed to disperse
evenly in the solution. After aging at 55<C for 2 days and slow cooling
to room temperature within 2 days, the final single networks were
obtained.

Preparation of double network (DN) hydrogels.

Generally, the DN hydrogels of DN1 and DN2 (Scheme 5.3) were
prepared by a “one-step” crosslinking method. 0.075 g of the copolymer
mixture (0.025 g short-chain copolymer and 0.050 g long-chain
copolymer) and 400 pL deionized water were sealed in a glass vial and
placed in a 35<C water bath overnight. To the homogeneous mixed
polymer solution, 50 pL of bis-hydroxylamine or di-acylhydrazine
crosslinker solution were first added, and quickly vortexed, followed
by adding 50 uL of a ZnCl, or FeCl, solution, and vortexed, to the
mixture. Finally, the DN1 and DN2 hydrogels were obtained after 2
days of heating at 55<C water bath and slow cooling to room
temperature for additional 2 days.

To evaluate the effect of a stepwise crosslinking on DN hydrogels,
DN1-step and DN2-step hydrogels (Scheme 5.4) were also prepared by
a “two-step” crosslinking method. In the present preparation protocol,
50 uL of bis-hydroxylamine or di-acylhydrazine solution were first
added to the homogeneous mixture of 400 pL H>O and 0.075 g
copolymer (0.025 g short-chain copolymer and 0.050 g long-chain
copolymer) and aged for two days in a 55<C water bath to first form
oxime or acylhydrazone crosslinked hydrogels. Subsequently, 50 uL of
a ZnCl; solution were added to the surface of the oxime hydrogel and
50 puL of a FeCly solution were added to the surface of the
acylhydrazone hydrogel as shown in Scheme 5.4. The added metal ion
solution was then homogeneously dispersed on the surface of the
hydrogel by gentle shaking. Finally, the DN1-step and DN2-step
hydrogels were obtained by aging in a 55<C water bath for additional 2
days and slowly cooling to room temperature in 2 days.
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5.4.3. Rheological measurements

As described in Chapter 4, the rheological measurements were
conducted on an Anton Paar-Physica MCR 301 rheometer with an 8
mm diameter top plate geometry. The bottom plate was a Peltier device
controlling the system at a reference temperature of 25 °C. The freshly
prepared gel samples with 8 mm diameter and 0.2~0.5 mm thickness
were transferred onto the bottom plate for measuring.

The linear viscoelastic regions of all samples were determined by
oscillatory strain sweeps (0.01-1000% strain) performed at a frequency
of 2 rad s. Unless otherwise stated, the dynamic properties of the
samples were determined by oscillatory frequency sweep (100-0.01 rad
s1) at 2% strain, which is within the linear viscoelastic region. For shear
self-healing experiments, step-stain tests were performed at a fixed
frequency of 2 rad s by alternating the large strain (340%, 180 s) and
the small stain (2%, 60 s). We estimate an accuracy of 10% on the
mearued modulus values.

Due to the small amount of tested samples and the long duration
(several hours) of the rheological experiments performed in this
chapter, in particular the frequency sweeps, the solvent trapping device
shown in Figure 4.24 in Chapter 4 was also used in this chapter.
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Chapter 6
Conclusion and Perspectives

6.1 Conclusion

The objective of this thesis was to develop polymer hydrogels
crosslinked by the orthogonal combination of dynamic covalent bonds
and supramolecular interactions. Reversible C=N bonds including
acylhydrazone and oxime bonds were selected as the dynamic covalent
linkages, while the metal-terpyridine coordination bonds, including
Zn(l1)-terpyridine (Zn**-Tpy) and Fe(l1)-terpyridine (Fe?*-Tpy) bis-
complexes, were employed for the supramolecular crosslinks. In pursuit
of the aim of combining the above two types of crosslinking into one
gel system, three topological networks: interpenetrating polymer
network (IPN), dual-crosslinked network (DCN) and IPN-derived
double network (DN) hydrogels, have been designed and studied.
Oscillatory rheological methods were used to investigate the dynamic
and oscillatory mechanical properties of the hydrogels obtained.

In the literature review (Chapter 2), we learned that reversible C=N
bonds and metal-terpyridine coordination bonds are the most easily
regulated types of bonding in dynamic covalent and supramolecular
chemistry, respectively. The reversible C=N bond is formed by the
reaction of a carbonyl electrophile (aldehyde or ketone) with a
nucleophile (amine, acylhydrazine, hydroxylamine). Thus, the stability
and dynamic reversibility of the reversible C=N network can be tuned
by changing the electrophilic and/or nucleophilic reagents. Due to the
potential toxicity of aldehyde groups,™* 2 which is not suitable for future
bio-applications, and the fact that some aldehyde monomers usually
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need to be stored at very low temperatures such as -20 <C to prevent
oxidation,®! this thesis has chosen to use low toxicity and room
temperature stable ketone based monomers as reaction handles for
copolymerization. Considering that ketones are less electrophilic than
aldehydes, we have chosen acylhydrazides and hydroxylamines as
crosslinkers to regulate the reversibility and stability of the reversible
C=N bonds. Since the commercially available ketone monomers used
belong to the acrylamide family, acrylamide-based Tpy monomers
were therefore selected and synthesized in order to obtain copolymers
in which the reaction sites (ketone, Tpy) were homogeneously
dispersed along the chain. Considering the differences in the lifetime
and bond strength of the different transition metal ions forming bis-
complexes with terpyridine ligands, this thesis used Zn?* and Fe?" as
crosslinkers for the supramolecular networks. The hydrophilic
monomer of choice for copolymerization with ketones and/or Tpy
monomers is N,N-dimethylacrylamide (DMA), thus PDMA provides
the aqueous polymer backbone. Unlike other hydrophilic polymers in
the acrylamide family, such as the hydrogen bonding of polyacrylamide
and the thermo-responsiveness of poly(N-isopropylacrylamide), which
can affect the mechanical or dynamic properties of hydrogels, °
PDMA s relatively inert. This allows the contribution of reversible
C=N bonds and metal-terpyridine coordination bonds to the hydrogel
to be investigated with little influence from the nature of the main chain
polymer. As a result, commercially available ketone monomers, DMA
as well as synthesized Tpy monomers from the acrylamide family, were
used for the synthesis of functional copolymers.

In addition, we also demonstrated in Chapter 2, mainly using the
example of reversible C=N bond-based hydrogels, that the
incorporation of two different types of dynamic bonds as crosslinks into
hydrogels allows for a choice of three network topologies: DCN, IPN
and DN. DCN hydrogels are constructed from a short-chain (typically
Mn < 60 kDa) copolymer containing two reaction handles by the
formation of two types of crosslinks.[® 71 Ensuring that the two
functional reaction sites are homogeneously dispersed along the
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polymer chain may require that both ketone and Tpy monomers have
good solubility in the solvent of the copolymerization. Simple IPN
hydrogels can be composed of two mono-functionalized short-chain
copolymers cross-linked individually.®®! Thus the two copolymers
functionalized with ketone or Tpy respectively can be prepared
separately without considering the solubility of the two functional
monomers together. In DN hydrogels, the first network is crosslinked
by highly functionalized short-chain copolymers and the second
network is connected by sparsely functionalized long-chain (generally
M, > 100 kDa) copolymers.l® 1% As a result, there is a huge difference
in the concentration of the two types of crosslinking in DN. The DN
system is therefore not suitable for a systematic study of the respective
contributions of the two different classes of crosslinks. Taken together,
of the three network topologies: DCN, IPN and DN, IPN hydrogel is
probably the easiest to implement.

In order to gain a preliminary understanding of the fundamental
properties of hydrogels with the orthogonal combination of
acylhydrazone/oxime bonds and Zn?-Tpy/Fe?**-Tpy, the work in
Chapter 3 investigated four IPN hydrogels based on two functionalized
PDMA copolymers. The first copolymer bears ketone pendant groups
and can be crosslinked by di-acylhydrazine or bis-hydroxylamine to
form acylhydrazone or oxime networks. The second copolymer bears
terpyridine side groups and can be crosslinked by Zn?* or Fe?* to obtain
Zn?*-Tpy or Fe?*-Tpy networks. Therefore, four IPN hydrogels
including stable oxime with a long-lifetime Fe?*-Tpy (Oxime + Fe?*-
Tpy), or with a more dynamic Zn**-Tpy (Oxime + Zn?*-Tpy) and a less
stable acylhydrazone with a long-lifetime Fe?*-Tpy (Acylhydrazone +
Fe2*-Tpy), or with a more dynamic Zn?*-Tpy (Acylhydrazone + Zn?*-
Tpy), were prepared. The rheological results show that the obtained IPN
hydrogels exhibit a higher modulus compared to the simple addition of
the moduli of the single networks. Since the Zn?*-Tpy network is able
to show a relaxation behavior due to bond dissociation in experimental
timescales,*! the study of IPN hydrogels of Oxime + Zn?*-Tpy and
Acylhydrazone + Zn?*-Tpy revealed that the partial relaxation takes
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place through a sticky Rouse relaxation process. Because the oxime is
pH-insensitive and acylhydrazone is pH-sensitive, the pH can be used
as a stimulus to affect the dynamics of the IPN hydrogels. The
rheological data showed that the oxime-based IPN hydrogels are the
least affected by the pH change, while a low pH strongly influenced the
stability of the acylhydrazone-based IPN hydrogels. In particular, the
Acylhydrazone + Zn*-Tpy IPN, made of the two weakest bonds,
exhibited reversible gel (pH: 6~7) to sol (pH: 1~2) transformation.
Reverse strain sweeps on four IPN hydrogels measured from low to
high, and then to low strain amplitude showed good reversibility,
indicating that the reversible bonds present in IPN are forced to break
under large oscillatory shear, but are able to re-form rapidly once the
deformation is reduced. This demonstrated the self-healing ability of
IPN hydrogels with the orthogonal combination of reversible C=N
bonds and metal-terpyridine coordination bonds after a large
deformation.

Building on these findings, we next sought to combine the labile
zinc(11)-terpyridine coordination bonds and stable oxime bonds into
DCN, IPN and DN hydrogels for comparison. In Chapter 4, a series of
copolymers were synthesized and used to prepare DCN, IPN and DN
hydrogels. We then compared the oscillatory mechanical properties and
dynamic relaxation behavior of these three hydrogels and the
corresponding single crosslinked sub-networks by oscillatory rheology.
Compared to single oxime crosslinked networks, single Zn?*-Tpy
crosslinked network exhibit higher plateau moduli and thus dominate
the stiffness of the hydrogels before the dissociation of Zn?*-Tpy. Due
to the finite lifetime of the Zn?*-Tpy bis-complexes, the single Zn?*-
Tpy networks displayed stress relaxation behavior on a timescale
probed in the experiment and therefore determined the dynamic
relaxation behavior of the hydrogels. After dissociation of the Zn?*-Tpy
sub-networks in the low frequency region (long timescale), the
hydrogel networks are supported by the stable oxime sub-networks
maintaining their solid-like behaviors. Consequently, DCN, IPN and
DN hydrogels crosslinked with both Zn?*-Tpy and oxime showed
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similar viscoelastic solid behaviors in the frequency sweeps. Unlike
DCN, IPN and DN are composed of two independent interpenetrating
networks, and the presence of one sub-network influences the formation
of crosslinks in the other sub-network, reducing the density of effective
crosslinks. This difference in effective crosslinking density between the
different topologies results in higher elastic moduli for DCN than for
IPN or DN, and in the present work the plateau modulus in the high
frequency region is G’y (DCN) > G, (IPN) > G, (DN). Compared to
the single crosslinked sub-networks, the topological differences
between DCN, IPN and DN result in different magnitudes of potential
gain in modulus. Among them, the elastic moduli of hydrogels with
both Zn?*-Tpy and oxime crosslinks show a ~2-fold increase for DCN,
~3-fold for IPN, and ~3.6-fold for DN compared to the sum of the
moduli of the respective sub-networks. In addition, we demonstrated
that the order of deformability and stability of the hydrogels under
oscillatory strain is generally DCN <IPN <DN. Finally, we proved that
DCN, IPN and DN hydrogels can recover after partial damage by
oscillatory strain, indicating their self-healing properties due to the
dynamic reversibility of Zn?*-Tpy.

In Chapter 5, we have developed two contrasting DN hydrogels by
the combination of the metal-terpyridine coordination bonds and
reversible C=N bonds. The two DN hydrogels differ in the bonds used
to form the densely crosslinked first network and the loosely
crosslinked second network. In one DN hydrogel, the first network is
crosslinked by the labile Zn?*-Tpy bis-complexes and the second
network is crosslinked by the stable oxime bonds. In contrast, in the
other DN hydrogel, the first network is crosslinked by the less stable
acylhydrazone bonds and the second network is crosslinked by the long
lifetime Fe*-Tpy bis-complexes. Oscillatory shear rheology results
revealed that the more dynamic first networks (Zn*-Tpy or
acylhydrazone) in the two DN hydrogels are responsible for the stress
relaxation behavior of the DN hydrogels. The more stable second
networks (oxime or Fe?*-Tpy) protect the integrity of the hydrogel over
a long timescale or under large oscillatory strain. The two DN hydrogels
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showed higher plateau moduli than the sum of their corresponding two
sub-network plateau moduli. In addition, the DN hydrogel crosslinked
by Zn?**-Tpy and oxime exhibits less deformability than the hydrogel
crosslinked by acylhydrazone and Fe?*-Tpy due to the more dynamic
but unstable first network of Zn?*-Tpy than of acylhydrazone. We also
demonstrated that the self-healing properties of both DN hydrogels are
due to a synergistic effect between the dynamic reversibility of the first
network and the high deformability of the second network.

In brief, our study explored the dynamic behaviors and oscillatory
mechanical properties of dynamic hydrogels from the perspective of
dual dynamic bonds and network topologies. In terms of dynamic bonds,
the relaxation behaviors of hydrogels caused by the dissociation of
more dynamic supramolecular interactions are more likely to be
observed on experimental timescales. Due to topological differences,
DCN is more conducive to producing high elastic modulus hydrogels,
while DN has a greater potential to increase elastic modulus compared
to its single networks and is also more favorable to create deformable
hydrogels. The elastic modulus and deformability of IPN lie between
that of DCN and DN.

As we mentioned in the literature review part of Chapter 2, most of
the current dynamic hydrogels are based only on supramolecular
interactions or only on dynamic covalent bonds, with very few studies
that choose to use a combination of these two different types of dynamic
bonds. Our work has developed a precedent for a new class of dynamic
bond combinations, namely the combinations of reversible C=N bonds
and metal-terpyridine coordination bonds with tunable dynamics for the
preparation of dynamic hydrogels. More importantly, our works
systematically investigate the effect of three network topologies,
namely DCN, IPN and DN, on the properties of gels. This question of
selecting the most appropriate network topology may arise for any
hydrogel system when introducing more than two dynamic bonds, but
has never been discussed systematically in previous works. The results
of our rheological studies show that topology does not significantly
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affect the dynamic behavior of the hydrogels. However, topology
strongly influences the elastic modulus of a hydrogel, by affecting the
number of dynamic bonds that form effective crosslinks, and also
determines the potential magnitude of modulus increase and
deformability of the hydrogel. This thesis could provide the reader with
ideas for designing other dynamic hydrogels with desired properties
that combine multiple dynamic bonds.

The dynamic and oscillatory mechanical properties of all the above
hydrogels and networks were determined by small amplitude
oscillatory shear (SAOS) measurements in linear viscoelastic (LVE)
range. To learn and compare in depth the properties of DCN, IPN and
DN hydrogels with the orthogonal combination of reversible C=N
bonds and metal-terpyridine coordination bonds, other measurements
should also be considered in future work. In addition, applications of
these hydrogels are also worth exploring.
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6.2 Perspectives

Hydrogel structure

As our dual dynamically crosslinked hydrogels were prepared from
side chain modified copolymers, the possible aggregation of the
hydrophobic functional groups (ketones and terpyridines) in water is
uncertain. The aggregation of these copolymers in aqueous solutions is
most likely to appear before the addition of crosslinkers. For the
terpyridines, once the divalent transition metal ions are added, the ionic
nature of formed complexes strongly increase the hydrophilicity, and
the pseudo-octahedral geometry of the bis-complexes also reduces
possible n-n stacking. For ketone copolymers, the diacetone acrylamide
(DAAM) units in the polymer chain are hydrophobic, but the
hydrophobicity of the DAAM will be diminished by the hydrophilicity
of the crosslinkers after the formation of acylhydrazone or oxime
bonds.™*? 131 Such hydrophobic aggregation may affect the structure and
properties of the hydrogels. For example, the aggregation of the
hydrophobic groups may induce a large number of intra-chain
crosslinks rather than effective inter-chain crosslinks, potentially
reducing the elastic modulus of the gel, upon the addition of
crosslinkers.™*?! The local aggregation of polymers may also result in a
final gel network that is not perfectly homogeneous, and in particular,
the IPN and DN may not be homogeneous interpenetrating networks.
Therefore, the hydrophobic aggregation of the copolymers in water
before and after the addition of the crosslinkers directly affects the
homogeneity of the hydrogel structure and thus the macroscopic
mechanical properties of the hydrogel. A first important perspective
would thus be to learn about the aggregation behaviors of the
copolymers in solution, before the addition of the crosslinkers, and the
microstructure of the hydrogels formed after the addition of the
crosslinkers.
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In order to observe the aggregation behaviors of copolymers in
aqueous solutions, we can use DLS (dynamic light scattering).™? Using
the DLS we can obtain the hydrodynamic diameter (Dn) of the
copolymers in water and in DMF (in which copolymers exist as
completely dissolved unimers), at the same concentration. If the
copolymers form aggregates in aqueous solution, the Dn measured in
water will be much greater than that in DMF. The size of the aggregates
can also be obtained from transmission electron microscopy (TEM) or
atomic force microscopy (AFM) images. In the same way, DLS or SEM
can also be used to characterize the microstructure of hydrogels to study
the homogeneity of the hydrogel networks.™! In addition, small-angle
neutron scattering (SANS), which is particularly suitable for studying
the structure of polymer networks in the 1~1000 nm range,™*®! could
also be used to investigate the microstructure of hydrogels.

Furthermore, the addition of crosslinkers leads to the bond
formation, and this can be correlated with the crosslinking density of
the hydrogels. Following the number of formed bonds would help to
understand the contribution of the bonds to the elastic modulus. In
Chapter 3, we have shown that *H NMR spectroscopy can demonstrate
the formation of acylhydrazone and oxime bonds, but the characteristic
peaks are broad, making it difficult to determine the amount of bond
formation by integration. Additionally, we also demonstrated that the
formation of effective crosslinks (in turn related to the elastic modulus)
correlates with the polymer concentration, crosslinker concentration
and the presence of non-crosslinked polymer. Therefore, to trace the
formation of bonds in a specific system it is best to use in situ detection
methods. With these in mind, Fourier-transform infrared (FTIR) and
Raman spectroscopies could be used to follow bond formation by
looking at characteristic peaks (e.g. ketone vs oxime, or free
terpyridines vs complexed ones), and translating the area under a
characteristic region to a molar quantity using a Beer’s Law type
analysis.l** Other spectroscopies such as ultraviolet/visible absorption
(UV-vis) could also be used to quantify the concentration of metal-
terpyridine coordination bond formed.
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Nonlinear shear measurements

The nonlinear viscoelastic properties of dynamic hydrogels under
large shear deformations are also interesting to be explored. For highly
viscous systems, such as entangled polymer solutions or polymer melts,
rheological measurements at high shear rates may cause flow
instabilities including wall slip, shear banding, and edge fracture. To
reduce experimental errors caused by edge fracture in rheological shear
measurements, the cone-partitioned-plate (CPP) geometry is one of the
most effective methods.*®! As shown in Figure 6.1, a CPP setup
consists of a top combination fixture and a bottom cone that is
connected to the motor of the rheometer. The combination fixture is
divided into two parts, an inner plate and an outer hollow plate
surrounding the inner plate, the two plates being coaxial and separate.
The inner plate is connected to the sensor of the rheometer and records
the torque, while the outer hollow plate is connected to the instrument
and is fixed. During the test, rupture generally occurs at the edge of the
sample. As long as the rupture edge does not propagate into the
measured central plate, the recorded torque is negligibly affected by the
rupture of the sample at the extremity.
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Inner parallel plate
(0 =6 mm)

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

Polymer sample

Cone geometry

Figure 6.1. Schematic view of the cone-partitioned-plate (CPP) setup.™?!

Therefore, the CPP geometry allows measurement of the nonlinear
shear flow properties of hydrogel samples. By using this method,
reliable, artifact-free and bulk shear flow data could be obtained for
DCN, IPN and DN hydrogels at high rates and/or strains.*”1 From the
conclusions in Chapter 4 it is clear that DN hydrogels have the greatest
deformability. Starting the CPP measurements with both Zn?*-Tpy and
oxime crosslinked DN hydrogels first would be recommended.

Mechanical measurements

In addition to the rheological properties, the macro-mechanical
properties of dynamic hydrogels are important to define whether the
hydrogel can meet the requirements for certain applications. For
example, the DN hydrogel in Chapter 4 has been shown to be
stretchable (Figure 6.2). This property can be characterized by uniaxial
tensile testing using a universal tensile tester. By performing uniaxial
tensile/compression tests, the mechanical properties of the hydrogel,
including tensile/compression strength, tensile/compression strain,
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Young's modulus, toughness etc. can be obtained. In addition, it is
possible to characterize the fatigue resistance of hydrogels by
performing loading-unloading cyclic tensile/compression tests with
preset testing parameters (e.g., strain, strain rate, etc.). '8 Therefore, the
mechanical characterization of DCN, IPN and DN hydrogels can be
performed not only to understand and compare the effect of different
topologies on the mechanical properties of hydrogels crosslinked by
dual dynamic bonds, but also to examine whether the hydrogels meet
the mechanical requirements for practical applications.

Figure 6.2. Photographs showing the stretchability of the both Zn?*-Tpy and oxime
crosslinked DN1 hydrogel in Chapter 4.

Applications

As discussed in the literature review in Chapter 2, hydrogels
containing reversible C=N bonds may have many applications. For
example, many acylhydrazone bonds constructed hydrogels exhibit
injectability, which can be further developed for 3D printing
applications. The acylhydrazone hydrogels prepared from ketone-
functionalized PDMA polymers similar to this thesis also demonstrated
the low toxicity of the hydrogels by in vitro cytotoxicity assays.*% 2% In
addition, Zn(Il) cations are known to exhibit low toxicity, thus allowing
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the use of Zn*-Tpy together with acylhydrazone crosslinking to
prepare DCN, IPN or DN hydrogels to explore hydrogel applications in
biomedicine. Importantly, the reversible C=N bond crosslinks in these
hydrogels are acid degradable even though they are stable oxime
bonds.?Y These suggest that hydrogels made of reversible C=N bonds
and metal-ligand coordination bonds as crosslinks are promising for
biomedical applications through 3D printing, and that the reversibility
of dynamic bonds facilitates self-healing, recycling or reuse of the
materials.

In conclusion, this thesis demonstrates for the first time that
reversible C=N bonds and metal-terpyridine coordination bonds can be
orthogonally combined to construct dynamic hydrogels. More
importantly, three topological strategies for integrating two different
types of dynamic bonds into hydrogels have been explored. The
dynamic and oscillatory mechanical properties of three topological
DCN, IPN and DN hydrogels have been systematically investigated and
compared by rheology. Our investigations could provide insights not
only into the selection of multiple dynamic bonds to fabricate dynamic
networks, but also into the selection of suitable topologies to combine
the two types of bonds to prepare polymeric materials. We hope that
these studies will stimulate the design of dynamic polymer materials
with the required properties for further applications.
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